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RADIOECOLOGICAL INVESTIGATION IN THE ENVIRONMENT OF BELGRADE CITY, SERBIA
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Abstract. Activity concentrations of 4°K, 238U, 232Th and 37Cs in the samples of cultivated and uncultivated soil,
mosses, mushrooms and game meat (wild rabbit, pheasant and wild boar) are measured by the gamma spectrometry
technique. The samples were collected in suburban areas of Belgrade, Serbia, in the period from 2008—2014. The
mean activity concentrations of 4°K, 238U and 232Th in cultivated soil are 637 Bq-kg, 52 Bq-kg* and 53 Bq-kg, and in
uncultivated soil 608 Bq-kg, 58 Bq-kg* and 55 Bq-kg, respectively. An artificial radionuclide 137Cs is detected in the
samples of soil, mosses and mushrooms, which indicates that almost 30 years after the nuclear accident in Chernobyl,
137Cs is still present in the environment. Since the activity concentrations of primordial radionuclides and 37Cs in
game meat are below detection limit, these samples can be classified as safe for consumption.
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1. INTRODUCTION

Naturally occurring radionuclides in the
environment represent the main source of radiation
exposure for humans and biota. Various applications
of nuclear energy, the use of depleted uranium in
ammunition, coal combustion, mining industry and
the formation of radioactive waste dumps are
activities that contribute to the redistribution of
natural radioactivity. One of the most important
factors in the environmental pollution with 238U is the
production and application of phosphorus fertilizers
[1]. In the soil, uranium from fertilizers is frequently
in the form which is easily available to plants,
resulting in a higher possibility for uranium
incorporation in the food chain [2]-[4].

After the nuclear accident in Chernobyl in 1986, an
increased level of radioactive cesium was detected in
the environment. Numerous studies have shown that
mosses, lichens and mushrooms are typical
representatives of bioindicator plants, showing the
presence of radiocesium and natural radionuclides in
the environment [5]-[10]. Due to their anatomical,
morphological and physiological characteristics,
mosses are capable of accumulating pollutants from
aero sediments, radionuclides and pollutants from the
soil. Mosses are good bioindicators for a number of
reasons: they have a wide ecological and geological
distribution; they are present over the whole year (in
most cases, they are perennials); they have a high
degree of tolerance to pollutants; the absorption of
mineral matter is done by the whole body surface,
since mosses have no cuticle or stomas on the leaves;
their accumulating capacity is higher than of other
plants [11], [12]; their ability to indicate quality of the
air, water and soil, resulting from their presence,

absence or floristic composition, is an important
characteristic and facilitates their use as bioindicators
of radioactive contamination [10]; and mosses entrap
airborne particulates, both passively and actively,
through an extracellular ion exchange [13].

Meat of wild animals is also considered to be a
good indicator of radioactive contamination in the
environment. The activity level of 137Cs in game meat
before and after the Chernobyl accident was
investigated [14], and a significant increase in
radiocesium activity was found.

Sample selection is an important factor in
radiological investigations in a certain area. In our
study, cultivated and uncultivated soil, mosses,
mushrooms, meat of wild rabbits, pheasants and wild
boars, were sampled in several locations in Belgrade.
Agricultural activities are undertaken in these
sampling sites, and the sites are also used for sport
hunting.

2. MATERIALS AND METHODS

Over the 2008-2014 period, the samples of
cultivated and uncultivated soil, mosses, mushrooms,
meat of wild rabbits, pheasants and wild boars were
collected in eight suburban areas of Belgrade, the
capital of the Republic of Serbia, with an intensive
agricultural  production:  Avala-Zuce, Kosmaj-
Nemenikuce, Barajevo, Grocka-Vinc¢a, Opovo, Surc¢in-
Boj¢in forest, Lazarevac-Vreoci, and Obrenovac-
Konatica (Figure 1). These sampling sites were
selected on the grounds that they present significant
arable land used for food (and feed) production for the
Belgrade population. Further, there are differences
among the sites which could contribute to different
activity concentrations of the selected radionuclides.
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For example, Avala (511 m a.s.l.) and Kosmaj (629 m
a.s.l.) are mountainous areas in the vicinity of the city.
The Grocka-Vinéa site, on the other hand, is located
near the Institute of Nuclear Sciences “Vin¢a” and this
investigation could indicate a possible impact of
former and present nuclear activities on the
surrounding environment. An installation for coal
processing (washing, drying, etc.) and coal power
plants are located in the areas of Lazarevac and
Obrenovac, so these two sampling sites could offer an
insight into a possible influence of coal use on the
immediate environment.
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Figure 1. Sampling sites in Belgrade

The soil samples, with a mass of 3-5 kg, were
collected from a depth of 0-10 cm, homogenized, dried
at a temperature of 105 °C, and stored in 1 1 Marinelli
beakers. The moss samples, with a mass of 2 kg in
fresh form, were collected from stones and tree barks.
They were firstly cleaned from soil and other
impurities, and then dried at a temperature of 80 °C
until constant mass. The samples were ground and
packed in 200 ml plastic vessels. The moss samples
consisted of a mixture of moss species. The mushroom
samples were prepared in the same manner. The wild
animal meat samples (rabbits, pheasants and wild
boars) were homogenized and measured into 1 1
Marinelli beakers.

All homogenized samples were sealed tightly and
kept for 40 days to ensure that equilibrium between
226Ra and its short-lived decay products was reached.

Content of the investigated radionuclides in the
samples was determined by gamma spectro-metry on
a High Purity Germanium detector (Ortec, USA) with
a relative efficiency of 30 % and the energy resolution
of 1.85 keV (1332.5 keV ¢°Co). The analysis of the
measured gamma spectra was performed by a
software program GAMMA VISION® 32 (Ortec,
USA). The detector efficiency calibration was
performed for different geometries and different
matrices, in accordance with the measured sample

type.

We used commercially available standards with
mixed radionuclides:

- 241Am, 33Ba, 1°9Cd, 39Ce, 57Co, °Co, 137Cs,
54Mn, 113Sn,85Sr, 88Y, dispersed in silicone resin in
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Marinelli beaker, density (0.98+0.01) g-cm3, volume 1
I; and

- 241Am, 199Cd, 139Ce, 57Co, %°Co, 137Cs, 13Sn,
85Sr, 88Y, dispersed in silicone resin in Marinelli
beaker, density (1.22+0.01) g-cm™3, volume 1 1.

The first calibration was wused for meat
measurements; the second for the soil measurements.
The counting time was 60 000 s for meat and soil, as
for the background.

The system was calibrated for cylindrical geometry
using certified reference materials IAEA-330
(spinach) and Moha Barna standard. The counting
time for moss and mushrooms, as well as for the
background, was 250 000 s.

The gamma spectrometric analysis of 238U relies
on the hypothesis of equilibrium between the parent
nuclide 238U and its daughters, 234Th (63.2 keV) and
234mPy (1001 keV). In the case of 232Th, three photo
peaks of 228Ac (338, 911.2 and 969 keV) were used in
the same way. The activities of 4°K and 137Cs were
derived from 1460.8 keV and 661.66 keV gamma lines,
respectively.

3. RESULTS AND DISCUSSION

The activity concentration of 40K, 238U, 232Th and
137Cs measured in cultivated and uncultivated soil are
shown in Table 1. The radio-nuclides’ specific
activities in mosses, seasonal mushrooms, meat of
wild rabbits, pheasants and wild boars are given in
Table 2. The results are expressed as “mean =+
standard deviation”.

Table 1. Specific activity of the radionuclides

in the soil (Bq-kg?)
Soil samples 40K 238y  232Th  137Cs
Avala-Zuce
cultivated 650+16 56+2 56+3 28+2
uncultivated 622420 44+4 55+2 98+3
Kosmaj-Nemenikuée
cultivated 594418 52+7 62+3  27+1
uncultivated 517418  62+7 6112 31+1
Barajevo
cultivated 616+16 54+8 62+3  47+2

uncultivated 548+16 62+6 56+2  75+2

Grocka-Vincéa

cultivated 676 +19 58+7 47+3 2512
uncultivated 632+19 4746 55+2 3314
Opovo
cultivated 636+17 51+6  42+2  19+1
uncultivated 612+18  43+4  41+1 15+1
Surdin-Bojéin forest
cultivated 666+17 5015 48+4 22+1
uncultivated 695+22 54+6 5042  17+1
Obrenovac-Konatice
cultivated 667+19  46+4 5143 21+1

uncultivated 650+19 5643 55+2  43+1

Lazarevac-Vreoci

cultivated 588+18 4647 53+2  26+1
uncultivated 587+22  95+5 69+2  23+1

The content of the natural 4°K in cultivated and
uncultivated soil showed that the use of mineral
fertilizers and the activities in a power plant (site
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Obrenovac) did not result in an increased 4°K content
in the soil (Table 1). On the other hand, the
uncultivated soil in the area of Lazarevac-Vreoci, close
to an installation for coal processing, showed higher
specific activities of 238U and 232Th, which may be due
to the dust deposition on the soil surface.

The mean activity concentrations (for all sites) of
40K, 238U and 232Th in cultivated soil were 637 Bq-kg?,
52 Bq-kg* and 53 Bq-kg?, and in uncultivated soil 608
Bq-kg?, 58 Bq-kg* and 55 Bq-kg?, respectively. These
findings are similar to the results obtained for the
region of Vojvodina in northern Serbia [15], but are
higher than the global average of 400 Bq-kg for 4°K,
35 Bq-kg? for 238U and 30 Bq-kg? for 232Th [16]. A
lower content of natural radionuclides was detected in
the soil from Calak, a town located in the western part
of central Serbia: 434 Bq-kg of 4°K, 47 Bq-kg of 238U,
and 35 Bqg-kg? of 232Th [17]. These differences in the
soil content are, to some extent, a consequence of the
variety of geological structures in the investigated area
caused by complex geotectonic processes.

The artificial radionuclide 37Cs was detected in
both types of the soil. Before the Chernobyl accident
in 1986, the specific activity of 37Cs in the soils of
Serbia was less than 5 Bq-kg?, and in most plants,
except mosses and lichens, cesium was not detectable
[18]. Following the accident, the cumulative
depositions of 134Cs and 37Cs in the soil in Belgrade,
were 4400 kBg-m= and 8900 kBq-m-, respectively
[19]. Our study showed that almost thirty years after
the Chernobyl nuclear accident, radiocesium was still
present in Serbia. The activity concentration of 37Cs
was 19—47 Bq-kg! in cultivated soil, and 15—98 Bq-kg
in uncultivated soil. The highest 137Cs activity
concentration was detected in the uncultivated soil
from Zuce (Avala Mountain), which could be due to an
increased altitude [9]. These results confirm that
agrotechnical procedures, such as ploughing and
manuring, can reduce the 137Cs concentration in the
soil [20]. The results for the Ca¢ak area showed the
137Cs activity concentration between 5 Bqg-kg? and 156
Bq-kg, with the mean of 43 Bq-kg [17].

After the Chernobyl accident, the 37Cs activity
concentration in different regions of ex-Yugoslavia
ranged from around 900 Bq-kg™ to about 5000 Bq-kg?,
depending on the region and elevation [19]. The
activity levels of 137Cs in mosses from the highlands of
Serbia and Montenegro varied between few hundreds
and few thousands Bq-kg [7], and were not correlated
with the type of substratum (tree bark or soil). In our
study, the 37Cs specific activity in the moss samples
was 15—-153 Bq-kg?. Natural radionuclides 4°K, 238U
and 232Th were detected in all moss samples and their
activity concentrations were in agreement with
previously published results [21]-[23].

The samples of mushrooms (edible and inedible)
were collected in the forest hunting areas. In forest
ecosystems, large game animals supplement their diet
in autumn with mushrooms which can contribute to
their contamination with radionuclides. The highest
activity concentration of 17Cs was detected in
mushrooms from Barajevo (27 Bq-kg?). In other
samples, the 137Cs content was lower or below
detection limits (0.3—19 Bq-kg?). Although their
consumption is not overly common in the nutrition of
the human population in Serbia, mushrooms cannot

be excluded as a part of the food chain in the
environment. The activity concentration of 4°K was
111—-790 Bq-kg?, while content of 238U and 232Th was
below the detection limits.

Rabbits are herbivores that feed by grazing on
grass, forbs and leafy weeds. After the Chernobyl
accident, a high radiocontamination with 134137Cs was
observed in rabbit meat (average value was 900 Bq-kg-
1) [24], which indicated rabbits as good bioindicators
of radioactive contamination. Pheasants have a varied
diet: they prefer grain fields, their nutrition is
primarily herbal and consists of seeds, leaves, fruits,
tubers and roots, but they also feed on insects, insect
grubs, earthworms and even small reptiles. In the
investigated samples of wild animal meat (wild
rabbits, pheasants and wild boars), regardless of diet,
low activities of both natural and artificial
radionuclides were detected (Table 2).

Table 2. Specific activity of radionuclides in mosses, seasonal
mushrooms, and wild animal meat (Bq-kg)

Sample 40K 2387 232Th 137Cs
Avala-Zuce
mosses? 174+£10 <36 <27 153+7
mushrooms?  547+18 <5 <3 1942
wild rabbit b 64+4 <13 <0.2 <0.1
pheasant? 1206  3.5+0.3 <0.4 <0.1
Kosmaj-Nemenikuce
mosses? 240+12 44+9 1343 68+6
mushrooms?  276+4 <4 <1.6 1843
wild rabbitb 86+4 1.6+0.3 <0.3 <0.1
pheasantb 113+4 <1.8 <0.5 <0.2
wild boarb 115+4 <1.2 <0.3 <0.3
Barajevo
mosses? 238+16 <18 <16 59+3
mushrooms? 790+22 <3.5 <2 2742
wild rabbitb 117+4 <15 <0.8 <0.1
pheasant? 125+5 2.8+0.3 <0.3 <0.1
wild boarb 77+3 <1.1 <0.2 0.1
Grocka-Vinéa
mosses? 267+11 447 19+2 434
mushrooms?  338+8 <6 <1.2 741
wild rabbitb 90+3 <1.3 <0.2 <0.1
pheasantb 113+4 <1.7 <0.6 <0.1
Opovo
mosses? 429+17 20+1 3044 55+4
mushrooms? 21115 <5.8 <1.8 9+2
wild rabbitb 117+4  2.2+0.4 0.3+0.1 <0.2
pheasant? 12843 <1.4 <0.3 <0.1
Surdin -Bojéin forest
mosses? 250+13 <24 16+3 15+1
mushrooms?  111+4 <3.5 <2.2 <0.3
wild rabbitt  92+5 1.6+0.3 <0.4 <0.1
pheasantb 106+4 <1.3 <0.4 <0.2
Obrenovac-Konatice
mosses? 130+6 34+6 3218 32+1
wild rabbit  106+3 <19 <0.3 <0.1
pheasant? 10744 <18 <0.4 <0.1
Lazarevac-Vreoci
mosses? 244410 24%1 19+3 10449
wild rabbitt  62+3 <1.3 <0.3 <0.1
pheasantb 95+4 <0.5 <0.3 <0.1

a Dry weight; b Fresh weight
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4. CONCLUSION

Contents of natural and artificial radionuclides
40K, 238(J, 232Th, and 37Cs in different environmental
samples in Belgrade were measured. The results
confirmed that mosses and mushrooms are very good
bioindicators of radioactive pollution since the
Chernobyl 137Cs was detected. 137Cs was not detected in
the samples of wild animal meat, implying that this
radionuclide is not incorporated significantly in the
natural food chain.

The soil and moss samples were also collected
from high-elevation sites in the Belgrade surroundings
(Avala and Kosmaj), but there was no evident
correlation between the site altitude and 37Cs specific
activity in the soil. The specific activities of 137Cs in
both types of soil, cultivated and uncultivated, were
very similar except in two sampling sites, Avala and
Barajevo, wherein the soil sample were collected in
forest areas.

Measured specific activity of 238U in the soil
samples did not show a significant increase in
cultivated soil, indicating a low application of
phosphorous fertilizers in crop production.

Further, there was no increase in specific activities
of natural and artificial radionuclides in the vicinity of
the Institute of Nuclear Sciences “Vinca” — these levels
were similar to the results obtained for other
locations. This finding could imply an insignificant
impact of the activities undertaken in the nuclear
institution on the surrounding environment.

Results of our work indicate that the natural
environment of Belgrade is radioecologically safe and
that food products from this region are safe for human
consumption.
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