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This study eval u ates the in flu ence of the larg est Ser bian coal-fired power plant on radionuclide
con cen tra tions in soil pro files up to 50 cm in depth. Thirty soil pro files were sam pled from the
plant sur round ings (up to 10 km dis tance) and an a lyzed us ing stan dard meth ods for soil
physicochemical prop er ties and gamma ray spec trom e try for spe cific ac tiv i ties of nat u ral
radionuclides (40K, 226Ra and 232Th). Spa tial and ver ti cal dis tri bu tion of radionuclides was de ter -
mined and an a lyzed to show the re la tions be tween the spe cific ac tiv i ties in the soil and soil prop er -
ties and the most in flu en tial fac tors of nat u ral radionuclide vari abil ity were iden ti fied. The ra dio -
log i cal in di ces for sur face soil were cal cu lated and ra dio log i cal risk as sess ment was per formed.
The mea sured spe cific ac tiv i ties were sim i lar to val ues of back ground lev els for Ser bia. The sam -
pling depth did not show any sig nif i cant in flu ence on spe cific ac tiv i ties of nat u ral radionuclides.
The stron gest pre dic tor of spe cific ac tiv i ties of the in ves ti gated radionuclides was soil
granulometry. All pa ram e ters of ra dio log i cal risk as sess ment were be low the rec om mended val -
ues and adopted lim its. It ap pears that the coal-fired power plant does not have a sig nif i cant im -
pact on the spa tial and ver ti cal dis tri bu tion of nat u ral radionuclides in the area of in ter est, but
tech no log i cally en hanced nat u ral ra dio ac tiv ity as a con se quence of the plant op er a tions was iden -
ti fied within the first 1.5 km from the power plant.
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ra dio log i cal risk, dose as sess ment

INTRODUCTION

The min er al ogy of the par ent ma te rial mainly de -
ter mines the con tent of nat u rally oc cur ring radionuclides
in soil, and soil physicochemical prop er ties fur ther in flu -
ence their mo bil ity and bio ac ces si bil ity in ter res trial eco -
sys tems [1]. The con tent of nat u ral radionuclides in soil
can be al tered by hu man ac tiv i ties through the re lease of
effluents con tain ing dif fer ent amounts of ra dio ac tive el e -
ments and their later de po si tion. In a sit u a tion where the
hu man fac tor is pres ent, the in flu ence of par tic u lar lo cal
fac tors gov ern ing radionuclide dis tri bu tion can not be
eas ily dis tin guished, since the level of nat u ral back -
ground ra di a tion var ies sub stan tially even within the
same re gion [2].

Coal is an abun dant nat u ral re source that plays an
im por tant role in the world's en ergy pro duc tion. It be -
longs to nat u rally oc cur ring ra dio ac tive ma te ri als
(NORM) and coal min ing and coal com bus tion are clas -
si fied as a source of tech no log i cally en hanced nat u rally

oc cur ring ra dio ac tive ma te ri als (TENORM) [3]. Coal
com bus tion re leases nat u ral radionuclides from the coal 
ma trix and leads to their en hanced con cen tra tion in
com bus tion by-prod ucts and radionuclides are re dis -
trib uted be tween ash, fine par ti cles and gases that are
re leased into the at mo sphere [4, 5]. In gen eral, the
radionuclide en rich ment fac tor in ash is about 10 [6].
Such emit ted radionuclides may reach soil through dry
or wet de po si tion or by run off from ash de pos its mod i -
fy ing the nat u ral ra dio ac tiv ity back ground level. In re -
cent years, the num ber of in ves ti ga tions re lated to the
po ten tial in flu ences of the high level of nat u ral
radionuclides over ar eas af fected by the coal-fired
power plant (CFPP) op er a tion has greatly in creased
[7-11]. The re search ers have been mainly fo cused on
the dis tri bu tion of nat u ral radionuclides in soil pro files
un der the in flu ence of CFPP [12-17].

The CFPP rep re sent 64.1 % of the to tal in stalled
ca pac i ties in the elec tric power in dus try of Ser bia [18].
Ser bian en ergy re serves con sist of var i ous types of coal, 
pre dom i nantly low-qual ity lig nite, with a share of over
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95 % in the to tal bal ance sheet re serves. Al though some
stud ies has been con ducted on the im pact of CFPP in
Ser bia on the sur round ing soils and wa ter in terms of
nat u ral ra dio ac tiv ity en hance ment and ra dio log i cal
haz ard eval u a tion [19-21], and dis tri bu tion of nat u ral
radionuclides in soil from ar eas af fected by coal pro -
duc tion [22, 23], there is a scar city of data de scrib ing
the dis tri bu tion of nat u ral radionuclides in soil pro files
se lected from ar eas un der the in flu ence of CFPP [24].

The ob jec tives of this study were to: (1) de ter -
mine the spe cific ac tiv i ties of 40K, 226Ra, and 232Th in
the soil pro files sur round ing the larg est CFPP in Ser -
bia; (2) in ves ti gate the spa tial dis tri bu tion of those
radionuclides and their vari a tion at dif fer ent depths;
(3) asses the re la tion ships be tween spe cific ac tiv i ties
of nat u ral radionuclides and mea sured soil prop er ties;
(4) es ti mate the ra dio log i cal haz ard as so ci ated with
gamma ra di a tion of nat u ral or i gin.

MATERIALS AND METHODS

Study area

The CFPP “Nikola Tesla A”, with a to tal in -
stalled ca pac ity of 1650 MW in its six units, is the most 
im por tant ther mal power plant in of the elec tric power
in dus try of Ser bia. It is lo cated on the right bank of the
Sava River in the vi cin ity of Obrenovac, 35 km up -
stream from Bel grade. Its first unit was com mis sioned
in 1970, and since then the CFPP has been in per ma -
nent op er a tion [25].

The feed coal for the CFPP is lig nite from the
open pit mines of the “Kolubara ba sin” with an av er age
con sump tion of 2510 t per hour [25]. The mean con tent
of 40K,  226Ra,  and 232Th  in  the  lig nite  is  123  Bq/kg,
28 Bq/kg, and 22 Bq/kg, re spec tively [26]. An nual ash
gen er a tion from the CFPP is ap prox i mately 2.4 mil lion
tons of which 80-85 % is fly ash, 15-20 % bot tom ash
and 0.2-2.0 % un burned coal. The re ac tion of ash is al -
ka line (7.7-7.9) [27]. There are two ash dis posal sites.
The first is lo cated in the vi cin ity of the CFPP “Nikola
Tesla A” within a 1 km dis tance in the north and cov ers
400 ha. The sec ond is the ash re pos i tory set tled 10 km
away from CFPP in the south west ern part of the study
area with a sur face area of 600 ha, and it be longs to the
CFPP “Nikola Tesla B”.

Calcaric fluvisols (al lu vial soil) with a loamy-clay
tex ture is the most com mon soil type in the study area.
The other soils are rep re sented by vertisols, gleyosols,
phaeozems, stanic gleyosols, cutanic cambisols, and
humic gleyosols. As a di rect re sult of CFPP ac tiv ity,
technosols and spolic regosols are also pres ent [28].

The study area is char ac ter ized by a mod er ate
con ti nen tal cli mate with mean monthly tem per a ture
ranges from 0.1 °C in Jan u ary to 22.1 °C in July. An nual 
pre cip i ta tion is 670 dm3/m2. The mean rel a tive hu mid -
ity is 70 %, and monthly lo cal pres sure is 1001 mb [29].

Wind is a very im por tant el e ment of cli mate for the
study area. The pre vail ing winds are from the
south-south east, west-north west, south east, and west
di rec tions with a rel a tive fre quency of 121 %, 106 %,
105 %, and 99 %, and an nual speed of 2.9 m/s, 2.3 m/s,
3.0 m/s, and 2.2 m/s, re spec tively. Ash de pos its un der
the in flu ence of the west ern and north-west ern wind di -
rectly threaten the study area. None the less, the most fre -
quent south-east ern wind brings pol lut ants from the lig -
nite open pit mine to the en tire area of in ter est.

The study area is densely pop u lated with more
than 64000 in hab it ants in 18 set tle ments (Obrenovac
and 17 vil lages) ac cord ing to the 2011 cen sus.

Soil sampling

Sam pling was con ducted from the sum mer of  2011
to the spring of 2013 at 30 lo ca tions and was per formed
based on es tab lished pro ce dures [30, 31]. The dis tances be -
tween the CFPP and sam pling lo ca tions were ap prox i -
mately 1, 2, 4, 6, 8, and 10 km in the west (W), south west
(SW), south (S), south east (SE), and east (E) di rec tion. Each 
sam pling site was georeferenced by a hand-held GPS de -
vice (lo ca tions of the sam pling point are marked in fig. 2).
The sur face layer cov ered by veg e ta tion and de bris was re -
moved  prior  to s oil  sam pling.  The  ver ti cal  soil  pro file
(50 cm ́  50 cm ́  50 cm) was then opened us ing a spade, af -
ter which sam ples were taken care fully from  ev ery 10 cm
from  the  up per  most  layer  down  to  a 50 cm  depth.  The  
lay ers  were  la beled as fol lows:  a (0-10 cm), b (10-20 cm),
c  (20-30 cm), d (30-40 cm), and e (40-50 cm). To en sure the 
rep re sen ta tive ness of the spec i men,  four  subsamples  for
each layer (ver ti ces of 2 m ́  2 m rect an gle) were taken from 
each lo ca tion and thor oughly mixed to ob tain a bulk com -
pos ite sam ple. Ap prox i mately, 2 kg of soil from each layer
at a sin gle lo ca tion were en closed in a plas tic bag and trans -
ported to the lab o ra tory. 

Sample preparation and
determination of soil properties

The stones, vis i ble roots and other de bris were
re moved from the soil sam ples in the lab o ra tory, upon
which they were air dried at room tem per a ture for two
weeks. Air-dried soil sam ples were oven dried to a
con stant mass at 60 °C for de ter mi na tion of soil prop -
er ties and at 105 °C for radionuclide mea sure ment. Fi -
nally, soil sam ples were grained and sieved to pass
through a 2 mm mesh-size stain less steel sieve.

Soil physicochemical prop er ties – po ten tial 
(pHH O2

) and to tal (pHKCl) soil acid ity, spe cific elec tri cal
con duc tiv ity (EC25), to tal or ganic car bon (TOC) con tent,
car bon ate con tent (CaCO3), dry bulk (rb) and par ti cle
den sity (rp) – were an a lyzed fol low ing stan dard pro ce -
dures [32]. Granulometric anal y sis was done by the tra -
di tional  pi pette  method [33] and frac tions of coarse
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(0.20 mm to 2 mm) and fine sand (0.05 mm to 0.20 mm),
silt (0.002 mm to 0.05 mm) and clay (<0.002 mm) were
de ter mined.

Radioactivity measurement

For radionuclide anal y sis, a to tal of 150 soil
sam ples were placed into 500 cm3 Marinelli beak ers,
and her met i cally sealed for 40 days prior to anal y sis in
or der to at tain a sec u lar equi lib rium be tween 226Ra and 
its daugh ters within the 238U de cay se ries. The mass of
each sam ple was ap prox i mately 0.5 kg. The spe cific
ac tiv i ties of 40K, 226Ra, and 232Th were de ter mined us -
ing a co ax ial HPGe de tec tor (ORTEC-AMETEC,
GEM 50195-P, 8192 chan nels) with an en ergy res o lu -
tion of 1.95 keV at the 1.33 MeV of 60Co and rel a tive
ef fi ciency of 46 %. The out put sig nal was pro cessed
by a mul ti chan nel an a lyzer 92x-II Spec trum Mas ter,
and the ob tained spec tra were an a lyzed by Gamma Vi -
sion 32 soft ware (ver sion 5.3). En ergy and ef fi ciency
cal i bra tions were done us ing a MBSS2 stan dards
source cer ti fied by the Czech Metrological In sti tute
(sil i cone resin with ho mo ge neously dis persed
radionuclides 241Am, 109Cd, 139Ce, 57Co, 60Co, 137Cs,
113Sn, 85Sr, 88Y, and 203Hg; to tal ac tiv ity 38.34 kBq on
Au gust 16,.2010) in the same ge om e try as the mea -
sured sam ples. The count ing time for each sam ple was
60000 s. Prior to the sam ple mea sure ment, the en vi -
ron men tal back ground at the lab o ra tory site was de ter -
mined with an empty Marinelli con tainer un der iden ti -
cal mea sure ment con di tions. Back ground spec tral
in ten si ties were later sub tracted from cor re spond ing
sam ple in ten si ties. It is pos si ble to con duct the mea -
sure ment of 226Ra di rectly through the 186 keV line,
but its in ten sity is rel a tively low and the con tri bu tion
from the 235U line at 186 keV must be sub tracted. A
more pre cise and sen si tive method of mea sure ment of
226Ra spe cific ac tiv ity uti lizes the gamma lines of
214Pb and 214Bi fol low ing a wait ing pe riod for achieve -
ment of a sec u lar equi lib rium be tween 226Ra and
222Rn. Con se quently, the spe cific ac tiv ity of 226Ra was
de ter mined  from  the  peak  ar eas  at  609.3,  1120.3,
and 1764.5 keV of 214Bi and 295.2 and 351.9 keV of
214Pb. More over, the most in tense post-ra dium lines
orig i nat ing from these two radionuclides (609.3 and
351.9 keV line) were se lected, as there are no lines of
any other radionuclide be long ing to a nat u ral fam ily
that might in ter fere. Since in each of the an a lyzed sam -
ples the spe cific ac tiv ity of 226Ra, as de duced from all
the lines, gave con sis tent val ues within the un cer tain -
ties of their in ten si ties, what jus ti fied the as sump tion
of un dis turbed equi lib rium in the se ries, the fi nal re -
sults of the anal y sis were based on the most in tense
post-ra dium   lines,  which  yielded  the  high est  sta tis -
ti cal ac cu racy. Gamma ray peaks with en er gies of
911.2 and 969.0 keV (228Ac) and 238.6 keV (212Pb)
were used for cal cu la tion of 232Th. Spe cific ac tiv ity of

40K was de ter mined us ing its own 1460.8 keV peak.
The to tal un cer tainty of the spe cific ac tiv ity mea sure -
ments, com posed of the sys tem atic er rors (the un cer -
tainty of the cal i bra tion source ac tiv ity, the un cer tainty 
of the ac tiv ity, the un cer tainty of the ef fi ciency cal i bra -
tion  and  un cer tain ties  in  the   nu clide  mas ter li brary
used) and count ing sta tis ti cal er rors was typ i cally in
the range 3-10 %. The min i mum de tect able ac tiv ity 
for  radionuclides of in ter est was cal cu lated from  the
back ground mea sure ment and found to be 0.4 Bq/kg
for 226Ra, 0.8 Bq/kg for 232Th, and 2.0 Bq/kg for 40K.

Statistical analysis

Shapiro Wilk's test of nor mal ity showed that
only datasets of As(

232Th) and clay con tent were nor -
mally dis trib uted. To im prove nor mal ity of the data, all 
other vari ables that showed non-nor mal dis tri bu tion
were sub jected to the Box-Cox trans for ma tion and
trans formed data were used for fur ther sta tis ti cal treat -
ment. Af ter trans for ma tion, all vari ables were tested
for out li ers ac cord ing to Grubbs' cri te ria and no out li -
ers were de tected. All sta tis tics were done us ing the
IBM SPSS Sta tis tics 20.0 soft ware.

Pearson cor re la tion co ef fi cients were used to as -
sess the re la tion ships among soil prop er ties and spe -
cific ac tiv ity of radionuclides. An anal y sis of vari ance
(ANOVA) was per formed to de ter mine if the dis tance
and di rec tion of sam pling points from the CFPP af fect
the vari a tion of As(

40K), As(
226Ra), and As(

232Th) in
soil pro files. Prin ci pal com po nent anal y sis (PCA) was
used to ob tain more re li able data about the re la tion ship 
among spe cific ac tiv i ties of nat u ral radionuclides,
physicochemical soil char ac ter is tics, and some sam -
pling prop er ties.

To rep re sent the spa tial dis tri bu tion and to cre ate
isolevel maps of the radionuclides in ves ti gated in the
sur face soil, as well as the ab sorbed gamma dose rate,
the kriging gridding method with a lin ear variogram
with no nug get ef fect was used. All of the maps and in -
ter po la tion were per formed us ing the Surfer 12
Golden Soft ware.

Radiological risk assessment

Pos si ble health ef fects due to the ex ter nal ex po -
sure to nat u ral gamma ra di a tion were es ti mated based
on the ob tained re sults for spe cific ac tiv i ties of 40K,
226Ra, and 232Th in the 0-10 cm soil layer, since it is
con sid ered that this layer pre dom i nantly con trib utes to 
the ex ter nal gamma ir ra di a tion.

The ab sorbed gamma dose rate, &D [nGyh–1], in the
air at a height of 1 m above the ground sur face was cal cu -
lated ac cord ing to the UNSCEAR rec om men da tion [6]
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where As
a [Bqkg–1] is the spe cific ac tiv ity of the cor re -

spond ing radionuclide in the a sam pling layer, and
0.462, 0.604, and 0.0417 are dose con ver sion fac tors
for radionuclides in soil from the 238U and 232Th se ries
and 40K, re spec tively.

The an nual out door ef fec tive dose, E [µSv], was
cal cu lated us ing the fac tor of 0.7 Sv/Gy to con vert the ab -
sorbed dose rate in air &D [nGyh–1] to the ef fec tive dose
rate for adults for en vi ron men tal ex po sures to gamma
rays and the out door oc cu pancy fac tor (the frac tion of
time spent out doors) of 0.2, both pro posed by
UNSCEAR [34]

E D t= × × × × -& . .07 02 10 3 (2)

where t rep re sents the time of one year ex pressed in
hours (8760 h).

Ex ter nal haz ard in dex, Hex, and ra dium equiv a -
lent ac tiv ity, As

eq [Bqkg–1],were cal cu lated ac cord ing
to for mu lae [35]
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These two in di ces have been in tro duced to rep -
re sent the spe cific ac tiv i ties of 226Ra, 232Th, and 40K by 
a sin gle quan tity which takes into ac count the ra di a -
tion haz ards as so ci ated with them. The an nual ef fec -
tive dose for ra dium equiv a lent ac tiv ity of 370 Bq/kg
cor re sponds to the dose limit of 1 mSv for the gen eral
pop u la tion. Hex has to be lower than unity for the ra di -
a tion risk to be neg li gi ble.

RESULTS AND DISCUSSION 

Specific activity and distribution of
radionuclides in soil profiles

De scrip tive sta tis tics of spe cific ac tiv i ties of an -
a lyzed nat u ral radionuclides are pre sented in tab. 1.
Here we will mostly an a lyze mean val ues, while depth
dis tri bu tion will be con sid ered later. The spe cific ac -
tiv i ties ranged from 12.7 ± 1.5 to 52.4 ± 5.6 Bq/kg with 
an av er age 31.3 Bq/kg for 226Ra, from 13.5 ± 2.3 to
55.0 ± 5.6 Bq/kg with an av er age 32.8 Bq/kg for 232Th
and from 319 ± 29 to 862 ± 64 Bq/kg with an av er age
577 Bq/kg for 40K. The val ues of mea sured spe cific
ac tiv i ties of nat u ral radionuclides in this study were
not sig nif i cantly dif fer ent from those re ported in two
re cent in ves ti ga tions car ried out in the same study area 
[19, 24]. Spe cific ac tiv ity of 226Ra was higher than the
spe cific ac tiv ity of 232Th in only 50 sam ples from 19
sam pling sites where the mean val ues of pHH O2

,
c(CaCO3) and sand con tent (es pe cially coarse sand)
were re mark ably higher than the mean val ues in other
sam ples, in di cat ing that higher al ka line con di tions due 
to higher car bon ate con tent and coarser soil frac tion
fa vor ac cu mu la tion of 226Ra in com par i son with 232Th. 
40K showed the low est vari a tion with the value of co -
ef fi cient of vari a tion (CV) of 18.1 %, while As (

226Ra)
and As (

232Th) were al most equally vari able with co ef -
fi cients 24.8 and 26.0 %, re spec tively. The spe cific ac -
tiv i ties of 226Ra and 232Th in the stud ied soil sam ples
were lower than their val ues in fly ash sam ples from
the CFPP “Nikola Tesla” (120 and 72 Bq/kg) as re -
ported by Jankovi} et al. [20], while the mean As (

40K)
found in this study was con sid er ably higher than the
spe cific ac tiv ity of 40K in fly ash (360 Bq/kg) as re -
ported by the same au thors. The mean val ues of As in
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Table 1. Activity concentrations As [Bqkg–1] of primordial terrestrial radionuclides in soils surrounding
the CFPP “Nikola Tesla A”

Radionuclide Sampling depth [cm] Mean Median SD CV [%] Skewness Kurtosis Min Max

As (
40K)

a (0-10) 598 590 98 16.4 0.38 0.47 372 833

b (10-20) 579 578 103 17.7 0.07 0.60 325 804

c (20-30) 568 547 112 19.7 0.65 1.42 319 861

d (30-40) 566 560 102 18.0 0.79 2.23 331 862

e (40-50) 573 549 109 19.1 0.40 0.19 335 814

Mean (0-50) 577 563 104 18.1 0.42 0.63 319 862

As (
226Ra)

a (0-10) 32.0 30.1 7.8 24.3 0.45 –0.07 19.0 49.0

b (10-20) 31.0 31.2 7.6 24.4 0.44 0.67 18.3 51.0

c (20-30) 31.5 31.5 7.7 24.4 0.24 0.68 16.0 51.7

d (30-40) 30.7 31.1 8.0 26.2 0.30 1.13 12.7 52.4

e (40-50) 31.1 30.0 8.2 26.4 0.33 1.05 12.9 52.3

Mean (0-50) 31.3 31.0 7.8 24.8 0.33 0.48 12.7 52.4

As (
232Th)

a (0-10) 33.7 33.1 8.6 25.6 0.02 0.55 14.3 55.0

b (10-20) 32.6 32.3 8.2 25.2 –0.19 0.21 13.5 48.6

c (20-30) 32.5 32.6 8.6 26.6 –0.44 –0.13 13.5 47.9

d (30-40) 32.5 33.4 8.9 27.5 –0.39 –0.15 13.7 48.2

e (40-50) 32.9 32.5 8.8 26.7 –0.22 –0.45 14.9 48.0

Mean (0-50) 32.8 32.6 8.5 26.0 –0.24 –0.13 13.5 55.0



the soil sur round ing the plant were quite close to the
mean val ues of 32.8 Bq/kg, 37.8 Bq/kg, and 550 Bq/kg 
re ported for the spe cific ac tiv i ties of 238U, 232Th, and
40K, re spec tively, for the sur face soil for the whole ter -
ri tory of Ser bia [36]. More over, the As val ues around
the plant were com pa ra ble to those ob tained for re -
gions in Ser bia where no CFPP ex ist. Ag ri cul tural
soils in west ern Ser bia [37] showed no tice ably higher
spe cific ac tiv i ties for 232Th and lower for 40K, which is
prob a bly the con se quence of the un der ly ing par ent
ma te rial [36].

Com par a tive data found in the lit er a ture for soils
around  CFPP   world wide  showed  higher  val ues  of
As (

226Ra) and As (
232Th) than ours for CFPP in China

[14, 38, 39], In dia [40], Ma lay sia [7], and Brazil [13].
Sim i lar spe cific ac tiv i ties of 226Ra and 232Th were
mea sured for soils sur round ing CFPP in Eu ro pean
coun tries – Po land [16], Tur key [10, 11], Spain [4, 8],
Greece [9, 17], with the ex cep tion of Hun gary [15]
where sub stan tially higher con cen tra tions of 226Ra
were de ter mined.

Soil properties

Ta ble 2 sum ma rizes the mean val ues for
physicochemical prop er ties of soils by sam pling lay -
ers and for whole soil pro files.Ac cord ing to the soil pH 
most sam ples (85 %) were neu tral to mod er ately al ka -
line with a net neg a tive charge (pHKCl < pHH O2

).
Based on EC25 val ues, all soil sam ples were char ac ter -
ized as non-sa line. The av er age TOC con tent of lay ers
showed a steadily de creas ing trend with the soil depth
and it var ied from 2.12 % in the a layer to 1.13 % in
thee layer. The car bon ate con tent var ied no ta bly
among the sam pling sites. Den si ties of the soil sam ples 
were quite sim i lar and tend to in crease with depth.

Granulometric anal y sis re vealed that the most
dom i nant soil frac tion was silt, with a mean con tent of
55.1 %. The av er age frac tion of clay was 24.7 %. The
per cent age abun dance of sand ex hib ited the great est

vari abil ity with val ues vary ing from 2.3 % to 95.1 %.
Fine sand con tent was higher than the con tent of
coarse sand in su per fi cial lay ers (a, b), while the
coarse sand was more abun dant in the c, d, and e layer.

Correlation between soil properties
and specific activities of radionuclides

The cor re la tions be tween spe cific ac tiv i ties of
radionuclides and soil prop er ties as well as mu tual cor -
re la tions be tween radionuclides are pre sented in tab.
3. Cor re la tion anal y sis con firmed that the nat u ral ra -
dio ac tiv ity in creases with the par ti cle size de crease
and in crease of the sur face-to-vol ume ra tio, which has
been well doc u mented in other in ves ti ga tions [1, 41].
The re la tion be tween As (

40K) and the clay con tent sug -
gests that po tas sium ac tiv ity tends to in crease with the
in creas ing clay frac tion in soil [17]. Tak ing into ac -
count pos i tive and sig nif i cant re la tion ships of all in -
ves ti gated radionuclides with the silt and neg a tive
ones with the sand, it is ob vi ous that radionuclides
were most abun dant in finer soil frac tions [19, 24, 41,
42]. That is ad di tion ally sup ported by the sig nif i cant
neg a tive in ter re la tions be tween all radionuclides with
bulk den sity and sig nif i cant neg a tive cor re la tion of
226Ra and 232Th with the par ti cle den sity.

The lack of sig nif i cant cor re la tion be tween TOC
and spe cific ac tiv i ties of 40K, 226Ra, and 232Th in di -
cates their as so ci a tion with the min eral soil frac tion [1, 
24, 43].

The abun dance of 226Ra and 232Th was in versely
and sig nif i cantly re lated to the soil car bon ate con tent,  
pHH O2

, pHKCl, and EC25 which is in agree ment with
data avail able in lit er a ture [1, 19, 43]. It ap pears that
226Ra and 232Th tend to ac cu mu late in soil lay ers where 
car bon ates have been leached [42]. Spe cific ac tiv i ties
of radionuclides were not sig nif i cantly cor re lated with 
TOC, but or ganic mat ter could in flu ence their dis tri bu -
tion in di rectly through car bon ate leach ing. De com po -
si tion of or ganic mat ter in the up per soil ho ri zons re -
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Table 2. Mean values of physicochemical properties of soil at different depths

Soil properties
Soil depth [cm]

a (0-10) b (10-20) c (20-30) d (30-40) e (40-50) Mean (0-50) Min (0-50) Max (0-50)
pHH O2 7.23 7.28 7.29 7.32 7.31 7.29 5.50 8.75

pHKCl 6.15 6.15 6.13 6.15 6.16 6.15 4.09 7.27

EC25 [mScm–1] 220.9 186.1 166.7 163.3 184.3 184.3 32.8 489.0

TOC [%] 2.1 1.7 1.4 1.2 1.1 1.5 0.0 6.0

c(CaCO3) [%] 4.8 4.5 5.2 5.2 5.0 4.9 0.3 18.2

rb [gcm–3] 1.26 1.32 1.34 1.36 1.37 1.33 1.06 1.67

rp [gcm–3] 2.27 2.36 2.40 2.45 2.46 2.39 0.83 2.79

Sand coarse [%] 8.8 9.8 11.4 10.6 10.7 10.3 0.6 83.7

Sand fine [%] 10.6 9.9 9.7 9.5 9.9 9.9 1.1 42.8

Sand total [%] 19.4 19.7 21.1 20.1 20.6 20.2 2.3 95.1

Slit [%] 57.0 55.6 54.5 54.9 53.5 55.1 3.6 81.1

Clay [%] 23.6 24.7 24.5 24.9 25.9 24.7 1.3 43.8



leases CO2 which pro motes lower pH and cre ates a
suit able en vi ron ment for car bon ate dis so lu tion. Car -
bon ate leach ing fur ther in duces an in crease of soil al -
ka lin ity and spe cific con duc tiv ity in deeper lay ers due
to soil so lu tion trans port. This hy poth e sis is sup ported
by pos i tive sig nif i cant cor re la tion be tween TOC and
c(CaCO3) and TOC and EC25.

The spe cific ac tiv i ties of 226Ra and 232Th were
pos i tively and strongly cor re lated, which is an in di ca -
tion that they have min eral com po nents of the soil as a
com mon source as pointed out by Navas et al. [1]. The
lack of cor re la tion be tween these two radionuclides
and 40K may re flect their or i gin from a dif fer ent par ent
rock com po si tion and their dif fer ent chem i cal be hav -
ior in the soil [41].

Vertical distribution of radionuclides

The spe cific ac tiv i ties of nat u ral radionuclides
ex hib ited very lit tle vari a tion with the soil depth. As it
is in di cated in tab. 1 and shown in tab. 3, in case of the
radionuclides in ves ti gated 40K, 226Ra, and 232Th, the
cor re la tion anal y sis did not iden tify any sig nif i cant
dis tri bu tion trend cor re lated with the depth. This is in
con so nance with the find ings of Dragovi} et al. [43]
who de ter mined spe cific ac tiv i ties of radionuclides in
six pro files of dif fer ent soil types cor re spond ing to
those an a lyzed in this work and re vealed their ho mog -
e nous dis tri bu tion with depth.

De spite no sig nif i cant cor re la tion be tween soil
depth and spe cific ac tiv i ties of radionuclides, when
an a lyz ing the mean As (

40K) in dif fer ent soil lay ers
some trends can be no ticed. The high est mean spe cific
ac tiv ity of 40K was de ter mined for the sur face soil
layer a (tab. 1), and a gen er ally de creas ing trend with

depth was ob served un til  the  40-50 cm  layer  where
As (

40K) was greater than in the c and d lay ers. Po tas -
sium can be weath ered from sil i cate min er als and
trans ferred to the soil so lu tion, ad sorbed in clays, and
as a re sult of col loi dal trans port be ac cu mu lated in
deeper lay ers [23]. Ad di tion ally, de ple tion of 40K in
sub soil lay ers can be ex plained due to nu tri ent up take
by the root sys tem of plants [44].

Spe cific ac tiv ity of 226Ra re mains fairly con stant
with depth. The av er age ver ti cal mo bil ity of ra dium in
un dis turbed  soil  pro files  is about 0.005 cm per year
[45]. Nu mer ous stud ies of ra dium mo bil ity in soil ap ply -
ing se quen tial ex trac tion anal y sis showed that more than
50 % of Ra is as so ci ated with the re sid ual soil frac tion,
15-30 % with Fe and Mn ox ides, 15 % of Ra is or gan i -
cally bound, 5 % is as so ci ated with car bon ates and ap -
prox i mately 5 % was in eas ily ex change able form [45].
Since cor re la tion anal y sis showed a sig nif i cant neg a tive
re la tion be tween As (

226Ra) and car bon ate con tent and an
ab sence of sig nif i cant cor re la tion with or ganic mat ter,
uni for mity of 226Ra dis tri bu tion can be ex plained by the
strong ad sorp tion of di va lent Ra cat ion by Fe and Mn ox -
ides and for ma tion of sta ble ra dium com plexes [1].

Tho rium spe cific ac tiv ity was quite uni form
down the pro files. Ho mog e nous dis tri bu tion of 232Th
is in agree ment with the fact that tho rium has low geo -
chem i cal mo bil ity, an in sol u ble na ture in wa ter, high
sorp tion ten dency and it is firmly bound to the soil
frac tions and in creased mo bil ity can be ex pected only
in the ex treme acidic en vi ron ments [46].

Spatial distribution of radionuclides

ANOVA was car ried out to de ter mine if there
were sig nif i cant dif fer ences be tween av er age spe cific
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Table 3. Pearson correlation coefficients between the specific activities of natural radionuclides and
physicochemical properties in soils surrounding the CFPP “Nikola Tesla A”

Parameter As (
40K) As (

226Ra) As (
232Th)

Depth –0.088 –0.044 –0.030

pHH O2
0.044 –0.408** –0.502**

pHKCl 0.008 –0.410** –0.518**

EC25 0.103 –0.298** –0.384**

TOC 0.040 0.152 0.130

c(CaCO3) –0.040 –0.264** –0.339**

rb[gcm–3] –0.209* –0.388** –0.306**

rp[gcm–3] –0.146 –0.312** –0.292**

Sand fine –0.025 –0.540** –0.656**

Sand coarse –0.246** –0.405** –0.540**

Sand (total) –0.172* –0.560** –0.696**

Silt 0.172* 0.540** 0.629**

Clay 0.257** 0.004 0.119

As (
40K) 1 0.035 0.104

As (
226Ra) 0.035 1 0.890**

As (
232Th) 0.104 0.890** 1

* Cor re la tion is sig nif i cant at the 0.05 level (2-tailed), ** Cor re la tion is sig nif i cant at the 0.01 level (2-tailed)



ac tiv i ties of nat u ral radionuclides in dif fer ent sub -
groups, based on the dis tance and di rec tion from the
CFPP. The av er age val ues of As (

40K), As (
226Ra), and

As (
232Th) for each soil pro file 0-50 cm were in put vari -

ables for ANOVA.
To as sess the ef fects of dis tance from CFPP on spe -

cific ac tiv i ties of 40K, 226Ra, and 232Th, pro files were di -
vided into six groups – pro files lo cated at the dis tance: 
up  to 1.5 km (group A), 1.5 km to 3 km (B), 3 km to 5 km
(C),  5  km  to  7  km  (D),  7  km to 9 km (E), and 9 km to
11 km (F). Mean val ues of As(

40K), As(
226Ra), and

As(
232Th) in the whole pro file to gether with their mean

val ues at dif fer ent sam pling depth de pend ing on dis tance 
are pre sented in fig. 1(a). For all radionuclides in ves ti -
gated, no ta bly higher ac tiv ity con cen tra tions were found
in dis tance group A than in soil sam ples clas si fied in
group B where the low est spe cific ac tiv i ties were mea -
sured. This en rich ment of radionuclides in soil pro files
po si tioned clos est to the CFPP is at trib uted to CFPP op -
er a tions due to the high fly ash con cen tra tion within the
CFPP and its clos est prox im ity, as well as fly ing coal dust 
orig i nat ing from coal stock piles. This is in good agree -
ment with the find ings that high radionuclide con cen tra -
tions in soil are gen er ally con fined within the 1 km dis -
tance from the power plant [40]. Sim i lar re sults have

been re ported in stud ies of en vi ron men tal im pact of the
CFPP in Tur key [11], China [12], and Brazil [13] where
sig nif i cantly higher spe cific ac tiv i ties were found in
sam ples col lected at dis tances within 1 km from the
CFPP than 3-4 km away. The high est spe cific ac tiv i ties
of 40K were de ter mined in soil sam pled from ap prox i -
mately 4 km and 6 km away from the CFPP (C and D
group). Since this part of the study area is  in ag ri cul tural
use, the higher con cen tra tion of 40K is prob a bly due to
po tas sium fer til izer ap pli ca tion [47]. The dis tri bu tions of
226Ra and 232Th showed very sim i lar pat terns of spa tial
dis tri bu tion, which im plies a com mon geo log i cal me dia
from which they were de rived and an anal o gous re -
sponse to soil and en vi ron men tal pro cesses. The spe cific
ac tiv i ties  of  226Ra  and 232Th grad u ally in creased up to
10 km, and the high est val ues in all sam pling lay ers were
de ter mined in the most dis tant groups (E and F). Re sults
of ANOVA pre sented in tab. 4 showed a sig nif i cant dif -
fer ence among groups for means of 226Ra and 232Th spe -
cific ac tiv i ties, with a large ef fect size quan ti fied by eta
squared value (h2) 0.43 and 0.48 re spec tively. From
these re sults one can con clude that gas eous com bus tion
prod ucts and par ti cles con tain ing both radionuclides are
car ried, dis persed and then ac cu mu lated far from the
CFPP. Sim i lar be hav ior of As (

226Ra) and As (
232Th) with
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Fig ure 1. Av er age val ues of spe cific ac tiv i ties of radionuclides in soil pro files in (a) dif fer ent dis tance groups,
(b) dif fer ent di rec tions (sub re gions)

Table 4. The analysis of variance for specific activities of natural radionuclides in soil samples
collected at different directions and distance from the CFPP

Source of variation Homogeneity of variances ANOVA

As Levene statistic Significance F-statistic Significance Effects size (h2)

Distance
40K 0.256 0.933 1.700 0.173 0.26

226Ra 1.536 0.216 3.665 0.013 0.43
232Th 1.579 0.204 4.513 0.005 0.48

Direction
40K 2.476 0.070 2.746 0.051 0.31

226Ra 0.189 0.942 0.789 0.543 0.11
232Th 0.114 0.976 0.881 0.490 0.12



dis tance was found in the study of Charro et al. [8], but
ac cord ing to the same au thors [4] the ev i dence of de po si -
tion pro cesses of radionuclides from air borne fly ash dis -
charges can be per ceived through the K-pa ram e ter, i. e.
ra tio be tween As of a par tic u lar radionuclide in the top
and deeper soil ho ri zons.The cal cu lated mean K-ra tio (As

in a-layer di vided by As in b-layer) for the whole study
area was 1.04 for all the radionuclides in ves ti gated. In
ad di tion, the depth dis tri bu tion of 226Ra and 232Th was
fairly uni form in the E and F dis tant group, with K-pa -
ram e ter of 1.04 (E) and 0.98 (F) for 226Ra and 1.04 (E)
and 1.03 (F) for 232Th. It is worth men tion ing that some
of the high est As (

226Ra) and As (
232Th) val ues were mea -

sured for sam pling sites W08, SW08 (E group) and W10
and SW10 (F group) that are lo cated very closely to the
ash re pos i tory of the CFPP “Nikola Tesla B”, as well as
for sam ples taken from S08 and E08 be long ing to the F
group and SE10 sam pling point be long ing to the E group
that are po si tioned near est to the Kolubara ba sin and can
ex pe ri ence the di rect ef fect from the coal open pit mines.
This is in good agree ment with the re search of
Nenadovi} et al. [22, 23] who stud ied the ver ti cal dis tri -
bu tion of nat u ral radionuclides in soil pro files taken at
Rudovci and lo cated very close to the Kolubara open pit
coal mine, and found mark edly higher spe cific ac tiv i ties
of 226Ra and 232Th than val ues mea sured in this study,
rang ing from 57-84 Bq/kg and 59-71 Bq/kg, re spec -
tively. Fur ther more, ra dio ac tiv ity mea sure ment at the
CFPP “Nikola Tesla B” ash dis posal site con ducted in the 
pe riod 1990-2011 showed sub stan tially in creased spe -
cific ac tiv i ties of 226Ra (111 Bq/kg) and 232Th (75 Bq/kg)
[48].

In the case when the di rec tion from the CFPP
was in ves ti gated as a source of vari ance, the soil pro -
files were di vided into five sub re gions based on car di -
nal (W, S, E) and or di nal (SW, SE) di rec tions. The
mean val ues of spe cific ac tiv i ties of 40K, 226Ra, and
232Th  in  these  sub re gions  are  shown  in  fig. 1(b). 
The  high est  pro file  mean  val ues  for  As (

226Ra) and
As (

232Th) were ob served in the SE sub re gions, which
cor re sponds to the down wind area of NW winds.
Those winds have the stron gest in flu ence on the
spread ing of air borne pol lut ing agents orig i nat ing
from the CFPP and ash de pos its, es pe cially dur ing the
sum mer, when W and NW are the prev a lent winds.
Ad di tion ally, a con se quence of winds from the SE
quad rant (an nual pre dom i nant down wind di rec tions)
is the pol lu tion from the nearby lig nite re serve. The
high est spe cific ac tiv ity for 40K was re corded in pro -
files lo cated on in the south from the CFPP. For all
radionuclides the low est spe cific ac tiv i ties were mea -
sured in pro files from the E sub re gion.

The com bi na tion of pre vi ous con sid er ations sug -
gests that the CFPP is an un likely source of the
radionuclides found in the sur round ing area, ex cept for
the soil lo cated in the 1.5 km zone around the CFPP. It
ap pears that the soil prop er ties can act as the main
source of radionuclide vari abil ity and that only el e vated 

spe cific ac tiv i ties of radionuclides found in the south -
west ern part of the study area could be a con se quence of 
the fly ash from the re pos i tory site of the CFPP “Nikola
Tesla B”. Ad di tion ally, the pol lu tion com ing from open
pit mines should be also con sid ered as a source of el e -
vated spe cific ac tiv i ties of radionuclides in the south -
east ern part of the study area.

Principal component analysis

Ta ble 5 pres ents the re sults of the prin ci pal com -
po nents' (PC) load ings with a Varimax ro ta tion, as
well as eigenvalues and communalities. Five PC were
ob tained through PCA with eigenvalues greater than
1, sum ming up 78.2 % of to tal vari ance.

The PC1, ex plain ing the larg est pro por tion of
26.8 % of the to tal vari ance is a bi po lar fac tor. The pos -
i tive pole is heavily loaded by spe cific ac tiv i ties of
226Ra and 232Th and silt con tent and mod er ately by dis -
tance from the CFPP, while the neg a tive pole rep re -
sents the vari abil ity of the sand amount and par ti cle
den sity. This PC makes clear the close re la tion ship be -
tween 226Ra and 232Th and the finer soil granulometric
frac tion. The PC2 il lus trates the joint ef fect of pH, soil
sa lin ity (EC25), and car bon ate con tent and may be des -
ig nated as a “car bon ate leach ing” fac tor. High pos i tive 
load ings of TOC, and low neg a tive load ings of sam -
pling depth are dom i nant in PC3, which ac counts for
11.1 % of the to tal vari ance, and can be con sid ered as
an "or ganic ma te rial" fac tor. The PC4 was re lated to
high pos i tive val ues of load ing as so ci ated with clay
con tent and As (

40K), and low neg a tive val ues for the
sand frac tion. This PC elu ci dates 10.8 % of the to tal
vari ance and can be termed as a “min eral” fac tor.
About 90-95 % of the po tas sium in soil is fixed po tas -
sium in the lat tice of sil i cate min er als such as feld spar
and micas. Fur ther weath er ing and leach ing re leases
po tas sium ions which are trans ferred to the soil so lu -
tion and are ad sorbed on the cat ion ex change sites of
clays. There ex ists an equi lib rium among fixed, ex -
change able and po tas sium in the so lu tion in which 40K
is con tained only ap prox i mately 0.01 % [44].The
“depth” fac tor is de ter mined by the PC5 which is char -
ac ter ized by high pos i tive load ings of sam pling depth
and soil par ti cle den sity, and ex plains 10.4 % of the
over all data vari abil ity.

Where as PC rep re sent a set of lin early
uncorrelated vari ables, al lo ca tion of As (

40K), As (
226Ra),

and As (
232Th) to gether with soil grain size frac tions apart

from other soil physicochemical prop er ties that loaded
over whelm ingly other PC is a clear in di ca tion that the
soil tex ture is the most im por tant con trol ling fac tor of
radionuclides in the soil in ves ti gated. In gen eral, the
fine-grained soil frac tion has a higher ten dency for
radionuclide ad sorp tion than the coarse-grained soil be -
cause it con tains soil par ti cles with large sur face ar eas
such as clay min er als, Fe and Mn ox ides and hy drox ides,
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and humic ac ids. Radionuclides can be ad sorbed onto
clay sur faces that are mostly neg a tively charged, or be -
come fixed within the lat tice struc ture. Sand par ti cles
have a small spe cific sur face area, and such par ti cles are
of ten chem i cally in ert.

Radiological hazard

The cal cu lated val ues of ra dio log i cal risk pa -
ram e ters are pre sented in tab. 6. This study shows the
range of the ab sorbed gamma dose rate from ter res trial 
nat u ral radionuclides from 36.7 to 77.7 nGy/h with a
mean value of 60.3 nGy/h, which is slightly higher
than the world mean value (57 nGy/h) [34]. The mean
con tri bu tion of 40K, 226Ra, and 232Th to the dose rate is
42.2 %, 24.3 %, and 33.5 %, re spec tively. The av er age
out door an nual ef fec tive dose cal cu lated for the study
area (73.9 mSv) is not sig nif i cantly greater than the
world wide av er age value of 70 mSv as given by
UNSCEAR [6] and is well be low the an nual dose limit
of 1 mSv rec om mended by the ICRP for the gen eral
pub lic [49].

Fig ure 2 de picts kriging type es ti mated maps for   
&D val ues over the study area, along with the maps for
spa tial dis tri bu tion in top soil (a-layer) for
radionuclides of in ter est. Al though the great est con tri -

bu tion to &D co mes from 40K, it can be seen that spa tial
vari abil ity of &D is mainly con trolled by the con tent of
226Ra and 232Th (see eq. 1 for the con tri bu tion of par -
tic u lar iso topes to the to tal dose), hence the isodose
lines fol low to a great ex tent the dis tri bu tion pat tern of
these two radionuclides.

The mean of As
eq (226Ra) and Hex was found to be 

126.3 Bq/kg and 0.34, re spec tively. More over, in all
soil  sam ples, the val ues of As

eq (226Ra)  were  be low
370 Bq/kg and Hex was less than the ac cept able limit of 
unity, which dem on strates that con cen tra tions of nat u -
ral radionuclides in the area do not pose any sig nif i cant 
health risk to the gen eral pub lic.

As it is pre sented in tab. 7, all cal cu lated ra dio -
log i cal risk pa ram e ters were within the ranges re -
ported for the whole ter ri tory of Ser bia and re gions in
Ser bia where CFPP do not op er ate. In com par i son
with ar eas af fected by CFPP op er a tions in Ser bia,
slightly lower ra dio log i cal risk was as sessed in this
study, which is in good agree ment with Vukašinovi} et
al. [19] who mea sured lower val ues of spe cific ac tiv i -
ties of nat u ral radionuclides in soil around the CFPP
“Nikola Tesla A” in com par i son with other Ser bian
power plants. Fur ther more, our re sults match well the
ra dio log i cal in di ces re ported for soils sur round ing
CFPP in other Eu ro pean coun tries, ex cept for Hun gary 
where the mean ar ti fi cial in cre ment of 21.8 µSv from
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Table 5. Loadings of the selected variables (soil properties, sampling parameters and
specific activities of natural radionuclides) for significant principal components for the soil samples

Variable Communalities
Principal componenta

1 2 3 4 5

Depth 0.831 0.083 0.086 –0.396 –0.007 0.813

Distance 0.522 0.585 –0.269 –0.306 –0.081 –0.089

pHKCl 0.765 –0.322 0.808 –0.061 0.020 0.066

EC25 0.825 –0.218 0.804 0.323 0.111 –0.118

TOC 0.909 0.049 0.192 0.929 0.017 –0.080

c(CaCO3) 0.783 –0.143 0.841 0.087 –0.218 0.002

rp 0.730 –0.366 –0.112 0.267 –0.054 0.714

Sand 0.837 –0.786 0.234 0.061 –0.393 –0.073

Silt 0.765 0.836 –0.002 –0.181 0.073 –0.167

Clay 0.792 –0.032 –0.381 0.132 0.750 0.255

As (
40K) 0.687 0.098 0.154 –0.053 0.776 –0.221

As (
226Ra) 0.819 0.847 –0.204 0.216 –0.102 –0.058

As (
322Th) 0.900 0.882 –0.291 0.187 0.025 –0.031

Variance explained [%]

Total 26.767 19.131 11.065 10.816 10.420

Cumulative 26.767 45.898 56.963 67.779 78.199

a Ro ta tion method: Varimax with Kai ser nor mal iza tion

Table 6. Estimated gamma dose rate &D [nGyh–1], annual effective dose E [µSv], external hazard index Hex and radium
equivalent activity As

eq  (226Ra)[Bqkg–1] for the study area based on the results for the As (
40K), As (

226Ra), and As (
232Th) in

0-10 cm soil layer

Parameter Mean Median SD CV [%] Skewness Kurtosis Min Max
&D 60.3 60.4 9.0 15.0 –0.24 0.38 36.7 77.7

E 73.9 74.1 11.1 15.0 –0.24 0.38 45.0 95.3

Hex 0.34 0.34 0.05 15.6 –0.16 0.17 0.21 0.45

As
eq  (226Ra) 126.3 125.4 20.1 15.9 –0.13 0.15 76.8 167.7



the CFPP  “Ajka” in the an nual ef fec tive dose from ex -
ter nal ex po sure to ter res trial radionuclides out doors
has been found [50]. Lit er a ture data avail able for
non-Eu ro pean coun tries like China, In dia and Ma lay -
sia showed a re mark ably higher ra dio log i cal haz ard
for the ter res trial en vi ron ment around CFPP. It has
been at trib uted to the high radionuclide back ground
level or to the high radionuclide con tent of feed coal.

There fore, based on the facts that val ues of all
cal cu lated ra dio log i cal risk pa ram e ters were within
the per mis si ble lim its, it can be con cluded that there is

no health haz ard from the soil sur round ing the larg est
Ser bian CFPP when nat u ral gamma ra dio ac tiv ity is
con cerned.

CONCLUSIONS

The spe cific ac tiv i ties of 40K, 226Ra, and 232Th in
30 soil pro files have been mea sured and used to eval u ate
dis tri bu tion and pos si ble im pact of ma jor Ser bian CFFP
on the sur round ing area. Radionuclides were fairly
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Fig ure 2. Spa tial dis tri bu tion of the cal cu lated ab sorbed gamma dose rate due to nat u ral radionuclides and mea sured
spe cific ac tiv i ties of 40K, 226Ra, and 232Th in the 0-10 cm soil layer in the study area (lo ca tion of the study area and wind
fre quency wind rose for the pe riod 1981-2010 is given at the fig ure bot tom)



evenly dis trib uted along the sam pled soil pro files and the
spa tial dis tri bu tion of nat u ral radionuclides in the soil did
not in di cate any sig nif i cantly in creased spe cific ac tiv i ties 
in the area down wind from the plant. De spite find ings of
sta tis ti cally sig nif i cant de pend ence of the 226Ra and
232Th spe cific ac tiv i ties on the dis tance from the CFPP,
we con cluded that it was not a con se quence of the CFPP
op er a tion. Cor re la tion anal y sis and PCA con firmed that
among the de ter mined soil physicochemical prop er ties,
the soil tex ture was the most in flu en tial fac tor on spa tial
and ver ti cal dis tri bu tion of nat u ral radionuclides. The
study's re sults showed that the CFPP “Nikola Tesla A”
did not in crease the nat u ral ra dio ac tiv ity level in the en -
tire study area, but just in its clos est vi cin ity at dis tances
less than 1.5 km. All cal cu lated ra di a tion haz ard in di ces
were lower than the rec om mended val ues. There fore it
can be in ferred that the soil around the CFPP does not
pose any sig nif i cant ra dio log i cal threat to the pop u la tion.

This study con trib utes to the better un der stand -
ing of dis tri bu tion of nat u ral radionuclides and their
be hav ior in soil pro files from the area in flu enced by
op er a tion of the CFPP. Since coal re mains the main
fos sil fuel for power gen er a tion in Ser bia, the mon i tor -
ing of con tent of nat u ral radionuclides in soils around
the CFPP has to be con tin ued in reg u lar in ter vals, and
in this par tic u lar case this study can serve as a ref er -
ence point for fu ture in ves ti ga tions.
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Milan N. TANI], Qiqana J. JANKOVI] MANDI], Bo{ko A. GAJI],
Marko Z. DAKOVI], Sne`ana D. DRAGOVI], Goran G. BA^I]

PRIRODNI  RADIONUKLIDI  U  PROFILIMA  ZEMQI[TA  U
OKOLINI  NAJVE]E  TERMOELEKTRANE  U  SRBIJI

Studija se bavi procenom uticaja najve}e termoelektrane u Srbiji na koncentraciju
radionuklida u profilima zemqi{ta dubine 50 cm. Trideset zemqi{nih profila je uzorkovano iz
okoline termoelektrane “Nikola Tesla A” na rastojawu do 10 km od termoelektrane i standardnim 
metodama analizirane su fizi~ko-hemijske karakteristike zemqi{ta, a spektrometrijom
gama-zra~ewa izmerene specifi~ne aktivnosti prirodnih radionuklida (40K, 226Ra, i 232Th).
Analizirana je prostorna i vertikalna distribucija radionuklida u ciqu odre|ivawa odnosa
izme|u wihovih specifi~nih aktivnosti u zemqi{tu, karakteristika zemqi{ta i odre|ivawa
faktora sa najve}im uticajem. Izra~unati su radiolo{ki parametri i sprovedena je procena
radiolo{kog rizika. Izmerene specifi~ne aktivnosti su bile sli~ne prirodnim vrednostima u
Srbiji. Distribucija radionuklida se nije zna~ajno mewala sa dubinom. Granulometrijski sastav je 
bio najuticajniji faktor zemqi{ta na distribuciju radionuklida. Svi parametri radiolo{kog
rizika su bili mawi od usvojenih granica i preporu~enih vrednosti. Glavni zakqu~ak
istra`ivawa je da termoelektrana zna~ajno ne uti~e na prostornu i vertikalnu distribuciju
prirodnih radionuklida u zemqi{tu ispitivanog prostora, ali se tehnolo{ki pove}ani nivoi
prirodne radioaktivnosti mogu uo~iti kao posledica rada termoelektrane u pre~niku od 1,5 km
oko termoelektrane.

Kqu~ne re~i: prirodna radioaktivnost, gama spektroskopija, karakteristika zemqi{ta,
..........................analiza glavnih komponenata, radijacioni rizik, procena doze




