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� Naturally occurring radionuclides were main contributors to dose rate in Yerevan.
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� ELCR was higher than world mean value in the northern and central parts of Yerevan.
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a b s t r a c t

Spatial pattern of naturally occurring radionuclides (NOR): 226Ra, 232Th, 40K, and artificial 137Cs was
studied using soil samples of the multipurpose geochemical survey of the city of Yerevan, capital of
Armenia. High purity Ge detector-based gamma spectrometry system was used for the determination of
radionuclides activity concentrations in urban soils. A combination of compositional data analysis,
geochemical mapping and radiological assessment were applied to reveal potential factors of techno-
logically enhanced natural radioactivity and excess lifetime cancer risk for Yerevan’s population due to
NOR and artificial 137Cs in the urban environment. Statistical methods with the geochemical mapping
revealed the great contribution of soil-forming rocks to NOR distribution in urban soils. The spatial
distribution of calculated radiological indices and dose rates levels follows the distribution patterns of
NOR. The activity concentration of fallout radionuclide 137Cs was within the range typical for the studied
altitudes. Above baseline activity of 137Cs was observed in the north-western and western part of the city
that is in typical ranges of 137Cs content in soil derived from global radioactive fallout. Urban soils of
Yerevan were found radiologically safe, however, igneous rock derived soils are a sink of NOR and the
main environmental source of continuous exposure to the residents. Values of excess lifetime cancer risk
were higher than mean global value.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Exposure to environmental radiation still remains one of the
main subjects of scientific interests since human beings are
exposed to naturally occurring radionuclides (NOR) on a daily basis
(IAEA, 2005). The main sources of environmental radiation are
earth crust and cosmic rays (BEIR, 2006; Ojovan and Lee, 2014a;
Valkovi�c, 2019). The significant dose of total contribution comes
mainly from terrestrial radiation, sources of which are located in
earth’s crust within different geological formations. 226Ra, 232Th
va).
and their progeny and 40K are termed as naturally occurring
radioactive materials or NOR. There are more than 60 NOR found in
the environment, however, the main dose-forming NOR are
daughters of UeRa and Th decay series and radioactive K as well
due to their abundance in the earth’s crust and soils (BEIR, 2006;
Ojovan and Lee, 2014a; UNSCEAR, 2010; 2000; Valkovi�c, 2019).
Artificial sources of radiation have a lower impact on living or-
ganisms. Some investment in gamma-emission has an emerging
fallout radionuclides, particularly 137Cs (BEIR, 2006; IAEA, 2010;
1996; Tang and Loganovsky, 2018; UNSCEAR, 2010).

Measurement of soil radioactivity is basic and the most infor-
mative method for natural background radiation determination
and dose rate assessment (UNSCEAR, 2010, 2000). Natural soil is a
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complex medium which radioactivity strongly depends on type of
parent rock and soil formation features (Iurian et al., 2015; Ojovan
and Lee, 2014a). Urban soils are significantly altered by anthropo-
genic activities. As a consequence, this leads to changes of urban
environment fundamental properties such as temperature, pH,
moisture content, etc. (Adderley et al., 2010; Albanese et al., 2008;
Morel et al., 2005). These parameters in turn affect the behaviour
and fate of both naturally occurring and artificial radioactive iso-
topes of chemical elements and resulted in the variations of urban
inhabitants’ exposure to environmental radioactivity, as well.
Application of geochemical survey in environmental radioactivity
studies is widely recognized (IAEA, 2019, 2010). Urban soil survey
and geochemical mapping is widely used to generate data of
radiological hazard and health risk assessment by analyzing the
activity concentrations of radionuclides in urban soil (Alnour et al.,
2014; Belyaeva et al., 2019; Demetriades and Birke, 2015; Ibraheem
et al., 2018; Milenkovic et al., 2015). In addition to natural pro-
cesses, some industrial activities such as coal and oil combustion,
metal refinery, production of buildingmaterials, etc. are also factors
of technologically enhanced natural radioactivity which contribu-
tion to human dose and resulted in dose rate increases (Al Nabhani
et al., 2016; Haribala et al., 2016; IAEA, 2014; Ribeiro et al., 2018).
Therefore, the assessment of the alteration of natural radiological
background in an industrial city having various potential factors of
technologically enhanced natural radioactivity is of great scientific
concern (Al Nabhani et al., 2016; Paschoa and Steinh€ausler, 2010).

The aim of this paper was to assess the activity concentrations of
naturally occurring 226Ra, 232Th, 40K and artificial 137Cs radionu-
clides in the soils of Yerevan and reveal their potential factors of
their redistribution through the combined application of compo-
sitional data analysis and geospatial mapping approaches, as well
as assess dose rate and related human health risk.

There are several potential factors promoting enhancement of
natural radioactivity in Yerevan. In particular, three big metal re-
fineries: Plant of Pure Iron and Armenian Molybdenum Production,
34mines of natural stones and other buildingmaterials: tuff, basalt,
volcanic slug, sand, gypsum clay, etc. (“Republican Geological
Fund,” 2020), Yerevan Thermal Power Plant (Yerevan TPP, power
generation with natural gas firing), etc. (Fig. 1).

According to results of radioecological monitoring in Armenia,
twomain sources of artificial 137Cs were identified: (i) global fallout
of 137Cs due to nuclear weapon testing and (ii) the consequences of
Chernobyl accident (Avagyan et al., 2009; Belyaeva et al., 2019;
Belyaeva and Pyuskyulyan, 2016; Nalbandyan and Karapetyan,
2003; Pyuskyulyan et al, 2008, 2020). Another potential source of
137Cs in the urban environment is the operating Armenian Nuclear
Power Plant (ANPP) which is located in a 30 km distance from
Yerevan. Based on the long-term monitoring of ANPP influence on
the environment, the contribution of ANPP is lower than terrestrial
natural radiation and global fallouts (Belyaeva et al., 2020;
Pyuskyulyan et al, 2008, 2020).

2. Materials and methods

2.1. Study area

Yerevan is the largest and densely populated city of the Republic
of Armenia. It lies in the centre-west of the republic at N 40�110 and
E 44�310 at the altitude range from 990 to 1300 m and occupies
223 km2 (Fig. 1). The area is characterized by steppe climate-long,
hot, dry summers, and short, cold winters. Those conditions are
also due to neighbouring mountains and long distance from the sea
(Baghdasaryan, 1971).

Geographically, Yerevan is situated on 4 neighbouring sub-
regions: 1. Ararat valley, the south-west of the city at the height
2

of 850e1000 m above sea level (a.s.l.). 2. Yeghvard (north) and 3.
Kotayk (north-east) volcanic plateaux located between two stra-
tovolcanoes: Aragats and Ara, and Geghama Ridge. 4. The western
slopes of the Geghama Ridge border the city from the eastern part
with 1200e1350 m a.s.l. height. The canyons of Hrazdan river and
its tributary Getar divide the relief on Yeghvard (north-west),
Arabkir-Qanaqer (north) and Nork (west) plains which slight ter-
races come down to the central and southern parts of the city
(Zohrabyan, 1971).

Geological structure of the area features complex sediments:
Upper Miocene to Quaternary represent by igneous (northern and
central parts), volcano-sedimentary and sedimentary formations
(southern part, Fig. 1) (Avetisyan et al., 1974). Besides, along the
river canyons and in different parts of the city rock outcrops are
presented.

Within Ararat Valley gray semi-desert soils are dominated
whereas Yeghvard and Kotayk plateau covered by gray moun-
tainous brown and chestnut soils. Soil are enriched with carbonates
and gypsum on deeper horizons which implies a lack of leaching
processes and favourable conditions for the accumulation of the
chemical elements (Saghatelyan, 2004).

2.2. Sampling, samples preparation and measurements

Multipurpose geochemical soil survey was implemented in
Yerevan in 2012. The methods of sampling and quality control/
assurance of field activity implemented within the frames of Yer-
evan geochemical survey are described in detail elsewhere
(Tepanosyan et al, 2016a, 2017a,b). Briefly, a systematic sampling
(Scale 1:25000) was applied in order to estimate the pattern of the
spatial distribution of potentially toxic chemical elements
(Cochran,1977; Saet et al., 1990; US EPA, 2006, 2002). A background
plot was selected for the assessment of background and baseline
concentrations of chemical elements in the soils of Yerevan
(Tepanosyan et al., 2017a). In the field, 5e8 soil subsamples of ur-
ban soil were randomly selected from the plot with the area of
0,0625 km2 (a squire with а side of 250 m) from the upper layer
(deep 5 cm) using stainless steel hand auger in compliancewith the
international guidelines and standard methods (US EPA, 2006,
2002). Subsamples were mixed in order to obtain a bulk sample
which was placed in a plastic bag for transportation. Overall, 1356
samples or urban soils (Fig. 2) and 52 background soil samples were
collected during the sampling campaign.

In laboratory, soil samples were air-dried, disaggregated and
sieved (2 mm mesh) then placed into plastic containers and sealed
for long-term storage.

2.3. Selection of samples for the radiological survey and gamma-ray
spectrometry

For the assessment of spatial distribution of radionuclides in
Yerevan soils 51 urban soil samples were selected out of archived
1356 applying Random generator tool of ArcMap 10.3 software
(Fig. 2). Additionally, 8 background soils were selected for deter-
mination of background activity of naturally occurring radionu-
clides and baseline of artificial 137Cs, which were used for the
characterization of Yerevan soils by using geochemical indicators.

Prior to analysis, plastic Marinelli beakers (1.10 L volume) were
washed with 5% nitric acid, rinsed with distilled water and dried.
550e800 g of dry soil was placed in Marinelli beakers, sealed and
stored for at least one month in order to achieve secular equilib-
rium between radium, radon and short-lived decay products.

High purity Ge (HPGe) detector with energy resolution of
1.8 keV FWHM (for the 1332 keV g-ray energy line from 60Co),
coupled to a DSA-1000 multichannel analyzer (CANBERRA) were



Fig. 1. Location of potential sources of naturally occurring radionuclides in Yerevan (top), adopted from (Geological Service of RA, 2019) and geological map of Yerevan territory
(bottom), adopted from (Avetisyan et al., 1974).
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used for determination of radionuclide activity concentrations. Ef-
ficiency calibration was performed using Laboratory Sourceless
Calibration Software (LabSOCS), by CANBERRA which allows effi-
ciency calibration with no certified source of the same geometry as
the measured sample. Energies of 105.3 keV of 155Eu, 1275 keV of
22Na and 1332.5 keV of 60Co were used as the reference for gamma
spectra peak energy measurement. The acquisition and analysis of
spectrum were done using Genie 2000 software. Quality control
and assurance plan comprised measurements of IAEA-447 Certified
Reference Material and participation in national inter-laboratory
comparison program. Laboratory replicate soil samples were
measured repeatedly as part of quality control measures. The
gamma spectrum acquisition time for soils was 15000 s. Gamma
background measurements were performed weekly by using clean
empty Marinelli beakers. After correcting for background and
Compton contribution, the activity concentrations of 214Pb
(351.9 keV), 214Bi (609.2 keV); 212Pb (239.0 keV), 212Bi (727.0 keV),
228Ac (911.21 keV) and 40K (1460.0 keV) were determined. The
3

activity of 226Ra and 232Th were calculated assuming secular equi-
librium of their decay products: 226Ra by 214Pb, and 214Bi; 232Th by
228Ac, 212Pb and 212Bi.
2.4. Radiation hazard calculation, dose rate, and risk assessment

Radiation exposure commonly defined using several parame-
ters. A hazard index represents a ratio with the numerator being a
determined value for a particular radionuclide and the denomina-
tor a reference value for that radionuclide. The reference value is an
amount related to the acceptable level of the risk. If the value of the
hazard index is greater than unity, it requires some sort of
normalization. The reference value for each radionuclide is an
acceptable effective dose equivalent (BEIR, 2006; UNSCEAR, 2000).

The Radium equivalent activity (Raeq, Bq/kg) was calculated to
identify the uniformity of radiation exposure. It is the weighted
sum of the activities of 226Ra, 232Th, and 40K based on the suppo-
sition that 370 Bq/kg of 226Ra, 259 Bq/kg of 232Th and 4810 Bq/kg of



Fig. 2. Sampling locations of Yerevan geochemical survey and selected sampling points for radiological survey.
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40K produce the same gamma dose rates. Raeq activity was esti-
mated with the following relation (UNSCEAR, 2000):

Raeq ¼CRa þ 1:43CTh þ 0:077CK (1)

where CRa, CTh and CK are the activity concentrations of mentioned
radionuclides in Bq/kg. Material can be considered as a potentially
hazardous if Raeq exceeds 370 Bq/kg.

The next parameters are external and internal hazard indices.
Those indices are used for limitation of the radiation dose to the
permissible dose equivalent limit of 1 mSv/y (ICRP, 1991). Radio-
active decay in soils creates a radiation field within the surface soil
and air which can produce exposure to the population. The activity
concentrations of radionuclides in soils, the time spent outdoors
are the main factors that determine the exposure rate to an
individual.

Gamma radiation originating from different radioactive sources
of the environment known as gamma radiation absorbed dose rate
in the air (Dout, nGy/h). For the assessment of absorbed dose in 1 m
above the ground, there were used the activity concentrations of
226Ra, 232Th, 40K and 137Cs in soils. It was calculated according to
reference (UNSCEAR, 2000) using the equation (5):

Dout ¼0:462CRa þ 0:604CTh þ 0:0417CK þ 0:1243CCs (2)

Here, the 0.462, 0.604, 0.0417 and 0.1243 are the conversion
factors of 226Ra, 232Th, 40K and 137Cs respectively, and were used to
convert the activity concentrations into absorbed dose (nGy/h per
Bq/kg) as recommended in UNSCEAR (2000). The calculation of
outdoor dose rate includes the activity of 137Cs as well.

For the assessment of potential biological effects associatedwith
exposure to ionizing radiation to the population, radiation protec-
tion uses the effective dose rate. The sources of external radiation
dose can be classified as cosmic and terrestrial. There were used the
values of absorbed dose rate for the calculation of the terrestrial
Annual Effective Dose Equivalent (AEDE, mSv/y). It was calculated
following the equation (UNSCEAR, 2000) (3):
4

AEDE¼Dout � DCF � OF � T (3)

where, DCF is dose conversion factor (0.7 Sv/Gy) as the conversion
coefficient from absorbed dose in air to effective dose received by
adults. OF is occupancy factor (0.2) using for the outdoor dose, T is
the time (8760 h/y).

The annual outdoor effective dose (AEDE) estimated from the
outdoor external dose rate (Dout), time of stay in the outdoor or
occupancy factor (OF ¼ 20% of 8760 h/y) and the conversion factor
(CF ¼ 0.7 Sv/Gy) to convert the absorbed dose in air to effective
dose. The world AEDE is 0.07 mSv/y estimated in UNSCEAR (2000).

Human epidemiology, animal studies and cell biology study
results by UNSCEAR (2000) and BEIR (2006) conclude that the risk
estimates at low doses are likely conservative. Therefore, the
determination of excess lifetime cancer risk (ELCR) is necessary.
ELCR estimates the probability of cancer incidence in a human
population for a specific lifetime from exposure to naturally
occurring radionuclides. This approach mathematically calculates
the probability of developing cancer over a lifetime (70 years) at a
given exposure level. It is presented as a value representing the
number of extra cancers expected in a given number of people on
exposure to a carcinogen at a stated dose. ELCR was calculated
using the equation (4) (BEIR, 2006; ICRP, 1991; UNSCEAR, 2000):

ELCR¼AEDE � DL� RF (4)

where DL is duration of life (70 year) and RF is the risk factor of
contracting a fatal cancer per Sv received. For stochastic effects, the
ICRP 60 uses values of 0.05 for the public (ICRP, 1991).

2.5. Assessment of enrichment levels and radionuclides
accumulation in urban soils

Geochemical characterization of distribution of radionuclides
was performed based on collation with the values estimated for
background plot, viz. geochemical background of naturally
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occurring radionuclides. As a “geochemical background” a median
values of samples obtained from gamma spectrometry results of 8
background soil samples was used within this study (Table 1) based
on geochemical or empirical approach described in detail in the
number of publications (Gałuszka, 2007; Matschullat et al., 2000;
Tepanosyan et al., 2017a). Small sample size (N ¼ 8) did not allow
the application of an integrated approach (combination of empir-
ical and statistical methods) for estimation of geochemical back-
ground, as it was realized in the case of chemical elements
previously (Tepanosyan et al., 2017a).

Prior to calculation of geochemical indices activity concentra-
tion of radionuclides was transferred into mass fraction (mg/kg)
assuming secular equilibrium in both U-Ra and Th decay chains
using the relationship (5) between specific activity (SA), in our case
activity attributed to unit of mass, i.e. activity concentration, the
decay constant (l ¼ ln2=T1=2), number of atoms (N) and the Avo-
gadro’s number (Stromswold, 1994):

SA¼Nl (5)

For the estimation the rate of anthropogenic contamination of
soils, Enrichment Factors (EFs) were calculated (Hasan et al., 2013)
for each naturally occurring radionuclide using equation (6)

EF ¼
ðCi

�
Cref Þsample

ðBi
�
Bref Þbackground

(6)

where, Ci is the mass fraction of the ith radionuclide (ppm), Cref is
the measured concentration of reference metal for normalization
(ppm), Bi is the background radionuclide (ppm), and Bref is back-
ground concentration of the reference metal of the soil in the same
region. Al, Fe, Sc, Mn and Ti are commonly used as reference metals
(Kim et al., 2018). In this case Ti and Fe were used as reference
metals for calculation of EFs for each radionuclide and then ob-
tained results were collated.

Concentrations of Ti and Fe in soils were determined using x-ray
fluorescence spectrometry, according to US EPA method 6200,
within the frames of mentioned multipurpose geochemical soil
survey of Yerevan. The analytical procedures and quality assurance
program described in detail elsewhere (Tepanosyan et al., 2017a,b;
2016b). To assess the soil enrichment level with naturally occurring
radionuclides, the EF of each element was classified into 5 cate-
gories (Hasan et al., 2013): <1 e no enrichment; 1e< 3 e minor
enrichment; 3e< 5 e moderate enrichment; 5e< 10 e moderately
severe enrichment; 10e< 25 e severe enrichment; 25e< 50 e very
severe enrichment; 50 e extremely severe enrichment.

The geoaccumulation index (Igeo) was proposed by Muller (Kim
et al., 2018) to assess the degree of metal contamination in the soils.
It was calculated according to the equation (7) using mass fraction
Table 1
Descriptive statistics of radionuclides obtained from background plot, background acti
UNSCEAR data (UNSCEAR, 2000).

Parameter 226Ra

Min. 0.02
Max. 18.20
Mean 13.41
SD 5.59
Median 14.69
Bacкground activity, Bq/kg 14.69
World mean, Bq/kg (UNSCEAR, 2000) 35
Local mean for Armenia, Bq/kgc 46
Local range for Armenia Bq/kg (UNSCEAR, 2000) 20e78
Background, ppm 1.190

*Value is used as a baseline for 137Cs.
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of naturally occurring radionuclides and their background.

Igeo ¼ log 2½
Ci

1:5Bi
� (7)

Igeo is classified into six classes (Kim et al., 2018; Müller, 1979);
Igeo<0, practically uncontaminated (Class 0); 0<Igeo<1, uncontam-
inated to moderately contaminated (Class 1) 1<Igeo<2, moderately
contaminated (Class 2) 2<Igeo<3, moderately to heavily contami-
nated (Class 3) 3<Igeo<4, heavily contaminated (Class 4) 4<Igeo<5,
heavily to extremely contaminated (Class 5) Igeo>5, extremely
contaminated (Class 6).

2.6. Statistical methods and geochemical mapping

Descriptive statistics of the studied parameters were calculated
and Shapiro-Wilk test was applied to test the normality of the data
(SPSS20). Spearman rank correlation was applied to study the as-
sociation between radionuclide activity concentrations in Yerevan’s
soils.

Considering the main limitations of geochemical compositions
(outliers and data closure) the compositional data analysis was
applied (Reimann et al., 2008). To study the relationship between
NOR and 137Cs to identify their spatial pattern and potential sources
the combination of clr-biplot (CoDaPack v.2.02.21), k-means cluster
analysis (CA) (R statistics) and geospatial mapping was used (Arc-
GIS 10.6). Moreover, to reveal the optimal number of cluster the
Elbow method and “NbClust Package” (Charrad et al., 2014) in R
statistics was used.

ArcMap 10.3 software was used for visualization of spatial dis-
tribution of NOR and 137Cs and as well as the levels of calculated
radiological indices in Yerevan. Inverse distance weighted (IDW)
interpolation method was used for visualization of spatial distri-
bution of activity concentrations of NOR and artificial 137Cs allow-
ing to accurately identify the underlying spatial pattern (Preston
et al., 1996; Zhou et al., 2007). Tukey’s box-and-whisker plot
(minimum, quantiles, outliers) classes were used for classification
of activity concentrations, whereas EF and Igeo classes were applied
for mapping enrichment and contamination levels of urban soils
with NOR.

3. Results and discussion

3.1. Descriptive statistics and correlation analysis

The descriptive statistics of activity concentrations of radionu-
clides are shown in Table 2. Activity concentrations of radionuclides
have large variations which suggest the naturally occurring 226Ra,
232Th and 40K as well as artificial 137Cs have right-tailed distribu-
tion. High positive Skewness and Kurtosis for all radionuclides
vity concentration (Bq/kg) of naturally occurring radionuclides and collation with

232Th 40K 137Cs

0.02 0.35 0.003
58.19 374.80 80.45
30.31 275.12 30.14
20.40 119.59 26.12
23.42 294.35 24.63*
23.42 294.35 e

30 400 e

30 360 e

29e60 310e420 e

5.761 9507.505 e



Table 2
Descriptive statistics of radionuclides activity concentration (Bq/kg).

Parameter 226Ra 232Th 40K 137Cs

N 51 51 51 51
Min. 2.60 4.04 147.70 0.37
Max. 166.80 134.40 1782.00 75.47
Mean 45.69 37.25 423.68 8.02
SD 32.65 27.45 233.18 11.78
Median 43.63 30.05 378.70 4.61
CV 0.71 0.74 0.55 1.47
Skewness* 1.74 2.16 4.33 4.26
Kurtosis** 4.75 5.29 23.84 22.02
Shapiro-Wilk test
R 0.858 0.767 0.571 0.535
p-value 0.000 0.000 0.000 0.000

* Standard Error of Skewness: 0.333.
** Standard Error of Kurtosis: 0.656.

Table 3
Spearman correlations of NOR and137Cs activity concentration in Yerevan’s urban
soils.

226Ra 232Th 40K 137Cs

226Ra 1.000
232Th 0.572a 1.000
40K 0.574a 0.716a 1.000
137Cs 0.225 0.261 0.332b 1.000

a Significant at the 0.01 level.
b Significant at the 0.05 level.
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indicated the deviation from normal distribution and presence of
outliers and extreme values which were confirmed by boxplots
(Fig. 3). The results of the Shapiro-Wilk test indicate approximately
lognormal distribution for 232Th and 137Cs while abnormal distri-
bution was assuming for the rest of the radionuclides (Table 2),
therefore non-parametric Spearman rank correlation method was
applied for further statistical analysis.

Based on Spearman correlation coefficient (Table 3) significant
positive correlation (p < 0.01) was found between NOR which
suggests NOR derived mainly from parent rock. 137Cs significantly
correlates with 40K, but this correlation coefficient was relatively
weak (p < 0.05).
3.2. Geochemical mapping of distribution, enrichment and
accumulation of radionuclides in urban soils

Background activities of NOR in Yerevan’s soil (Table 1) were
some lower than the local mean values as well as a typical range of
activity for Armenia’s soil reported by UNSCEAR (2000). Activity
concentrations of 226Ra, 232Th and 40K were higher than the back-
ground in 82, 88 and 71% of urban soil samples respectively.

Activity concentration of 226Ra in Yerevan’s soils ranged mainly
within local range (Table 2) displaying high outliers that were
detected in the north-west part of the city (Fig. 4). Similarly,
moderately high activity of 232Th was observed in urban soils
derived from volcanic rocks in the north-east and north-west of
Yerevan. Activity of 40K in soils was mainly within the local range
reported by UNSCEAR (UNSCEAR, 2000) displaying high outliers in
the north-west and relatively high activity eastern and south-
western parts of the urban area. Lower values of studied NOR were
common in soils of the southern part of Yerevan.

NOR activity concentration interpolated maps suggest that
moderately high NOR values were found in the north and the center
of Yerevan, where soils are derived from NOR-enriched dolerite
basalts and andesite lavas. Besides, in north-east natural building
Fig. 3. Boxplots of activity concentrations of NOR and artificial 137Cs in Yerevan’s soils.
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materials are mined in numerous quarries (Fig. 1). It was estimated
elsewhere (Saghatelyan et al., 2014) those mines are the source of
dust which spread mainly to the north-east provoking high level of
dust load in that area. The long-term impact of quarries could serve
as NOR enhancement factor, however, additional studies are
necessary to prove this hypothesis. Lower values of terrestrial
radioactivity were observed in the southern part of the urban area,
where soils originated mainly from alluvial deposits (rubbles,
aleurolites, sandstones, sand, loam, clay) are characterized by lower
content of NOR. It is noteworthy that the operating metal refinery
plants and the Yerevan TPP were not lead to form NOR-enriched
soils in the adjacent territory (Fig. 4).

Radioactive caesium including 137Cs isotope in the environment
is technogenic (Ojovan and Lee, 2014b). The main source of 137Cs in
Armenia is the radioactive fallout derived from global weapon
testing and nuclear disasters such as Chernobyl NPP (Belyaeva and
Pyuskyulyan, 2016; Pyuskyulyan et al., 2008). Besides, ANPP has
minor contribution to the content of 137Cs in soils which was esti-
mated as 12e14% from global fallout within the area with a radius
of 30 km around ANPP (Pyuskyulyan et al., 2008). Activity con-
centrations of 137Cs in mountain regions of Armenia increase
exponentially with the altitude (Pyuskyulyan et al., 2020) and the
>1200 m a.s.l. the expected activity concentration of 137Cs in soil
ranges from 12 to 50 Bq/kg (Avagyan et al., 2009; Pyuskyulyan et al,
2008, 2020). Activity of 137Cs in the soils of background plot and
consequently the estimated baseline within this study 24.63 Bq/kg
(Table 1) corresponds to the results obtained previously. At the
lower altitudes through the urban area, 137Cs activity concentra-
tions did not exceed baseline (Fig. 4) while at higher heights of
north-east two outlier values: 75.47 and 32.96 Bq/kg were
observed. The rest two outliers (18.8, and 32.82 Bq/kg), revealed in
the west of Yerevan, are supposedly the result of the impact of
ANPP, which still remains within the range of content of 137Cs in
soils derived from the long-term deposition of global radioactive
fallout.

Ti and Fe were used as the reference element for the calculation
of NOR Enrichment factor, the results are correlated strongly for
each NOR (Spearman rho values were equal 0.987, 0.970 and 0.894,
p < 0.01 for 226Ra, 232Th and 40K respectively). Moreover, the
Kruskal-Wallis test suggested no statistically significant difference
between EFs calculated using Ti and Fe as the reference element
(p ¼ 0.473).

The interpolated maps of NOR EFs and Igeo distribution are
presented in Fig. 5. The estimated EF had the following decreasing
order among NOR: 226Ra>232Th > 40K. Mean values of EF estimated
using Ti were 3.62,1.84, and 1.64 for 226Ra, 232Th an 40K respectively
that correspond to moderate and minor enrichment of urban soils.

Mainly, in the north-western and northern parts of Yerevan
from moderate to severe enrichment with 226Ra was observed.
Similar distribution pattern was found for both 232Th and 40K:
minor enrichment level dominated through the city. Moderate to
severe enrichment with 232Th was observed in three sampling lo-
cations in north-east and north-west and severe enrichment with



Fig. 4. Spatial distribution of NOR and 137Cs activity concentrations in urban soils of Yerevan.

Fig. 5. Enrichment factors (EF, top) of and Geoaccumulation index (Igeo, bottom) of NOR in urban soils of Yerevan.
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Fig. 7. Spatial location of the k-means clusters in Yerevan.
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40K was observed in the north-west edge of Yerevan (Fig. 5).
The mean values of Igeo were 0.64, �0.22 and �0.18 for 226Ra,

232Th and 40K respectively. For the 226Ra there are 3 points in the
northern part (Fig. 5), where the contaminationwas frommoderate
to strong. The soils of north-western, western and eastern parts are
moderately contaminated with 226Ra. In respect of 232Th and 40K
the soils of Yerevan show mainly two classes: the absence of
contamination and from absence to moderate contamination.

Thus NOR distribution pattern in soils of Yerevan is clearly
demonstrated to be conditioned by the geological structure of the
city area. Geochemical mapping of activity concentration, levels of
enrichment and contamination suggest the great contribution of
soil-forming rocks to NOR distribution in urban soils. The highest
values activity concentration, as well as geochemical indices of
NOR, can be observed in the areas where the NOR-enriched igneous
rocks (basalt, andesite, tuff, etc.) are dominating in geological
structure. Soils formed on alluvial sediments in the southern part of
the city exhibit lower values of mentioned indices. It is noteworthy
that the operating metal refinery plants and Yerevan TPP were not
acted as factor of enhanced natural radioactivity in urban soils. On
the contrary, many quarries operating in the eastern part are sup-
posedly a combined source of NOR to the environment in that area.
3.3. Cluster analysis

The Elbow method and the “NbClust Package” results showed
that the optimal number of clusters is two. In Fig. 6 and Fig. 7 the
results of k-means clr-biplot and k-means clustering are provided.
It is obvious that naturally occurring 232Th and 40K are closely
associated, whereas 226Ra is located separately, which was also in
agreement with the results of correlation analysis (Table 3).

This suggests heterogeneous nature of geochemical processes
that lead to formation radionuclide composition of urban soils in
the different geographical sub-regions of Yerevan: western slopes
of the Geghama Ridge, where relatively high activity concentration
of 232Th and 40K in soils was recorded (Fig. 4) and Yeghvard and
Kotayk volcanic plateaux, where soils moderately enriched with
226Ra (Fig. 5). Besides, the presence of a sampling point repre-
senting Cluster 1 was found in the vicinity of Yerevan TPP andmetal
Fig. 6. CLR-biplot of the data generated from k-means clustering.
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refinery plants (Fig. 1) indicating that this complex of industrial
enterprises acts as a factor of natural radioactivity enhancement,
even though no enrichment of urban soils with NOR was recorded
in this area.

Cluster 2 is represented by 137Cs and clearly separated fromNOR
(Fig. 6). This cluster dominating in the central and southern parts of
Yerevan.

3.4. Radiation hazard, dose rate and carcinogenic risk assessment

Based on results of Radium equivalent activity (Table 4, Fig. 8)
one can conclude that there is no radiation hazard from Yerevan
soils concerned with gamma radiation.

The assessment of absorbed dose rate in air shows a variation
from 11.40 to 241.08 nGy/h for Yerevan soils (Table 4) with the
mean value of 62.27 nGy/h. According to the UNSCEAR (2000)
report, the dose rate in the outdoor air from terrestrial gamma
rays under normal conditions is approximately 59 nGy/h for a
populationeweighted value. The mean Dout from Yerevan soils is
higher than world average (Fig. 8). It should be noted that the sum
contribution of NOR to outdoor absorbed dose rate in air varies
from 93.6 to 99.96% (Fig. 9) which proves that the highest levels of
human exposure to terrestrial radioactivity in Yerevan are condi-
tioned by NOR.The estimated mean value of excess lifetime cancer
risk for Yerevan’s soils is 2.6E-04, ranging from 5.0E-05 to 1.0E-03.
The mean ELCR value exceeds the world average for 2.7E-04
(Table 4). Spatial distribution of ELCR (Fig. 8) shows the highest
levels located from the centre to the northwest of Yerevan.

4. Conclusion

Activity of NOR and artificial 137Cs in soils of Yerevan has been
studied using archive soil samples of a multipurpose geochemical
survey implemented in Yerevan in 2012. 51 soil samples from urban
area and 8 samples from background plot soil samples were
randomly selected for determination of radionuclides using HPGe
detector-based gamma spectrometry system. Geochemical map-
ping method along with some geochemical indices (enrichment
factor, geoaccumulation index), radiological hazard (radium
equivalent activity) dose rate (outdoor absorbed dose rate in air,
annual effective dose equivalent) and excess lifetime cancer risk
were concurrently used for characterization of NOR and 137Cs ac-
tivity distribution, enrichment and contamination levels and
radiological hazard of Yerevan’s soils.

Spatial distribution of NOR in the soil of Yerevanmainly depends



Table 4
Radiation hazard indices estimated from activity concentrations of radionuclides in Yerevan’s urban soils.

Parameter RaEq, Bq/kg Dout, nGy/h AEDE, mSv/y ELCR

N 51 51 51 51
Min. 22.27 11.40 0.01 5.0E-05
Max. 494.20 241.06 0.30 1.0E-03
Mean 131.58 59.45 0.08 2.7E-04
SD 78.78 37.32 0.05 1.6E-04
Median 122.52 59.45 0.07 2.6E-04
World average (UNSCEAR, 2000) 370 59 0.07 2.9E-04

Fig. 8. Distribution of values of RaEq, Dout, AEDE and ELCR in Yerevan.

Fig. 9. Contribution of radionuclides to the outdoor absorbed dose rate in the air of
Yerevan.
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on the geological structure of the area. The highest activity levels of
NOR were observed in the northern and central parts where
9

igneous rocks are dominating. The geological basis of the southern
part of Yerevan consists of alluvial deposits characterized by lower
levels of NOR. Operation of Yerevan TPP (natural gas combustion)
and the metal refinery plants that are situated in the south of the
city did not affect enhancing activity concentration of radionuclide
in adjacent soils. On the contrary, natural stones and gypsummines
in the eastern part were revealed as possible sources of NOR.

Global radioactive fallout was estimated as the main contributor
of artificial 137Cs in Yerevan. The activity concentration of fallout
radionuclide 137Cs was within the range typical for altitudes stud-
ied, the highest values of 137Cs activity were observed at the highest
altitude located in the north-west of Yerevan.

The spatial distribution of the levels of estimated radiological
indices follows the distribution patterns of natural radionuclides in
Yerevan. Urban soils of Yerevan found to be radiologically safe
based on low RaEq values observed within this study. Nevertheless,
igneous rock derived soils are a sink of NOR and the main envi-
ronmental source of continuous exposure to the residents. The
contribution of NOR to the adsorbed dose makes some
93.6e99.96%. Estimated values of annual effective dose equivalent
indicate a significant threat to human health and thus excessive
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lifetime cancer risk vs. mean global value proposed as the threshold
by UNSCEAR.
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