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The study of spa tial dis tri bu tion of ac tiv ity con cen tra tion of 238U, 226Ra, 210Pb, 232Th, 40K, and
137Cs radionuclides in the sur face soil sam ples (n = 42) col lected in the vi cin ity of four coal-fired
power plants in Ser bia is pre sented. Ra dio ac tiv ity mea sure ments in soils per formed by
gamma-ray spec trom e try showed val ues [Bqkg–1] in  the range: 15-117 for 238U, 21-115 for
226Ra, 33-65 for 210Pb, 20-69 for 232Th, 324-736 for 40K, and 2-59 for 137Cs. Sur face soil ra dio -
ac tiv ity that could have re sulted from de po si tion of radionuclides from air borne dis charges or
resuspension of ash from dis posal sites showed no en hanced lev els. It was found that vari a tion of
soil tex tural prop er ties, pH val ues, and car bon ate con tent in flu enced ac tiv ity lev els of nat u ral
radionuclides while radiocesium ac tiv i ties were as so ci ated with soil or ganic mat ter con tent. Mod -
i fi ca tion of some soil prop er ties was ob served in the im me di ate vi cin ity (<1 km) of power plants
where the soil was more al ka line with coarser par ti cles (0.2-0.05 mm) and car bon ates ac cu mu -
lated. Cal cu lated av er age val ues of the ab sorbed gamma dose rate and an nual ex ter nal ef fec tive
dose orig i nat ing from the ter res trial radionuclides were 69.4 nGy/h and 0.085 mSv, re spec tively.
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IN TRO DUC TION

Coal used as a fuel in the coal-fired power plants
is still an im por tant source of en ergy pro duc tion. Nat u -
ral radionuclides of the ura nium and tho rium se ries
and 40K con tained in coal are of ter res trial or i gin and
the lev els of their ac tiv ity con cen tra tions are of the
same or der of mag ni tude as those found in soil [1].
Coals vary in nat u ral radionuclide con tent de pend ing
on geo log i cal char ac ter is tics of de pos its from which
they were mined. In the pro cess of coal com bus tion
nat u ral radionuclides may be have dif fer ently de pend -
ing on sev eral fac tors such as coal type and char ac ter -
is tics, per cent age of ash in coal, coal cal o rific value,
com bus tion tem per a ture, chem i cal and phys i cal forms 
of radionuclides in coal. Af ter burn ing the coal, nat u -
ral radionuclides be come part of solid or gas eous com -
bus tion by-prod ucts, most of them be ing ac cu mu lated
in the ash while ra don gas em a nated from coal is com -

pletely trans ferred to the flue gases [2]. Gen er ally, the
heavy frac tion of ash, called bot tom ash or slag, is
placed and kept in the coal ash dumps. The other part,
the light frac tion, called fly-ash is re tained from the
stack gas us ing elec tro static pre cipi ta tors or dis -
charged through the stacks in small amounts. Con se -
quently, nat u ral back ground gamma ra di a tion can be
mod i fied by nat u ral radionuclide re-dis tri bu tion in the
vi cin ity of coal com bus tion fa cil i ties and coal ash dis -
posal sites in the sur round ing air, wa ter, and soil en vi -
ron ment. Ac cord ing to the IAEA, if radionuclide con -
cen tra tions in the en vi ron ment are el e vated as a re sult
of the coal-fired power plants (CFPP) ac tiv ity, it is
con sid ered a NORM type of ac tiv ity [3]. Lev els of nat -
u ral radionuclide con cen tra tions for soil sam ples col -
lected within a ra dius of 1 km and in the up per soil lay -
ers were el e vated com pared to the deeper lay ers
around the CFPP in Spain [4], China [5, 6], Brazil [7],
and Hun gary [8]. The high est in cre ment of ra dio ac tiv -
ity is de tected in the top soil around plants burn ing
uraniferous coals (lig nites or brown coals) [9]. Op po -
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sitely, some other stud ies re vealed that ac tiv ity re -
leases near CFPP had no sig nif i cant im pact on the sur -
round ing en vi ron ment [10-12].

Soils are formed as a re sult of the in ter ac tions be -
tween the geo log i cal par ent ma te rial, cli mate, na tive
veg e ta tion and to pog ra phy over time. Nat u ral and ar ti -
fi cial radionuclide be hav iour in soil de pends on prop -
er ties like soil granulometry, or ganic mat ter con tent,
pH val ues, drain age sta tus and is gov erned by the pro -
cesses of weath er ing, pre cip i ta tion, leach ing, and
sorp tion [13]. In the nat u ral soil of the cen tral Span ish
Pyr e nees, the stron gest pre dic tor of low mo bil ity of
226Ra, 232Th, and 40K radionuclides was the car bon ate
con tent [14]. Dowdall and O'Dea [15] found that the
main soil pa ram e ter that in flu enced 226Ra and 238U ac -
tiv i ties in or ganic soil was the mois ture con tent where
the better drained soil lev els ex hib ited greater de ple -
tion of 238U rel a tive to 226Ra, and the de ple tion was
less se vere for sam ples taken from wa ter logged ar eas.
In the soils close to the CFPP (<1 km) in Spain [7], a
sig nif i cant in crease of the nat u ral radionuclide con -
cen tra tions was re corded be cause strong acid ity of the
sur face soil re duced their mi gra tion, pre vent ing in fil -
tra tion to the lower lay ers.

Radionuclides re leased into the at mo sphere dur -
ing the pe riod of op er a tion of a CFPP, in par tic u late or
gas eous form, or re-sus pended by the wind from the
ash wastes can be re moved fur ther into the en vi ron -

ment by dry de po si tion (to the ground and veg e ta tion)
and wet de po si tion (by rainout or wash out). Con tent
and spa tial dis tri bu tion of radionuclides po ten tially
ac cu mu lated in the soils around the plants is im por tant
in as sess ing the soil con tam i na tion risk by
radionuclides to hu man health. The main ob jec tives of
this study are: (1) to de ter mine ac tiv ity con cen tra tions
of nat u rally oc cur ring radionuclides in sur face soils in
the vi cin ity of CFPP in cen tral Ser bia, (2) to in ves ti -
gate re la tion ships be tween the radionuclide ac tiv i ties
and the main soil phys i cal and chem i cal prop er ties that 
have an ef fect on their dis tri bu tion in soil, and (3) to
eval u ate the as so ci ated ab sorbed gamma dose rate and
an nual ef fec tive dose rate orig i nat ing from the ter res -
trial radionuclides.

MA TE RI ALS AND METH ODS

Study area

The four CFPP from Ser bia stud ied are part of
CE “Ther mal Power Plants Nikola Tesla” that in -
cludes: “Nikola Tesla A” (Tent A), “Nikola Tesla B”
(Tent B), “Kolubara” (TEK), and “Morava” (TEM)
power plants. The re gion to which they be long is the
cen tral part of Ser bia (fig. 1). Plants Tent A and Tent B
are sit u ated on the Sava river, 30-50 km away from
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Fig ure 1. Lo ca tions of the four power plants stud ied in the Cen tral part of Ser bia. The po si tion of the sam pling points in
the vi cin ity of: “Nikola Tesla” A and B (Tent A and Tent B), “Kolubara” (TEK), and “Morava” (TEM)



Bel grade, the cap i tal of Ser bia. CFPP “Kolubara” is
sit u ated on the Kolubara river and CFPP “Morava” on
the right bank of the Great Morava river. Older plants
(built be fore 1970) are TEM and TEK with a to tal in -
stalled power of 270×106 W and 125×106 W, re spec -
tively. Newer plants, Tent A with power of 1.65×109 W
and Tent B with 1.24×109 W, were put into op er a tion
dur ing the 1980. 

All four CFPP use for com bus tion soft brown
coals (lig nites) from the Kolubara ba sin with ca lo ric
power of 6700 ± 10% kJ/kg, 50% mois ture con tent and 
14-20% ash con tent. The max i mum daily con sump -
tion of coal is up to 9×107 kg in plants Tent A and B that
pro duce 1.7×107 kg per day of ash [16]. Those lig nites
used as feed coals are gen er ally of low nat u ral
radionuclide con cen tra tion [17]. In newer plants flue
gases are emit ted into the at mo sphere through stacks
higher than 200 m, com pared to older plants with 105
or 130 m stack height. The fly-ash and bot tom ash dis -
posal sites are lo cated in the vi cin ity of CFPP within a
1 km dis tance, ex cept for TENT B which is lo cated 4
km from the plant. In Obrenovac, two ash dumps cover 
a sur face area of 400 ha and 600 ha while ash de pos its
ar eas near TEM and TEK are smaller, 30 ha and 77 ha,
re spec tively.

Soil sam ples were taken from the sur face ho ri -
zon of al lu vial soils clas si fied as Molic Fluvisols [18]
that were de vel oped in al lu vial de pos its dis trib uted
along the river val leys where the CFPP are sit u ated.
Al lu vial sed i men tary de pos its are grav els and sands
cov ered with silty loam or clays which rep re sent the
par ent ma te ri als for the de vel op ment of Fluvisols on
the young al lu vial flats. The area falls into the Eu ro -
pean mod er ate con ti nen tal cli mate zone, with hot sum -
mers and cold win ters and well dis trib uted pre cip i ta -
tion through out the year. In this area, the av er age
an nual tem per a ture is around 11°C with 74% hu mid -
ity. The an nual pre cip i ta tion max i mum oc curs in the
spring months (May-June).

Sam ple col lec tion

In 2011, forty-two sites were cho sen for soil sam -
pling in the vi cin ity of four CFPP. The sam pling points
were cho sen to be lo cated within a ra dius of 6 km
around each CFPP with more sam pling sites in the di -
rec tion to wards the set tle ments (fig. 1). The sam pling
sites were de noted by their GPS co-or di nates (tab. 1)

which were used to cal cu late their dis tance from the
cor re spond ing CFPP at each site. Sur face soil sam ples
were col lected from a 0-5 cm depth. At each lo ca tion
about 1 kg of soil was stored in a plas tic bag.

Sam ple treat ment and mea sure ment

Sam ples were air-dried at room tem per a ture,
crushed and sieved through a 2 mm mesh sieve. Soil re -
ac tion in wa ter (1:2.5) and in 1M KCl (1:2.5) was mea -
sured potentiometrically [19]. The car bon ate con tent
was de ter mined vol u met ri cally ac cord ing to the
Scheibler calcimeter method [20]. Or ganic mat ter con -
tent was de ter mined by the Tjurin method, mod i fied by
Simakov [21]. Par ti cle size dis tri bu tion anal y sis was
con ducted  by  the  pi pette  method. The  de ter mined soil 
frac tions were sand (par ti cle 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 the ra dius of 0-2 km, 2-4 km, and 4-6 km
around each plant, a sin gle soil sam ple was cho sen to
be ground fur ther in or der to ob tain soil par ti cles
smaller than 10 µm in di am e ter. The min er al og i cal
com po si tion of the twelve soil sam ples was de ter -
mined by X-ray pow der dif frac tion (XRPD) us ing a
Siemens D500 X-ray diffractometer and CuKa1 ra di -
a tion. The XRPD pat terns were re corded in the 2q
range of 4-70° with a step size of 0.02° and count ing
time of 1 s per step. The min er als were iden ti fied by
us ing JCPDS data files and quan ti fied by us ing the
Pow der Cell 2.4 soft ware.

For de ter min ing nat u ral radionuclide ac tiv ity
con cen tra tion, soil sam ples were packed in 500 ml
Marinelli beak ers, sealed and cov ered with bees wax
film. Pre pared like that, they were left for 4 weeks in
or der for 226Ra and 232Th to at tain sec u lar equi lib rium
with their de cay prod ucts. Ap ply ing the gamma spec -
trom e try method, mea sure ments were per formed with
the HPGe de tec tor (Can berra In dus tries, Inc.,
Meriden, Conn., USA) with 20% rel a tive ef fi ciency
and en ergy res o lu tion of 1.8 keV at the 1332 keV
gamma ray en ergy of 60Co. The de tec tor was cal i -
brated us ing stan dard ref er ence ma te rial (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 40.624 kBq at April 15, 2008;
Czech Metrological In sti tute Praha, 9031-OL-208/08) 
in the same ge om e try as the mea sured sam ples
(Marinelli beaker, 500 ml).
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Ta ble 1. GPS co -or di nates of sampling sites with re gard to dis tance from each CFPP

CFPP

Distance

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°27'22.1'' E20°20'32.1''

TEM N44°13'15.3" E21°09'51.1'' N44°14'17.5'' E21°12'34.3''



The 238U ac tiv ity was de ter mined through its
daugh ter  prod uct in equi lib rium in soil sam ples 234Th
(63 keV).  The  ac tiv i ties  of  226Ra  were  de ter mined by
its  de cay  prod ucts:  214Bi   (609 keV,  1120 keV,  and
1764 keV) and 214Pb (295 keV and 352 keV) and 232Th
ac tiv i ties  by  its  de cay  prod uct  228Ac   (338  keV  and
911 keV). Us ing 46.5 keV g-en ergy pho tons, 210Pb ac tiv -
ity con cen tra tions were de ter mined in 21 soil sam ples.
Ac tiv i ties of 40K and anthropogenic 137Cs were ob tained
from their sin gle gamma ray lines of 1460 keV and
661.66 keV g-en ergy, re spec tively. The spec tra were re -
corded and ana lysed us ing the Can berra Ge nie 2000 soft -
ware. Count ing time was about 70 000 s. Mea sure ment
un cer tainty of the method is ex pressed as an ex panded
mea sure ment un cer tainty for the fac tor k = 2 that cor re -
sponds to a nor mal dis tri bu tion with a con fi dence level of 
95%.

 Sta tis ti cal anal y sis

To find re la tion ships be tween radionuclide ac -
tiv i ties and the soil phys i cal and chem i cal prop er ties,
Pearson's lin ear cor re la tions were per formed. Sta tis ti -
cal anal y sis of data was per formed by one-way anal y -
sis of vari ance (ANOVA), and the means were sub -
jected to a least-sig nif i cant dif fer ence test (F test) to
spec ify the main dif fer ences in radionuclide ac tiv i ties
and soil prop er ties along the dis tance from each CFPP.
Sig nif i cant dif fer ences were con sid ered at p < 0.05
level.

Cal cu la tion of the gamma dose rate

The ter res trial gamma ra di a tion ab sorbed dose D
in air at a height of 1 m above ground  was cal cu lated
us ing the con ver sion fac tors in [nGyh–1]/[Bqkg–1]:
0.462 for 238U, 0.604 for 232Th and 0.0417 for 40K  [1]

D[nGyh–1] = 0.462CU + 0.604CTh + 0.042CK

where CU, CTh, and CK de note the spe cific ac tiv i ties in
[Bqkg–1].

The an nual ex ter nal ef fec tive dose due to gamma 
ra di a tion from soil, E, was cal cu lated as [1]

=

=

× × × ×- - -D

E

[nGyh ]

[mSv]

h [SvGy ]1 18760 02 07 10 6. .

us ing a con ver sion co ef fi cient of 0.7 Sv/Gy to con vert
the ad sorbed dose in air into the ef fec tive dose in the
hu man body. The out door oc cu pancy fac tor is 0.2 (tak -
ing into ac count that peo ple spend about 20% of the
time out doors) and 8760 h is the an nual ex po sure time.

RE SULTS AND DIS CUS SION

In tab. 2 a gen eral de scrip tion of nat u ral
radionuclides (238U, 226Ra, 210Pb, 232Th, 40K) and
137Cs ac tiv ity con cen tra tions in [Bqkg–1] and phys i cal
and chem i cal prop er ties of the soil sam ples col lected
around the four CFPP stud ied are pre sented.

The soil anal y sis re sults showed that al most all
sam ples are Molic Fluvisols (soil or ganic mat ter,
SOM), con tent ranged from 1.2% to 5.6%, and pH in
wa ter was >6) ex cept for two sam ples that be long to
Umbric Fluvisols (pH in wa ter is less than 5.5 which
in di cates base sat u ra tion of less than 50%). Par ti cle
size anal y sis re vealed un even dis tri bu tion of sand, silt,
and clay par ti cles. Sand frac tions var ied widely be -
tween sites (~90%). Silt and clay frac tions var ied no ta -
bly less, 24% and 29%, re spec tively. Com pared to the
sand per cent age whose av er age value was 11.2%, silt
and clay frac tions with an av er age 54.1 and 33.6%, re -
spec tively, pre vailed in all soil sam ples. Among all
sites, tex tural classes fol lowed the se quence: silty clay
loam > silty clay > clay loam. Re gard ing the cal -
cium-car bon ate con tent, ap prox i mately 30% of soil
sam ples were car bon ate free, and the rest were cal car -
e ous with car bon ate con tent from 0.40% to 19.12%.
Soil re ac tion in wa ter of cal car e ous sam ples var ied
from neu tral to slightly al ka line and in non-cal car e ous
sam ples it was slightly acidic. At two lo ca tions, soil
prop er ties like SOM con tent (18.7%) and sand per -
cent age (76%) ex hib ited un usu ally high val ues and
were ex cluded from the ana lysed data set. 

Within the ra dius of 0-2 km, 2-4 km, and 4-6 km
around four plants, a sin gle soil sam ple was cho sen
ran domly in or der to prove the uni for mity of the min -
eral com po si tion among the sites. The re sults of
XRPD anal y sis showed that min er al og i cal con stit u -
ents of twelve in ves ti gated bulk soil sam ples are
quartz, feld spar, mica, mont mo ril lo nite/illite and car -
bon ate min er als. The ma jor min er als, quartz and feld -
spar are pres ent in all soil sam ples and their con tents
ranged from 40.1-87.7% and 1-49.1%, re spec tively.
Feld spar is more abun dant at the TEM and TEK sites
and even in the vi cin ity of Tent A and Tent B (<2 km) it
could not be de tected. Ac ces sory min er als, nat u rally
less abun dant, ranged from 3.5-26.1% for mica,
0.8-34% for mont mo ril lo nite/illite, and 8.3-30.5% for
car bon ate min er als. Ac ces sory min er als were not rep -
re sented equally at all in ves ti gated lo ca tions which is
why a sig nif i cant re la tion ship with radionuclide dis tri -
bu tion could not be ob tained. It was ob served that
mont mo ril lo nite/illite grad u ally in creased in soil sam -
ples taken within the 2 km ra dius around the power
plants. The mica min eral is pres ent at TEK and rarely
at the other in ves ti gated sites. Car bon ate min er als
were found to be more abun dant at Tent A and Tent B
com pared to the TEM and TEK sites which is in ac cor -
dance with car bon ate dis tri bu tion in soil de ter mined
by the Scheibler method. Soil with the main min eral
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com po si tion of quartz, feld spar, mica and mont mo ril -
lo nite is clas si fied as a group with mod er ate ac tiv i ties
[Bqkg–1] es ti mated to be 500-900 for 40K, 20-90 for
228Ra and 20-90 for 226Ra [22].

Ra dio ac tiv ity mea sure ments

Sum mary sta tis tics of ac tiv ity con cen tra tions of
nat u ral radionuclides and 137Cs in soil are pre sented in
tab. 3. It can be ob served that the de ter mined av er age
ac tiv ity val ues for nat u ral radionuclides in the vi cin ity
of CFPP in Ser bia are slightly above the world av er age
val ues for nat u ral back ground gamma ra di a tion for
soil in the UNSCEAR 2000 re port [1]: 33 for 238U, 32
for 226Ra, 45 for 232Th, 420 for 40K. Ra dio ac tiv ity
mea sure ments in soil showed val ues in the range:
15-117 for 238U, 21-115 for 226Ra, 33-65 for 210Pb,
20-69 for 232Th, 324-736 for 40K, and 2-59 for 137Cs.
The ob tained re sults are com pa ra ble with those given

in lit er a ture (tab. 4) for ra dio ac tiv ity lev els of soils in
the vi cin ity of CFPP from dif fer ent re gions of the
world.

If we com pare ra dio ac tiv ity lev els with re spect
to the sites, they ap pear in the fol low ing or der:

TEK > TEM ~ Tent B > Tent A.
Av er age ac tiv ity con cen tra tions of 238U, 226Ra,

and 232Th in soils at TEK are nearly two times higher
when com pared to the Tent A site. Those higher lev els
are in good agree ment with the lev els re ported in soils
in the area lo cated near the sur face coal mine Kolubara
(Rudovci ta ble land near the TEK site) and should be
at trib uted to the lev els of nat u ral back ground ra di a tion 
from soil [23]. The over whelm ing ma jor ity of sam ples 
had 232Th lev els slightly en riched over 238U and 226Ra.
The tho rium con cen tra tion in the soil is con sid er ably
higher than ura nium due to its low mo bil ity and wa ter
in sol u bil ity. Mortvedt [24] re ported that al lu vial soils
tend to have higher and more evenly dis trib uted con -
cen tra tions of 232Th in di cat ing their greater mo bil ity
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Ta ble 2. Gen eral de scrip tion of ac tiv ity con cen tra tions of 238U, 226Ra, 210Pb, 232Th, 40K, and 137Cs, and phys i cal and chem i cal 
prop er ties de ter mined in soil sam ples used in this study

238U
[Bqkg–1]

226Ra
[Bqkg–1]

210Pb
[Bqkg–1]

232Th
[Bqkg–1]

40K
[Bqkg–1]

137Cs
[Bqkg–1]

 pHH20 pHKC1
SOM
[%]

CaCO3

[%]
Sand
[%]

Silt
[%]

Clay
[%]

TEM (n = 10)

Average 40 40 51 45 581 19 6.8 6.4 3 1.3 8.2 65.6 26.2

SD 7.6 2.7 3.3 5.2 62.8 4.7 0.6 0.6 1.6 1.2 5.2 80 9

CV [%] 19 6.8 6.5 12 10.8 25 8 9.7 23 94 63 12 34.6

Min 28 36 48 37 525 13 6.1 5.5 2.1 0.2 1.6 52.9 12.3

Max 57 44 57 51 736 28 7.6 7.2 4.1 3.9 15.6 73.4 41.9

TEK (n = 8)

Average 59 62 49 60 544 38 6.4 5.7 3.5 0.4 51.3 58.4 33.8

SD 27.5 22 4.2 5 68.8 9.3 0.6 0.6 1 0.01 3.4 10 14

CV [%] 46.7 35.6 8.6 8.4 12.6 24 9 11 28 1.5 6.5 17.3 41

Min 27 44 46 54 419 21 5.6 5.1 2.5 0.39 48 38.6 13.0

Max 117 115 52 69 622 54 7.4 6.9 5.6 0.40 57 69.8 57.8

Tent A (n = 12)

Average 30 37 46 37 516 23 7.5 6.9 4.8 2.4 26.8 41.6 31.6

SD 7.4 5.2 7.6 8 87.7 12 0.3 0.2 4.5 2.4 18.5 12.4 8.6

CV [%] 25 14 17 22.4 17 52.5 4 2.6 93 100 69 30 27

Min 16 25 33 20 389 6 7.1 6.6 1.8 0.4 10 12.6 11.3

Max 42 45 56 50 683 48 8.3 7.2 18.7 9.6 76 61.9 43.1

Tent B (n = 12)

Average 42 43 51 48 597 13 7.0 6.3 3.1 6.0 10 52.9 36.9

SD 12 11 10.6 12 116 6 0.8 0.8 1 7.0 10 7.6 6

CV [%] 29 26 21 24.8 19.5 51 12 13 33 116 99.5 75.5 16.6

Min 15 21 34 24 324 2 5.4 4.7 1.2 0.6 3.8 39.9 28

Max 57 56 65 62 723 20 7.9 7.2 4.2 19.1 32.1 64.2 49

Ta ble 3. Sum mary sta tis tics for ac tiv ity con cen tra tion of nat u ral radionuclides 238U, 226Ra, 210Pb, 232Th, 40K, and
fall out 137Cs

238U
[Bqkg–1]

223Ra
[Bqkg–1]

210Pb
[Bqkg–1]

232Th
[Bqkg–1]

40K
[Bqkg–1]

137Cs
[Bqkg–1]

Average 39 42 49 46 563 21.6

SD 12.5 9.3 7.2 10.9 90.5 12.7

CV [%] 32 22 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



as or ganic com plexes. Com par i son was made as well
with the val ues for back ground gamma ra di a tion (tab.
4) from un dis turbed soils of cen tral and west Ser bia
[25] and those typ i cal for the city of Bel grade [26]
which do not dif fer from sur face soil ra dio ac tiv ity lev -
els re corded in the vi cin ity of coal-fired power plants.

Based on the kurtosis and skew ness val ues (tab.
3), it can be noted that dis tri bu tions of all
radionuclides fol low nor mal dis tri bu tion. Vari a tion
co ef fi cients for nat u ral radionuclide ac tiv ity con cen -
tra tions were rel a tively small: the least 16% for 40K,
about 20% for 226Ra and 232Th, and about 30% for
238U. Since ter res trial ra di a tion is mainly de ter mined
by the ge ol ogy of the site [1], small spa tial vari a tions
of nat u ral radionuclides in di cate that the in ves ti gated
area is ho mo ge neous with re spect to its lithological
com po si tion. This is also con sis tent with strong and
sig nif i cant cor re la tions (p < 0.001) be tween 232Th,
226Ra, and 238U radionuclides in in ves ti gated soil pre -
sented in tab. 5. Cor re la tions found be tween 226Ra and
232Th (0.92), 238U and 232Th (0.73), and 238U and 226Ra 
(0.71) con firm that they pre dom i nantly be long to the
par ent soil ma te ri als [14]. In the surficial en vi ron ment, 
226Ra and 232Th are re garded as im mo bile while ura -
nium is con sid ered mo bile un der ox i diz ing con di tions
and could be re moved rel a tive to ra dium and tho rium
[15].

The rel a tively weak but sig nif i cant cor re la tions
(p £ 0.001) of po tas sium iso tope 40K with 238U (0.42)
and stron ger with 232Th (0.52) were ob tained be cause
po tas sium and tho rium are less mo bile in con trast to
ura nium which was in mo bile form dur ing the soil for -

ma tion [27]. Higher cor re la tion co ef fi cients be tween
40K and 232Th com pared to 40K and ura nium se ries
nuclides in soil are of ten rec og nized in the lit er a ture
[28-30]. 40K con tained in the soil min eral com po nents
is usu ally uni formly dis trib uted, but in the sur face
layer of soil that con tains veg e ta tion and roots, bi o log -
i cal ac tiv i ties can af fect 40K re moval from top soil [31].

 Cor re la tions with soil prop er ties

Soil granulometry has an im por tant in flu ence on
radionuclide dis tri bu tion in soil be cause ac tiv ity con -
cen tra tion de creases with par ti cle-size in crease [32]. A 
study of Blanco Ro dri guez et al. [33] showed that ac -
tiv ity con cen tra tion of the finer frac tions is strongly
cor re lated with the ac tiv ity con cen tra tion of the bulk
soil. High radionuclide ac tiv i ties in clays come from
ad sorp tion of radionuclides onto neg a tively charged
clay min eral sur faces. In in ves ti gated Fluvisol, ac -
cord ing to Pearson's cor re la tion, 40K and 232Th
radionuclides were as so ci ated with clay frac tions. The
high est ac tiv i ties de tected were as so ci ated with the
fin est soil frac tion that is re lated to the sig nif i cant pro -
por tion of mont mo ril lo nite/illite (po tas sium bear ing
min eral) in the to tal clay con tent.

238U, 226Ra, and 232Th ac tiv ity con cen tra tions
are mod er ately de pend ent on silt size frac tions of soil
pos i tively and on sand frac tions neg a tively (tab. 5).
Ac tiv i ties of the coarser soil par ti cles are usu ally as so -
ci ated with the most re sis tant soil phases [33]. This
was also ev i denced by the strong cor re la tion of quartz
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Ta ble 4. Com par a tive data for 238U, 226Ra, 232Th, 40K, and 137Cs in soil in this work and other from dif fer ent coun tries of the
world in the vi cin ity of CFPP found in the lit er a ture and un dis turbed soil from Ser bia

Location
238U

[Bqkg–1]

226Ra
[Bqkg–1]

232Th
[Bqkg–1]

40K
[Bqkg–1]

137Cs
[Bqkg–1]

Spain (soil near CFPP)[9]
19-55 24-79 30-76 200-940 0-85

India (soil near CFPP)[11]
– 32-121 19-45 195-505 –

China (soil near CFPP)[5]
– 28-49 44-61 640-992 –

Brazil (soil near CFPP)[7]
10-273 15-270 10-59 55-412 –

West and Central Serbia (undisturbed soil)[25]
9-117 11-55 7-60 162-586 6-197

Belgrade (undisturbed soil)[26]
– 23-68 28-76 450-760 8-160

Rudovci tableland (disturbed soil)[23]
28-44 – 59-71 335-517 –

This study 15-117 21-115 20-62 324-736 2-54

Ta ble 5. Pearson's cor re la tion co ef fi cients among the radionuclides them selves and be tween the radionuclides and the
main soil prop er ties of the Fluvisols in the vi cin ity of four CFPP stud ied

238U 226Ra 210Pb 232Th 40K 137Cs pHKC1 CaCO3 SOM Clay Silt Sand
238U 1 0.71a 0.50 0.73a 0.42a 0.37 –0.63a –0.46b ns ns 0.46b –0.41b

226Ra 1 0.68a 0.92a 0.36 0.44b –0.74a –0.62a ns ns 0.38 –0.46b

210Pb 1 0.66b ns ns –0.58b –0.52 ns ns ns ns
232Th 1 0.52a 0.40 –0.73a –0.59a ns 0.37 0.42b –0.56a

40K 1 ns ns –0.37 ns 0.54a ns ns
137Cs 1 –0.38 –0.44b 0.40b ns ns ns

Sig nif i cance level: ns – not sig nif i cant, p £ 0.05, bp £ 0.01, ap £ 0.001



per cent ages   in   soil   with   frac tions  of  coarse  sand 
(0.02-2 mm) pos i tively (p < 0.02) and the neg a tive one
with the 232Th and 226Ra con tent (p < 0.05). Fluvisol
per ma nent or sea sonal wa ter sat u ra tion af fects
radionuclide mo bil ity in sur face soil through the pro -
cesses of leach ing, dis so lu tion and pre cip i ta tion [13].
Sand par ti cles with small spe cific sur face area are
chem i cally in ert and be cause of their large sizes wa ter
trav els through them eas ily while silt par ti cles, smaller 
in size, with larger sur face ar eas are usu ally trans -
ported with wa ter flow [34].

137Cs had higher spa tial vari a tion (~60%) re -
veal ing its un even dis tri bu tion and ac cu mu la tion in
soil that is char ac ter is tic of radiocesium de rived from
the ra dio ac tive fall out from the Chernobyl ac ci dent
and may not be the re sult of CFPP ac tiv i ties. Its ac tiv -
ity con cen tra tion val ues found in soils were within the
range ex pressed by re gional lev els (tab. 4).
Radiocesium is es sen tially con sid ered non-ex change -
able and most of it is ir re vers ibly sorbed onto the clay
or soil or ganic mat ter par ti cles [35]. Ac cord ing to sim -
ple lin ear re gres sion anal y sis (tab. 5), vari ance of
SOM per cent ages in Fluvisol sam ples af fected 137Cs
spa tial dis tri bu tion (p < 0.01). This con nec tion is also
found by Dragovi} et al. [26], who stud ied depth dis -
tri bu tion of 137Cs in Fluvisol pro files that were col -
lected in the al lu vial plain of the Sava river which is
flooded pe ri od i cally. They ob served that the trend of
soil prop er ties and 137Cs ac tiv i ties de pends on char ac -
ter is tics of the lay ers and length of pe ri ods of soil for -
ma tion af ter or be tween flood events.

Mod er ate cor re la tion was es tab lished be tween
137Cs and nat u ral 238U (0.37), 226Ra (0.44), and 232Th
(0.40). It can be as sumed that this cor re la tion pres ents
a not ex plic itly ob tained re la tion of those nat u ral
radionuclides with soil or ganic mat ter that var ied more 
(40%) than ac tiv i ties of nat u ral radionuclides
(20-30%). Radionuclides are known to com plex with
or ganic mat ter in soil. Ura nium could be re tained by
or ganic mat ter complexation or mo bi lized if com -
plexes are sol u ble [36]. A study of ra dium sorp tion by
soil par ti cles showed that it is af fected by SOM rather
than soil granulometry [37]; tetravalent tho rium is
strongly complexed with SOM which in creases its
mo bil ity [24]. Very sim i lar re sults were ob tained for
soils in the vi cin ity of CFPP in the Meg a lop o lis ba sin
(Greece) [12] where to tal or ganic car bon (stored in the
soil or ganic mat ter) par tially in flu enced the dis tri bu -
tion of 238U, 226Ra, and 137Cs while the clay con tent in -
flu enced the dis tri bu tion of 232Th and 40K.

Ac tiv ity con cen tra tion of 210Pb ranged from
33-65 Bq/kg with spa tial vari a tion of 15%. A cor re la -
tion be tween 210Pb and SOM con tents, usu ally es tab -
lished in lit er a ture, was not ob served in Fluvisol. Sig -
nif i cant and high cor re la tions (tab. 5) of 210Pb with
226Ra (0.68), 232Th (0.66), and 238U (0.50) in di cated
that 210Pb is rather con nected with soil min eral frac -
tions sim i lar to find ings of the in ves ti ga tion of nat u ral

catch ment soils where the dis tri bu tion of the ac cu mu -
lated 210Pb dem on strated its pref er en tial ad sorp tion by 
finer soil par ti cles [38]. 

The main cor re la tion, mod er ate to strong and a
neg a tive one, for all nat u ral radionuclides in Fluvisol
soil sam ples were found with car bon ates and soil pH
(ex cept with 40K). Ra dio ac tiv ity de creased with the in -
crease of soil pH and car bon ate con tent. Car bon ates
ex plained ap prox i mately 40% of 226Ra and 232Th vari -
a tions and less (15-20%) of 238U, 40K, and 137Cs vari a -
tions. In the study of Navas et al. [14], the high est ac -
tiv i ties of nat u ral 226Ra, 232Th, and 40K were found in
soils (Calcaric Fluvisols) where car bon ates have been
leached and op po site, lower ra dio ac tiv ity was in the
soils with the high est car bon ate con tents which ex -
plains the neg a tive re la tion ship. Neg a tive cor re la tions
be tween pH and radionuclides of the ura nium and tho -
rium se ries were re corded by Tsai et al. [29], who con -
cluded that radionuclides ex tracted from soil leached
into the wa ter in neu tral and al ka line me dia could de -
crease the fix a tion of nuclides in the soil.

Cor re la tions with the dis tance

The one-way anal y sis of vari ance (ANOVA) test
was per formed to in di cate the main dif fer ences in
radionuclide ac tiv i ties and soil prop er ties along the dis -
tance from each CFPP. Firstly, im plied by the test re sults,
there were sta tis ti cally sig nif i cant dif fer ences (p < 0.01)
be tween means of con tents of fine sand and silt + clay
frac tions in the area within the 1 km ra dius com pared to
the 1-2 km  and 2-6 km zones around the CFPP.  In  the 
<1  km  zone,  a  lack  of  silt  + clay (<0.01 mm) and ac cu -
mu la tion of fine sand (0.05-0.2 mm) par ti cles was ob -
served which re sulted from the re ac tion of soil with ash
par ti cles. Con tin u ous in put of ash into the top soil around
the ash pond re sults in the coars en ing of the soil due to
ex ces sive silt and fine sand-sized par ti cles (con stit u ents
of ash) lead ing to a de crease in the net clay con tent [39].
Sec ondly, mean ac tiv ity con cen tra tions of nat u ral
radionuclides,  car bon ate  con tent and pH val ues in the
<1 km zone dif fered sig nif i cantly (p < 0.05) from those in 
the 1-2 km zone, but not com pared to the 2-6 km zone
(fig. 2). Pearson's lin ear cor re la tions were also per -
formed to find re la tion ships of the nat u ral radionuclides
with the dis tance and pos i tive and sig nif i cant cor re la -
tions were es tab lished  within  the   2  km   ra dius   for 238U
(r = 0.63, p < 0.01),  226Ra  (r  =  0.54,  p < 0.05),  232Th  (r
= 0.67, p < < 0.01),  40K  (r = 0.55, p < 0.05),  and  210Pb (r
= 0.45, p < < 0.05). It could be no ticed that this in crease
of ac tiv ity con cen tra tions of the de tected nat u ral
radionuclides are with the dif fer ences not ex ceed ing
30% along the 0-2 km dis tance.

In the <1 km area, more al ka line pH lev els
(7.1-7.9) oc curred due to larger car bon ate amounts in
soil which is why more neg a tively charged bind ing
sites were avail able on soil min eral sur faces. The mo -
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bil ity of 238U was rather en hanced due to the for ma tion 
of ura nium-car bon ate com plexes, the main in or ganic
form of trans port in the soils at val ues of pH  >6.5 [36].
Car bon ate leach ing and pre cip i ta tion, in flu enced by
soil pH, are the main fac tors con trol ling the sol u bil ity
of nat u ral radionuclides, es pe cially 232Th and 238U,
which be come mo bi lized, can mi grate, and be come
fixed by the or ganic mat ter [30]. En hanced re moval of
nat u ral radionuclides is also con nected with the pres -
ence of drain age wa ter in the <1 km area and with more 
in tense wa ter cir cu la tion in gen eral through less dense
soils caused by the col laps ing of finer soil frac tions. At 
greater dis tances (1-2 km area), nat u ral radionuclide
ac tiv i ties tend to in crease (fig. 2) due to grad ual soil
pH level re duc tion and car bon ate min eral weath er ing
and re moval. In that area, car bon ate leach ing from the
top soil is con nected with the rel a tive ac cu mu la tion of
feld spars (which ex plains the sharp 40K in crease) and
mont mo ril lo nite/illite clays that may ad sorb nat u ral
radionuclides on the clay sur faces or fix them within
the lat tice struc ture [14]. This slight grad ual in crease
of nat u ral radionuclide con cen tra tions could also oc -
cur dur ing the pe riod of CFPP op er a tion as it is known

that ra dio ac tiv ity “es capes” from the power plant in
the form of fine par ti cles. It was eval u ated that the
max i mal de po si tion of par tic u late dis per sion from a
120 m high stack could take place 400 m down wind
from the stack and as the wind speed in creases, this
max i mum is cor re spond ingly re moved [2].

The ab sorbed gamma dose rate in this study
ranged from 35.0 nGy/h to 97.9 nGy/h. A sim i lar range 
of val ues was re ported in the re gion, in Ro ma nia
(20-125 nGy/h) and Montenegro (28-50 nGy/h) [40].
The es ti mated av er age value of 69.4 nGy/h was higher
than  57  nGy/h,  the  pop u la tion weighted av er age dose 
in  the re gion with 3/5 of the world pop u la tion [1]. It
was also slightly higher than the av er age value of 62.8
nGy/h for Ser bia [41], but less than the dose of 91.3
nGy/h re ported for the area af fected by ura nium min -
ing [42]. 

The re sults ob tained for the an nual ef fec tive
dose in this study ranged from 0.043 mSv to 0.120
mSv which is com pa ra ble with the range from 0.3 mSv 
to 1.0 mSv adopted in the UNSCEAR, 2010 re port
[40]. The mean value in our in ves ti ga tion is 0.085 mSv 
which is greater than 0.07 mSv, the world av er age
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Fig ure 2. Ac tiv ity con cen tra tion of  238U, 226Ra, 210Pb, 232Th, 40K, and 137Cs in sur face soil within a ra dius of 6 km
sur round ing CFPP



value of the out door an nual ef fec tive dose from ter res -
trial ra di a tion [40], but sim i lar to the me dian value of
the an nual ef fec tive dose in Ser bia es ti mated to be
0.081 mSv [41]. It could be con cluded that there is no
im por tant con se quence with re gard to nat u ral
radionuclide ac tiv ity con cen tra tions in soils in the vi -
cin ity of CFPP in Ser bia.

CON CLU SIONS

In the sur face soils in the vi cin ity of four CFPP
from Ser bia, no en hance ment of nat u ral radionuclides
238U, 226Ra, 210Pb, 232Th, and 40K was found that could
have re sulted from air borne dis charge or the pres ence
of ash at dis posal sites. Ac tiv ity val ues of fall out 137Cs
in soil were within the range ex pressed by re gional
lev els. Study of par ti cle size dis tri bu tion showed that
clay frac tions in flu enced 40K and 232Th while silt frac -
tions mod er ately in flu enced 238U and 226Ra dis tri bu -
tion dem on strat ing their as so ci a tion with the min eral
com po si tion of soil. In the <1 km area sur round ing the
CFPP, the lack of silt + clay (<0.01 mm) and ac cu mu -
la tion of fine sand (0.05-0.2 mm) par ti cles to gether
with an in crease of soil pH and car bon ate con tent was
ob served, re sult ing from the re ac tion of soil with par ti -
cles of ash. In that area, nat u ral radionuclides were
mo bi lized with en hanced wa ter move ment through
less dense soils en riched with sand par ti cles. In view
of the fact that lig nites from the Kolubara ba sin used as 
feed coals for com bus tion are low in ura nium and tho -
rium con tent, nat u ral radionuclide ac tiv ity con cen tra -
tions in sur face soil near the CFPP cor re spond to the
back ground lev els.
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MEREWE  AKTIVNOSTI  RADIONUKLIDA  U  ZEMQI[TU  U
BLIZINI  ^ETIRI  TERMOELEKTRANE  U  SRBIJI  METODOM

SPEKTROMETRIJE  GAMA  ZRA^EWA  I  PROCENA  DOZE

Ispitivana je prostorna raspodela koncentracije aktivnosti prirodnih radionuklida
238U, 226Ra, 210Pb, 232Th, 40K i proizvedenog 137Cs u uzorcima povr{inskog sloja zemqi{ta (n = 42)
sakupqenih u blizini ~etiri termoelektrane u Srbiji, TE “Kolubara”, TE “Morava”, TE “Nikola
Tesla” A i B. Primenom metode spektrometrije gama zra~ewa, izmerene aktivnosti radionuklida u 
zemqi{tu [Bqkg–1] pokazale su vrednosti u intervalu 15-117 za 238U, 21-115 za 226Ra, 33-65 za 210Pb,
20-69 za 232Th, 324-736 za 40K i 2-59 za 137Cs. Aktivnost radionuklida povr{inskog sloja zemqi{ta
koja bi mogla da poti~e i od depozicije radionuklida pri wihovom ispu{tawu u atmosferu iz
dimwaka termoelektrana ili putem resuspenzije materijala sa deponije pepela nije pokazala
povi{ene nivoe. Ustanovqeno je da je prostorna promena mehani~kih osobina zemqi{ta
(granulometrijskog sastava), pH vrednosti i sadr`aja karbonata bila u skladu sa promenama nivoa
aktivnosti prirodnih radionuklida dok su aktivnosti radiocezijuma bile povezane sa
varijacijama sadr`aja organske materije zemqi{ta. U blizini samih termoelektrana (<1 km)
prime}ena je bitna akumulacija krupnijih ~estica (dijametra 0.05-0.2 mm), karbonata i vi{a
alkalna reakcija zemqi{ta u odnosu na ve}e udaqenosti. Procewene sredwe vrednosti
apsorbovane doze i godi{we eksterne efektivne doze koje poti~u od terestijalnog gama zra~ewa
iznosile su 69.4 nGy/h i 0.085 mSv, respektivno.

Kqu~ne re~i: prirodni radionuklid, osobina zemqi{ta, spektrometrija gama-zra~ewa,    
.........................termoelektrana


