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Abstract: In urban areas, forest patches and parks are usually the places where people spend most
of their time outdoors. Because of poor environmental protection policy and insufficient invest-
ment in industry and energy, Serbia is often ranked among the European countries with the
greatest environmental pollution. In recent years, ecological protests have been organized
throughout the country with the aim of raising ecological awareness and resolving environmental
issues. The topic has become particularly popular since the plans for opening new mining areas in
western Serbia came to the fore. This study was conducted with the aim to investigate radioactivity
levels and metals content in soil and foliage of the most popular parks in Belgrade, the capital and
largest city of Serbia. Based on a GIS (geographic information system) approach, the spatial dis-
tribution maps of radionuclides (***Ra, 22Th, #K, 7Be, and '¥Cs) and metals (As, Cd, Cr, Co, Cu, Na,
Ni, Pb, Zn, K, Ca, Mg, and Mn) were made. Ambient dose-equivalent rate in air was also measured.
The annual effective doses and excess lifetime cancer risk from radionuclides were calculated.
Health effects of exposure to heavy metals in soil were estimated by noncarcinogenic and car-

cinogenic risk assessment.
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1. Introduction

Radionuclides are a particular issue in the environment: they can be considered as
pollutants, or can be used as background traces for geochemical and transport processes
[1]. Among others, the naturally occurring radionuclides 2¢Ra, 2?Th, ¥K, "Be, and an-
thropogenic radionuclide '¥Cs deserve special concern; various biological species are
permanently exposed to these radionuclides due to the inevitable existence in almost all
matter. Metals are present in all soil, waters, and living organisms, and can be also re-
leased from industrial activities and vehicular emissions, leading to potential contami-
nation of ecosystems. Among them, As, Cd, Cr, and Pb have strong toxic characteristics.
Inhalation/ingestion of soil/dust in parks and playgrounds may influence public health,
especially of children (due to their activity), as they are the most sensitive target group of
exposure [2]. Soil acts as a sink for radionuclides and metals released from various an-
thropogenic sources. It is the most important ecosystem for survival and development of
humans and biota, so determining the spatial distribution of radionuclides and metals
can help in identifying, assessing, and monitoring potential pollution.

In urban areas, remnants of forest ecosystems occur in small patches. This vegeta-
tion influence changes in microclimatic conditions by increasing humidity and reducing
air temperature. It can also improve urban air quality, maintain biodiversity, ameliorate
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the urban heat island effect, and provide recreational and landscape places [3]. Remnant
forests in urban areas are more influenced by human activities in comparison to natural
forest in rural areas. During the last twenty years, the air quality in large cities has de-
clined with increasing urbanization and industrialization. Owing to transportation, fossil
fuel use and industrial activity pollution of urban air has become a serious problem
linked with impaired health and quality of life of the citizens [4].

Vegetation plays a crucial role in removing atmospheric pollution in terrestrial
ecosystems. Trees in urban forest patches (parks) may have different growing rates,
which depend on the amount of atmospheric pollution. This leads to reduced biomass
production, litter decomposition, and other ecosystem functions [5]. Additionally, plants
interact continuously with the atmosphere and soil; this interaction is complex due to
many environmental factors such as microclimate, soil conditions, air pollution, and bio-
tic factors.

Plants uptake and accumulate radionuclides and metals through their roots and
leaves. Most atmospheric particles adsorbed on leaves and other plant surfaces by pro-
cesses of dry deposition are often resuspended into the atmosphere, dropped to the soil
surface with leaves, and washed off by rain (wet deposition). Leaves of some plant spe-
cies are useful biological indicators of environmental contamination and potential ex-
posure to pollution [6], because of their high-density distribution [7,8]. The effective-
ness/capacity of urban trees to capture and/or retain particles of pollutants vary for dif-
ferent plant species [9], due to their morphology (canopy volume, total leaf area, leaf
structure, and plant height) [10] and chemical properties of the leaves [11]. This is essen-
tial for planning the planting design of urban parks; in this sense, urban trees with suit-
able canopy represent a useful option for improving air quality [12].

In recent years, the quality of environment in Serbia has become a matter of general
concern. The plans for opening new mining areas in western Serbia have raised some se-
rious questions about environmental protection and public health. However, actions to
raise environmental awareness are usually taken and promoted by responsible individ-
uals, groups, or nongovernmental organizations. Environmental issues have not yet been
recognized as a priority by the authorities. The aim of this study is to investigate radio-
activity levels and heavy metal content in soil and leaf samples from the parks of the city
of Belgrade, to present their spatial distribution and assess radiological/health risk from
both groups of pollutants.

2. Materials and Methods
2.1. Study Area

The capital of Serbia, the City of Belgrade, is located in Southeast Europe (44°49' N,
20°28" N, approximately 120 m a.s.l.) at the confluence of the Sava and Danube rivers
(Figure 1). It is the commercial and industrial center of the country, covering an area of
about 3000 km?, divided into seventeen municipalities with more than 1.8 million inhab-
itants (23% of the total Serbian population). With a growing population, the environ-
mental quality of the urban air and soil has become more important considering its health
impact. The study area encompasses the densely populated territory of the city, which
includes most popular parks (Figure 1).



Forests 2022, 13, 1648

3 of 17

19°41'05"E 20°56'04" 221127 R N
i ) i 44°51'33"N 44°51'33"
20°21'15"€ 20°37'12"

—46°02'55"N

[ state border
i Kosovo and Metohija
b [ City of Belgrade  —as°0g'se"

* Bigger cities

[ Study area
—44°14'56"

—43°20'19"

44°33'49" 44°33'49"
20°21'15" 20°37'12"
S Elevation (m.a.s.l)
=e2658 H 4523 [ study area
3 ¢ Sampling location
28 ' 0 25 5 75km
' 66.7

Figure 1. Map of the studied area in Belgrade, Serbia.

2.1.1. Geology and Pedology

The morphological relief of the Belgrade area resulted from tectonic movements
(Paleaogene and Neogene) and occurs in two distinct units: lowland terrain (north of the
Sava and Danube rivers) and hilly-mountainous area (south of the Sava and Danube
rivers). Intensive erosion processes formed the fluvial and hillslope relief that dominates,
but there are particular remnants of the marine-limnic features [13].

In terms of pedology, in the urban Belgrade area, there are fluvic cambiosols, fluvi-
sols, and gleysols on the lower river terraces, and many colluvial soils formed by inten-
sive soil erosion. The heavy sediments predominantly contain clays, and sequences of
regosol, leptosol, eutric cambisol, and luvisol dominate in overlying the sediments [14].

2.1.2. Climate

Belgrade has a continental climate, although as a result of urbanization, reduced
vegetation, and new heat sources, the “town climate” can be assumed [15]. The average
annual air temperature is 13.9 °C in Belgrade and its surroundings, and the average an-
nual precipitation is 654.3 mm [16].

2.2. Sampling and Preparation

Soil samples were collected from twenty locations in parks and remnant forests in
Belgrade and its surroundings, according to the recommendations provided by IAEA
(International Atomic Energy Agency) [17]. After removing the stones and plant resi-
dues, the preparation of soil samples for analysis was: drying to constant weight, ho-
mogenizing up to the granulation less than 2mm, and packing. At the same time, twenty
leaf samples from two of the most represented deciduous trees of the Quercus genus
(mostly pedunculate oak) and Platanus spp. were collected at each soil sampling site.
Undamaged fully developed leaves (after the vigorous growth stage) were randomly
detached from a height of 2.0 m above the ground while wearing polyethylene gloves to
avoid contaminating the samples. Leaves were collected from a convenient position on
the outside of the crown (exposed to the full light), as the concentrations of nutrients
were assumed to be steady. Sampling was done in the beginning of autumn 2021, early
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on five consecutive sunny days. No precipitation occurred prior to or during the sam-
pling period. The sampled material was stored in polyethylene bags and transported to
the laboratory. Samples were not washed (to estimate absorbed and deposited pollu-
tants). Leaves were dried at room atmosphere, chopped, and homogenized. A global
positioning system receiver (GPS, Garmin eTrex 30x) was used for determining geo-
graphical coordinates; elevations ranged from 31 to 431 m.

2.3. Gamma Spectrometry Analysis

Naturally occurring 26Ra, #2Th, ¥K, 7Be, and anthropogenic ¥7Cs activity concentra-
tions in soil and leaf samples were determined using the gamma spectrometry method.
In order to ensure monthly radioactive equilibrium between ?Ra and its progeny, all
samples were sealed in 450 mL Marinelli beakers. Specific activities of radionuclides in
soil and leaves were measured using a coaxial HPGe detector, GEM30-70 ORTEC
(Ametek, Oak Ridge, TN, USA) with 30% relative efficiency, and 1.65 keV FWHM for
%Co at 1.33 MeV; the detector was placed in a 10 cm lead shield to reduce the background
radiation. A calibration source of a Marinelli mixture by Chech Metrological Institute
(type MBSS 2 containing eleven radionuclides: 2'Am, 19Cd, '*Ce, Co, ©Co, 1¥’Cs, 35,
85r, 88Y, 20Hg and '52Eu), was used for detector calibration. Soil samples were measured
for 3 h, while leaf samples were measured for 48 h. After background subtraction, the
assessment of radionuclide activity concentrations (with a decay correction to the time of
sampling for 7Be) was done using intense gamma lines of nuclides [18]. The specific ac-
tivity of 26Ra was obtained using the gamma lines of 2Pb (351.9 keV) and 2Bi (609.3 and
1764.5 keV). The specific activity of 2?Th was estimated by the gamma lines of 28Ac at
338.3,911.1, and 968.9 keV, and the line of 208T1 at 583.0 keV. The gamma lines at 661.6 and
1460.7 keV were used for evaluating the activities of 1Cs and %K, respectively. The spe-
cific activity of ’Be was determined by the visible peak at 477.6 keV.

2.4. Radiological Risk Assessment

The risk from radionuclides is assessed through the annual effective dose and ex-
cess lifetime cancer risk. The sum of 26Ra, 22Th, and “K (Bq kg™) activity concentrations
in soil multiplied by corresponding dose coefficients 0.462, 0.604, and 0.0417
(nGyh/Bgkg™), respectively [19], was used to calculate the absorbed dose rate D (nGy
h™) in air at 1 m above ground level due to the presence of these radionuclides. D (nGy
h1) was converted to annual effective dose Dt (uSv y!) by multiplying with the conver-
sion coefficient 0.7 SvGy! and the outdoor occupancy factor of 0.2 for one year (8760 h),
as follows:

De=1226 - D (1)

Excess lifetime cancer risk ELCR was calculated using the estimated values of Dt
(uSv y):
ELCR=Dr- RF- LF ()

where fatal cancer risk for the whole population RF =5.5-10-2Sv-! and the life expectancy
LE=70y [20].

2.5. Determination of Physical and Chemical Characteristics

The pH of the soil was analyzed using the standardized ISO method 10390:1994
(suspension in water and in 1 M KCl). Organic matter content was determined using ISO
method 14235:1998, while the free CaCOs was analyzed using method ISO 10693:1995.
Particle size distribution was analyzed by the sieving and pipetting method [21], and
particles were divided in following size fractions: coarse sand (200-2000 pm), fine sand
(20-200 um), silt (20 pm), and clay (2 um).
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2.6. Analysis of Heavy Metal Content in Soil and Leaves

Thirteen elements (As, Cd, Co, Cr, Cu, Na, Ni, Pb, Zn, K, Ca, Mg, and Mn) were
determined in soils and leaves collected in parks. Soil samples were treated with 9 mL of
HNO:s (concentrated, 65%) and 1 mL of HCI (concentrated, 37%) and then digested in a
Milestone Ethosl microwave sample preparation system. Digested soil samples were
filtered and transferred to 50 mL flasks and diluted with deionized water.

One-half gram of dried leaves was treated with a mixture of 10 mL of HNOs (con-
centrated, 65%) and 2 mL of H20: (concentrated, 30%) in closed Teflon vessels at high
pressure and temperature using the Milestone Ethos 1 digestion system. Analysis of
heavy metals in prepared soil and leaf samples was performed using ICP-OES (Varian
Vista Pro-axial; Varian, Mulgrave, Victoria, Australia).

Quality assurance and quality control (QA/QC) were provided by analysis of certi-
fied reference materials SRM1515 (apple leaves) and IRMM BCR 142R (light sandy soils).
The results obtained achieved adequate analytical accuracy and precision.

All reagents were analytical grade or better, and blank samples were included in
each extraction procedure. All calibration standards were prepared in the same acid ma-
trix used for soil and leaf samples.

2.7. Health Risk Assessment from Heavy Metals

Noncarcinogenic and carcinogenic risks associated with the exposure to metals in
soil were estimated by applying the US Environmental Protection Agency model [22].
Noncarcinogenic risk was estimated by calculating hazard index (HI) based on three
possible pathways of exposure: ingestion, air inhalation, and dermal contact. In order to
estimate the risk associated with each of the pathways, the average daily doses (ADDs)
were calculated:

IngR X EF X ED

. = -6 3
ADDyyg = C % BW X AT x 10 3)
DD _CXInthEFxED @
inh =™ “ PEF x BW x AT
SA X AF x ABS X EF X ED
ADD gprmar = C X x 1076 (5)

BW x AT

where ADDing, ADDini, and ADDierna (in mg kg-'day) are average daily intake from soil
ingestion, inhalation, and dermal absorption, respectively; C is the concentration of the
metal in soil (mg kg); IngR and InkhR are ingestion and inhalation rates, respectively; EF
is the exposure frequency; ED is the exposure duration; BW is body weight of the ex-
posed individual; AT is the averaging time; PEF is the emission factor; SA is the surface
area of the exposed skin; AF is the adherence factor; and ABS is the dermal absorption
factor. The values of all parameters were listed in previous papers [23-26].

2.8. GIS Analysis

Geographic information systems (GIS) are a powerful tool for analysis and visuali-
zation of phenomena and processes in the environment [27-29]. Many studies worldwide
have focused on methods based on GIS and geospatial data in order to provide an ade-
quate presentation of research results from a geochemical and geographical aspect
[30-32]. In this study, an interpretation of results was performed using GIS and numeri-
cal analysis, i.e., a cartographic presentation of the spatial distribution of radionuclides
and heavy metals in the parks of the City of Belgrade. The open-source software package
Quantum GIS 3.8 was used in which data from field research were processed by the IDW
(inverse distance weighted) method of interpolation; this is a mathematical (determinis-
tic) model whose basic characteristic is that all points on the topographic surface are
considered to be interdependent, based on distance [33]. In this case, twenty sampling
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locations were covered by interpolation, which visually determines and classifies the
values of heavy metals and radionuclides. The classification was performed and mapped
to 7-9 classes depending on the concentration of each heavy metal and radionuclide. The
thematic maps were exported as a result of the interpolation and the values reclassified.
The GPS handheld receiver used in this study was the Garmin eTrex 30x. This device is
characterized by solid precision and durability in weather conditions. The minimum
number of satellites that is necessary to determine the relative accuracy, i.e., relative er-
ror, is 4. In this study, the average number of satellites that were operational was 11,
which gave an accuracy of 3 m.

3. Results and Discussion
3.1. Physicochemical Properties of Soil

The main physical and chemical soil properties for each sample location are pre-
sented in Table 1. The soil pH measured in 1M KCl solution ranged from acidic (3.33, at
location Lipovica) to neutral (7.42, at location Beograd na vodi). The CaCOs content
showed high heterogeneity and ranged from below detection limit (detection limit =
0.2%) to 14.16% measured at location Kalemegdan. Organic matter content ranged from
2.54% (location Banjica) to 8.25% (location Avala 2). Clay content ranged from 3.36 to
25.72% relative to the particle size distribution.

Table 1. Main chemical and physical characteristics of the soil (nd —not detected).

pHin pHin Organic Coarse Sand  Fine Sand Silt Clay
No. Location KCl O CaCO:s (%) Matter (%) (2002000 pm) (20200 um) (20 um) (2 um)
(%) (%) (%) (%)
1. Topcider 6.39 7.40 0.42 4.94 3.82 35.38 36.32 24.48
2. Hajd park 7.12 7.89 2.52 5.31 8.99 38.85 33.92 18.24
3. Bajfordova 6.80 7.37 1.38 5.80 16.86 36.38 32.56 14.20
4. Stepin lug 5.53 6.33 0.25 3.77 3.62 36.5 35.76 24.12
5. Miljakovac 4.70 6.02 nd 4.20 3.64 41.36 33.56 21.44
6. Kosutnjak 5.21 6.29 0.17 5.64 4.43 40.05 34.76 20.76
7. Avalal 7.15 7.70 3.21 5.59 51.18 31.3 14.72 2.80
8. Avala 2 5.36 6.33 0.08 8.25 6.22 37.14 33.36 23.28
9. Avala 3 6.65 7.51 0.34 6.09 5.21 36.19 36.04 22.56
10. N.Beograd 6.70 7.34 0.92 5.67 15.28 34.48 30.76 19.48
11. B. Potok 6.71 7.51 0.59 3.61 11.22 34.26 30.84 23.68
12. BGnavodi 742 8.09 10.90 2.95 18.91 40.57 26.6 13.92
13. Banjica 7.38 8.18 3.35 2.54 25.35 33.05 23.84 17.76
14. Zvezdarska  6.06 6.90 0.17 5.05 2.53 43.11 34.52 19.84
15. Cukarica 6.85 7.30 6.57 5.92 55.67 30.25 10.72 3.36
16.  Kalemegdan 7.24 7.79 14.26 6.03 22.29 46.03 23.12 8.56
17. Tas 7.29 7.84 10.06 5.69 36.63 41.49 15.76 6.12
18. Mirijevo 6.45 7.19 0.25 5.32 10.84 40.08 29.6 19.48
19.  StadionC.Z. 721 7.80 4.61 6.47 11.98 43.46 30.48 14.08
20 Lipovica 3.33 4.36 nd 6.04 7.25 36.03 31.00 25.72

3.2. Radioactivity Levels

Based on the GIS approach, the maps showing the spatial distribution of radionu-
clides 26Ra, 2?Th, ¥K, and ¥Cs in soil are presented in Figure 2. According to the data
and Figure 2, quite similar spatial distributions of radionuclides ?Ra (average 32.9
Bq/kg) and 22Th (average 39.8 Bq/kg) are evident, confirming their common origin and
occurrence in nature. Strong positive correlation between 226Ra and 2?Th was also con-
firmed by Spearman correlation analysis (Spearman’s rho = 0.807).
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Figure 2. The spatial distribution of (a) 2°Ra, (b) *Th, (c¢) “K, and (d) *’Cs in soil.

Specific activities of 2¢Ra, 2?Th, and “K in soil were negatively correlated with
CaCOsand coarse sand, and positively correlated with silt and clay soil fractions. These
results are in line with other studies indicating that the fine-grained soil fraction has a
higher tendency for radionuclide adsorption [34-36].

The specific activities of ¥K, 7Be, and '¥Cs in leaves were determined and are pre-
sented in Table 2. The lack of correlation (Spearman’s rho = —0.150) indicates that deposi-
tion predominantly takes place as a result of wet deposition of atmospheric aerosols with
precipitation. 9K activities in leaves are lower than those reported previously by Todo-
rovic et al. [37] for the parks of Belgrade, probably owing to sampling period, since po-
tassium is essential during vigorous growth. Potassium is a macronutrient, a major in-
organic cation in the cytoplasm of plants, required for the activity of various enzymes
involved in primary metabolism [38]. Foliar uptake is considered as the main route for
plant intake of 7Be due to its atmospheric deposition; absorption through the leaves is
higher in plants with larger leaf areas [39]. Poschl et al. found that 7Be in birch tree leaves
ranged from 147 to 279.6 Bqg/kg [40], while Karunakara et al. reported 7Be activity con-
centrations in the leaves from a tropical forest ranging from 72.5 to 1060.8 Bq/kg [39].1¥Cs
activities in leaves were generally low and often close to the minimum detectable activity



Forests 2022, 13, 1648

8 of 17

(MDA). Specific activities of 2¢Ra and ?Th in leaves were below MDAs; MDAs of 2*Ra,
22Th, and '%7Cs were estimated as follows: 0.7, 2.7, and 0.7 Bq/kg.

Table 2. Specific activities of “/K, "Be, and ¥’Cs in leaves, annual effective dose, and excess lifetime
cancer risk from natural radionuclides in soil. MDA —minimum detectable activity.

Leaves
Sample K "Be 137Cs Dr ) ELC_R
: (uSv y?) x10-
No. Location Bq kg!
1. Topcider 805 105+ 4 <MDA 68 0.26
2. Hajd park 19+3 18010 <MDA 67 0.26
3. Bajfordova 113+5 128 +8 <MDA 69 0.26
4. Stepin lug 78 +6 117 +6 <MDA 82 0.32
5. Miljakovac 100 +7 130 +8 1.6+0.3 79 0.31
6. Kosutnjak 60 +5 169 + 6 <MDA 72 0.28
7. Avalal 101+7 422 +12 1.1+04 39 0.15
8. Avala 2 38+5 350+ 8 <MDA 77 0.30
9. Avala3 54 +4 282+7 <MDA 81 0.31
10. N.Beograd 33+4 291+38 <MDA 69 0.27
11. B. Potok 38+5 587+12  3.4+03 74 0.28
12. BG na vodi 113+5 292+6 <MDA 60 0.23
13. Banjica 107 +£5 395+9 <MDA 71 0.27
14. Zvezdarska 73+6 356+9 <MDA 76 0.29
15. Cukarica 32+4 272+7 <MDA 34 0.13
16. Kalemegdan 95+ 6 226+7 <MDA 53 0.20
17. Tas 77 £5 417 +8 <MDA 52 0.20
18. Mirijevo 22+4 391+9 <MDA 74 0.28
19. Stadion C.Z. 71+6 473 £ 8 <MDA 74 0.28
20. Lipovica 54+4 399+9 3.3+04 85 0.33

3.3. Annual Effective Dose and Excess Lifetime Cancer Risk from Radionuclides

The results of annual effective dose are presented in Table 2; the mean value of 68
uSv y!is quite similar to the average external exposure to natural terrestrial sources of
radiation given by UNSCEAR [19].

The average value of ELCR is 2.6-10 (according to Table 2); this value is almost
equal to the worldwide average of 2.54:10*. According to the calculated values, there is
no increased radiological risk to the population of Belgrade City.

3.4. Heavy Metal Content

Metals content in analyzed soil and leaf samples are presented in Tables 3 and 4.
Maps showing the spatial distribution of As, Cd, Co, Cr, Cu, Na, Ni, Pb, and Zn are pre-
sented in Figure 3a—i, along with essential metals for plant nutrition: Ca, K, Mg, and Mn,
in Figure 4a-d. Table 5 presents the Spearman correlation matrix for heavy metals and
radionuclides in soil.

Table 3. Content of As, Cd, Cr, Co, Cu, Na, Ni, Pb, Zn, Ca, K, Mg, and Mn (mg/kg) in soil and the
measurement uncertanties of the method. The results exceeding corrected target values are written
in bold.

As Cd Co Cr Cu Na Ni Pb Zn Ca K Mg Mn
No. Sample
mg/kg
1. Topcider 912 012 11.8 639 524 285 667 412 124 7532 7215 5638 547
2. Hajd park 842 0.07 10.8 429 29.2 444 427 317 822 15210 5499 5970 589
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3. Bajfordova 872 015 101 420 478 320 424 49.1 190 12,900 4941 4933 554
4. Stepin lug 792 004 127 436 296 239 378 295 920 5055 5987 5299 671
5. Miljakovac 9.20 0.05 128 403 260 194 321 284 78.0 4302 4881 5231 712
6. Kosutnjak 120 006 131 685 283 234 556 338 849 5546 5590 5553 536
7. Avalal 759 * 542* 10.7 274 432 201 18.3 4297 * 489 18,810 2337 4353 1020
8. Avala 2 9.73 0.09 124 462 303 260 395 346 103 5230 5874 5470 867
9. Avala 3 11.8 0.13 13.8 450 249 268 378 503 761 6953 6094 4554 963
10. N. Beograd 9.05 0.06 111 481 289 335 395 438 89.6 9647 6547 5337 558
11. B. Potok 6.86 0.06 123 563 247 252 564 233 915 6696 5412 6679 590
12. BG na vodi 6.70 0.06 8.60 363 274 521 344 217 703 34,270 4996 8189 407
13. Banjica 487 005 10.6 452 237 379 411 209 657 20,230 5161 6722 502
14. Zvezdarska 841 010 116 428 284 248 382 278 79.8 6700 5595 6163 625
15. Cukarica 435 0.07 6.62 335 275 410 31.0 209 115 25930 2968 6911 298
16. Kalemegdan 9.82 020 7.87 391 68.0 1016 48.3 141 166 61,460 5443 8303 429
17. Tas 622 018 726 492 336* 634 411 612 228 38940 3584 6751 374
18. Mirjevo 637 0.08 108 46.7 405 225 447 235 957 7536 5402 5233 512
19. Stadion C.Z. 939 0.06 113 421 359 414 42.7 347 104 19,480 6222 6796 562
20. Lipovica 106 006 119 435 271 183 333 299 785 2692 4696 4509 476
Percentagfo/u)“certamty 121 85 100 17 24 252 28 168 49 325 52 75 106
* exceeding remediation levels.
Table 4. Content of As, Cd, Cr, Co, Cu, Na, Ni, Pb, Zn, Ca, K, Mg, and Mn (mg/kg) in leaves.
Sample As Cd Co Cr Cu Na Ni Pb Zn Ca K Mg Mn
mg/kg
Topcider nd nd 030 1250 11.60 116.1 7.08 231 2429 17,810 5036 2368 104.6
Hajd park nd nd nd 4.37 935 1428 3.54 nd 22.81 22,380 1317 2614 516.7
Bajfordova nd nd 117 3715 1373 180.0 1096 6.94 4146 15590 4445 2548 390.4
Stepin lug 0.69 nd nd 13.04 1259 1039 649 1.15 26.82 16,200 4797 2568  304.5
Miljakovac nd nd nd 6.45 9.62 1269 395 0.69 2245 13,670 5172 1843 910.1
Kosutnjak nd nd nd 1697 1194 1169 6.45 1.26 2329 50,350 3827 2472  351.9
Avalal nd 017 034 398 11.14 1128 275 3093 51.02 34,700 4995 3231 652.9
Avala 2 nd nd nd 199 1047 71.8 3.66 120 4314 13,260 2463 1384 7725
Avala 3 nd nd nd 2.67 9.93 76.5 4.55 0.70 2438 18,090 3164 2472 5874
N. Beograd nd nd nd 233 1118 926 1.56 0.64 10.21 20,560 1392 1638 35.7
B. Potok nd nd nd 3.70 11.15 113.8 6.85 1.70 33.86 21,270 2347 2791 425.8
BG na vodi nd nd nd 474 1262 3621 2.03 nd 4048 26,620 6670 1993 88.9
Banjica nd nd nd 3.65 11.13 1306 1.85 047 2121 31,060 5865 3623 53.1
Zvezdarska nd nd nd 3.87 1023 877 2.11 1.04 19.12 26,880 4553 3328 360.9
Cukarica nd nd nd 4.67 9.75 1679 2.39 1.19 21.06 17,610 2434 1665 43.7
Kalemegdan nd nd nd 2.73 8.52 84.4 2.05 0.53 1061 17,770 4747 1591 315
Tas nd nd nd 796 5546 1923 211 8.38 2352 32,360 5217 3841 127.0
Mirjevo nd nd nd 346 16.83 921 1.86 0.61 16.47 20,590 2022 2101 56.8
Stadion C.Z. nd nd nd 5.31 1419 1525 1.98 095 2055 25,870 4795 3829 59.9
Lipovica nd nd nd 6.75 1810 79.5 6.60 1.01 2855 14,620 2583 2309 1186.0
Table 5. Spearman correlation matrix of heavy metals and radionuclides in soil.
As Cd Co Cr Cu Mn Ni Pb Zn 26Ra  22Th 0K 187Cs
As 1 0249 0.512*% -0.051 0.113 0.483* -0.044 0.638* 0.078 0.321 0.280 -0.018 0477*
Cd 1 -0.370 -0.149 0.647** 0.014 0.097 0.679* 0.637 ** -0.414 -0.438 -0.339 -0.047
Co 1 0429 -0.393 0.657* 0.039 -0.013 -0.410 0.726** 0.817 ** 0.666 ** 0.364
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226Ra

22Th
0K

137Cg

1 -0.021 -0.015 0.624** 0.009 -0.077 0.280 0.304
1 -0.116  0.329 0.656** 0.845** -0.378 —0.409

1 -0.191 0.242 -0.078 0.397 0.480*

1 0.123 0230 0.058 -0.105

1 0.583 ** -0.071 -0.174
1 -0.384 -0.526*
1 0.807 **

1

0.392
-0.189
0.484 *

0.170
-0.236
-0.326
0.462 *
0.707 **

1

-0.158
0.186
0.383

-0.251
0.329
0.063

0.483 *
0.394
0.116

1

* correlation is significant at the 0.05 level; ** correlation is significant at the 0.01 level.
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Figure 3. The spatial distribution of (a)As, (b) Cd, (c) Co, (d) Cr, (e) Cu, (f) Na, (g) Ni, (h) Pb, and (i)

Zn in soil.
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Figure 4. The spatial distribution of (a) Ca, (b) K, (c) Mg, and (d) Mn in soil.

Target and intervention levels of As and metals proposed by Dutch standard for soil
[41] and Serbian Soil Quality Regulation were corrected for each particular sample based
on its organic matter and clay content [42]. Accordingly, concentrations of As (759.6
mg/kg), Cd (5.42 mg/kg), and Pb (4297 mg/kg) in soil sampled at location Avala 1 were
significantly higher than remediation values, which classifies this soil as highly contam-
inated. However, the origin of As, Cd, and Pb at this location is probably not anthropo-
genic but geogenic. Parent rock from which Avala soils are formed is rich in these metals
and several mines for extraction of Pb existed in Avala since ancient times and mined up
to 1970. Neutral pH value of soil and high content of organic matter (at location Avala 1)
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help to bind metals firmly to soil fractions, which makes them less available for plant
uptake. Although the concentrations of As and Cd in soil at Avala 1 location are above
remediation value, their concentrations in leaves were low. However, concentration of
lead in collected leaves was rather high (30.93 mg/kg), indicating that due to its high
concentration in soil, which is almost ten times higher than the remediation value, a sig-
nificant fraction of lead is bioavailable to plants.

Concentrations of Co, Cu, and Ni were above corrected target values in almost all
soil samples. However, soils in Serbia are naturally rich in these elements and even in
agricultural soil and soils that are in rural areas or distant from pollution sources have
concentrations of Co, Cu and Ni higher than target values [30,43]. Concentrations of Co,
Cu, and Ni in leaves collected at the soil sampling locations are low, indicating low up-
take potential of Quercus and Platanus species for these metals.

Lead concentration higher than target but lower than intervention value was meas-
ured in soil samples at location Kalemegdan. The quality of soil in parks and green areas
in central (urban) zone of Belgrade has been studied previously by Grzeti¢ and Ghariani
[44] and Marjanovic et al. [45]. In both studies, increased concentration of lead in soil at
Kalemegdan was detected and ranged from 262.9 mg/kg [44] to 535 mg/kg [45]. In these
studies, urban soils near streets with heavy traffic in the vicinity of Kalemegdan were
also analyzed and increased lead concentrations were found, indicating that lead is
originating from anthropological sources, probably from leaded petrol used up to year
2010. Although soils at Kalemegdan are rich in lead, its uptake by plants is very low and
only 0.5 mg/kg of lead was detected in leaves sampled at Kalemegdan.

3.5. Spatial Distribution of Heavy Metals

The software’s Quantum GIS 3.8.12 and SAGA (System for Geoscientific Analysis)
were used to analyze spatial distribution of radionuclides and heavy metals in soil. There
are few advanced spatial methods that can be used. The first ordinary method used in
this research was the IDW method (method of spatial interpolation based on measured
points), but it is not satisfactory in finding better spatial patterns. The other methods used
in this research were the kriging and semi-kriging methods. These methods are good to
improve the quality and precision of spatial analysis, and also minimized statistical er-
rors of the measured data. Therefore, algorithms supported by kriging methods ap-
proved by GIS may render the raster in a precise and valuable form for the future ma-
nipulations [46]. Results of the spatial GIS analysis included heavy metals concentration
and distribution in the soils in the area of central Belgrade, which covers 3000 km?.

The highest concentration of As (>12 mg/kg) covers an area of 2100 kma?. It is in the
south and east areas with geographical azimuth between 120° S and 190° S and an alti-
tude of 298 m (Figure 3a). The average concentration (5-7 mg/kg) covers an area of 260
km? with commonly central and western parts of the city with azimuth between 60° N
and 80° N. The lowest concentrations of As are distributed in the central and eastern
parts, covering a territory of 130 km? with azimuth between 45° W and 90° W.

The highest concentration of Cd (>0.20 mg/kg) on the average altitude of 252 m
(Figure 3b) covers an area of 1800 km? with an azimuth between 110° S and 170° S (in the
predominantly southern sides) of the city of Belgrade. The average concentration of Cd
(0.09-0.11 mg/kg) covers a territory of 240 km? in the southeast and west areas with an
azimuth between 60° SE and 90° SE. The lowest Cd (<0.05 mg/kg) is concentrated in cen-
tral and western parts of 60 km? with azimuth varying between 60° W and 90° W.

The highest concentration of Co (>13.5 mg/kg) covers an area of 40 km? mostly in the
south (azimuth of 90° S and 120° S); the average altitude is 402 m (Figure 3c). The average
Co concentrations (8-10 mg/kg) are distributed in the central and western parts of the city
with azimuth between 45° W and 90° W. The lowest concentration of Co (<7 mg/kg) is in
the western and northern parts (an azimuth between 60° N and 90° N).

The highest concentration of Cr (>65 mg/kg) covers an area of 15 km? in the northern
part of the city (azimuth of 70° N and 90° N), at an average altitude of 302 m (Figure 3d).
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The average concentrations of Cr (35-40 mg/kg) are distributed in the southern and cen-
tral parts of the city; the azimuth varies between 90° S and 90° N. The lowest value of Cr
(230 mg/kg) is concentrated in an area of 60 km? (an azimuth between 45° E and 90° N).

The territory of 100 km? with the highest concentration of Cu (>80 mg/kg) is located
in the northern part of the city (Figure 3e) with the azimuth between 80° N and 90° N and
an average altitude of 256 m. The average concentrations (30—40 mg/kg) are distributed in
the central, eastern, and western parts of the city with the azimuth between 45° W and
45° E. The lowest concentrations of Cu (<24 mg/kg) are distributed in the northern and
central parts with an azimuth between 90° S and 45° E.

The highest Na concentration (>1000 mg/kg) is distributed in the central part of the
city at the altitude of 199 m (Figure 3f) and covers an area of 10 km? (the azimuth is be-
tween 80° N and 90° N). The average concentrations of Na (400-500 mg/kg) are distrib-
uted in central, western, and eastern parts of the city with an azimuth between 60° E and
45° W. The lowest value of Na (<200 mg/kg) is concentrated in the southern part with the
azimuth between 45° S and 90° S.

The highest concentrations of Ni (>60 mg/kg) are distributed in the central and
eastern part of the city (the average altitude of 234 m) and cover an area of 30 km? (Figure
3g). The average Ni concentrations (32-34 mg/kg) are located in the southern and central
parts of the city with the azimuth between 45° E and 60° W. The lowest concentration of
Ni (20 mg/kg) is distributed in the central part of the city; the azimuth is between 30° E
and 30° W.

The highest concentrations of Pb (>150 mg/kg) are distributed in the central and
northern parts of the city (an average altitude of 203 m). This area occupies 2300 km? with
an azimuth between 90° E and 90° W. The average concentrations of Pb (40-50 mg/kg) are
distributed in the northern part of the city (an azimuth between 45° W and 60° E). The
lowest Pb concentration (<21 mg/kg) is distributed in the central part with an azimuth
between 40° E and 40° W (Figure 3h).

The highest concentration of Zn (>300 mg/kg) is distributed in the central and south
parts of the city with an area of 90 km? and the azimuth between 20° E and 90° W (the
average altitude of 305 m). The average concentrations of Zn (100-150 mg/kg) are dis-
tributed in the central and northern, western, and southern parts of the city; the azimuth
varies between 10° N and 250° S. The lowest concentration of Zn (<70 mg/kg) is distrib-
uted in the central part of the city with an azimuth between 45° E and 45° W (Figure 3i).

Generally, the spatial distribution of (As, Cd, Co, Cr, Cu, Na, Ni, Pb, and Zn) is the
highest in the central and northern part of the city with average altitude of 255 m.

3.6. Hazard Index and Carcinogenic Risk from Heavy Metals

Hazard quotients for ingestion, inhalation, and dermal exposure (HQing, HQinn, and
HQuer, respectively) were calculated as the ratios of average daily doses to corresponding
reference doses, RfD. Hazard index (HI) for each metal was then calculated as the sum of
HQs obtained for the three exposure pathways. Total hazard index (THI) was obtained
by summing HIs of all measured metals (Figure 5). A hazard index greater than 1 sug-
gests that residents may experience noncarcinogenic harmful effects due to long-term
exposure to heavy metals in soil [22]. THI values were in the range of 0.09-5.66 for adults
and 0.73-51.93 for children. The highest THI was observed in Avala 1 due to the high
concentrations of As (Hlwu=3.74 and Hlwia= 34.4) and Pb (Hladur=1.75 and Hlwmia= 16.24).
Hazard quotients of these two metals are in the order HQing> HQder> HQinn, indicating
that ingestion was the predominant exposure pathway.
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Figure 5. Total hazard indices (As + Cr + Cu + Ni + Pb + Zn + Cd) and total cancer risks (As + Cr + Ni
+ Pb) for children (a,b) and adults (c,d).

Carcinogenic risk (CR) was obtained by multiplying average daily doses by the
slope factors available for certain metals and certain pathways of exposure [47]. Owing to
the lack of carcinogenic slope factors for other metals and other pathways, the carcino-
genic risks were estimated for As (ingestion + inhalation + dermal contact), Cr (ingestion
+ inhalation), Ni (inhalation), and Pb (ingestion). Total carcinogenic risk (TCR) was cal-
culated by summing the contributions of different exposure pathways for adults and
children (Table 6). The values of cancer risk between 10-6 and 10 indicate an acceptable
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or tolerable risk to human health, while CR above 10 indicates high risk for developing a
cancer due to the lifetime exposure [48]. Figure 5 presents distributions of TCRs (summed
for As, Cr, Ni, and Pb) from heavy metals in the studied area.

Table 6. Total carcinogenic risk (TCR) from As, Cr, Ni, and Pb in adults and children.

Metals As Cr Ni Pb

Child Adult Child Adult Child Adult Child Adult

Minimum 761 x10°¢ 414x10° 151x10° 816x10% 4.72x10"0 1.33x10° 1.95x107 1.04x107
Maximum 1.33x10°% 7.22x10* 3.76x105 2.04x105 1.72x10° 4.84x10° 4.00x105 2.14x10°5
Average 8.03x105 437x10° 248x105 1.34x105 1.06x10° 299x10° 235x10°¢ 1.26x10°

4. Conclusions

Natural radionuclides and '¥’Cs pose no significant radiological risk in the parks of
Belgrade. However, all locations were found to be contaminated by heavy metals. Co and
Ni exceeded the target values in almost all soil samples. Concentrations of Cu higher
than target values were found in 45% of samples, while increased Zn concentration was
observed at five locations. The sample location Avala 1 was polluted by As, Cd, Co, Cu,
Pb, and Zn (all above corrected target levels). However, since soils in Serbia are naturally
rich in heavy metals, current pollution cannot be attributed solely to anthropogenic fac-
tors, but also to soil properties and the underlying geology of the area.
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