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Abstract. Determination of geochemical and microbiological properties of the cryoconite, related types
of sediments and periglacial soils is essential to investigate impact of glaciers on terrains development at
the Central Caucasus region. The studied sediments were sampled at the Garabashi and Skhelda glaciers as
well as in vertical sections of local soils at the Baksan gorge. Sampled materials were investigated in terms
of physicochemical parameters and nutritional state. The trace elements concentrations (Cu, Pb, Zn, Ni,
Cd) were also evaluated in samples selected. The data obtained shows much higher content of organic
carbon in soils (up to 7.82%) in comparison with cryoconite (max. 1.63%) due to the effect of superficial
vegetation cover, however, rates of microbial activity were similar between some samples of sediments
and soils. The analysis of the particle size distribution shows a similarity of the studied materials: in
almost all samples, there is a dominance of the sand fraction. Cryoconite sediments on both of the above-
mentioned glaciers are found as enriched with phosphorus, essential values of potassium (298 mg/kg in
K20 units) and ammonium nitrogen (N-NH4 - max. 247 mg*kg) are identified at Garabashi glacier which
could be a result of long-distant transfer and anthropogenic activity. The highest content among trace
elements was identified for Zn (62 mg*kg for cryoconite and 60.5 mg*kg for soils), the most contaminated
materials were sediments from Garabashi glacier and Entisols, up to moderate level, which is mostly
associated with anthropogenic activity. Thus, development of tourism in the Central Caucasus, which is
mostly associated with construction and transport, affects the pollution status of supraglacial sediments
and periglacial soils as well as their agrochemical and microbiological features.

1 Introduction

Nowadays, degradation of glaciers is an active process in
mountain areas of the World. In the Central Caucasus
mountain region deglaciation is usually associated with
presence of cryoconite. In this term «cryo» means ice
and «conite» means dust [1]. Cryoconite are widespread
among the glaciers in different Earth regions. They can
be found in holes or dispersed over the surface of the
glaciers at high latitudes as well as at the mountain
regions all over the world, even at the surface of debris-
covered glaciers [2, 3]. Cryoconite is abundant in
supraglacial ~ environment  dark-colored  granular
sediment, which represents a mixture of mineral
particles, organic matter and black carbon [4]. Usually it
is transferred from adjacent slopes or atmospheric
transport on long distances [5]. Cryoconite may
essentially accelerate glacier degradation by reducing the
albedo of the glacier due to its dark color [6]. Cryoconite
provide an environment for development of diverse
microbial community on an uninhabited glacier surface
[7]. Estimation of net primary production and respiration
on glaciers, which is connected with cryoconite
sediments, are comparable with those in freshwater [8],

thus, cryoconite can be considered as a carbon sink
which influence the carbon cycle. From the other hand,
microbial community of cryoconite can play role in
colonization of the territory after glacier retreat because
of wide metabolic capabilities and due to relatively
similar microbial assemblages in sediments and soils [9].
Geochemistry of cryoconite play an important role in
regional ecology and properties of microbial community.
Cryoconite is considered as a sink of various elements
and, therefore, could bring additional nutrients and
pollutants to the foothill ecosystems with meltwater
during warm period of the year. A few numbers of
studies were carried out about determination of trace
elements and nutrients in cryoconite and cryoconite
derived periglacial soils in mountain regions [10, 11].
They took place in Tibetan plateau and in Himalaya.
These studies indicate that those elements can be either
natural or anthropogenic origin, however the importance
of long-term transport in accumulation of elements and
their impact on ecosystems and human health is
significant.
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The Central Caucasus is a vulnerable region which is
sensitive to any disturbances and contaminations [12].
The studying of cryoconite and local soils features is
necessary to understand the influence of cryoconite
material on the terrestrial ecosystems of this mountain
region. It is extremely important to understand those
properties due to rapid glacier retreat at the Caucasus
mountains [13]. The aim of work is to study geochemical
and microbiological properties of cryoconite and other
supraglacial sediments, sampled from two glaciers of the
Central Caucasus and cryoconite derived periglacial soils
of Baksan gorge, development of which is based on
incoming cryoconite material. To achieve this aim, some
goals were set:

1. to investigate physical and chemical parameters of
supraglacial sediments and local soils;

2. to study the amount of nutrients in sediments and
soils;

3. to define the amount of trace elements in studied
materials.

2 Objects and methods

The study area is located in the Central Caucasus
mountain area, Elbrus district, Kabardino-Balkarian
Republic, Russia (Figure 1).

400 m
Garabashi

Fig. 1. The study site

The soil-forming rocks of local soils are represented
by eluvial-deluvial deposits of limestone, carbonate
clays and calcareous sandstones [14]. The average
annual temperature in the mountain zone of Elbrus
region is 8.05 °C and in the high-mountain zone is 2.5
°C [15], the amount of precipitation ranges between 660
and 760 mm/year.

Sampling plots of cryoconite and other sediments are
located at the Skhelda glacier (Figure 2) and Garabashi
glacier (Figure 3).

Fig. 3. Sampling plots at the Garabashi glacier

We have considered samples from cryoconite holes,
moraine, material that was accumulated in the Baksan
gorge during the mudflow in 2019, alluvial material
from the debris-covered Skhelda glacier. The Skhelda
glacier is located to the southeast of Mount Elbrus, on
the border of Russia and Georgia. Its area is about 8 km?
and it feeds the Skhelda river. The Garabashi glacier is
located on the southeastern slope of Mount Elbrus. Its
length is 4090 meters and its area is about 5 km?. It feeds
the Baksan river.

To identify trends in the activity of soil-forming
processes occurring in precipitation from the surface of
glaciers and compare them, we studied the zonal soils of
the Baksan Gorge, they included Entisols (Chestnut
soils) (Figure 4) and Chernozem (Figure 5).

The soil classification was performed according to
World Reference Base for Soil Resources [16] and
Russian Soils Classification System [17].

Description of samples is presented in Table 1.

We considered the following parameters: total
organic carbon (TOC) (for understanding the functioning
of the global carbon cycle in mountain ecosystems), soil
microbiological activity (basal respiration) (indicators of
which are directly related to the processes of
transformation and stabilization of organic matter of
different genesis), actual and exchange acidity of soils
(pH H20, pH KCIl), particle size distribution. Total
organic carbon (TOC) content was determined by
dichromate oxidation—titration method [18].
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Fig. 5. Soil profile of studied Chernozem

Basal respiration was determined in laboratory
incubation experiment. The particle-size distribution
analysis was carried out according to the Kachinsky “wet
sedimentation” method. The content of nutrients in the
cryoconite sediments and soils of the Baksan gorge was
determined in accordance with the Russian state
standards GOST R 54650-2011 [19] and GOST 26489-

85 [20] which is based on extracting mobile phosphorus
(P20s) and potassium (K>O) compounds from the soil
with a hydrochloric acid solution and quantitatively
determining the phosphorus and potassium content.
Available forms of nitrogen were determined according
to ISO 14256-1 [21] which first extracts exchangeable
ammonium (NH4) from the soil with a potassium
chloride solution and then photometrically measuring the
colored solution. The analysis of the main pollutants that
pose a threat to the life of the population was carried out
by photometric method at atomic absorption
spectrophotometer Kvant 2M in accordance with the
international standard ISO 11047-1998 [22].

Table 1. Description of study samples

Sample Descnpm,m of study Horizon | Soil type
site
KB 1 Surface -
KB 2 Skhelda glacier Surface -
KB 3 Surface -
The right bank of the Oe .
Baksan river, in vicinity Ah Entisol
KB4 (Chestnut
of the settlement .
A A/C soils)
Neutrino
The left bank of the .
Baksan river, in vicinity Ab Entisol
KB5 ’ A/C (Chestnut
of the settlement Upper .
Balkania Ck soils)
Elbrus district, in the Ah
KB6 vicinity of Kiendele Chernozem
settlement Bk
The right bank of
Baksan river, between Ch -
KB7 the settlement Upper
Baksan and Tymyauz C _
city
KBS Surface -
KB9 Garabashi glacier Surface -
KB10 Surface -

All statistical analyses were performed at the
program Statistica 12. One-way ANOVA was applied to
test the statistical significance of differences between
obtained data. Spearman’s rank correlation test, which is
used in nonparametric methods, was performed to
evaluate the relationship between obtained results of
measurements.

3 Results and discussion

Results of physical and chemical analysis are shown in
Table 2.

The studied cryoconite (as well as alluvial material,
moraine and mudflow sediments) are characterized on
average by lower values of microbiological activity
(basal respiration) than the soils of this region which is
due to a suppression of the microbiota under harsh
conditions and lack of moisture on the surface of
glaciers.
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Table 2. Results of physicochemical analysis of studied

samples
Basal
H H respiration
Sample (I-ll)zO) (CI;Clz) (mg é’Ozl 100g | TOG%
*day)
KB1 6.07 5.17 242 0.16
KB2 6.54 6.35 11.0 0.28
KB3 6.45 5.96 6.6 0.11
6.49 5.67 39.6 2.86
KB4 6.58 5.60 39.6 1.61
6.44 - 17.6 0.89
6.90 6.05 48.4 2.44
KB5 6.98 6.06 30.8 2.15
6.98 6.30 17.6 1.37
KB6 7.89 - 22.0 2.49
7.82 - 26.4 0.68
7.24 - 17.6 0.15
KB7 6.95 6.92 17.6 0.13
KB8 5.84 4.45 41.8 1.41
KB9 7.25 - 24.2 0.29
KB10 6.16 5.49 39.6 0.05

The content of total organic carbon in most samples
is relatively low, but its amount increases significantly in
the studied soils of the periglacial zone due to the
accumulation of carbon in the fine earth fraction of the
soil under the influence of primary vegetation and arid
climate type. Values of the acidity of soil solutions show
an essential similarity between the studied cryoconite
and soils of the periglacial zone, they vary from slightly
acidic to slightly alkaline in both groups, which is

associated with the accumulation of carbonates and their
presence in the parent rocks. At the same time, the
variation of exchange acidity values between cryoconite
samples is much higher than in relatively developed soils
of the periglacial zone.

Statistically significant difference between values of
total organic carbon in sediments and soils is observed
according to one-way ANOVA test (F = 21.28, p<0.05).
Reliable correlation (0.51) is observed between values of
TOC and basal respiration, according to Spearman’s test.

In addition, the density of the solid phase of the
studied cryoconites varies in a larger range of values
than the density of the studied soils, which is due to the
variety of sources of cryoconite materials. However, the
analysis of the particle size distribution (Table 3, Figure
6) showed a significant similarity of the studied objects:
in almost all samples there is a significant dominance of
the sand fraction (d=1-0.05 mm). This is due to the low
transformation of mineral particles during soil
weathering, the main type of weathering is the
mechanical destruction of mineral particles. In previous
study in Svalbard [23] the particle size distribution of
cryoconite sediments was characterized by dominance of
fine earth fraction and for subglacial soils by dominance
of coarse earth, the content of fine earth fraction was
about 60%. In our case this distribution was not so
uniform, some cryoconite sediment samples are
dominated by coarse earth fraction while this parameter
for soils differ between samples. This can be due to
different development of cryoconite sediments and soils,
another transported material and local factors.

Statistically significant negative correlation (-0.89) is
observed between the content of sand and silt in
materials.

Table 3. Particle size distribution of studied samples

. Sand Silt Clay
Sample ID Horizon Coarsoe carth, Fme:’arth’ (1-0.05mm), | (0.05-0.002mm), | (< 0.002mm),
7 v % % %
KB1 Surface of the glacier 93.40 6.60 69.08 27.45 3.47
KB2 Surface of the glacier 14.90 85.10 75.76 23.91 0.33
KB3 Surface of the glacier 44.00 56.00 65.80 28.86 5.34
KB4 Oe 49.50 50.50 72.52 15.09 12.39
Ah 16.10 83.90 80.99 10.08 8.93
KB5 A/C 21.10 78.90 81.44 12.74 5.82
Ck 38.10 61.90 85.12 6.16 8.72
Ah 44.30 55.70 85.12 7.91 6.97
KBo Bk 31.20 68.80 75.30 17.09 7.61
KB 7 Ch 31.00 69.00 81.85 12.63 5.52
C 32.20 67.80 85.12 11.03 3.85
KBS Surface of the glacier 12.60 87.40 29.71 56.91 14.10
KB9 Cryoconite over ice 84.60 15.40 89.37 3.31 7.32
KB10 C 46.20 53.80 84.32 13.56 2.12
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Fig. 6. Particle size distribution of studied materials on the texture triangle.

The study of agrochemical indicators indicates a High wvalues of mobile phosphorus content are
significant variability between cryoconites, mudflow observed in cryoconites from both glaciers, alluvial
sediments and soil. material and mudflow deposits under the vegetation
cover. The minimum phosphorus content was recorded
in the studied Chernozems (25 mg*kg). Differences of
phosphorus content in soils and sediments are

Table 4. Agrochemical features of samples (in mg*kg).

Sailll)ple Horizon | P20s | K2O | N-NHs | N-NOs statistically reliable (F = 13.38, p<0.05). It happens due
to presence of plants, covering soils, which uptake
kg1 | Surfaceof | o 27 0 phosphorus. The high content of mobile potassium is
the glacier characteristic of cryoconites from the Garabashi glacier
KB 2 Surface-of 412 41 35 0 and Chestnut soils, its values are essentially lower in
the glacier sediments from the Skhelda Glacier and all other studied
KB 3 Surface .of 941 2% 12 0 materials.. . . .
the glacier A high content of ammonium nitrogen, in
Oe 116 | 476 18.8 0.4 comparison with other samples, is noted in cryoconites
KB4 Ah 145 | 313 142 0.1 from the Garabashi glacier (up to 247.0 mg*kg). The
AC 178 | 221 142 0.4 values of nitraFe nitrogen are hi’ghest' in Chernozems
Ah 366 | 279 6.7 63 (77.2 mg*kg), its lower content is typical fqr chestqut
soils and mudflow material without vegetation, while
KB5 A/C 317 236 5.7 0 zero values are noted in alluvial and moraine sediments,
Ck 232 | 197 73 0 as well as in most cryoconite samples. According to
KB6 Ah 27 55 3.6 44 Spearman’s rank correlation, statistically significant
Bk 25 41 0.7 77.2 relationship (0.79) is observed between the content of
Ch 402 43 2.9 0.6 potassium and N-NHa.
KB7 C 310 43 25 0 .A.ll this indicate.s a relatively high mi.crobio.logical
Surface of activity of cryoconites from the Garabashi glacier and
KBS§ . 394 | 298 222.0 0.1 their high nutrient enrichment, which is comparable to
the glacier . . .
- the soils of this region, as well as the correspondence of
KB9 Cryocgmte 304 | 260 247.0 0 the poverty of materials from the Skhelda glacier.
over ice Cryoconites are natural local depots for nutrients that are
KB10 C 557 | 33 14.6 0 brought here by means of an aeolian type of

accumulation. The formation of such closed ecosystems
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in cracks and holes on the surface of glaciers leads to the
accumulation of mineral particles enriched with
nutrients, the accumulation of organic and inorganic
(black) carbon. Being in the composition of cryobytes,
this material is able to accumulate and in the process of
deglaciation or catastrophic events (mudflows) can be
released and accumulated in the periglacial zone. Thus, a
radical change in the natural ecosystem of the periglacial
zone can occur.

In general, soils and other materials under study are
characterized by a low level of trace elements content
(Table 5). The highest content of trace elements, with the
exception of copper, was found in one of the cryoconite
samples from the Garabashi glacier, while the
corresponding values in the other sample are
significantly reduced and are comparable to the studied
Chernozems. Among the studied soils, chestnut soils are
the most polluted, especially with copper and zinc, while
chernozems tend to have less accumulation of trace
elements. In other samples, essentially lower
concentrations of heavy metals are noted, but in most of
them the zinc content, compared with other elements, is
high. All of the above is explained by the high level of
anthropogenic load on the Garabashi glacier and various
sources of pollution in this region.

Statistically reliable differences between content of
trace elements in studied sediments and soils are
observed for Cu (F = 6.36, p<0.05) and Zn (F = 9.94,
p<0.05). Significant relationships are observed between
all trace elements, with the exception of Cd.

The data obtained indicate both the difference
between the studied materials from glaciers and the soils,
and their probable influence on soil formation in this
region. In addition, the data obtained indicate a different
level of heavy metal contamination of the two glaciers

under study and two different types of soils, which is
associated with different sources of allochthonous
material and different degrees of their development. To
the Elbrus region, dust is transferred by air masses
originating from Mesopotamia and Northern Africa [24].
Chemical analysis which was conducted in this study
shows the accumulation of nutrients, particularly
nitrates, ammonium and sulfates in the dust due to
agricultural activities in Mesopotamia. According to our
results, cryoconite sediments from the Garabashi glacier
are highly enriched with KoO and N-NHy4 (up to 247
mg*kg). It cannot be explained only by long-distance
transfer because values of nitrate nitrogen are much
lower at sediments on the Skhelda glacier (max. 3.5
mg*kg). Thus, its content also depends on
autochthonous sources of materials what is related to
anthropogenic activities. Research of trace elements
content in this dust revealed high values of Cu, Zn and
Cd which authors associate with high background values
in mentioned regions and influence of anthropogenic
emissions. Our study shows that both of this processes
affect the pollution status of cryoconite. Higher than for
other elements values of copper, nickel and, especially,
zinc are found at sediments on mostly uncontaminated
Skhelda glacier, indicating their transfer from other
regions.

Moreover, the content of copper, lead, zinc and
nickel is much higher at cryoconite from the Garabashi
glacier which cannot be explained by allochtonous
origin. Anthropogenic activities, which are connected
with tourism, construction and transport, are strongly
pronounced at and nearby to the Garabashi glacier. This
in turn leads to higher amount of emissions, deposition
of them on the glacier and accumulation in cryoconite
sediments, in our case up to high pollution level.

Table 5. Trace elements content in studied materials (in mg*kg).

Sample ID Horizon Cu Pb Zn Ni Cd
KB 1 Surface of the glacier 2.84 <0.01 20.00 8.42 <0.005
KB 2 Surface of the glacier 2.36 <0.01 13.40 5.58 <0.005
KB 3 Surface of the glacier 3.94 0.21 18.40 6.93 <0.005

Oe 12.00 13.70 52.10 18.10 <0.005
KB4 Ah 12.80 15.20 52.70 19.90 <0.005
A/C 22.50 17.00 60.50 25.40 <0.005
Ah 10.40 5.53 56.40 15.50 0.05
KB5S A/C 10.20 4.98 54.20 15.40 <0.005
Ck 9.72 3.68 50.50 14.00 <0.005
Ah 7.11 5.21 35.10 15.20 0.03
KB6
Bk 5.73 4.20 30.30 13.10 0.04
Ch 2.57 1.89 27.10 8.21 0.01
KB7
C 2.90 1.99 29.20 9.10 0.02
KBS Surface of the glacier 16.70 30.20 62.00 38.90 0.13
KB9 Cryoconite over ice 6.92 17.10 35.50 15.90 0.05
KB10 C 1.07 0.33 3.48 1.05 <0.005
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Cryoconite sediments in Elbrus region acts as a sink
of nutrients and trace elements in the areas with high
anthropogenic pressure (Garabashi glacier) and show a
low degree of pollution in background areas with low
anthropogenic activity (Skhelda glacier). Previous study
of soils in the Caucasus region further from glaciers [25]
indicated higher content of ammonium nitrogen (29.7—
60.9 mg*kg) than in soils from our study, but still it is
much lower than in cryoconite sediments from the
Garabashi glacier, which proves the theory that
cryoconite could be a source of nutrients in mountain
ecosystem.

Transfer of sediments affects the pollution status of
soils at the nearest foothill areas, where in our case the
concentrations of some trace elements show mostly
moderate contamination, decreasing when moving away
from the glaciers. It was noted [26] that the highest
concentration of Cu in water in this region was found in
the mouth of the Baksan river and this trace element is
accumulated downstream in Entisols. Our results
revealed that KB4 study point, which is the nearest to the
Garabashi glacier, shows the highest contamination level
among soils while it decreases at more remote KBS
study point. Chernozems, as the most remote study
material from the glaciers, characterized by low degree
of contamination for all trace elements, except of zinc.
At the same time, studied Entisols have the favorable
conditions for transportation of Cu and Ni from the soil
profile [27] which indicates that those trace elements
will not only influence adjacent territories but also will
have impact on landscape-geochemical process through
long-term migration.

4 Conclusions

During conducted research it was revealed that regarding
physicochemical features, studied materials mostly
differs in terms of total organic carbon content due to
accumulation of it under the influence of vegetation
cover. Microbiological activity is observed in each study
sample, in case of KB8 cryoconite and KB10 moraine
deposits from Garabashi glacier it is comparable with
those in local Entisols. Most materials are dominated
with sand in their texture with the exception of KB8
cryoconite sample where predominance of silt fraction is
observed which also indicates the role of incoming
material in development of these sediments.

Content of potassium and available nitrogen is
significantly higher in cryoconite at Garabashi glacier
than in those at Skhelda glacier, indicating various
sources of material and impact of anthropogenic
activities. The accumulation of trace elements (Cu, Pb,
Zn, Ni, Cd) in cryoconite sediments is observed mostly
at Garabashi glacier where their content is comparable or
even higher than in local soils.

The data obtained indicate both the difference
between the studied materials from glaciers and the soils,
and their probable influence on soil formation in this
region. Moreover, data obtained indicated a different
level of trace elements contamination of the two glaciers
under study and two different types of soils, which is

associated with different sources of allochthonous
material and different degrees of their development.

This work is supported by the Russian Foundation
for Basic Research, project No. 19-05-50107.
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