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Abstract

At present, in connection with the active development of the Russian Arctic, issues related to prevention and 
elimination of the consequences caused by disturbances of vulnerable northern ecosystems are becoming increas-
ingly urgent. Soils deserve attention on the first-priority basis. On the one hand, soils are the basis of any ter-
restrial ecosystem, on the other hand, under the harsh conditions of the Far North, their self-restoration is slow, 
and effective reclamation measures are costly. In the work, the most common environmental problem of the 
northern territories of Siberia is considered: the pollution of soils with oil products. The properties of automor-
phous and hydromorphous organogenic, loamy, stony, sandy, and sandy loam soils widely occurring in the cryo-
lithozone are investigated. It is noted that among soil properties, the greatest role in the fixation of oil products 
is played by total carbon content and cation exchange capacity, while the increased density of soils prevents the 
introduction and accumulation of oil products. Based on the analysis of literature data and statistical processing 
of own materials, recommendations on soil remediation at the sites contaminated with oil products to different 
extents are proposed.
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INTRODUCTION

The modern state of terrestrial ecosystems in 
the Arctic is substantially dependent, on the one 
hand, on climatic changes, and on the other hand, 

on anthropogenic impact [1–3]. The global climat-
ic trend is especially noticeable in the cryolitho-
zone, where it is pronounced as a rise in average 
annual temperatures and an increase in the sea-
sonal thaw depth [4–9]. Permafrost degradation 
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worsens the engineering geological conditions at 
industrial facility sites, causes a decrease in the 
stability of the ground and the reliability of in-
dustrial objects and social infrastructure, an in-
crease in the risk of technogenic accidents and 
growth of the areas of anthropogenic pollu-
tion [4, 10–12]. One of the most widespread kinds 
of pollution causing negative consequences both 
for natural ecosystems of the Far North and for 
humans: spills of oil and oil products (OP).

The most widespread OP are liquid petroleum 
fuels and petroleum oils, which are widely used 
in industry, transportation facilities, and other 
areas [13, 14]. However, their use is related to the 
high risk of pollution of water objects and ter-
restrial ecosystems as a result of accidents and 
leakage from fuel storage facilities and pipe-
lines [15–19]. Petroleum fuels and oils are charac-
terised by different viscosity parameters, water-
insoluble and form emulsions, so in the case of 
spills they either spread over the surface or 
slightly leak into soils covering plant roots, soil 
aggregates and pores [20–22]. Oil-polluted soils 
are toxic for plants [23–25] and microorgan-
isms [26–30], the properties of soils undergo 
transformations [30–32]. The problem of soil pu-
rification from OP is urgent because, on the one 
hand, it is rather difficult to remove OP from soil, 
and on the other hand, the period during which 
OP components can evaporate and be subjected 
to microbiological degradation is very short under 
the conditions of cryolithozone [33, 34]. In view of 
these circumstances, not only development of ef-
ficient measures to purify and remediate polluted 
soils, but also evaluation of the soil self-purifica-
tion potential appear to be urgent. 

The goal of the present work was to assess the 
properties of soils limiting or stimulating fixation 
of oil products (fuels and oils) and their influence 
on the efficiency of remediation measures.

EXPERIMENTAL

The region and objects of investigation 

The soils of oil-polluted sites situated in the 
northern part of West Siberia (the Yamal-Nenets 
Autonomous Territory) and East Siberia (the south-
western part of the Taymyr (Dolgano-Nenets) 
Autonomous Territory) were under investigation. 
A common feature for this vast territory is abun-
dant river valleys of large and small water streams. 
So, the region under investigation is represented 
by the plains with varying roughness, with faintly 

pronounced valleys and uplifts, alternating with 
low outcrop ridges in the eastern part (the right 
bank of the Yenisei river). A continuous surface 
slope is directed to the north and to the north-
west. The valleys are filled with sand-clay and 
stony sediments, which results in the heterogene-
ity of granulometric composition of soil [35]. The 
climate is subarctic, the annual average tempera-
ture is negative (from –5 to –10 °C), the period of 
active temperatures (>10 °C) lasts for 3–4 months. 
The average annual temperature of soil at a depth 
of 20 cm is –6 to 0 °C, and the depth of heat 
(above 10 °C) penetration into soil does not ex-
ceed 20–30 cm. The annual amount of atmos-
pheric precipitation is 400–500 mm, with a maxi-
mum in the second half of summer and early au-
tumn. Evaporating capacity is lower than the sum 
of precipitation by more than 25 % [16]. The re-
gion under investigation relates to the zone of 
continuous and insular permafrost, thawing depth 
is not more than 1–1.5 m. As a consequence, the 
territory is substantially water-logged, over-wet-
ted, and there are many rivers, brooks, lakes, and 
swamps. Vegetation includes the tundra and 
forest-tundra biogeocenoses, floodplain meadows 
with shrubs, sedge and sphagnous bogs with open 
larch forests [35–38]. Substantial proportion of 
topsoil is accounted for by the soils of river val-
leys, lakeside lowlands, swamp areas – alluvial, 
gley, peat soils. Automorphous positions are oc-
cupied by forest soils: Sub-brown soils (Entic 
Podsols) and Podsols, as well as cryomorphic soils –  
Cryosols and  Cryometamorphous soils (Cambic 
Cryosols). The soils of cryolithozone are charac-
terised by the small thickness of the profile and 
genetic horizons because of the close occurrence 
of perennially frozen rocks (30–70 cm) or ground-
water table (in the bottom land of water streams).

The objects of investigation were automor-
phous and hydromorphous soils, which are wide-
spread in the cryolithozone [39, 40]. These soils 
were subjected to a single short-term contamina-
tion as a result of oil product (diesel fuel and gas-
oline) spill. 

Sampling and sample preparation 

During the years 2020–2022, 24 soil sections 
with different granulometric composition (sandy 
and loamy-sandy, clayey) with a different con-
tent of coarse-fragmented stony material were 
sampled. Sampling and subsequent sample prep-
aration were carried out according to the gen-
erally accepted procedures (State Standard R 
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53123-2008). The soil samples were put in tight 
polyethylene bags from soil layers at a depth 
of 0–5, 5–10 and 10–20 cm. The total number of 
studied samples was 175.

Laboratory studies 

Soil studies were carried out at the laborato-
ries of the Institute of Soil Science and Agro-
chemistry SB RAS (Novosibirsk) according to the 
actual procedures adopted Russia using the certi-
fied equipment. Calibration of the instruments 
and control of the accuracy of element concentra-
tion measurements in soil were performed using 
the certified mass concentrations in the standard 
samples of soils and plants. Granulometric com-
position, mainly the content of physical clay (par-
ticles <0.01 mm) (PhC) in soils, was determined 
using the pipette method, density was measured 
according to State Standard 70229-2022. The 
amount of organic carbon (Cwet) was determined 
by wet oxidation with a mixture of 0.1 mol/L 
K2Cr2O7 in diluted H2SO4 (1 : 1) under heating to 
150 °C in the drying chamber (State Standard 
26213-2021). Total nitrogen content (Ntot) and 
total carbon (Cdry) were assessed by dry combus-
tion with a CHN-analyser 2400 Series II (Perkin 
Elmer, USA). The acidity of soil-water extract 
was measured by potentiometry at the ratio of 
soil/water = 1 : 5, except for peaty soils, for which 
the ratio was 1 : 25 (State Standard 26423-85). 
The content of oil products in soils was determined 
using fluorimetry (PND F 16.1:2.21-1998 (issues 
2012)). Assessment of the degree of soil pollution 
with oil products was performed using the exist-
ing regional standards of the residual oil content 
in soils and the products of its transformation at 
the 2nd and 3rd year after pollution and/or after 
remediation and other reclamation works [41]. 
The statistical treatment of experimental data 
was carried out using Microsoft Excel and PAST 
v2.17 software packages. To reveal and evaluate 
the properties having the most substantial effect 
on the fixation of oil products in soil, the principal 
components analysis was used.

RESULTS AND DISCUSSION

Soil contamination with oil products (OP) as a 
result of leaks or spills has the most catastrophic 
impact on soils both with respect to the amount 
of pollutants and in view of substantial spatial 
and temporal occurrence rates. The degree of soil 
pollution with OP depends on the specific features 

of interacting media: on the one hand, these fea-
tures include the amount and composition of OP 
entering the soil, and on the other hand, physico-
chemical, physical and biological properties of soils 
under contamination are to be taken into account. 
The conditions, first of all climatic ones, affect the 
intensity of this interaction [30, 42].

Soil properties providing the removal of oil 
pollution from the profile form the soil self-puri-
fication potential [13, 36, 43]. During the primary 
effluence of oil products on soil surface, the phys-
ical characteristics of soil (granulometric compo-
sition, porosity, density, skeletal fraction content) 
affect the migration of light-weight fractions re-
maining after evaporation, photodegradation and 
primary oxidation of heavier fractions of OP [13]. 
The rate and direction of their migration in the 
soil profile and further on in the landscape depend 
on the presence of sorption barriers (organogenic, 
chemogenic, etc.) and specificity of chemical 
properties (pH, absorbing capacity) [31, 44]. Low 
temperature of soil hinders migration, making 
OP more viscous [45, 46]. The surface of the 
groundwater table stops the vertical migration, 
however, if there is a slope, it promotes lateral 
displacement of pollutants towards the ground-
water discharge area, as a rule, into a surface 
water stream [47]. Soil purification from OP pro-
ceeds also through degradation in the profile with 
the direct participation of microorganisms [48]. 
The self-purification potential is provided mainly 
by soil properties ruled by climatic conditions.

Under the conditions of cryolithozone of the 
Russian Arctic, intense self-purification of soils 
from OP and OP degradation by microorganisms 
is possible only during the polar day with long-
term exposure to sunlight, positive average daily 
temperature, vegetation, and biological activity. 
However, the propagation of permafrost, unfa-
vourable soil temperature mode, a short period of 
biological activity, the possibility of light frost 
limit both the rate of OP components migration 
in soil and their biological degradation [45]. There-
fore, under the conditions of cryolithozone, the 
main contribution to soil self-purification poten-
tial is made by mainly by soil properties deter-
mining the behaviour of OP. These properties 
include the granulometric composition, density, 
acidity, organic matter content, and adsorbing 
capacity.

Granulometric composition is the most con-
servative property among all those mentioned, 
however, pollution with oil products can cause 
changes in fractions ratio by gluing the particles 
with viscous substances [47, 49]. In the soils of the 
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region under investigation, the ratios of granu-
lometric fractions are diverse and non-uniform. 
The skeletal fraction (size > 1 cm) accounts for a 
substantial proportion. The range of coarse soil 
content (skeletal fraction, %) varies within a broad 
range from 0 to 82.5 % (Table 1). The most stony 
soils are, as a rule, alluvial soils in which the skel-
etal fraction is present in high proportion and its 
content increases with depth. Sandy and sandy-
loam soils also can contain stony inclusions. They 
occur in the lower part of the profile, where their 
proportion reaches 13.9 % (see Table 1). The pres-
ence of stones is also detected in loamy soil in 
rare cases. Organogenic soils (Histosols, Histic  
Gleysols and Cryosols) do not contain stony mate-
rial. These differences in the content of skeletal 
fraction are due first of all to the diversity of soil-
forming rocks in the region under study. As a 
rule, stony alluvial soils are formed near the river 
channels in East Siberia, where the gruss-pebbly 
channel alluvium is accumulated. Clayey, loamy-
sand, and sandy alluvial soils prevail in river 
channel regions and lakeside plains with a more 
still regime, where the conditions for the accu-
mulation of fine earth material exist.

The proportion of physical clay fraction 
(<0.01 mm) in the fine earth of soils under inves-

tigation varies within the range from 0.7 to 48.6 % 
(see Table 1). So, the soils are characterised main-
ly by the light granulometric composition, and 
only at some sites the soils are heavy loamy. The 
minimal amount of fine earth was detected in 
stony soils, the proportion of physical clay parti-
cles in them does not exceed 15 %, with the aver-
age content 5.6 %. Loamy soils contain physical 
clay at a level of 21.7 % on average, while in 
sandy and sandy-loam soils the level of physical 
clay is less than 15 %. The mineral part is absent 
in organogenic soils.

The main mechanism of OP displacement 
along the soil profile is gravitational slippage 
along migration channels, infiltration [21, 49–52]. 
The granulometric composition affects the depth 
of OP penetration into the soil profile: in sandy 
and clayey soils the depth is 10–15 and 1–5 cm, 
respectively [53]. The deepest infiltration is ob-
served for stony soils due to large cavities be-
tween the fragments, and for organogenic soils 
due to low density and high porosity. Infiltration 
process can be accompanied by changes in the 
ratio of granulometric fractions because of coagu-
lation and dispergation. The proportion of sandy 
fractions in sandy-loam soils is known to increase 
as a result of their pollution with oil products due 

TABLE 1 

Characteristics of the soils of cryolithozone in the root layer (0–20 cm)

Characteristics Number  
of samples

Soils

organogenic 
(peaty)

stony loamy sandy  
and sandy-loam

Coarse soil content, % 45 0 33.3–82.5
55.3 (57.5)

0.0–18.2
3.4 (0.0)

0.0–13.9
3.5 (1.8)

PhC (<0.01 mm), % 45 0 0.7–14.3
5.6 (5.0)

  6.5–48.6 
21.7 (20.1)

  4.4–31.9 
14.8 (14.2)

Density, g/cm3 43 0.20–0.25
0.23 (0.25)

0.80–2.10
1.44 (1.40)

0.80–1.80
1.11 (1.10)

0.90–1.71
1.18 (1.10)

Сdry, % 45 46.2–52.7
49.3 (50.4)

0.5–2.1
1.0 (0.8)

0.4–3.5
2.0 (2.2)

0.8–3.6
1.5 (1.3)

Сwet, % 45 33.1–35.7
34.0 (33.1)

0.7–6.2
3.8 (4.8)

0.1–7.7
2.7 (2.5)

1.0–14.1
3.1 (2.1)

Ntot, % 45 1.36–3.04
2.00 (2.40)

0.00–0.16
0.09 (0.10)

0.04–0.26
0.13 (0.13)

0.09–0.60
0.21 (0.10)

Сdry/N 45 18.5–45.0
32.9 (24.5)

5.0–12.8
8.6 (9.0)

  7.8–18.0 
12.8 (12.7)

  8.0–14.0 
11.52 (11.35)

CEC, mg-equiv/100 g 45 58.0–120.0
–

11.8–57.8
28.4 (15.6)

15.6–53.6
34.4 (32.4)

11.6–50.0
36.0 (37.0)

рН 45 3.6–4.4
3.9 (3.7)

2.5–8.3
5.1 (4.1)

3.6–7.4
6.4 (6.7)

3.6–7.7
6.8 (7.0)

Notes. 1. Here and in Table 2: Сdry – total carbon content; Сwet – organic carbon content; Ntot – 
общий азот; С/N – total nitrogen content; С/N – carbon to nitrogen ratio; CEC – cation exchange 
capacity; PhC – physical clay. 2. Numerator: the range of minimum and maximum values, denomina-
tor: average values, the median is given in parentheses. 3. Blank – no data. 
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to coagulation of dusty fractions, and also there 
are some data on dispergation and aggregation of 
fine fractions in clayey soils [45–49]. At the same 
time, some oil products (for example, diesel fuel) 
are not adsorbed by clay, and particle swelling 
does not occur [54].

The bulk density is a very essential character-
istic to assess the danger of vertical migration of 
OP along the soil profile. The higher is bulk den-
sity, the smaller amount of oil products, espe-
cially viscous ones, penetrate downward along 
the profile. In the studied soils, density varies 
within the range of 0.20–0.25 g/cm3 (see Table 1). 
The lowest density is that of organogenic soils, 
due to the absence of mineral component and the 
stony material. The average density of these soils 
is insignificant: 0.23 g/cm3. In the sequence from 
stony to sandy and sandy-loam soils, the range of 
density values and average density decrease (see 
Table 1). The median values for loamy, sandy-
loam and sandy soils are identical. The density of 
stony soils is high because of the large amount of 
fragmental rock material. In general, taking into 
account the data, one can speak of unfavourable 
density values for the root layer of the studied 
soils, and the soils with loose surface are well per-
meable for pollutants. 

The horizon of organic matter in soils is the 
major accumulator and barrier for pollutants, in-
cluding heavy metals, oil, etc. The thicker is the 
organic horizon and the higher is organic matter 
content, the more efficient is barrier function of 
soils. The data on the high sorption potential 
of peaty soils and chernozems have been pub-
lished [55, 56]. Hydrocarbons possess affinity to 
the organic matter of soil, so they readily interact 
with it [57, 58]. The horizon of organic matter in 
soil is characterised by the high density of micro- 
and mesobiota population, which participate in oil 
biodegradation [59]. The number of microbial 
population is known to increase as a result of the 
introduction of a small amount of OP into soil is 
known [13, 60]. At the same time, the more ma-
ture organic matter is, the better it interacts with 
OP at the molecular level. A rougher, weakly de-
graded matter interacts due to mechanical sorp-
tion [55].

In general, the soils studied by us are charac-
terised by the small thickness of organic horizon: 
from 2 to 12 cm. Its maximal thickness is charac-
teristic of loamy and sandy-loam soils. In sandy 
soils, especially in those with the high proportion 
of fragmental material from the surface, the or-
ganic horizon is thin, often discontinuous. The 

content of organic carbon (Cwet) in the root layer 
varies within a very broad range from 0.1 to 
35.7 % (see Table 1). The maximal amount was 
detected in the peaty organogenic horizons: from 
33 to 35.7 %, which is typical for these soils. Or-
ganogenic soils are also distinguished by their 
saturation with nitrogen and a broad range of 
C/N ratios (18–45). These parameters are pro-
vided by the large amount of plant residues at 
different stages of decomposition, and by the spe-
cies diversity of plants.

The smallest organic carbon content is charac-
teristic of loamy soils, perhaps due to the heaviest 
varieties. The average Сwet value is 2.7 %. The 
amount of total nitrogen is low – 0.13 % on aver-
age, and С/N ratio varies from 7.8 to 18.0. Sandy, 
sandy-loam and stony soils are characterised by 
relatively higher organic carbon and nitrogen 
content. The amount of carbon and nitrogen de-
creases with depth, especially in stony soils. 

The absorbing capacity of soils is one of the 
key properties providing the ability of soils to de-
posit pollutants (heavy metals, radionuclides, oil 
products) [36]. Absorption capacity is closely re-
lated to the granulometric composition, the or-
ganic matter content, and pH. In the studied soils, 
the cation exchange capacity (CEC) varies within 
a broad range from 11.6 to 120 mg-equiv/100 g 
(see Table 1). The highest capacity is detected 
for peaty soils, where the maximal values reach 
120 mg-equiv/100 g of soil. The lowest pH was 
also determined in these soils (pH 3.6–4.4). In the 
sequence from loamy to stony soils, the average 
CEC value and pH decrease.

Thus, the entire set of properties of the stud-
ied soils forms a heterogeneous potential capable 
of absorption (fixation, deposition) of oil products 
and self-purification from them. The behaviour 
of pollutants on soil surface (in the cases of leaks 
or spills) is essentially dependent on soil proper-
ties and on local meteorological conditions [13, 43]. 
There are some data that diesel fuel evaporates 
from the surface of sandy soils twice as rapidly at 
the wind speed up to 2 m/s [25], but with further 
increase in wind speed this ability decreases. In-
tense insolation promotes photodegradation of heavy 
fractions [43, 61, 62]. Soil washing with atmospher-
ic precipitation and flooding events also causes 
soil purification from pollutants. 

During OP percolation into mineral soils, the 
first barrier for the pollutants is organogenic ho-
rizon. Because of the large pore volume and high 
organic matter content, this horizon is able to ab-
sorb the pollutants and prevent their vertical mi-
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gration [13]. In the studied alluvial soils, the upper 
part of the soil profile is represented mainly by 
rather thin grey humus horizon with organic car-
bon content 0.8–14.1 %. The granulometric com-
position of the grey humus horizon is character-
ised as sandy-loam and light loamy. Stony mate-
rial is often present on the surface, thus, the 
ability of the horizon to act as a barrier in the 
case of a large-scale pollution is not high. How-
ever, these properties promote washing and puri-
fication of the horizon. 

The second barrier to the vertical displace-
ment of oil products is the gley horizon, which is 
characterised by low porosity, cohesion and wa-
ter-logging [39, 43, 61]. The additional screening 
effect is created by groundwaters and permafrost 
rocks. The gley horizon is present not in all soils, 
and permafrost can occur deeper, especially in 
river valleys. The lower part of the soil profile is 
often very stony, which can decrease the barrier 
effect of overlying horizons to a minimum in the 
case of large-scale pollutant inflow, thus promot-
ing OP inflow into groundwaters. In this case, the 
vertical migration of OP is changed for lateral, 
and pollutant flux moves along the groundwater 
table over the natural slope towards their dis-
charge into the channel of the nearest water 
stream [47, 63–66].

The behaviour of OP in organogenic soils can 
be very unpredictable. On the one hand, the ab-
sence of mineral component, high porosity and 
low density of peaty soils promote free percola-
tion of oil products into the soil profile [67] to the 
groundwater table and similarly free evaporation 
of some fractions from the surface and from the 
root layer. On the other hand, high absorbing ca-
pacity and water saturation provide accumulation 
and retention of a substantial amount of pollut-
ants in the peat layer. Biodegradation of these pol-
lutants is hindered because of the large amount of 
organic matter and acid pH, which limits the de-
velopment of microorganisms [25, 68–70]. Ground-
water table fluctuations can promote remobilisa-
tion of oil products and repeated pollution of peaty 
soils [71].

In general, the studied mineral soils with loamy 
granulometric composition, high density and mini-
mal coarse soil content are characterised by the 
sufficient potential of oil product accumulation 
and retention. Very stony and sandy/sandy-loam 
soils are less stable against oil pollution, but they 
have a high self-purification potential because, as 
a rule, they are associated with river valleys. Or-
ganogenic soils are distinguished by the low self-

purification potential. Special contributions are 
made by the local climatic features, substantial 
water abundance, and the small depth of perma-
frost occurrence. Under these conditions, elimina-
tion of the consequences of oil pollution appears 
impossible without remediation. The concentra-
tions of oil products in soils are to be taken into 
account before carrying out remediation opera-
tions. 

Evaluation of the effect of various character-
istics on the fixation of oil products in soils was 
carried out using the principal components meth-
od. Analysis was carried out over the root layers 
at the sites where an increase in the concentra-
tions of oil products was reliably detected during 
the year of pollution. The characteristics provid-
ing the ability of soils to fix OP were taken into 
account (Fig. 1). The objects of investigation were 
grouped according to the levels of OP concentra-
tions [35]. The results show that the first compo-
nent, which includes 42.4 % of the variance, has a 
strong correlation relationship with OP content in 
soils (Table 2). It is determined by soil properties, 
such as total carbon and nitrogen content, and 
the ability of soils to absorb cations (CEC). Soil 
density is also a parameter determining the first 
component. Density values demonstrate a nega-
tive correlation with respect to the principal com-
ponent, as well as to oil product content. The con-
tent of physical clay, correlating with the second 
component, does not exhibit a pronounced corre-
lation with the first one. This is because the soils 
of cryolithozone enriched with the fine material 
are wetter and denser, while an increase in soil 
density has a negative effect on OP percolation. 
The main factor determining OP fixation in soils 
is carbon content, not the specific soil (paedogen-
ic) organic matter diagnosed as Сwet but Cdry, the 
major part of which is accounted for by the living 
and dead parts of plants. The detected depend-
ence is often associated with the fact that the 
major part of OP remains on the plant litter dur-
ing the year of pollution and percolates deeper 
into soils later under the action of snowmelt and 
rain waters. 

Analysis of the literature sources, as well as 
our own data treated statistically, allow us to 
propose measures aimed at remediation of the 
soil polluted with oil products to the permissible 
level, and arrangement of the conditions prevent-
ing OP migration over the landscape (Table 3). 
The choice of measures is determined by soil 
properties, the positions of soils in the landscape, 
and the amount of OP. For instance, as a rule, 
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stony soils are least susceptible to pollution and 
possess high self-purification potential because of 
high density and coarse soil content, that is, the 
properties preventing OP percolation deep into 
soil and OP fixation in the soil profile. The plant 
cover at these sites is also characterised by de-
pleted species composition and a low projective 
cover degree. The OP are either washed out of 
the soils by rains and floodwaters or (in the case 
of light hydrocarbons) evaporated. Taking into 
account the high potential of soil self-purification, 
we do not recommend recultivation if the con-

centration of oil products in soils is <500 mg/kg 
(see Table 3). With the indicated pollution level, it 
is also unnecessary to take measures at the sites 
with loamy and peaty soils. The reason is that the 
use of technical means inevitably causes distur-
bance of the upper organogenic soil horizons. In 
this case, the damage caused by elimination of 
the consequences of pollution in vulnerable Arc-
tic soils would exceed the damage from pollution.

The pollution exceeding the level of >500 mg/kg 
is an indication of mechanical treatment of soil 
surface, which promotes aeration of the upper 

Fig. 1. Distribution of soils polluted with oil products (OP) in the space of two principal components, formed by the major 
physical and chemical characteristics: Сdry – total carbon content; Сwet – organic carbon content; Ntot – total nitrogen; 
С/N – carbon to nitrogen ratio; CEC – cation exchange capacity; Dn – density; PhC – physical clay (particles <0.01 mm); 
CS – coarse soil (skeletal fraction).

TABLE 2 

Correlation between the principal components and the characteristics  
determining oil product fixation in soils 

Soil characteristics Component 1
(42.4 % variance)

Component 2
(17.2 % variance)

Density (Dn), g/cm3 –0.74 0.13

Oil product (OP) content, mg/kg 0.71 –0.08

Organic carbon content (Cwet), % 0.40 0.48

Total carbon content (Cdry), % 0.93 0.19

Total nitrogen content (Ntot), % 0.86 0.32

Ratio Сdry/Ntot 0.52 –0.19

Cation exchange capacity (CEC), mg-equiv/100 g 0.70 0.16

Coarse soil content (skeletal fraction), % –0.33 0.75

Particles <0.01 mm (PhC), % 0.35 –0.73

Note. The values in strong correlation are highlighted.
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horizons for enhancing photodegradation, micro-
biological degradation, and evaporation of certain 
fractions. In addition, this kind of treatment pro-
vides mixing of the polluted upper soil layer with 
lower lying less polluted ones, which provides fa-
vourable conditions for the biological step of reme-
diation. It is recommended to combine mechanical 
treatment with sowing perennial grasses suita-
ble for use under the conditions of cryolithozone. 
Grass sowing allows one to achieve the grassland-
ing effect over the remediated surface for regu-
lating the thermal and moisture regime, develop-
ing the seeds and spores of local plant species. 
Outside the water protective zones, the introduc-
tion of fertilisers is possible to enhance the effect. 
Fertilisation rate depends on grass species. How-
ever, keeping in mind the specific agrochemical 
properties of soils in the cryolithozone, we recom-
mend using increased doses, in particular nitro-
gen (active substance) – 60 kg/ha, phosphorus 
and potassium – 40 kg/ha each.

In the case of very heavy soil pollution with oil 
products (>5000 mg/kg), a year before grass 
sowing, it is necessary to combine mechanical 
treatment with the introduction of chemical ame-

liorants. Among them, the most suitable one for 
the soils of cryolithozone is calcium peroxide CaO2 
(Fig. 2), which is not a surfactant and cannot have 
a negative effect on other components of vulner-
able Arctic ecosystems. At the same time, the 
oxidation of oil products with calcium peroxide 
gives calcium carbonate, which promotes a de-
crease in soil acidity and therefore activates bio-
logical degradation of oil products. 

CONCLUSION

Thus, it is shown in the work that the specific-
ity of soils in the cryolithozone manifests itself as 
the substantial diversity of properties determin-
ing soil susceptibility to pollution with oil prod-
ucts. Under the conditions of subarctic climate, 
the properties of soils can have either negative or 
positive effects on oil product percolation, fixa-
tion and destruction during soil remediation and 
self-purification. Among soil characteristics, the 
most essential ones for the soils of cryolithozone 
in the accumulation of light fractions of oil prod-
ucts are total carbon content (Сdry) and related 
total nitrogen content (Ntot), as well as the cation 

TABLE 3

Recommended measures aimed at soil purification from oil products at different pollution levels 

Oil product content in soils, mg/kg Pollution level Recommended measures for purification

<500 Low Remediation is not required

500–5000 Medium and strong Mechanical treatment of soil combined with perennial 
grasses sowing, in some cases with the application  
of fertilisers

>5000 Very strong Mechanical treatment of soils with the introduction  
of chemical ameliorants, followed by sowing perennial 
grasses and (in some cases) application of fertilisers 

Fig. 2. Oil product (OP) content in the soils of remediated sites: a – before the introduction of calcium peroxide; 
b – one year after the introduction of calcium peroxide.
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exchange capacity. The increased density of soils 
has a negative effect on oil product accumulation. 

 In view of the specificity mentioned above, it 
is recommended to avoid remediation measures 
involving technical means at the sites where the 
level of soil pollution is ≤500 mg/kg, otherwise 
the consequences of remediation works would 
cause more substantial damage than pollution. At 
the territories where the level of oil products in 
soil is within the range of 500–5000 mg/kg, it is 
recommended to carry out mechanical treatment 
of soils, followed by sowing perennial grasses. 
The efficiency of this treatment can be enhanced 
by introducing nitrogenous and phosphate-potas-
sium fertilisers. In the soils of sites with oil prod-
uct pollution level exceeding 5000 mg/kg, the in-
troduction of chemical ameliorants together with 
mechanical treatment is necessary before biologi-
cal recultivation.
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