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Abstract The activity concentrations of natural radio-
nuclides in soils from the area affected by uranium
mining at Stara Planina Mountain in Serbia were stud-
ied and compared with the results obtained from an
area with no mining activities (background area). In
the affected area, the activity concentrations ranged
from 1.75 to 19.2 mg kg−1 for uranium and from
1.57 to 26.9 mg kg−1 for thorium which is several-

fold higher than those in the background area. The
Th/U, K/U, and K/Th activity ratios were also deter-
mined and compared with data from similar studies
worldwide. External gamma dose rate in the air due to
uranium, thorium, and potassium at 1 m above ground
level in the area affected by uranium mining was
found to be 91.3 nGy h−1, i.e., about two-fold higher
than that in background area. The results of this pre-
liminary study indicate the importance of radiological
evaluation of the area and implementation of remedial
measures in order to prevent further dispersion of
radionuclides in the environment.

Keywords Uranium . Thorium . Potassium . Uranium
mining . Soil

Introduction

Estimates of the total radiation dose to the world
population have shown that a fraction of about 96 %
is from natural sources, while 4 % is from artificial
ones (Chougaonkar et al. 2003). External gamma dose
contributions are predominantly from the presence of
40K and of 232Th and 238U and their progeny in vari-
ous rocks and soils. Only minute concentrations of the
so-called cosmogenic radioisotopes are present
(7Be, 14C, and 3H). Natural environmental radioac-
tivity and the associated external exposure due to
gamma radiation depend primarily on the geological
and geographical conditions. Namely, the specific levels
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of terrestrial environmental radiations are related to
the type of rocks from which the soils originate
(Florou and Kritidis 1992; UNSCEAR 2000; Chiozzi
et al. 2002).

The concentration of uranium is often higher in
soils in and around uranium mining sites. The radio-
logical impact generally is the main impact of uranium
mines. Even when mining activities have ceased,
installations at uranium mines can have a significant
impact on the environment. Investigations on terrestrial
natural radiation near abandoned uranium mines have
received particular attention worldwide and led to
extensive surveys in many countries (Fernandes et
al. 1996; Vandenhove et al. 2006; Carvalho et al.
2007). These results are of importance in making
estimations of population exposures and serve as
reference information to assess any changes in
radioactivity level.

Geologically, the territory of Serbia includes a great
number of different magmatic, sedimentary, and meta-
morphic rock complexes (Dimitrijević 1995). Out-
standing differences in natural radioactivity of soils
were observed (Dragović et al. 2006). In the present
study, the specific activities of primordial radionu-
clides 238U, 232Th, and 40K were determined in soil
samples taken from the mountain of Stara Planina,
the largest uranium mineralized area in Serbia. An
area affected by uranium mining was characterized
radiologically and compared with unaffected areas
nearby.

Materials and methods

Study area

Stara Planina, the largest mountain in Serbia, is located
in the east of the country and forms a part of the
Carpathian–Balkan mountain range, i.e., the western
portion of the wider Stara Planina (Mt. Balkan) massif.
It covers the area between Zaječar in the northwest and
Senokos in the southwest. The western and southeast-
ern border of Stara planina Mt. is spread through the
valleys of the rivers Beli Timok (from Zaječar to
Knjaževac), Trgoviški Timok, Temska, and Nišava
(from Pirot to Dimitrovgrad). The northern border
towards the Negotin plain is represented by a stream
flowing from Vrška Čuka to the confluence with
Timok near Veliki Izvor (Kovačević 2006). Major

towns in the region are Zaječar in the north, Knjaževac
in the center, and Pirot in the southeast. There are
many small villages in the mountain area.

From the geological point of view, Stara Planina
Mt. presents an area with rock complexes which are
markedly different with respect to age, genesis, min-
eral content, and petrochemical and geochemical char-
acteristics. The variety of geological characteristics in
this area caused the different levels of natural radioac-
tivity of soils.

There were two centrally situated uranium mines on
Stara Planina Mt. The mines were working from 1960
until 1966. The maximum production of uranium ore
was 200 tonnes per day in Gabrovnica plant and 60
tonnes per day in Mezdreja plant. After the mining
activities had been ceased, local population intensi-
fied using land around the mines for agricultural
production.

Sampling

Samples of undisturbed soils were taken from 30
locations (A1–A30) in the central part of Stara Planina
Mt. where the abandoned uranium mines are placed
(affected area) and from 25 locations (B1–B25) in the
northern part where mining activities have never been
performed (background area; Fig. 1). The geographic
coordinates of the sampling locations obtained via the
global positioning system (Garmin eTrex Vista) are
presented in Table 1. From each location three sub-
samples (0–10 cm) were collected with the distance of
3 m between each other. All soil samples were
weighed and air-dried until constant weight was
reached. The samples were then pulverized, homoge-
nized, and sieved to pass through a 2-mm mesh. They
were kept hermeticaly sealed for 1 month prior to
radioactivity measurements.

Radioactivity measurements

Samples were measured in Marinelli beakers of total
volume 500 cm3. The specific activities of primordial
radionuclides were measured using HPGe gamma-ray
spectrometer (ORTEC-AMETEK, 34 % relative effi-
ciency and 1.65 keV FWHM for 60Co at 1.33 MeV).
Sample weight was about 0.5 kg and the counting time
for each sample was 60 ks. A mixed calibration source
(MBSS 2) from the Czech Metrological Institute was
used for efficiency calibration in the same geometry
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as the soil samples. Quality assurance checks on cal-
ibration were performed through the International
Atomic Energy Agency (IAEA) proficiency test for
the determination of gamma emitting radionuclides
(IAEA 2007). Due to the possible disequilibrium
between 238U and 226Ra, the activity of 238U was
evaluated from all the lines in the spectrum which
originate from the isotopes in this series. Since in each
of our samples the activity of 238U, as deduced from
all the lines, gave consistent values within the uncer-
tainties of their intensities, which justifies the assump-
tion of unperturbed equilibrium in the series, the final
results were based on gamma-ray lines of 214Bi at
609.3, 1,120.3, and 1,764.5 keV, which yield the high-
est statistical accuracy (Hamby and Tynybekov 2002;
Al-Jundi 2002; Tzortzis and Tsertos 2004; Dragović et
al. 2005). The specific activity of 232Th was evaluated
from gamma-ray lines of 228Ac at 338.4, 911.1, and
968.9 keV. The specific activity of 40K was deter-
mined from its 1,460.8 keV gamma-ray line. The
minimum detectable activity for each radionuclide
was determined from the background radiation spec-
trum for the same counting time as for soil samples

and was estimated to be 0.3 Bq kg−1 for 238U,
0.7 Bq kg−1 for 232Th, and 2.1 Bq kg−1 for 40K.
Gamma Vision 32 MCA emulation software was used
to analyze gamma-ray spectra (ORTEC 2001). The
obtained results were evaluated statistically using
Statistical Package for the Social Sciences—SPSS
10.0 for Windows (SPSS Inc. 1999). The external
gamma dose rates were geographically mapped using
ArcGIS from ESRI and Terrain Sculptor (ESRI 2009;
Terrain Sculptor 2011).

Calculation of elemental concentrations

Specific activities of 238U, 232Th, and 40K were con-
verted into concentrations of uranium, thorium, and
potassium, respectively, according to the following
equation:

FE ¼ ME � C
lE;i � NA � fE;i � AE;i ð1Þ

where FE is the fraction of element E in the sample,
ME—the atomic mass (kilograms per mole), lE,i—the
decay constant of the measured isotope i of the

Fig. 1 Simplified map of Stara Planina Mt. showing sampling locations in the affected (a) and background (b) area
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element E (per second), fE,i the fractional atomic
abundance in nature, AE,i—the measured specific
activity (becquerels per kilorgram) of the radionuclide
considered (238U, 232Th, or 40K), NA—Avogadro’s
number (6.023×1023 atoms mol−1), and C—a constant
with a value of 1,000,000 for U and Th (concentration
in milligrams per kilogram) or 100 for K (concentra-
tion in percent of mass fraction) (IAEA 1989).

Calculation of external gamma dose rates

The external gamma dose rate in the air at 1 m above
ground level was calculated from the measured

activities of 238U, 232Th, and 40K in soil. The calcu-
lations of external gamma dose rate, D (nanograys
per hour), were performed according to the following
equation:

D ¼ 0:462AU þ 0:604ATh þ 0:042AK ð2Þ
where AU, ATh, and AK are specific activities (bec-
querels per kilogram) of 238U, 232Th, and 40K in soil,
respectively, and 0.462, 0.604, and 0.042 conversion
factors obtained by calculations based on the polyno-
mial expansion matrix equation, the point-kernel algo-
rithm, Monte Carlo algorithm, or photon transport
equations (UNSCEAR 2010).

Table 1 Geographic
coordinates of sampling
locations

Background area Affected area

Location Latitude [N] Longitude [E] Location Latitude [N] Longitude [E]

B1 43°41′54″ 22°22′11″ A1 43°26′23″ 22°24′47″

B2 43°41′19″ 22°22′46″ A2 43°26′20″ 22°24′54″

B3 43°40′48″ 22°23′44″ A3 43°26′18″ 22°25′00″

B4 43°39′37″ 22°23′41″ A4 43°26′17″ 22°25′10″

B5 43°39′35″ 22°25′09″ A5 43°26′16″ 22°25′16″

B6 43°38′43″ 22°25′14″ A6 43°26′14″ 22°25′21″

B7 43°39′14″ 22°25′41″ A7 43°26′11″ 22°25′27″

B8 43°39′17″ 22°27′06″ A8 43°25′11″ 22°25′42″

B9 43°38′46″ 22°27′14″ A9 43°24′45″ 22°26′01″

B10 43°37′54″ 22°23′39″ A10 43°24′38″ 22°26′10″

B11 43°37′56″ 22°26′01″ A11 43°24′32″ 22°26′34″

B12 43°37′16″ 22°27′15″ A12 43°24′33″ 22°26′41″

B13 43°36′16″ 22°23′33″ A13 43°24′36″ 22°27′04″

B14 43°35′48″ 22°24′57″ A14 43°24′23″ 22°27′19″

B15 43°36′15″ 22°26′33″ A15 43°24′07″ 22°28′12″

B16 43°35′56″ 22°27′43″ A16 43°24′00″ 22°28′44″

B17 43°34′57″ 22°28′46″ A17 43°23′43″ 22°29′26″

B18 43°34′28″ 22°24′52″ A18 43°23′46″ 22°29′58″

B19 43°37′42″ 22°22′42″ A19 43°24′09″ 22°31′26″

B20 43°40′15″ 22°21′35″ A20 43°24′04″ 22°31′32″

B21 43°37′16″ 22°23′51″ A21 43°24′07″ 22°31′33″

B22 43°38′23″ 22°20′56″ A22 43°24′11″ 22°31′41″

B23 43°39′37″ 22°23′50″ A23 43°24′06″ 22°31′29″

B24 43°38′04″ 22°21′55″ A24 43°26′18″ 22°25′50″

B25 43°34′50″ 22°25′28″ A25 43°26′18″ 22°25′48″

A26 43°26′21″ 22°25′46″

A27 43°26′21″ 22°25′48″

A28 43°26′22″ 22°25′51″

A29 43°26′24″ 22°25′50″

A30 43°26′24″ 22°25′49″
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Results and discussion

The concentrations of uranium, thorium, and potassium
in analyzed soils (mean for three sub-samples and
corresponding standard deviation) are presented in
Table 2. Their descriptive statistics and the type of
theoretical frequency distribution that best fits each
empirical distribution revealed by Shapiro–Wilk’s test
(significance level α was 0.05) (Shapiro and Wilk
1965) are summarized in Table 3. In the background
area the mean concentrations were found to be 2.08±
0.71 mg kg−1 (1.05–3.94 mg kg−1) for uranium, 7.65±
1.98 mg kg−1 (4.62–12.6 mg kg−1) for thorium, and
1.87±0.50 % (1.10–2.82 %) for potassium. Much
higher concentrations were found in the affected area,
i.e., 6.23±4.61 mg kg−1 (1.75–19.2 mg kg−1) for
uranium, 12.8±5.6 mg kg−1 (1.57–26.9 mg kg−1) for
thorium, and 1.85±0.54% (0.21–3.22%) for potassium.
The high standard deviation of uranium concentrations
in the affected area indicates their high variability among
sampling locations. The frequency distributions of ura-
nium, thorium, and potassium concentrations in soils are
shown in Fig. 2. The concentrations of analyzed ele-
ments in background area varied by a factor up to four
for uranium and up to three for thorium and potassium,
and in the affected area by a factor of up to 11, 17, and 15
for uranium, thorium, and potassium, respectively.

Comparing the distribution of uranium and thorium
concentrations in affected area with background sites,
it is clear that samples from the uranium mine sur-
roundings have overall greater deposition of these
radionuclides in the surface soils. Most of the contam-
ination probably came directly from former mining or
milling activities via wind and/or hydrological pro-
cesses or from transport activities around facilities.
The uranium and thorium concentrations in the affected
area are higher than worldwide average values for
these radionuclides as reported by United Nations
Scientific Committee on the Effects of Atomic Radia-
tion (UNSCEAR 2010). The uranium concentration in
soils of affected area is also higher than uranium
concentration in soils collected from uranium process-
ing and tailings management facility in India, where
various safety measures are taken to reduce radiation
exposures to levels that are as low as reasonably
achievable (Tripathi et al. 2008). The uranium concen-
trations obtained in this study are similar to those
reported for uranium mining and milling sites in
Portugal (Carvalho et al. 2007, 2009), Namibia

Table 2 Concentrations of U, Th, and K in soils from different
locations in background and affected area of Stara Planina Mt.

Location Concentration

U (mg kg−1) Th (mg kg−1) K (%)

Background area

B1 1.31±0.10 4.84±0.40 2.19±0.08

B2 3.94±1.20 6.55±0.94 1.93±0.21

B3 1.40±0.19 6.57±3.14 1.96±0.05

B4 1.28±0.06 7.01±0.27 1.59±0.05

B5 1.86±0.04 7.81±0.57 1.36±0.09

B6 2.83±0.84 12.6±3.6 2.62±0.87

B7 2.26±0.20 7.71±0.55 1.56±0.09

B8 1.68±0.16 5.73±0.55 1.81±0.09

B9 1.42±0.14 6.15±0.47 1.27±0.10

B10 3.65±0.20 8.79±0.18 2.15±0.04

B11 1.87±0.06 6.64±0.25 1.17±0.08

B12 1.79±0.12 7.66±0.33 2.42±0.07

B13 1.53±0.19 4.69±0.62 1.10±0.07

B14 3.02±0.16 10.7±1.0 1.55±0.08

B15 2.03±0.22 7.34±0.25 1.80±0.14

B16 2.19±0.05 9.95±0.25 1.91±0.10

B17 2.65±0.09 6.84±0.28 1.17±0.04

B18 1.05±0.12 8.90±0.25 1.60±0.06

B19 2.11±0.13 8.00±0.60 2.82±0.16

B20 1.91±0.07 8.97±0.05 1.75±0.10

B21 1.94±0.41 4.62±0.30 2.27±0.14

B22 2.68±0.16 10.0±1.12 2.55±0.20

B23 2.04±0.06 10.1±0.23 2.07±0.14

B24 1.75±0.28 6.35±0.40 2.68±0.24

B25 1.92±0.05 6.77±0.87 1.46±0.03

Affected area

A1 3.97±0.16 12.6±0.7 1.76±0.32

A2 3.84±0.14 11.2±0.8 1.73±0.23

A3 15.6±0.8 18.6±0.7 2.32±0.06

A4 8.80±0.43 11.9±1.0 1.94±0.05

A5 6.53±0.29 13.6±0.7 2.24±0.07

A6 6.10±0.61 13.7±0.9 1.83±0.10

A7 5.28±0.55 16.0±0.8 1.85±0.09

A8 1.75±0.05 7.73±0.40 1.33±0.05

A9 6.11±0.48 17.5±0.7 1.92±0.07

A10 3.46±0.17 13.4±0.3 1.96±0.40

A11 2.03±0.21 14.8±0.6 2.12±0.07

A12 2.18±0.24 12.0±0.4 2.05±0.09

A13 5.11±0.23 24.5±0.4 2.41±0.11

A14 8.38±0.59 10.1±1.1 1.54±0.05

A15 7.55±0.40 7.36±0.33 1.30±0.02
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(Oyedele et al. 2010), and Brazil (Fernandes et al.
2006). About ten-fold higher values have been
reported for uranium mining areas in Kyrgyzstan
(Vandenhove et al. 2006) and Colorado, United States
(Rood et al. 2008). Uranium concentrations in soils
collected in the vicinity of abandoned uranium mines
in Spain (Blanco et al. 2005) and Australia (Hancock
et al. 2006) were found to be about 30-fold higher
than uranium concentrations obtained in this study.

Thorium concentrations obtained in this study fall
into the range of concentrations reported for urani-
um mining area in Brazil (Fernandes et al. 2006)
and were about three-fold lower than those reported
for uranium mining sites in Portugal (Carvalho et
al. 2009) and Namibia (Oyedele et al. 2010).

The original uranium, thorium, and potassium con-
centrations in rocks may vary because of alteration or
metamorphic processes (Verdoya et al. 2001). Figure 3
shows the Th/U, K/U, and K/Th ratios, which may
indicate whether relative depletion or enrichment of
radionuclides had occurred. The best-fitting relations
between Th and U, K and U, and K and Th are of the
linear type with correlation coefficients of 0.412,
0.198, and 0.285 for the background area, and 0.652,
0.660, and 0.845 for the affected area, respectively. In
the background area the Th/U ratio was 4.11±0.21
which is close to the value expected for a normal
continental crust 3.7–4.0 (Van Schmus 1995). The
Th/U ratio for the background area obtained in this
study indicates the lack of metasomatic activity of
analyzed radionuclides (Chiozzi et al. 2002). The K/U
ratio of 0.72±0.06 and that of K/Th of 0.23±0.01 in
soils of background area were consistent to the typical
values obtained in a large variety of unaltered litholo-
gies, e.g., to those calculated from data reported by
Galbraith and Saunders (1983) (K/U00.63, K/Th0
0.21), Chiozzi et al. (2002) (K/U00.94, K/Th00.25),
and Dragović et al. (2006) (K/U00.76, K/Th00.50).
In soils collected from the affected area the Th/U ratio
was found to be 1.72±0.20. The Th/U ratio obtained

Table 2 (continued)

Location Concentration

U (mg kg−1) Th (mg kg−1) K (%)

A16 3.22±0.14 7.97±0.49 1.38±0.02

A17 6.94±0.43 10.8±1.0 2.23±0.06

A18 9.56±0.24 10.8±0.8 2.22±0.09

A19 3.86±0.29 12.5±0.4 1.88±0.10

A20 18.9±0.6 26.9±1.4 3.22±0.21

A21 9.78±0.55 14.0±0.5 1.73±0.07

A22 4.38±0.24 16.0±0.4 1.93±0.11

A23 2.78±0.09 6.09±0.24 1.67±0.06

A24 19.2±2.2 23.8±0.8 2.99±0.09

A25 4.16±0.13 15.0±0.6 1.60±0.05

A26 2.50±0.09 6.60±0.25 1.32±0.04

A27 7.27±0.21 11.5±0.4 1.54±0.05

A28 2.51±0.08 1.57±0.10 0.21±0.01

A29 2.62±0.09 7.45±0.27 1.40±0.05

A30 2.66±0.09 7.90±0.30 1.90±0.06

Table 3 Descriptive statistics of concentrations of U, Th, and K in soils from background and affected area

Parameter Concentration

Background area Affected area

U (mg kg−1) Th (mg kg−1) K (%) U (mg kg−1) Th (mg kg−1) K (%)

Range 2.89 7.98 1.72 17.4 25.3 3.01

Mean 2.08 7.65 1.87 6.23 12.8 1.85

Standard deviation 0.71 1.98 0.50 4.61 5.59 0.54

Minimum 1.05 4.62 1.10 1.75 1.57 0.21

Maximum 3.94 12.6 2.82 19.2 26.9 3.22

Median 1.92 7.34 1.81 4.74 12.2 1.86

Mode 1.05 4.62 1.17 1.13 10.8 1.54

Skewness 1.113 0.589 0.269 1.719 0.731 −0.146
Kurtosis 1.131 0.193 −0.859 2.665 0.905 2.968

Distribution Normal Log-normal Log-normal Log-normal Normal Normal
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Fig. 2 Frequency
distributions of uranium,
thorium and potassium
concentrations in soils
collected from affected
(a) and background
(b) area
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in this study is comparable to that of 1.52 for soils of
residential area impacted by mining and milling acti-
vites in Texas, United States (McConnel et al. 1998)
and also to that of 2.10 for soils near the uranium mine
in Portugal (Carvalho et al. 2009). About two-fold
higher values of soil Th/U ratio have been found for
uranium mining site located in a semi-arid region in
Brazil (4.20; Fernandes et al. 2006), in surface soils
around proposed uranium mining site at Lambapur,
India (3.80; Sartandel et al. 2009), and in soils around
high-uranium mineralization zone in Meghalaya, India
(3.56; War et al. 2008). The K/U ratio was calculated
to be equal to 0.22±0.02 for affected area which is
several-fold higher than values obtained for Naberlek

uranium mine in Australia (0.01) (Hancock et al.
2006) and high-uranium mineralization area in India
(0.04) (War et al. 2008). The K/Th ratio was found to
be 0.15±0.01 for the affected area in this study. This
value is about ten-fold higher than that obtained by
War et al. (2008). It should be mentioned that K/U and
K/Th values are highly variable in soils worldwide
(Roger and Adams 1969; Chiozzi et al. 2002; Tzortzis
and Tsertos 2004).

The comparison of external gamma dose rates due
to analyzed radionuclides in background and affected
area is presented in Fig. 4. The mean gamma dose rate
in the background area was very close to the world-
wide average of 54 nGy h−1 (UNSCEAR 2010). The
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mean gamma dose rates in the affected area were 3
and 1.7 times higher than those in the background
area for 238U and 232Th, respectively. The mean total
gamma dose rate in this area was almost two-fold
higher than that in background area, with the highest
values in the immediate vicinity of abandoned ura-
nium mines (Fig. 5). The total external gamma dose
rate in the area affected by uranium mining activities
(91.3 nGy h−1) was also higher than total gamma
dose rate for Serbia of 62.8 nGy h−1 reported by
Dragović et al. (2007).

Results presented in this preliminary study confirm
that abandoned uranium mines are of particular con-
cern with respect to radioactive contamination of the
environment and require continuous monitoring.
These areas are susceptible to cause serious distur-
bance in the trophic chains which could reflect at the
ecosystem level. This study pointed out that more
detailed radiological characterization of the area
including a wider range of environmental samples
(water, sediments, and plants) and contaminants is
needed in order to evaluate an overall impact of min-
ing activities on the environment. In addition to radio-
nuclides, trace elements scattered in the area affected
by uranium mining can also contribute to an extensive
contamination of the soil compartment posing serious
risks to humans that use surrounding areas for agru-
culture purposes as well as to edaphic communities
which are extremely important for the future recovery
of the area. It has been demonstrated that highly toxic
heavy metals associated with uranium mining are a
major source of surface and groundwater contamina-
tion (Neves and Matias 2008). The presence of com-
plex mixtures of contaminants in sediments of mining
areas and the potential for toxicological interactions
among them are also documented by numerous studies
(Bridges et al. 1996; Hancock et al. 2006; Antunes et
al. 2007). According to increasing concern on protec-
tion of non-human biota, the risk assessment studies
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should be strengthened by data on transfer of contam-
inants to plants and animals. Recent studies have
demonstrated selenium uptake by vegetation on ura-
nium mine overburden and on land irrigated with
groundwater from uranium mining areas (Baumgartner
et al. 2000; Sharmasarkar and Vance 2002). The bio-
accumulation of radionuclides and trace elements asso-
ciated with uranium mining activities by vertebrates and
invertebrates have also been documented by risk assess-
ment studies (Pyle et al. 2001; Peterson et al. 2002).

Conclusions

Results obtained in this study confirmed the elevated
radionuclide concentrations in the area affected by
uranium mining activities. The uranium and thorium
concentrations in soils from the affected area were
found to be up to 19.2 and 26.9 mg kg−1, respectively,
i.e., several-fold higher than those in soils of back-
ground area. External gamma dose rate obtained in
this study is about two-fold higher than worldwide
average. Further investigation of this area is needed
in order to assess the integrated risk from radionu-
clides and trace elements associated with mining
activities in different compartments of the environ-
ment. The analysis should be strengthened with data
from ecotoxicological screening. Since contaminants
mobility vary strongly depending on soil type and
physical and chemical properties, the risk assessment
should include these site-specific information.
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