I. Z. Vukaginovié, et al.: Radioactivity Measurements in Soils Surrounding four ...

296

Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, No. 4, pp. 296-306

RADIOACTIVITY MEASUREMENTS IN SOILS SURROUNDING

% Department of Materials Science, Vinéa Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia

FOUR COAL-FIRED POWER PLANTS IN SERBIA BY
GAMMA-RAY SPECTROMETRY AND ESTIMATED DOSE

by

Ivana Z. VUKASINOVIC ", Dragana J. TODOROVIC?, Natasa S. NIKOLIC !,
Ana S. MIHAJLOVIC-RADOSAVLJEVIC 3, Snezana S. NENADOVIC3,
and Maja M. EREMIC SAVKOVIC *

'Faculty of Agriculture, University of Belgrade, Belgrade, Serbia
? Department of Radiation and Environmental Protection, Vinéa Institute of Nuclear Sciences,
University of Belgrade, Belgrade, Serbia

*Institute of Occupational Health of Serbia “Dr. Dragomir Karajovié¢”, Belgrade, Serbia

Scientific paper
DOI: 10.2298/NTRP1404296V

The study of spatial distribution of activity concentration of 238U, 226Ra, 210Pb, 232Th, 49K, and
137Cs radionuclides in the surface soil samples (2 = 42) collected in the vicinity of four coal-fired
power plants in Serbia is presented. Radioactivity measurements in soils performed by
gamma-ray spectrometry showed values [Bqkg!] in the range: 15-117 for 238U, 21-115 for
226Ra, 33-65 for 210Pb, 20-69 for 232Th, 324-736 for K, and 2-59 for 137Cs. Surface soil radio-
activity that could have resulted from deposition of radionuclides from airborne discharges or
resuspension of ash from disposal sites showed no enhanced levels. It was found that variation of
soil textural properties, pH values, and carbonate content influenced activity levels of natural
radionuclides while radiocesium activities were associated with soil organic matter content. Mod-
ification of some soil properties was observed in the immediate vicinity (<1 km) of power plants
where the soil was more alkaline with coarser particles (0.2-0.05 mm) and carbonates accumu-
lated. Calculated average values of the absorbed gamma dose rate and annual external effective
dose originating from the terrestrial radionuclides were 69.4 nGy/h and 0.085 mSy, respectively.
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INTRODUCTION

Coal used asafuel inthe coal-fired power plants
isstill animportant source of energy production. Natu-
ral radionuclides of the uranium and thorium series
and “°K contained in coal are of terrestrial origin and
the levels of their activity concentrations are of the
same order of magnitude as those found in soil [1].
Coalsvary in natural radionuclide content depending
on geological characteristics of deposits from which
they were mined. In the process of coal combustion
natural radionuclides may behave differently depend-
ing on several factors such as coal type and character-
istics, percentage of ash in coal, coal caorific value,
combustion temperature, chemical and physical forms
of radionuclidesin coal. After burning the coal, natu-
ral radionuclidesbecome part of solid or gaseouscom-
bustion by-products, most of them being accumulated
in the ash while radon gas emanated from coal iscom-
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pletely transferred to the flue gases[2]. Generally, the
heavy fraction of ash, called bottom ash or dag, is
placed and kept in the coal ash dumps. The other part,
the light fraction, called fly-ash is retained from the
stack gas using electrostatic precipitators or dis-
charged through the stacks in small amounts. Conse-
quently, natural background gamma radiation can be
modified by natural radionuclidere-distributioninthe
vicinity of coal combustion facilitiesand coal ash dis-
posal sitesin the surrounding air, water, and soil envi-
ronment. According to the IAEA, if radionuclide con-
centrationsin the environment are elevated asaresult
of the coal-fired power plants (CFPP) activity, it is
considered aNORM typeof activity [3]. Levelsof nat-
ural radionuclide concentrations for soil samples col-
lected within aradius of 1 kmand intheupper soil lay-
ers were elevated compared to the deeper layers
around the CFPPin Spain [4], China[5, 6], Brazil [7],
and Hungary [8]. The highest increment of radioactiv-
ity is detected in the topsoil around plants burning
uraniferous coals (lignites or brown coals) [9]. Oppo-
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sitely, some other studies revealed that activity re-
|eases near CFPPhad no significant impact on the sur-
rounding environment [10-12].

Soilsareformed asaresult of theinteractionsbe-
tween the geological parent material, climate, native
vegetation and topography over time. Natural and arti-
ficia radionuclide behaviour in soil depends on prop-
erties like soil granulometry, organic matter content,
pH values, drainage status and isgoverned by the pro-
cesses of weathering, precipitation, leaching, and
sorption[13]. Inthe natural soil of the central Spanish
Pyrenees, the strongest predictor of low mobility of
226Ra, 2%2Th, and “°K radionuclides was the carbonate
content [14]. Dowdall and O'Dea [15] found that the
main soil parameter that influenced **°Raand 28U ac-
tivitiesin organic soil was the moisture content where
the better drained soil levels exhibited greater deple-
tion of 238U relative to 2*°Ra, and the depletion was
less severe for samplestaken from waterlogged areas.
In the soils close to the CFPP (<1 km) in Spain [7], a
significant increase of the natural radionuclide con-
centrations was recorded because strong acidity of the
surface soil reduced their migration, preventing infil-
tration to the lower layers.

Radionuclidesreleased into the atmosphere dur-
ing the period of operation of a CFPP, in particulate or
gaseous form, or re-suspended by the wind from the
ash wastes can be removed further into the environ-
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ment by dry deposition (to the ground and vegetation)
and wet deposition (by rainout or washout). Content
and spatial distribution of radionuclides potentially
accumulated in the soils around the plantsisimportant
in assessing the soil contamination risk by
radionuclidesto human health. The main objectives of
thisstudy are: (1) to determine activity concentrations
of naturally occurring radionuclidesin surface soilsin
the vicinity of CFPP in central Serbia, (2) to investi-
gate relationships between the radionuclide activities
and themain soil physical and chemical propertiesthat
have an effect on their distribution in soil, and (3) to
eval uate the associated absorbed gammadoserate and
annual effective dose rate originating from the terres-
trial radionuclides.

MATERIALSAND METHODS
Sudy area

The four CFPP from Serbia studied are part of
CE “Therma Power Plants Nikola Teda’ that in-
cludes: “Nikola TeslaA” (Tent A), “Nikola Tesla B”
(Tent B), “Kolubara” (TEK), and “Morava’ (TEM)
power plants. The region to which they belong is the
central part of Serbia(fig. 1). Plants Tent A and Tent B
are situated on the Sava river, 30-50 km away from

Belgrade
L

| TENTA
TENTR

N

SERBIA

Figure 1. L ocations of thefour power plantsstudied in the Central part of Serbia. The position of the sampling pointsin
thevicinity of: “Nikola Tesla” A and B (Tent A and Tent B), “Kolubara” (TEK), and “Morava’ (TEM)
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Belgrade, the capital of Serbia. CFPP “Kolubara’ is
situated on the Kolubarariver and CFPP“Morava’ on
the right bank of the Great Moravariver. Older plants
(built before 1970) are TEM and TEK with atotal in-
stalled power of 270-10° W and 125-10° W, respec-
tively. Newer plants, Tent A with power of 1.65-10° W
and Tent B with 1.24-10° W, were put into operation
during the 1980.

All four CFPP use for combustion soft brown
coals (lignites) from the Kolubara basin with caloric
power of 6700+ 10% kJ/kg, 50% moi sturecontent and
14-20% ash content. The maximum daily consump-
tion of coal isupto 9-107 kgin plants Tent A and B that
produce 1.7-107 kg per day of ash [16]. Thoselignites
used as feed coas are generaly of low natural
radionuclide concentration [17]. In newer plants flue
gases are emitted into the atmosphere through stacks
higher than 200 m, compared to older plantswith 105
or 130 m stack height. Thefly-ash and bottom ash dis-
posal sitesarelocated inthevicinity of CFPPwithina
1 km distance, except for TENT B which islocated 4
kmfromtheplant. In Obrenovac, two ash dumpscover
asurface areaof 400 haand 600 hawhile ash deposits
areasnear TEM and TEK aresmaller, 30 haand 77 ha,
respectively.

Soil samples were taken from the surface hori-
zon of aluvial soilsclassified asMolic Fluvisols[18]
that were developed in aluvial deposits distributed
along the river valleys where the CFPP are situated.
Alluvia sedimentary deposits are gravels and sands
covered with silty loam or clays which represent the
parent materials for the development of Fluvisols on
the young alluvia flats. The areafallsinto the Euro-
pean moderate continental climatezone, with hot sum-
mers and cold winters and well distributed precipita-
tion throughout the year. In this area, the average
annual temperature is around 11°C with 74% humid-
ity. The annual precipitation maximum occurs in the
spring months (May-June).

Sample collection

In 2011, forty-two siteswere chosen for soil sam-
pling in the vicinity of four CFPP. The sampling points
were chosen to be located within a radius of 6 km
around each CFPP with more sampling sites in the di-
rection towards the settlements (fig. 1). The sampling
sites were denoted by their GPS co-ordinates (tab. 1)

which were used to calculate their distance from the
corresponding CFPP at each site. Surface soil samples
were collected from a 0-5 cm depth. At each location
about 1 kg of soil was stored in a plastic bag.

Sample treatment and measur ement

Samples were air-dried a room temperature,
crushed and sieved through a2 mm mesh sieve. Soil re-
actioninwater (1:2.5) andin 1M KClI (1:2.5) was mea-
sured potentiometrically [19]. The carbonate content
was determined volumetrically according to the
Scheibler calcimeter method [20]. Organic matter con-
tent was determined by the Tjurin method, modified by
Simakov [21]. Particle size distribution analysis was
conducted by the pipette method. The determined soil
fractions were sand (particle sizes 0.2-2 mm and
0.05-0.2 mm), silt (0.01-0.05 mm and 0.002-0.01 mm)
and clay (<0.002 mm).

Within theradius of 0-2 km, 2-4 km, and 4-6 km
around each plant, asingle soil sample was chosen to
be ground further in order to obtain soil particles
smaller than 10 um in diameter. The mineralogical
composition of the twelve soil samples was deter-
mined by X-ray powder diffraction (XRPD) using a
Siemens D500 X-ray diffractometer and CuK a1 radi-
ation. The XRPD patterns were recorded in the 20
range of 4-70° with a step size of 0.02° and counting
time of 1 s per step. The minerals were identified by
using JCPDS data files and quantified by using the
Powder Cell 2.4 software.

For determining natural radionuclide activity
concentration, soil samples were packed in 500 ml
Marinelli beakers, sealed and covered with beeswax
film. Prepared like that, they were left for 4 weeksin
order for 2?°Raand 232Th to attain secular equilibrium
with their decay products. Applying the gamma spec-
trometry method, measurements were performed with
the HPGe detector (Canberra Industries, Inc.,
Meriden, Conn., USA) with 20% relative efficiency
and energy resolution of 1.8 keV at the 1332 keV
gamma ray energy of %°Co. The detector was cali-
brated using standard reference material (silicone
resin with homogeneously dispersed radionuclides
241 A m, 109Cd, 139C€, 57CO, GOCO, 137CS, 113Sn, 858[, 88Y’
and 2Hg; total activity 40.624 kBq at April 15, 2008;
Czech Metrological Institute Praha, 9031-OL -208/08)
in the same geometry as the measured samples
(Marinelli beaker, 500 ml).

Table 1. GPS co-ordinates of sampling siteswith regard to distance from each CFPP

Distance
CFPP Closest point Farthest point
Latitude Longitude Latitude Longitude
Tent A N44°40'25.2" E20°09'0.65" N44°39'29.1" E20°12'42"
Tent B N44°38'05" E20°02'19.5" N44°36'01" E20°06'41.5"
TEK N44°28'30.1" E20°18'16.8" N44°2722.1" E20°20'32.1"
TEM N44°13'15.3" E21°09'51.1" N44°14'17.5" E21°12'34.3"
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The 28U activity was determined through its
daughter product in equilibrium in soil samples 2*Th
(63keV). The activities of 2Ra were determined by
its decay products 2Bi (609 keV, 1120 keV, and
1764 keV) and ?“Pb (295 keV and 352 keV) and %?Th
activities by its decay product 28Ac (338 keV and
911 keV). Using 46.5 keV y-energy photons, 2°Pb activ-
ity concentrations were determined in 21 soil samples.
Activities of “°K and anthropogenic *3’Cswere obtained
from their single gamma ray lines of 1460 keV and
661.66 keV y-energy, respectively. The spectrawere re-
corded and anal ysed using the CanberraGenie 2000 soft-
ware. Counting time was about 70 000 s. Measurement
uncertainty of the method is expressed as an expanded
measurement uncertainty for the factor k = 2 that corre-
spondsto anormad distributionwith aconfidenceleve of
95%.

Satistical analysis

To find relationships between radionuclide ac-
tivities and the soil physical and chemical properties,
Pearson'slinear correlations were performed. Statisti-
cal analysis of datawas performed by one-way analy-
sis of variance (ANOVA), and the means were sub-
jected to a least-significant difference test (F test) to
specify the main differencesin radionuclide activities
and soil properties along the distance from each CFPP,
Significant differences were considered at p < 0.05
level.

Calculation of the gamma doserate

Theterrestrial gammaradiation absorbed dose D
inair at a height of 1 m above ground was calculated
using the conversion factors in [nGyh™]/[Bgkg™:
0.462for 238U, 0.604 for 2*?Thand 0.0417 for K [1]

D[NGyh] = 0.462C,, + 0.604Cy,, + 0.042C,

where Cy, Crp,, and Cy denote the specific activitiesin
[Bakg™].

Theannual external effectivedosedueto gamma
radiation from soil, E, was calculated as[1]

E[mSv] =
=D[nGyh*]-8760h-02-Q7[SvGy ']-10°

using aconversion coefficient of 0.7 Sv/Gy to convert
the adsorbed dose in air into the effective dose in the
human body. The outdoor occupancy factor is0.2 (tak-
ing into account that people spend about 20% of the
time outdoors) and 8760 histheannual exposuretime.

RESULTS AND DISCUSSION

In tab. 2 a genera description of natural
radionuclides (%%8U, ?%Ra, 2°Ph, 232Th, “°K) and
137Cs activity concentrationsin [Bakg] and physical
and chemical properties of the soil samples collected
around the four CFPP studied are presented.

The soil analysis results showed that almost all
samples are Molic Fluvisols (soil organic matter,
SOM), content ranged from 1.2% to 5.6%, and pH in
water was >6) except for two samples that belong to
Umbric Fluvisols (pH in water isless than 5.5 which
indicates base saturation of less than 50%). Particle
sizeanalysisreveal ed uneven distribution of sand, silt,
and clay particles. Sand fractions varied widely be-
tween sites(~90%). Silt and clay fractionsvaried nota-
bly less, 24% and 29%, respectively. Compared to the
sand percentage whose average value was 11.2%, silt
and clay fractionswith an average 54.1 and 33.6%, re-
spectively, prevailed in all soil samples. Among all
sites, textural classesfollowed the sequence: silty clay
loam > silty clay > clay loam. Regarding the cal-
cium-carbonate content, approximately 30% of soil
sampleswere carbonate free, and the rest were calcar-
eous with carbonate content from 0.40% to 19.12%.
Soil reaction in water of calcareous samples varied
from neutral to slightly alkaline and in non-calcareous
samples it was dightly acidic. At two locations, soil
properties like SOM content (18.7%) and sand per-
centage (76%) exhibited unusualy high values and
were excluded from the analysed data set.

Within theradius of 0-2 km, 2-4 km, and 4-6 km
around four plants, a single soil sample was chosen
randomly in order to prove the uniformity of the min-
eral composition among the sites. The results of
XRPD analysis showed that mineralogical constitu-
ents of twelve investigated bulk soil samples are
quartz, feldspar, mica, montmorillonite/illite and car-
bonate minerals. The major minerals, quartz and feld-
spar are present in all soil samples and their contents
ranged from 40.1-87.7% and 1-49.1%, respectively.
Feldspar is more abundant at the TEM and TEK sites
and eveninthevicinity of Tent A and Tent B (<2 km) it
could not be detected. Accessory mineras, naturally
less abundant, ranged from 3.5-26.1% for mica,
0.8-34% for montmorillonite/illite, and 8.3-30.5% for
carbonate minerals. Accessory mineralswere not rep-
resented equally at all investigated locationswhichis
why asignificant relationship with radionuclide distri-
bution could not be obtained. It was observed that
montmorillonite/illite gradually increased in soil sam-
ples taken within the 2 km radius around the power
plants. The micamineral ispresent at TEK and rarely
at the other investigated sites. Carbonate minerals
were found to be more abundant at Tent A and Tent B
comparedtothe TEM and TEK siteswhichisinaccor-
dance with carbonate distribution in soil determined
by the Scheibler method. Soil with the main mineral
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Table2. General description of activity concentr ationsof 22U, %°Ra, *°Pb, %2Th, K , and **Cs, and physical and chemical

properties determined in soil samplesused in this study

238 210 40,

137,

“Ra #2Th PHy o | pH. | SOM | CaCOs | Sand | Silt | Clay
[Bakg™] | [Bakg™] | [Bakg™ | [Bakg™] | [Bakg™] |[Bakg™] | P oo | %] | [%] | [%] | [%]
TEM (n = 10)

Averagd 40 40 51 45 581 19 | 68 64| 3 13 | 82 | 656 | 262
D | 76 2.7 33 5.2 62.8 47 | 06 | 06| 16 | 1.2 | 52 | 80 9
oV %l 19 6.8 65 12 10.8 25 8 | 97| 23 | 94 | 63| 12 | 346

Min 28 36 48 37 525 13 6.1 55 2.1 0.2 1.6 52.9 12.3
Max | 57 44 57 51 736 28 | 76 | 72| 41 | 39 | 156 | 734 | 419
TEK (n=8)
Averagd 59 62 49 60 544 38 | 64|57 35 | 04 |513] 584 | 338
D | 275 2 42 5 68.8 93 | 06 06| 1 | 001 |34 10 | 14
CV [%]| 46.7 35.6 8.6 8.4 12.6 24 9 11 28 15 6.5 17.3 41
Min | 27 44 46 54 419 21 | 56 | 51| 25 | 039 | 48 | 386 | 130
Max | 117 115 52 69 622 54 | 74 | 69| 56 | 040 | 57 | 698 | 5758
Tent A (n=12)
Averaged 30 37 46 37 516 23 | 75| 69| 48 | 24 | 268 416 | 316
D | 74 5.2 7.6 8 87.7 12 | 03] 02| 45 | 24 |185| 124 | 86
CV [%] 25 14 17 224 17 525 4 2.6 93 100 69 30 27
Min | 16 25 33 20 389 6 71 | 66 | 1.8 | 04 | 10 | 126 | 113
Max | 42 45 56 50 683 48 | 83 | 72 | 187 | 96 | 76 | 619 | 431
Tent B (n=12)

Averagd 42 43 51 48 597 13 | 70 | 63| 31 | 60 | 10 | 529 | 369
sD 12 11 10.6 12 116 6 08 | 08 | 1 70 | 10 | 76 6
oV [%l| 29 26 21 24.8 195 51 12 | 13 | 33 | 116 | 995 | 755 | 1656
Min | 15 21 34 24 324 2 54 | 47 | 12 | 06 | 38 | 399 | 28
Max | 57 56 65 62 723 20 | 79 | 72| 42 | 191 | 321 642 | 49

composition of quartz, feldspar, mica and montmoril-
loniteisclassified as agroup with moderate activities
[Bakg™] estimated to be 500-900 for “°K, 20-90 for
228Raand 20-90 for °Ra[22].

Radioactivity measurements

Summary statistics of activity concentrations of
natural radionuclidesand *¥’Csin soil arepresentedin
tab. 3. It can be observed that the determined average
activity valuesfor natural radionuclidesin thevicinity
of CFPPin Serbiaareslightly abovetheworld average
values for natural background gamma radiation for
soil inthe UNSCEAR 2000 report [1]: 33 for 238U, 32
for 26Ra, 45 for 2%2Th, 420 for “°K. Radioactivity
measurements in soil showed values in the range:
15-117 for 238U, 21-115 for ?®Ra, 33-65 for 219Pb,
20-69 for 23°Th, 324-736 for “°K,, and 2-59 for *3’Cs.
The obtained results are comparabl e with those given

in literature (tab. 4) for radioactivity levels of soilsin
the vicinity of CFPP from different regions of the
world.

If we compare radioactivity levels with respect
to the sites, they appear in the following order:

TEK >TEM ~ Tent B > Tent A.

Average activity concentrations of 238U, ??°Ra,
and 2?Thin soilsat TEK are nearly two times higher
when compared to the Tent A site. Those higher levels
arein good agreement with the levelsreported in soils
inthe arealocated near the surface coalmine Kolubara
(Rudovci tableland near the TEK site) and should be
attributed to thelevel sof natural background radiation
fromsoil [23]. The overwhelming majority of samples
had 232Th levelsslightly enriched over 28U and *Ra.
The thorium concentration in the soil is considerably
higher than uranium dueto itslow mobility and water
insolubility. Mortvedt [24] reported that aluvial soils
tend to have higher and more evenly distributed con-
centrations of 232Th indicating their greater mobility

Table 3. Summary statistics for activity concentration of natural radionuclides *®U, ?*Ra, #°Pb, *?Th, K, and

fallout *¥'Cs

238 223R a 210 232-|-h 40, 137CS
[Bakg ] [Bakg ] [Bakg ] [Bakg ] [Bakg ] [Bakg ]
Average 39 42 49 46 563 216
D 125 9.3 7.2 10.9 90.5 12.7
CV [%] 32 2 15 24 16 59
Skewness 1.23 0.19 -0.79 -1.15 -0.76 1.75
Kurtosis 1.14 -1.16 -1.19 -0.62 0.40 0.14
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Table4. Compar ativedatafor 2°U, ?*Ra, *Th, “K, and **Csin soil in thiswork and other from different countriesof the
world in the vicinity of CFPP found in theliterature and undisturbed soil from Serbia

238, 226 232 40, 137
Location [Bakg] [Bakg ) (kg [Bakg™] (kg ]
Spain (soil near CFPP)!! 19-55 24-79 30-76 200-940 0-85
India (soil near CFPP)™Y - 32-121 19-45 195-505 -
China (soil near CFPP)® - 28-49 44-61 640-992 -
Brazil (soil near CFPP) 10-273 15-270 10-59 55-412 -
West and Central Serbia (undisturbed soil)!*® 9-117 11-55 7-60 162-586 6-197
Belgrade (undisturbed soil)!?® - 23-68 28-76 450-760 8-160
Rudovci tableland (disturbed soil)® 28-44 - 59-71 335-517 -
This study 15-117 21-115 20-62 324-736 2-54

as organic complexes. Comparison was made as well
with the values for background gammaradiation (tab.
4) from undisturbed soils of central and west Serbia
[25] and those typical for the city of Belgrade [26]
which do not differ from surface soil radioactivity lev-
elsrecordedinthevicinity of coal-fired power plants.

Based on the kurtosis and skewness values (tab.
3), it can be noted that distributions of al
radionuclides follow normal distribution. Variation
coefficients for natural radionuclide activity concen-
trations were relatively small: the least 16% for K,
about 20% for ??°Ra and 232Th, and about 30% for
2381. Since terrestrial radiation is mainly determined
by the geology of the site[1], small spatial variations
of natural radionuclides indicate that the investigated
area is homogeneous with respect to its lithological
composition. This is aso consistent with strong and
significant correlations (p < 0.001) between 232Th,
226Ra, and 238U radionuclidesin investigated soil pre-
sented intab. 5. Correlations found between ??Raand
232Th (0.92), 28U and ?2Th (0.73), and 232U and %*°Ra
(0.71) confirm that they predominantly belong to the
parent soil materials[14]. Inthesurficia environment,
226Ra and 2%°Th are regarded as immobile while ura-
nium s considered mobile under oxidizing conditions
and could be removed relative to radium and thorium
[15].

The relatively weak but significant correlations
(p < 0.001) of potassium isotope *°K with 233U (0.42)
and stronger with 22Th (0.52) were obtained because
potassium and thorium are less mobile in contrast to
uranium which wasin mobileform during the soil for-

mation [27]. Higher correlation coefficients between
40K and 2*?Th compared to “°K and uranium series
nuclides in soil are often recognized in the literature
[28-30]. 4°K contained in the soil mineral components
is usualy uniformly distributed, but in the surface
layer of soil that containsvegetation and roots, biolog-
ical activitiescan affect °K removal fromtopsoil [31].

Correlationswith soil properties

Soil granulometry hasanimportant influence on
radionuclide distribution in soil because activity con-
centration decreaseswith particle-sizeincrease[32]. A
study of Blanco Rodriguez et al. [33] showed that ac-
tivity concentration of the finer fractions is strongly
correlated with the activity concentration of the bulk
soil. High radionuclide activities in clays come from
adsorption of radionuclides onto negatively charged
clay mineral surfaces. In investigated Fluvisol, ac-
cording to Pearson's correlation, 4°K and 2%°Th
radionuclideswere associated with clay fractions. The
highest activities detected were associated with the
finest soil fraction that isrelated to the significant pro-
portion of montmorillonite/illite (potassium bearing
mineral) in the total clay content.

238y, 2%Ra, and %*?Th activity concentrations
are moderately dependent on silt size fractions of soil
positively and on sand fractions negatively (tab. 5).
Activitiesof the coarser soil particlesareusually asso-
ciated with the most resistant soil phases [33]. This
was also evidenced by the strong correlation of quartz

Table 5. Pearson's correlation coefficients among the radionuclides themselves and between the radionuclides and the
main soil properties of the Fluvisolsin the vicinity of four CFPP studied

=8y Ra | ®Pb | *Th K ¥cs | pHker | CaCO; | SOM Clay Silt Sand

28y 1 071* | 050 | 073 | 042* | 037 | —0.63* | —0.46" ns ns 0.46° | —0.41°

%Ra 1 068 | 092° | 036 | 044" | 074 | —0.62° ns ns 038 | -0.46°
210pp 1 0.66b ns ns -058° | 052 ns ns ns ns

22T 1 052 | 040 | -0.73 | —0.59° ns 037 | 042° | -056%
K 1 ns ns -0.37 ns 0.54% ns ns
Bcs 1 038 | —044° | 0.40° ns ns ns

Significance level: ns — not significant, p < 0.05, % < 0.01, p < 0.001
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percentages in soil with fractions of coarse sand
(0.02-2 mm) positively (p < 0.02) and the negative one
with the 232Th and ?*Ra content (p < 0.05). Fluvisol
permanent or seasonal water saturation affects
radionuclide mobility in surface soil through the pro-
cesses of leaching, dissolution and precipitation [13].
Sand particles with small specific surface area are
chemically inert and because of their large sizeswater
travel sthrough them easily whilesilt particles, smaller
in size, with larger surface areas are usualy trans-
ported with water flow [34].

137Cs had higher spatial variation (~60%) re-
vealing its uneven distribution and accumulation in
soil that is characteristic of radiocesium derived from
the radioactive fallout from the Chernobyl accident
and may not be the result of CFPP activities. Its activ-
ity concentration valuesfound in soilswerewithin the
range expressed by regional levels (tab. 4).
Radiocesium isessentially considered non-exchange-
able and most of it isirreversibly sorbed onto the clay
or soil organic matter particles[35]. Accordingtosim-
ple linear regression analysis (tab. 5), variance of
SOM percentages in Fluvisol samples affected 1¥7Cs
spatial distribution (p < 0.01). This connectionisalso
found by Dragovi¢ et al. [26], who studied depth dis-
tribution of 13’Cs in Fluvisol profiles that were col-
lected in the aluvial plain of the Savariver which is
flooded periodically. They observed that the trend of
soil properties and 137Cs activities depends on charac-
teristics of the layers and length of periods of soil for-
mation after or between flood events.

Moderate correlation was established between
137Cs and natural 238U (0.37), 22°Ra (0.44), and °Th
(0.40). It can be assumed that this correlation presents
a not explicitly obtained relation of those natural
radionuclideswith soil organic matter that varied more
(40%) than activities of natural radionuclides
(20-30%). Radionuclides are known to complex with
organic matter in soil. Uranium could be retained by
organic matter complexation or mobilized if com-
plexes are soluble[36]. A study of radium sorption by
soil particles showed that it is affected by SOM rather
than soil granulometry [37]; tetravalent thorium is
strongly complexed with SOM which increases its
mobility [24]. Very similar results were obtained for
soilsin thevicinity of CFPPin the Megalopolis basin
(Greece) [12] wheretotal organic carbon (stored inthe
soil organic matter) partialy influenced the distribu-
tion of 28U, 2?°Ra, and 13’Cswhiletheclay contentin-
fluenced the distribution of 232Th and 4°K.

Activity concentration of 2°Pb ranged from
33-65 Bg/kg with spatial variation of 15%. A correla-
tion between 21%Pb and SOM contents, usually estab-
lished in literature, was not observed in Fluvisol. Sig-
nificant and high correlations (tab. 5) of 2'°Pb with
226Ra (0.68), 2%°Th (0.66), and 23U (0.50) indicated
that 2*%Pb is rather connected with soil mineral frac-
tions similar to findings of theinvestigation of natural

catchment soils where the distribution of the accumu-
lated 2*9Pb demonstrated its preferential adsorption by
finer soil particles [38].

The main correlation, moderate to strong and a
negative one, for all natural radionuclidesin Fluvisol
soil samples were found with carbonates and soil pH
(except with*°K). Radioactivity decreased with thein-
crease of soil pH and carbonate content. Carbonates
explained approximately 40% of 22°Raand 2*?Th vari-
ationsand less (15-20%) of 238U, 4°K , and ¥’Csvaria-
tions. In the study of Navaset al. [14], the highest ac-
tivities of natural 2°Ra, 2%°Th, and “°K were found in
soils (Calcaric Fluvisols) where carbonates have been
|leached and opposite, lower radioactivity was in the
soils with the highest carbonate contents which ex-
plainsthe negative relationship. Negative correlations
between pH and radionuclides of the uraniumand tho-
rium serieswererecorded by Tsai et al. [29], who con-
cluded that radionuclides extracted from soil leached
into the water in neutral and alkaline media could de-
crease the fixation of nuclidesin the soil.

Correlations with the distance

The one-way andysis of variance (ANOVA) test
was performed to indicate the main differences in
radionuclide activities and soil properties dong the dis-
tancefrom each CFPP. Firdtly, implied by thetest results,
there were statistically significant differences (p < 0.01)
between means of contents of fine sand and silt + clay
fractionsin the areawithin the 1 km radius compared to
the 1-2 km and 2-6 km zones around the CFPR. In the
<1 km zone, alack of st +clay (<0.01 mm) and accu-
mulation of fine sand (0.05-0.2 mm) particles was ob-
served which resulted from the reaction of soil with ash
particles. Continuousinput of ash into the topsoil around
the ash pond results in the coarsening of the soil dueto
excessive st and fine sand-sized particles (congtituents
of ash) leading to adecreasein the net clay content [39].
Secondly, mean activity concentrations of natural
radionuclides, carbonate content and pH valuesin the
<lkmzonediffered significantly (p< 0.05) fromthosein
the 1-2 km zone, but not compared to the 2-6 km zone
(fig. 2). Pearson's linear correations were aso per-
formed to find relationships of the natural radionuclides
with the distance and positive and significant correla
tionswereestablished within the 2 km radius for U
(r=0.63,p<0.01), ?Ra (r = 0.54, p<0.05), Z?Th (r
=0.67,p<<0.01), ®K (r=0.55,p<0.05), and *°Pb(r
=0.45, p< < 0.05). It could be noticed that thisincrease
of activity concentrations of the detected natural
radionuclides are with the differences not exceeding
30% along the 0-2 km distance.

In the <1 km area, more akaline pH levels
(7.1-7.9) occurred dueto larger carbonate amountsin
soil which is why more negatively charged binding
siteswere available on soil mineral surfaces. The mo-
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Figure 2. Activity concentration of 22U, ®Ra, ?°Pb, #*Th, “K, and *¥'Csin surface soil within aradius of 6 km

surrounding CFPP

bility of 238U wasrather enhanced dueto theformation
of uranium-carbonate complexes, the main inorganic
formof transport inthe soilsat valuesof pH >6.5[36].
Carbonate leaching and precipitation, influenced by
soil pH, are the main factors controlling the solubility
of natural radionuclides, especialy 23°Th and 23U,
which become mobilized, can migrate, and become
fixed by the organic matter [30]. Enhanced removal of
natural radionuclides is also connected with the pres-
enceof drainagewater inthe<lkmareaand withmore
intense water circulationin general through lessdense
soilscaused by the collapsing of finer soil fractions. At
greater distances (1-2 km area), natural radionuclide
activities tend to increase (fig. 2) due to gradual soil
pH level reduction and carbonate mineral weathering
and removal. Inthat area, carbonate |eaching from the
topsoil is connected with the relative accumulation of
feldspars (which explains the sharp “°K increase) and
montmorillonite/illite clays that may adsorb natural
radionuclides on the clay surfaces or fix them within
the lattice structure [14]. This slight gradual increase
of natural radionuclide concentrations could also oc-
cur during the period of CFPP operation asit isknown

that radioactivity “escapes’ from the power plant in
the form of fine particles. It was evaluated that the
maximal deposition of particulate dispersion from a
120 m high stack could take place 400 m downwind
from the stack and as the wind speed increases, this
maximum is correspondingly removed [2].

The absorbed gamma dose rate in this study
ranged from 35.0 nGy/hto 97.9 nGy/h. A similar range
of values was reported in the region, in Romania
(20-125 nGy/h) and Montenegro (28-50 nGy/h) [4Q].
Theestimated average value of 69.4 nGy/h was higher
than 57 nGy/h, the populationweighted averagedose
in the region with 3/5 of the world population [1]. It
was dso dightly higher than the average value of 62.8
nGy/h for Serbia [41], but less than the dose of 91.3
nGy/h reported for the area affected by uranium min-
ing [42].

The results obtained for the annual effective
dose in this study ranged from 0.043 mSv to 0.120
mSv whichiscomparablewiththerangefrom0.3mSv
to 1.0 mSv adopted in the UNSCEAR, 2010 report
[40]. Themean vauein our investigationis0.085 mSv
which is greater than 0.07 mSv, the world average
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valueof theoutdoor annual effectivedosefromterres-
trial radiation [40], but similar to the median value of
the annual effective dose in Serbia estimated to be
0.081 mSv [41]. It could be concluded that thereisno
important consequence with regard to natural
radionuclide activity concentrationsin soilsin the vi-
cinity of CFPPin Serbia.

CONCLUSIONS

In the surface soilsin the vicinity of four CFPP
from Serbia, no enhancement of natural radionuclides
238, 225Raq, 219Ph, 232Th, and “°K wasfound that could
have resulted from airborne discharge or the presence
of ash at disposal sites. Activity valuesof fallout 13’Cs
in soil were within the range expressed by regional
levels. Study of particle size distribution showed that
clay fractionsinfluenced “°K and 2*?Thwhilesilt frac-
tions moderately influenced 238U and ?%5Ra distribu-
tion demonstrating their association with the mineral
composition of soil. Inthe<1km areasurrounding the
CFPPR, the lack of silt + clay (<0.01 mm) and accumu-
lation of fine sand (0.05-0.2 mm) particles together
with an increase of soil pH and carbonate content was
observed, resulting fromthereaction of soil with parti-
cles of ash. In that area, natural radionuclides were
mobilized with enhanced water movement through
less dense soils enriched with sand particles. In view
of thefact that lignitesfrom the K olubarabasin used as
feed coalsfor combustion arelow in uranium and tho-
rium content, natural radionuclide activity concentra-
tions in surface soil near the CFPP correspond to the
background levels.
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Ngana K. BYKAIIMHOBWA, [Iparana J. TO1OPOBUH,
Harama C. HUKOJW'h, Ana C. MUXAJJIOBUHh-PAJOCAB/BEBU,
Cuexana C. HEHATOBHWR, Maja M. EPEMIh CABKOBU'h

MEPEIBLE AKTUBHOCTU PAINOHYK/INIA Y 3EM/bUIITY Y
BJIN3NHN YETUPU TEPMOEJEKTPAHE Y CPBJU METOJ10OM
CIHHEKTPOMETPUJE 'AMA 3PAYEIBA U ITPOLIEHA TO3E

HcnuruBana je npocTopHa pacnojiesia KOHIEHTpalyje aKTHBHOCTH IIPUPOJIHAX PaIMOHYKIII/A
238, 225Raq, 219Pp, 232Th, 4K u npowussegenor *’Cs y y3opuuMa NOBPHIMHCKOT cloja 3eMibuiira (n = 42)
CaKyIJbEHUX y OIM3uHE yeThpH TepMmoeiiekTpane y Cpouju, TE “Kony6apa”, TE “Mopasa”, TE “Hukona
Tecna” Anb. IIpumMeHOM MeTO/Ie CIEKTPOMETPHje raMa 3padeha, i3MepeHe akK THBHOCTH PaIuOHYKITN/A Y
semsbunrty [Bgkg™] nokasane cy Bpegnoctu y unrepsany 15-117 3a 238U, 21-115 3a *%Ra, 33-65 3a 2!Pb,
20-69 3a 232Th, 324-736 3a “°K 1 2-59 3a 137Cs. AKTMBHOCT pafiuOHYK/IKa TOBPUIKHCKOT CJ10ja 3€MJbHILTA
Koja GM MOTITa Jja MOTHYE I Off ACTIO3HI]E PaMOHYKIN/A TP HUXOBOM HCIYIITARky y aTMochepy u3
AMME>aKa TCPMOCIEKTPAHA WM IyTeM PecycleHsuje MaTepujaia ca [eMOHMje Nenela Huje nokasana
NOBHIICHE HUBOE. YCTAaHOB/LEHO je fa je NMPOCTOPHA NPOMEHA MEXaHMYKUX OCOOMHA 3eMIbHIITA
(rpanyiomeTpujckor cactasa), pH BpenHoCTH 1 cafpkaja KapOoHaTa Ouila y cKiajy ca HpoMeHaMa HUBOa
aKTHBHOCTH NPUPOJHMUX pPaAHOHYKIHA JOK Cy AaKTHBHOCTH pajmone3mjymMa Omiie IOBe3aHe ca
Bapmjanyjama cajipXkaja OpraHcKe MaTepHhje 3eMJbHINTa. Y ONM3WHM caMmX TepmoesekTpana (<1 km)
npumeheHa je OuTHa akymyrianuja Kpynaujux decruna (mmjamerpa 0.05-0.2 mm), kapGoHaTa u BUIIIA
ajlkallHa peaklyja 3emibuINTa y ofHocy Ha Behe ypameHoctu. Ilpouemene cpeame BpPegHOCTH
arcop6oBaHe J03€ U FOANIIHE eKCTepHe e()eKTUBHE 03¢ KOje NOTUIY Off TEPECTHjaTHOT raMa 3pademha
usHocune cy 69.4 nGy/h u 0.085 mSv, pecieKTUBHO.

Kmwyune peuw: pupooHu paduoHyKkauo, 0COOUHA 3eMMDULUIIA, CUEKTIPOMeIPUja 2ama-apaderba,
uiepmoeneKiupaHa




