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Our research goal was to comparatively analyze soils contamination with chemicals in cities located in the Arctic 

zone of Arkhangelsk region and to assess population health risk caused by soils in settlements contaminated with chemi-
cals. The research has practical significance due to Arkhangelsk region being among the RF regions with the highest 
share of soils samples taken in settlements that deviate from hygienic standards as per sanitary-chemical and microbi-
ological parameters.  

The assessment was based on monitoring data on chemical contamination of soils in cities located in the Arctic 
zone of Arkhangelsk region (Severodvinsk, Arkhangelsk, and Novodvinsk) collected in 2007–2017. We assessed popula-
tion exposure to contaminants in soils at their oral and subcutaneous introduction and determined risk levels for chil-
dren’s and adults’ health. To examine non-carcinogenic effects, we applied reference doses and calculated hazard coeffi-
cients and indexes. We revealed that soils were contaminated with metals substantially greater in Severodvinsk than in 
two other cities. Aggregated hazard indexes calculated for combined introduction of contaminants from soils didn’t ex-
ceed 1.0. Contaminants from soils primarily enter a body via oral introduction. A contribution made by oral introduction 
into a total dose for examined toxicants amounted to 68–79 % at the median level among children and adults. Overall 
individual carcinogenic risk in Severodvinsk was higher than in two other cities and amounted to 9.1·10-4 and 2.3·10-3 at 
the median level and 90%-percentile one accordingly. Non-carcinogenic and carcinogenic risks caused by exposure to 
contaminants in soils are acceptable when taken in their median concentrations.  
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 Soil is a most significant component in 

the environment; it accumulates chemicals and 
causes secondary contamination of ambient air 
and water [1, 2]. Chemicals occur in soil 
mostly due to discharges and emissions from 
industrial enterprises, motor transport, com-
munal and industrial wastes [3–7]. 

Chemical contaminants in soil can exert 
their influence on population health both via 
direct contacts with soils (handworks with 
soils, walking barefoot, children playing in 
sandboxes etc.) and via chemicals penetrating 

a body indirectly via media that contact soils 
(ambient air or water) [3, 8]. Heavy metals are 
the most hazardous toxicants for human health 
[9–11] as they produce toxic, allergenic, car-
cinogenic, and mutagenic effects [12, 13]. 
Copper, zinc, nickel, lead, and cadmium are 
among priority chemical soil contaminants 
[3, 14–16].  

Arkhangelsk region is one of RF regions 
with the highest share of soil samples taken in 
settlements that deviate from hygienic stan-
dards as per sanitary-chemical and microbi-
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ological parameters. In 2015-2017 a specific 
share of soils samples taken in settlements in 
the region that didn’t conform to hygienic 
standards as per sanitary-chemical parameters 
amounted to 6.5% and it was 1.3 times higher 
than on average in the country (5.1%)1, 2. 

The present research was performed in 
three big industrial cities in Arkhangelsk re-
gion (Arkhangelsk, Severodvinsk, and Novod-
vinsk) located in arctic zones3, namely in the 
northern taiga sub-zone. Arctic air makes for 
cold and dry weather on these territories. Av-
erage temperature in January is -14.7 С; in 
July, +14.8 С [17]. Cold climate, little pre-
cipitation, and short growing season result in 
metals accumulation in soils [18]. Given that, 
it is vital to examine soil contamination with 
chemicals in cities located in arctic zones and 
impacts exerted by it on population health. 

Our research goal was to comparatively 
analyze soil contamination with chemicals in 
cities located in arctic zones of Arkhangelsk 
region and assess population health risks 
caused by exposure to contaminants in soils.   

Data and methods. We performed a de-
scriptive examination of soil quality in Ark-
hangelsk, Severodvinsk, and Novodvinsk. 
Emissions from industrial enterprises were 
analyzed as per data collected over 2010-2015 
and taken from statistic reports “2-TP Air”. 
Soil contamination with chemicals was exam-
ined as per monitoring data collected over 
2007-2017 and provided by the Center for Hy-
giene and Epidemiology in Arkhangelsk re-
gion. We assessed population health risks 
caused by exposure to chemical contaminants 
in soils for 10 metals:  copper (Cu), chromium 

(Cr), zinc (Zn), nickel (Ni), manganese (Mn), 
lead (Pb), mercury (Hg), cadmium (Cd), cobalt 
(Co), and arsenic (As). All soil samples were 
taken in settlements, near housing, and at chil-
dren playgrounds and sport grounds.  

We used median (Me) and 90-th percen-
tile (Р90) to describe concentrations of the ex-
amined chemicals in soils and to calculate risk 
levels. Since distribution of chemicals concen-
trations statistically significantly differed from 
normal one, we applied Kruskal-Wallis test to 
compare median values and Wilcoxon two-
sample test to make pairwise comparison be-
tween groups. Critical level of statistical sig-
nificance was taken as equal to 0.05. We used 
growth rate to examine dynamics of chemicals 
concentrations in soils. Statistical analysis was 
performed with STATA 14.0. 

We studied overall toxic and carcinogenic 
effects produced by soil contaminants on 
population health according to overall princi-
ples of risk assessment methodology4. We 
took the following regional values for expo-
sure factors: body mass (kg), duration of expo-
sure (days per year), time spent in the open air 
(hours per day), duration of a contact with soil 
(hours per day) [19]. We assessed exposure to 
soil contaminants for oral and subcutaneous 
introduction. Risk levels were determined 
separately for children (age groups were 1–6 
and 7–17), and adults5, 6. 

We applied reference doses to examine 
non-carcinogenic effects. Toxicity of contami-
nants was characterized basing on chronic 
daily introduction of a substance (mg/kg of 
body mass), hazard quotients (HQ) for specific 
contaminants and total hazard quotients (THQ) 
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for specific contaminants and for all ways of 
introduction. We calculated hazard indexes 
(HI) and total hazard indexes (THI) for sub-
stances with similar effects as such indexes 
allowed us to assess how susceptible critical 
systems and organs were to these effects.  

Carcinogenic effects were assessed basing 
on an average daily dose calculated for a life-
time (mg/kg × day) and slope factor. We cal-
culated the following carcinogenic risks: indi-
vidual carcinogenic risk (CR) for each separate 
carcinogen; summary carcinogenic risk 
(CRsum) for all substances for each way of in-
troduction and for specific carcinogens intro-
duced via all ways; total carcinogenic risk 
(TCR) for all the substances and ways of in-
troduction and population carcinogenic risk 
(PCR) taking into account children and adult 
population in the examined cities. 

HQ, HI, and THI values lower than 1.0 
were considered to be acceptable; for carcino-
genic effects, CR value within 1.0×10-6 – 
1.0×10-4 according to the Guide4. 

Results and discussion. Soils are exam-
ined at 13 monitoring points within social and 
hygienic monitoring activities performed in 
Severodvinsk; at 17 monitoring points in Ark-
hangelsk; and at 9 monitoring points in No-
vodvinsk. On January 01, 2018 population in 
Archangelsk amounted to 356.9 thousand; in 
Severodvinsk, 184.3 thousand; in Novodvinsk, 
38.4 thousand.  

Over 2007–2017 23,200 soil samples 
were examined in all three cities and chemi-
cals concentrations were determined in them; 
1,362 samples out of them didn’t conform to 
hygienic standards (5.9%). The greatest spe-
cific share of samples that deviated from hygi-
enic standards as per contaminants in them 
was determined in Severodvinsk during that 
time period (83%). A share of soil samples 
taken in Severodvinsk that didn’t conform to 
hygienic standards as per copper, chromium, 
zinc, nickel, lead, and arsenic, amounted to 
40%;  3,2%; 19,1%; 43%; 25%, and 8% re-
spectively; as per cadmium and manganese 
contents, less than 1%. Mercury and cobalt 
were detected in soils in concentrations con-
forming to hygienic standards.  

Median concentrations of copper, zinc, 
nickel, and lead didn’t exceed MPC in exam-
ined soil samples in Severodvinsk, but con-
centrations of these chemicals were higher 
than permissible ones at the upper exposure 
limit. Soil contamination with zinc, nickel, 
lead, and copper, taken at Р90 turned out to be 
1.7–4 times higher than MPC. We analyzed 
long-term dynamics of nickel, zinc, lead, and 
copper concentrations in soils taken at Р90 and 
revealed that contamination level was grow-
ing. From 2007 to 2017 an average growth 
rate taken at Р90 amounted to 2.3%; 24.6%; 
25.5%, and 66.3% respectively. Chromium, 
manganese, mercury, cadmium, cobalt, and 
arsenic concentrations in examined soils sam-
ples taken both at Me and Р90 didn’t deviate 
from permissible levels.  

In Arkhangelsk a share of soil samples 
that contained zinc and lead in concentrations 
higher than MPC amounted to 7% and 6% re-
spectively. Soil quality as per these two chemi-
cals has deteriorated over the examined period 
with average growth rate at Р90 level being 
equal to 14.7% for zinc and 0.4% for lead. 
A share of soil samples that contained copper, 
nickel, and manganese in quantities higher 
than MPC was lower than 1%. There were no 
soil samples deviating from hygienic standards 
as per concentrations of other examined 
chemicals.  

In Novodvinsk the highest specific weight 
of samples not conforming to hygienic stan-
dards was detected for copper, zinc, and lead 
(1.3%; 8%, and 1.5% respectively). We ana-
lyzed long-term dynamics as regards concen-
trations of these chemicals in soils and re-
vealed that contamination tended to increase. 
An average growth rate over the examined pe-
riod at Р90 level amounted to 41.7% for copper; 
19%, zinc; 4.2%, lead. We didn’t detect any 
soil samples that didn’t conform to hygienic 
standards as per concentrations of chromium, 
nickel, manganese, mercury, cadmium, and 
cobalt. Contents of copper, chromium, zinc, 
nickel, manganese, lead, mercury, cobalt, and 
cadmium in soils taken at Ме and Р90 didn’t 
exceed permissible levels in Arkhangelsk and 
Novodvinsk. 
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We comparatively analyzed contents of 
contaminants in soils in cities located in arctic 
zones of Arkhangelsk region; data on con-
tamination taken at median level revealed that 
soil was statistically significantly more con-
taminated with metals in Severodvinsk 
(p < 0.001) than in tow other examined cities. 
Average concentrations of zinc, lead, cad-
mium, manganese, and mercury in soil sam-
ples taken in Severodvinsk were 5–23 times 
higher than contents of these metals in soils in 
Arkhangelsk and 3.-13 times higher than in 
soil in Novodvinsk. Median cobalt concentra-
tion in soil in Severodvinsk was 80 times 
higher than its contents in Arkhangelsk and 
Novodvinsk. Median copper, chromium, and 
nickel concentrations in soil in Severodvinsk 
were 7, 30, and 47 times higher than in Ark-
hangelsk and Novodvinsk (Table 1).  

Increased metals concentrations in soil in 
Severodvinsk occur sue to high density of 
these substances contained in emissions from 
industrial enterprises and motor transport. 
Shipbuilding and machine building are the 
leading industries in Severodvinsk; wood 
processing and food industry, in Arkhangelsk; 
pulp and paper production, in Novodvinsk. 
According to data taken from “2-TP Air” re-
port form, density of manganese, copper, and 
lead emissions per 1 km2 amounted to 19, 3.1 
and 0.08 kg respectively in Severodvinsk; 
0.7, 0.06, and 0.003 kg respectively, in Ark-
hangelsk; 1.2, 0.01, and 0.00006 kg respec-
tively, in Novodvinsk. Zink, nickel, and chro-
mium occurred only in emissions from indus-
trial enterprises in Severodvinsk (0.68, 3.61, 
and 0.003 kg respectively). As per data ob-
tained from The Northern Office for Hydro-
meteorology and Environmental Monitoring, 
a contribution made by motor transport into 
ambient air contamination amounted to 57% 
in Arkhangelsk; 24%, in Severodvinsk; 6%, 
in Novodvinsk. 

Total hazard quotients for each metal taken 
as a sum for oral and subcutaneous exposure 
didn’t exceed 1.0 in all the examined cities. 

We comparatively analyzed total intro-
duced doses of chemicals that contaminated 
soils in Cities located in Arkhangelsk-

Severodvinsk agglomeration and revealed that 
dose burden for children aged 1–6 was 1.6 and 
4.8 times higher respectively than doses of 
chemicals received by children aged 7–17 and 
by adults. Children aged 7–17 were exposed to 
3 times higher doses of chemical toxicants in 
soil that adult population.   

T a b l e  1  
Contents of contaminants in soils in cities 

located in arctic zones of Arkhangelsk region 
over 2007–2017  

Substance Number 
of samples Me* Р90 

MPC 
(mg/kg)

Severodvinsk 
Copper 852 2.4 12.4 3.0 
Chromium 533 3.0 5.8 6.0 
Zinc 852 10.0 38.0 23.0 
Nickel 774 4.0 10.0 4.0 
Manganese 764 54.0 93.0 140.0 
Lead 852 3.1 10.0 6.0 
Mercury 852 0.05 0.25 2.1 
Cadmium 852 0.1 0.1 2.0** 
Cobalt 764 2.0 4.0 5.0 
Arsenic 813 0.8 2.0 2.0 

Arkhangelsk 
Copper 1109 0.3 1.01 3.0 
Chromium 1107 0.1 0.1 6.0 
Zinc 1109 1.9 18.4 23.0 
Nickel 1109 0.09 0.6 4.0 
Manganese 1109 2.8 16.2 140.0 
Lead 1109 0.4 4.4 6.0 
Mercury 1109 0.002 0.12 2.1 
Cadmium 1107 0.008 0.06 2.0** 
Cobalt 1109 0.03 0.3 5.0 

Novodvinsk 
Copper 594 0.3 1.1 3.0 
Chromium 594 0.1 0.1 6.0 
Zinc 594 2.9 21.2 23.0 
Nickel 594 0.09 0.4 4.0 
Manganese 593 4.1 16.8 140.0 
Lead 594 0.5 2.2 6.0 
Mercury 585 0.01 0.2 2.1 
Cadmium 594 0.01 0.06 2.0** 
Cobalt 594 0.03 0.3 5.0 

Note:  
p* means median values are compared as per Wil-

coxon test (p<0.001 for all chemicals);  
** is ODC value for cadmium. 
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Oral exposure is a basic one for con-
taminants in soil. A contribution made by 
oral exposure into the total dose for the ex-
amined toxicants, taken at its median level, 
on average amounted to 79% for children 
aged 1–6; 73%, for children aged 7–17; and 
68%, for adults. 

 Circulatory organs, blood system, cen-
tral nervous system, and kidneys are organs 
exposed to the highest risks of overall toxic 
effects that are produced on population liv-
ing in arctic zones under exposure to chemi-

cal contaminants in soil. The liver, skin, di-
gestive organs, reproductive and immune 
system occupy the second rank place in 
terms of exposure. We should note that a risk 
of non-carcinogenic effects for all the criti-
cal organs and systems didn’t exceed per-
missible level (THI = 1) either for children 
or adults (Table 2). Differences in non-
carcinogenic risk levels among children and 
adults are due to different duration and time 
of exposure, body mass and body surface 
area [20]. 

    T a b l e  2   
Critical organs and systems ranked as per total hazard quotients (THI) under exposure 
 to complex introduction of chemical contaminants in soils occurring in cities located  

in Arkhangelsk region  
Children aged 

1–6 
Children aged 

7–17 Adults Critical organs and systems 
Р50 Р90 Р50 Р90 Р50 Р90 

Severodvinsk 
Circulatory organs 0.035 0.064 0.025 0.045 0.009 0.016 
Blood system 0.033 0.059 0.023 0.041 0.008 0.015 
Nervous system 0.023 0.041 0.017 0.030 0.006 0.011 
Kidneys 0.023 0.041 0.017 0.030 0.006 0.011 
Liver 0.017 0.029 0.013 0.022 0.005 0.008 
Skin 0.013 0.028 0.009 0.018 0.003 0.006 
Digestive organs 0.006 0.013 0.004 0.009 0.002 0.003 
Reproductive system 0.006 0.012 0.004 0.008 0.002 0.003 
Immune system 0.003 0.009 0.002 0.007 0.001 0.003 

Arkhangelsk 
Circulatory organs 0.0015 0.011 0.001 0.008 0.0004 0.0028 
Blood system 0.0015 0.011 0.001 0.007 0.0004 0.0027 
Nervous system 0.0014 0.011 0.001 0.008 0.0004 0.003 
Kidneys 0.0014 0.011 0.001 0.008 0.0004 0.003 
Liver 0.0009 0.005 0.0006 0.004 0.0002 0.0014 
Digestive organs 0.0005 0.006 0.0004 0.005 0.0001 0.0017 
Reproductive system 0.0005 0.006 0.0004 0.004 0.0001 0.0016 
Skin 0.0002 0.002 0.0001 0.001 0.0001 0.0004 
Immune system 0.0001 0.003 0.0001 0.002 0.00003 0.0008 

Novodvinsk 
Nervous system 0.002 0.012 0.0015 0.0089 0.0006 0.0034 
Kidneys 0.002 0.012 0.0015 0.0089 0.0006 0.0034 
Circulatory organs 0.002 0.0095 0.0015 0.0068 0.0005 0.0025 
Blood system 0.002 0.0093 0.0014 0.0067 0.0005 0.0025 
Liver 0.0012 0.005 0.0009 0.004 0.0004 0.0015 
Digestive organs 0.0009 0.007 0.0006 0.005 0.0002 0.002 
Reproductive system 0.0008 0.007 0.0006 0.005 0.0002 0.0019 
Immune system 0.0003 0.004 0.0002 0.003 0.0001 0.0013 
Skin 0.0002 0.002 0.0001 0.001 0.0001 0.0004 
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T a b l e  3  
Individual, total and summary total carcinogenic risks under exposure to soil contaminants 

 in cities located in Arkhangelsk region 
Introduction 

Oral Subcutaneous CRsum Carcinogens 
Р50 Р90 Р50 Р90 Р50 Р90 

Severodvinsk 
Nickel 9.4×10-5 2.4×10-4 7.4×10-4 1.8×10-3 8.3×10-4 2.1×10-3 
Lead 4.1×10-7 1.3×10-6 1.3×10-7 4.2×10-7 5.4×10-7 1.8×10-6 
Arsenic 1.9×10-5 4.7×10-5 6.0×10-5 1.5×10-4 7.9×10-5 2.0×10-4 
Cobalt 6.3×10-7 1.3×10-6 2.0×10-7 3.9×10-7 8.3×10-7 1.7×10-6 
CRsum 1.1×10-4 2.9×10-4 8.0×10-4 2.0×10-3 9.1×10-4 2.3×10-3 

Arkhangelsk 
Nickel 2.0×10-6 1.3×10-5 1.6×10-5 1.0×10-4 1.8×10-5 1.1×10-4 
Lead 5.8×10-8 5.9×10-7 1.8×10-8 1.9×10-7 7.6×10-8 7.8×10-7 
Cobalt 7.9×10-9 9.4×10-8 2.5×10-9 3.0×10-8 1.0×10-8 1.2×10-7 
CRsum 2.1×10-6 1.4×10-5 1.6×10-5 1.0×10-4 1.8×10-5 1.2×10-4 

Novodvinsk 
Nickel 2.0×10-6 1.0×10-5 1.6×10-5 8.1×10-5 1.8×10-5 9.2×10-5 
Lead 6.7×10-8 2.9×10-7 2.1×10-8 9.1×10-8 8.8×10-8 3.8×10-7 
Cobalt 7.9×10-9 7.9×10-8 2.5×10-9 2.5×10-8 1.0×10-8 1.0×10-7 
CRsum 2.1×10-6 1.1×10-5 1.6×10-5 8.1×10-5 1.8×10-5 9.2×10-5 

 
Considering median concentrations of the 

examined metals, in all three cities the greatest 
contribution into adverse effects produced on 
circulatory organs, blood system, nervous sys-
tem, kidneys, and liver was made by manga-
nese (48–99%); by cadmium (39–60%) and 
lead (20–42%), on the digestive and reproduc-
tive systems; by cobalt (64–84%), on skin; 
nickel (15–65%) and mercury (33–86%), on 
the immune system. 

In Severodvinsk total individual carcino-
genic risk for the overall population amounted 
to 9.1×10-4 under exposure to median concen-
trations of carcinogens; to 2.3×10-3 at 90-th 
percentile. In Arkhangelsk and Novodvinsk 
total carcinogenic risks for the overall popula-
tion were the same at median level and 
amounted to 1.8×10-5; at 90-th percentile, they 
amounted to 1.2×10-4 and 9.2×10-5 respec-
tively (Table 3). 

Total carcinogenic risk in Severodvinsk 
was 51 times higher at median level, and 20–
25 times higher at 90-th percentile level, than 
in Arkhangelsk and Novodvinsk. Oral intro-
duction made the major contribution (69–70%) 

into carcinogenic risks occurrence in the ex-
amined cities. The greatest contribution into 
summary total carcinogenic risk was made by 
nickel (from 91 to 99%). Population carcino-
genic risk taken over 70 years under exposure 
to carcinogens in soil amounted to 2.4 at me-
dian level in Severodvinsk; to 0.09, in Ark-
hangelsk; to 0.001, in Novodvinsk. There were 
0.03 annual additional cases of malignant neo-
plasms among population in Severodvinsk 
caused by carcinogens in soils.  

Conclusion. Soil in housing areas in 
Severodvinsk contains the highest concentra-
tions of metals in comparison with other cities 
located in arctic zones of Arkhangelsk region. 
It is due to emissions from industrial enter-
prises dealing with shipbuilding and machine 
building.  

Carcinogenic and non-carcinogenic risks 
under exposure to chemical contaminants in 
soil are higher in Severodvinsk than in two 
other examined cities; they are permissible 
when taken at median concentrations. Car-
cinogenic risk taken at 90-th percentile is 
higher than permissible values; it is subject 
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to permanent control and requires develop-
ing a set of activities aimed at reducing soil 
contamination with chemicals. These activi-
ties should include improved production 
technologies that can ensure smaller emis-
sions and discharges of adverse substances 
into the environment; new enterprises on 
wastes recycling and processing; construc-

tion and reconstruction of sewage disposal 
plants; detection and lamination of contami-
nation sources. 
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