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This study aims to ob tain data on ter res trial ra dio ac tiv ity com ing from nat u rally oc cur ring
(40K, 226Ra, 232Th, and 238U) and ar ti fi cial (137Cs) radionuclides in sur face soil (0-10 cm) of
se lected eigh teen pub lic-ac cess ur ban ar eas in Kruševac city, Ser bia, and to as sess the cor re -
spond ing health ef fects for cit i zens us ing those ar eas for rec re ational pur poses.  The spe cific
ac tiv i ties of in ves ti gated radionuclides were an a lyzed us ing HPGe gamma-ray spec trom e try. 
The mean spe cific ac tiv ity of 40K, 226Ra, 232Th, 238U, and 137Cs was found to be 353, 39.8,
38.9, 41.0, and 5.9, re spec tively, in com pli ance with their val ues in other parts of Ser bia and
neigh bor ing coun tries re ported in sim i lar re searches.  To eval u ate the hu man health risk as so -
ci ated with radionuclides, con ser va tive ex po sure as sump tions and mod els rec om mended by
the United States En vi ron men tal Pro tec tion Agency were em ployed tak ing into ac count
three ex po sure routes: in ges tion, in ha la tion of soil, and ex ter nal ir ra di a tion. The ab sorbed
gamma dose rate in the air due to nat u ral radionuclides in soil was cal cu lated. The cal cu lated
in di ces sug gested that the ra di a tion risk aris ing from nat u ral and ar ti fi cial radionuclides was
not sig nif i cant. The to tal ex cess life time can cer based on the 95 % up per con fi dence limit of
the spe cific ac tiv i ties mean was cal cu lated to be 5.89×10–6, lower than the tol er a ble risk for
reg u la tory pur poses (10–4). Among in ves ti gated ra di a tion ex po sure path ways, ex ter nal ex po -
sure was the most con trib ut ing one for the health risk. The re sults ob tained for the city's parks 
and play grounds sug gested their safe use for rec re ational pur poses from the radioecological
point of view.
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IN TRO DUC TION

All liv ing be ings on Earth are con tin u ously and
un avoid ably  ex posed  to  ion iz ing   ra di a tion.   About
85 % of ex po sure is com ing from nat u ral ra di a tion
whose main con tri bu tors are ter res trial radionuclide
40K and radionuclides of the 238U and 232Th se ries. The 
nat u ral ra dio ac tiv ity of soils is inhomogeneously dis -
trib uted and de pends on the lo cal ge ol ogy, pedology,
and geo graph ical fac tors [1]. Man-made radionuclides 
have been glob ally re leased in form of fall outs to the
en vi ron ment af ter nu clear weapon test ing and nu clear
re ac tor ac ci dents. Ra dio iso topes dis charged from the
anthropogenic sources af ter de po si tion were re tained
in en vi ron men tal com part ments in clud ing soil. The

137Cs has been con sid ered as one of the bi o log i cally
the most im por tant fis sion prod ucts car ry ing ma jor po -
ten tial haz ard to hu man and non-hu man biota due to its 
rel a tively long half-life (30.2 years), a strong af fin ity
for bind ing to the soil, and physicochemical and met a -
bolic prop er ties anal o gous to po tas sium [2].

Ur ban en vi ron men tal qual ity is closely re lated to 
the hu man health and wellbeing of city res i dents,
hence in ves ti gated soil, as a sig nif i cant com po nent of
an ur ban en vi ron ment, is of vi tal im por tance. Pub lic
parks and pub lic-ac cess play grounds are spe cially
des ig nated green ar eas within cit ies to pro vide op por -
tu ni ties for rec re ation, sport, and re lax ation. Cit i zens
may spend much of their free time there, es pe cially
par ents with chil dren, sports men and older gen er a tion
peo ple. The soil sur faces of parks and play grounds
due to their large, ex posed ar eas act both as a source
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and a sink for many types of pol lut ants, among them
radionuclides. Be sides be ing ex ter nally ex posed to
ion iz ing ra di a tion from ter res trial radionuclides, park
us ers may get eas ily into di rect con tact with the sur -
face soil due to out door ac tiv i ties, and un der those cir -
cum stances, radionuclides from soil can reach the hu -
man body through oral and in ha la tion path ways. Oral
ex po sure is cru cial for chil dren who may in gest sig nif -
i cant quan ti ties of soil by hand-to-mouth ac tiv i ties. 
More over, soil can be eas ily re sus pend ed by the wind
or hu man move ments (e. g., walk ing, run ning), and
gen er ated air borne par ti cles or dust can be readily in -
haled [3]. There fore, it is of great im por tance to af firm
whether ur ban green ar eas are safe for the pop u la tion
from a health point of view.

The health risks posed by radionuclides can be
quan ti ta tively de ter mined con sid er ing dif fer ent hab its of
tar get re cep tors and com pre hen sion of the rel e vant ex po -
sure sce nar ios.  Most fre quently used meth ods for ra dio -
log i cal risk as sess ment due to radionuclides in soils have
been based on var i ous in di ces re lated mainly to ex ter nal
ex po sure to gamma ra di a tion de pend ing on their spe cific
ac tiv i ties in the top soil. Con sid er ing the high
radiotoxicity and chem i cal tox ic ity of radionuclides, de -
ter mi na tion of the at ten dant health risk re quires par tic u -
lar at ten tion and the ap pli ca tion of the mod ern meth od ol -
ogy. That en tails a multi-step pro ce dure based on
sta tis tics com pi la tion and eval u a tion, hu man ex po sure
as sess ment, tox i co log i cal data, and risk char ac ter iza tion.
One of the best-de vel oped meth od ol o gies is the health
risk as sess ment model for var i ous ex po sure and site-spe -
cific sce nar ios pro posed by the United States En vi ron -
men tal Pro tec tion Agency (US EPA) that has been used
by en vi ron men tal pro fes sion als and re search ers world -
wide. This model has been proved as a pow er ful tool for
as sess ing hu man health risk and iden ti fy ing the ex po sure 
path ways of most con cern due to dif fer ent chem i cals,
mostly heavy met als, per sis tent or ganic pol lut ants,
polycyclic ar o matic hy dro car bons, etc., pres ent in di -
verse en vi ron men tal me dia [4]. Al though the meth od ol -
ogy in cludes radionuclide risk as sess ment tools, it has
been rarely used to char ac ter ize hu man health risks re -
sult ing from a po ten tial ex po sure to radionuclides via the
ex po sure path ways de ter mined ap pro pri ate for the
source area [5, 6].

The in creas ing con cern about the safety of soils
in ur ban parks and play grounds re sulted in nu mer ous
stud ies car ried out in many cit ies all around the world
over the past years. Much con cern has been ad dressed
over the prob lem of soil con tam i na tion with heavy
met als and or ganic pol lut ants due to rapid in dus tri al -
iza tion and ur ban iza tion [3, 7-10]. At the same time,
var i ous radioecological stud ies per formed in Ser bia
have been aimed mainly to a de ter mi na tion of the con -
tent of radionuclides in ur ban soil of dif fer ent land
uses, not ex clu sively pub lic green ar eas, es ti mat ing
only risks and health haz ards from the ex ter nal ra di a -
tion ex po sure of the pop u la tion with out tak ing into ac -

count spe cific ex po sure sce nar ios [2, 4, 11-18]. The
lit er a ture re view has shown that there are no data on
the ap pli ca tion of US EPA health risk as sess ment
meth od ol ogy due to ra di a tion ex po sure of hu mans in
Ser bia.  Even though Kruševac is one of the larg est cit -
ies in Ser bia, stud ies eval u at ing radionuclide con tent
in ur ban soils and ac com pa ny ing po ten tial health risks
have not been un der taken in this area up to the pres ent
time.

Ow ing to the sig nif i cance of po ten tial ex po sure
to radionuclides and ter res trial ra di a tion in ur ban ar -
eas, the pres ent study was con ducted with the fol low -
ing ob jec tives: to de ter mine the spe cific ac tiv ity of
nat u ral (226Ra, 238U, 232Th, and 40K) and ar ti fi cial
(137Cs) radionuclides in sur face soil sam ples taken
from des ig nated ur ban green ar eas in Kruševac and to
es ti mate po ten tial health risk due to radionuclides ac -
cord ing to the US EPA meth od ol ogy for cit i zens and
vis i tors (who use parks and play grounds for rec re -
ational pur poses only) due to ex po sure to the soil via
dif fer ent ex po sure path ways.

MA TE RI ALS AND METH ODS

Study area

Kruševac (N 43° 34¢ 59.6², E 21° 19¢ 29.0²) is
the ad min is tra tive cen ter of Rasina Dis trict and rep re -
sents one of the larg est ur ban ar eas in the cen tral part of 
Ser bia, ex tend ing to 75.4 km2, with a to tal pop u la tion
of around 80000 in hab it ants [19]. The cli mate is con ti -
nen tal, with rel a tively cold win ters and mod er ately hot 
sum mers. The cold est month is Jan u ary (0.2 °C), and
the hot test is July (21.8 °C), with an an nual mean tem -
per a ture of 11.4 °C. The av er age an nual pre cip i ta tion
is rel a tively low (628.1 mm). The av er age wind speed
is 1.4 ms–1.  Pre vail ing  winds  blow from the south
(7.6 %) and the east (7.0 %), while calm oc curs  48.1 % 
of the time [20].

The al ti tude of the city is be tween 150 and 200 m
a.s.l. The most im por tant wa ter courses are the West
Morava River and the Rasina River. The wider re gion
of Kruševac was formed of rocks of Ser bian-Mac e do -
nian Mas sif. Pa leo zoic rocks – crys tal line schists, di -
vided by mul ti ple faults com prise this tec tonic unit,
form ing moun tain ous horsts or de pres sions like West
Morava's trench, where ter tiary lake sed i ments are po si -
tioned over Pa leo zoic rock. These lake sed i ments are
cov ered by al lu vial de pos its and river ter races that are
es pe cially well-formed. The most com mon soil types
(WRB clas si fi ca tion) rep re sented in the study area are
Haplic Fluvisol, Haplic Cambisol (Eutric), Podzol,
Haplic Vertisol, Haplic Vertisol (Eutric) – Regic
Anthrosol (Eutric, Clayic), Albic Luvisol (Endoeutric),
and Colluvic Regosol (Stagnic). Non-etheless, ur ban
soils are mark edly dif fer ent from the nat u ral ones, and
highly spa tially vari able due to di verse hu man ac tiv i -
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ties. They are known to have pe cu liar char ac ter is tics
such as un pre dict able lay er ing, deg ra da tion, al tered soil 
re ac tion, low or ganic mat ter con tent, lim ited aer a tion,
and wa ter drain age, high con tent of for eign ma te ri als,
and typ i cally con tain higher amounts of con tam i nants
and trace el e ments than those from ru ral or i gins due to
the higher den sity of anthropogenic ac tiv ity [21]. 

Kruševac is con sid ered a highly in dus tri al ized
city es pe cially in sec tors of chem i cal, ma chin ery,
woodworking, and food in dus try. The in dus try re lated
to Tech no log i cally En hanced Nat u rally Oc cur ring Ra -
dio ac tive Ma te ri als does not ex ist in the study area. The
re gion where the study was con ducted is both a his tor i -
cally rich re gion and one of the most ac tive in terms of
tour ism. The sur face of pub lic green ar eas per ca pita is
11 m2, but the Gen eral Ur ban Plan of Kruševac en vi -
sions the ex ten sion of those ar eas up to 65 m2 un til
2025. Con ve nient weather set tings along side the in hab -
it ants' be hav ior gov erned by their socio-eco nomic fac -
tors fa vor spend ing time out door for both chil dren and
adults.

Soil sam pling

Eigh teen pub lic ur ban green ar eas des ig nated as
parks and ar eas for sports and rec re ation most fre -
quently vis ited by res i dents within the Kruševac city
area were se lected for the sam pling cam paign car ried
out in July 2018 (fig. 1, tab. 1). The se lec tion of green
ar eas was car ried out us ing dig i tal orthophoto im ages
of 10 cm res o lu tion pro vided by the Re pub lic Geo -
detic Au thor ity cou pled with the au thors' ex pe ri ence. 
Those ar eas (rep re sent ing more than 80 % of the green
ar eas in Kruševac) were cho sen based on the fol low -
ing cri te ria: they are open city ar eas, and rel a tively
evenly dis trib uted within city bound aries. Among se -
lected lo ca tions, some parks are ma jor touristic sites,
par tic u larly the ar chae o log i cal park Prince La zar's
Town, Pi o neers Park, Bagdala Park, and me mo rial
com plex Slobodište. Other sites are lo cated in squares, 

near schools, kin der gar tens, and day-care cen ters, or
rep re sent smaller neigh bor hood parks.

Each sam pling site was georeferenced by a
hand-held GPS de vice with a pre ci sion of ±5 m. The sur -
face layer cov ered by veg e ta tion and de bris was re moved 
be fore soil sam pling. The sam ples of 30 cm × 30 cm were 
taken from the top soil to a depth of 10 cm [22]. To en sure
the rep re sen ta tive ness of the spec i men, five subsamples
(cen ter and 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. This sam pling strat egy was adopted
to re duce the pos si bil ity of ran dom in flu ences from ur -
ban waste. Ap prox i mately, the weight of each subsample 
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Fig ure 1.  Sim pli fied map of the study
area with the po si tion of sam pling
lo ca tions

Ta ble 1.  Brief de scrip tion of the sam pling sites

Lo ca tion Street Land use

1 Drinska, Miletine
bune Pub lic Park (Šljivak Park)

2
Luja Pastera,
Železni~ka

Sports ground

3 Lazarev grad Ar chae o log i cal Park
(Prince La zar's Town)

4 Trg Despota Stevana Pub lic Park
(Des pot Stefan's Square)

5 Balkanska, Dušanova Pub lic Park (Pi o neers Park)

6 Živorada Stankovi}a Chil dren play ground

7 Trg slobode Pub lic Park
(Free dom Square)

8
Svetog Save,

Ilo~ki trg
Pub lic Park

9 Bagdala Pub lic Park (Bagdala)

10 Trg Kosturnica Pub lic Park
(Kosturnica Square)

11 Jovana Du~i}a Pub lic Park

12 Kraljevi}a Marka Chil dren play ground

13 Raševa~ka
Pub lic Park (Rasina's

prom e nade)

14 Dostojevskog Chil dren play ground

15 Varšavska Chil dren play ground

16 Petra Ko~i}a Sports ground

17 Slobodište Me mo rial com plex

18 Bruski put Chil dren play ground



in volved in com pos ite was 1 kg of soil. All sam ples were
en closed in a plas tic bag and trans ported to the lab o ra tory 
where the stones, vis i ble roots, and other for eign ma te rial 
were re moved from the soil sam ples and air-dried at
room tem per a ture for two weeks.  For radionuclide anal -
y sis sam ples were brought to con stant mass by dry ing in
the oven at 105 °C. Af ter that, sam ples were ho mog e -
nized by me chan i cal mix ing and were brought to uni -
form spread by siev ing through a 2 mm mesh sieve. Part
of the to tal sam ple for anal y sis was made by the quar ter
method. Sam ples were placed into 500 cm3 Marinelli
beak ers and sealed for 40 days be fore anal y sis to at tain a
sec u lar equi lib rium be tween 226Ra and its daugh ters. 
Due to top soil layer in ves ti ga tions, this study does not
deal with soil tax on omy.

Radionuclide anal y sis

The spe cific ac tiv i ties of 40K, 238U, 226Ra, and
232Th were de ter mined us ing a co ax ial HPGe de tec tor
(ORTEC-AMETEK, GEM25P4-70) with an en ergy res -
o lu tion of 1.67 keV at the 1.33 MeV of 60Co and the rel a -
tive ef fi ciency of 28 %. The de tec tor was housed in a 10
cm thick lead shield lined by a 0.5 cm cop per layer.  En -
ergy and ef fi ciency cal i bra tions were done us ing stan -
dard ref er ence ma te rial Source No. LR 320 cer ti fied by
the Cal i bra tion lab o ra tory for ra dio ac tiv ity mea sure ment
(Deutscher Kalibrierdienst, Braunschweig, Ger many). 
The count ing time for each sam ple was 100 ks,  with  an 
an a lyt i cal pre ci sion of ±10 %. The spe cific ac tiv ity of
238U was  cal cu lated  us ing  gamma-rays  of  234Th  at 
63.3 keV, 92.4 keV, and 92.8 keV.  The spe cific ac tiv ity
of 226Ra was de ter mined from the gamma-rays at 609.3,
1120.3, and 1764.5 keV of 214Bi and 295.2 and 351.9
keV of 214Pb. Gamma-rays with en er gies 911.2 and
969.0 keV (228Ac) and 238.6 keV (212Pb) were used for
the cal cu la tion of the spe cific ac tiv i ties of 232Th. Spe cific
ac tiv i ties of 40K and 137Cs were de ter mined us ing their
own 1460.8 keV and 661.7 keV gamma-rays, re spec -
tively.  The mea sured spe cific ac tiv ity of 137Cs was de cay 
cor rected to the sam pling date. 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). 

Risk as sess ment and
ex po sure pa ram e ters

Hu man health risk as sess ment is a tiered ap -
proach based on the source-path way-re cep tor con cept
where both quan ti ta tive and qual i ta tive as sess ments of 
po ten tial health risks are made de pend ing on site-spe -
cific char ac ter is tics. For this study, the re cep tor iden ti -
fied for health risk as sess ment due to radionuclides in
soil was a recreator. The sce nario as sumes tem po rary
oc cu pancy by an in di vid ual, a recreator, who uses se -

lected ar eas for rec re ational pur poses, re lax ation,
play ing, and tour ism. The fol low ing ex po sure routes
were con sid ered: in ci den tal in ges tion of soil, in ha la -
tion of particulates emit ted from soil, and ex ter nal ex -
po sure to ion iz ing ra di a tion [23].  En vi ron men tal de ci -
sions con cern ing risk as sess ment are made based on
mean con cen tra tions of the con tam i nants of po ten tial
con cern.  Since the po ten tial re cep tors are ex posed to
di rect con tact with top soil, the in put pa ram e ter was the 
spe cific ac tiv ity of each radionuclide in ves ti gated in
the sur face soil. The po ten tial risk for chil dren and
adults was es ti mated for ex po sures to the 95 % up per
con fi dence level (UCL0.95) of the arith me tic mean of
spe cific ac tiv i ties of radionuclides as a health-pro tec -
tive value and a mea sure of rea son able max i mum ex -
po sure of the re cep tor. A UCL0.95 rep re sents that value
so that one can be 95 % con fi dent that the pop u la tion
mean can not ex ceed that limit.

US EPA risk as sess ment model, which is fully ac -
ces si ble through the Risk As sess ment In for ma tion Sys tem 
(RAIS) com pi la tion [23] was ex ploited for risk cal cu la -
tion. Based on US EPA clas si fi ca tion, all radionuclides be -
long to the Group A – hu man car cin o gens [24]. The ini tial
cal cu la tion of ex cess life time can cer risk (ELCR) as a re -
sult of ex po sure to radionuclides is given by eq. (1)

ELCR TI SF= × (1)

where ELCR rep re sents the unitless prob a bil ity of an
in di vid ual de vel op ing can cer over a life time, TI is a to -
tal in take of radionuclides, SF is a can cer slope fac tor. 
The to tal can cer risk, ELCRto tal, for si mul ta neous ex -
po sure to all radionuclides in ves ti gated was cal cu lated 
as a sum of all ELCR for all radionuclides across all ex -
po sure routes con sid ered.

Slope fac tors for ex po sure to radionuclides are
age-av er aged, life time at trib ut able ra di a tion can cer in ci -
dence risk per unit ac tiv ity in haled or in gested (in ter nal
ex po sure), or per unit time-in te grated spe cific ac tiv ity in
soil (ex ter nal ex po sure). Their val ues were ob tained
from rel e vant US EPA guid ance [24]. Slope fac tors for
226Ra, 232Th, 238U, and 137Cs were cho sen to ac count for
short-lived de cay prod ucts and in clude the par ent
radionuclide, as well as ingrowth of daugh ter iso topes
out to 100 years (+ P des ig na tion in tab. 3), as sum ing sec -
u lar equi lib rium with the par ent nu clide [5].

To tal in takes of radionuclides pres ent in the soil
for in ges tion TIing (Bq), in ha la tion TIinh (Bq), and ex -
ter nal ex po sure to ion iz ing radiation TIex (Bqkg–1 per
year) were cal cu lated ac cord ing to the eqs. (2)-(4).

TI A RN IFS F e t

IFS

t
ing s adj kg / mg

adj

= × × × - × ×

=

- - -( ) ( )1 1 1l l

EF ED IRS EF ED IRS× × + × ×child child adult adult

(2)

TI A RN IFS PEF t

IFA E

t
inh s adj

adj

e= × × × - × ×

=

- - - -( ) ( )1 1 11 l l

F ED ET F IRA

EF ED ED ET

× × × × +

× - ×
child d / h child

child child( ) × ×F IRAd / h adult (3)
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TI A RN EF F ED ET

F GSF ACF
ex s a/ d adult

d / h e

= × × × × ×

× × × × - -

( )

(1 l lt t)× ×- -1 1 (4)

The Ex po sure Fac tors Hand book [25] was used
as the main source for pa ram e ters for TI cal cu la tions. 
The mean ings and val ues of spe cific and con stant pa -
ram e ters used in the equa tions are given in tabs. 2 and
3.  The to tal ex po sure time (t) of 26 years was de fined
as the mean age of the res i dents, tak ing into ac count
mainly the changes in the fu ture res i dence and liv ing
en vi ron ment of res i dents of dif fer ent ages.

Ad di tion ally, the level of ra dio log i cal haz ard has 
been es ti mated in terms of gamma ab sorbed dose rate
in air, orig i nat ing from ra dio ac tive sources in the soil. 
The ab sorbed gamma dose rate in air 1 m above the
ground sur face for the uni form dis tri bu tion of the nat -
u rally oc cur ring radionuclides was com puted based on 
guide lines pro vided by UNSCEAR [1]

& . ( )

. ( ) . ( )

D A

A A

= +

+ +

0462

0604 00417

238

232 40
s

s s

U

Th K (5)

where As [Bqkg–1] – the spe cific ac tiv ity of re spected
radionuclide in soil.

The av er age con tri bu tion to the ab sorbed dose rate
from the ar ti fi cial radionuclide 137Cs is mi nor com pared
to the con tri bu tions from the nat u ral radionuclides, and it

was omit ted from fur ther cal cu la tions. In this study, the
ab sorbed gamma-dose rate has been cal cu lated to com -
pare ob tained re sults with other rel e vant in ves ti ga tions
due to a lack of pub lished data ob tained us ing US EPA
meth od ol ogy.

Sta tis ti cal anal y sis and cal cu la tion
of up per con fi dence limit

De scrip tive sta tis tics were de ter mined for each
dataset us ing the IBM SPSS Sta tis tics 25 soft ware. Spa -
tial dis tri bu tion and risk val ues in the se lected lo ca tions
were charted and vi su al ized on maps pro duced by the
Golden Soft ware Surfer 12. The ex plor atory data anal y -
sis and the 95 % up per con fi dence level cal cu la tion
were car ried out us ing the ProUCL (ver sion 5.1) soft -
ware [26, 27]. This spe cific soft ware com putes de ci sion 
sta tis tics and cal cu lates up per sta tis ti cal lim its by ex -
ploit ing sev eral para met ric and nonparametric meth ods
cov er ing a wide range of data vari abil ity, dis tri bu tion,
skew ness, and sam ple size.

The US EPA's guid ance ad dress three kinds of
data dis tri bu tions. These in clude nor mal, lognormal,
and gamma dis tri bu tion. For the nor mally dis trib uted
dataset, a UCL0.95 on the mean based on the Stu dent's
t-sta tis tic has typ i cally been used, fol low ing eq. (6)
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Ta ble 2.  Ex po sure pa ram e ters used for the health risk as sess ment

Pa ram e ter Mean ing (value) Unit*

ACF
Area cor rec tion fac tor for 1000 m2, ra dio iso tope spe cific – 137Cs (0.764),

40K (0.832), 226Ra (0.818), 232Th (0.817), 238U (0.811)
Unitless

ED Ex po sure du ra tion for chil dren (6) and adults (26) a

EF Ex po sure fre quency (75) da–1

ET Ex po sure time (1) hd–1

Fd/h Cor rec tion fac tor (24–1) dh–1

Fkg/mg Cor rec tion fac tor (10–6) kgmg–1

Fa/d Cor rec tion fac tor (365–1) ad–1

GSF Gamma shield ing fac tor (1) Unitless

IFAadj In ha la tion frac tion – age ad justed (1473.5) m3

IFSadj In ges tion frac tion – age ad justed (240000) mg

IRA In ha la tion rate for chil dren (10) and adults (20) m3d–1

IRS In ges tion rate of soil for chil dren (200) and adults (100) mgd–1

PEF Par tic u late emis sion fac tor (site- spe cific, 3.12×1029) m3kg–1

l Ra dio ac tive de cay con stant (ra dio iso tope-spe cific) a–1

t Time spent by recreator in the area (26) a

*d – day, a – year

Ta ble 3. Radionuclide car ci no ge nic ity slope fac tors (SF) and cal cu lated to tal in takes (TI)
for dif fer ent ex po sure routes (P – short-lived de cay prod ucts)

Iso tope As so ci ated de cay chain
(ter mi nal radionuclide)

SFing [Bq–1] SFinh [Bq–1 ] SFex [kga–1 Bq–1] TIing [Bq] TIinh [Bq] TIex [Bqakg–1]

137Cs + P 137mBa (137Ba) 1.15×10–9 3.04×10–9 6.85×10–8 1.7 3.26×10–26 1.2
40K – 1.58×10–9 6.00×10–9 2.16×10–8 133 2.56×10–24 103

226Ra + P 222Rn to 210Tl (210Pb) 1.83×10–8 7.63×10–7 2.26×10–7 10.0 1.93×10–25 7.6
232Th + P 228Ra, 228Ac (228Th) 5.86×10–8 2.35×10–6 1.09×10–7 9.9 1.90×10–25 7.5
238U + P 234Th, 234mPa, 234Pa (234U) 5.32×10–9 6.40×10–7 3.22×10–9 10.7 2.05×10–25 8.0



UCL A t SD A nn0 95 0 95 1
0 5
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.( )= + ×-
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where As  [Bqkg–1] is the mean spe cific ac tiv ity of a par -
tic u lar radionuclide, SD(As) [Bqkg–1] – the sam ple stan -
dard de vi a tion, n – the sam ple size (18), and t0.95,n – 1 –
the 0.95 quantile of the Stu dent's t dis tri bu tion with n – 1 
de grees of free dom (t0.95,17 = 1.740) [27].

Most of ten, en vi ron men tal datasets are char ac -
ter ized by pos i tive skew ness, and con se quently, a
lognormal dis tri bu tion is ap plied to model those data
and com pute the var i ous up per lim its. For lognormal
data, EPA rec om mends the Land method us ing the
H-sta tis tic [27]. De spite com pu ta tional ease of
lognormal dis tri bu tion, in prac tice when the dataset is
skewed and is bur dened with out li ers the H-sta tis tic
could yield un sta ble and un ac cept ably large UCL val -
ues. Typ i cally, pos i tively skewed datasets be side a
lognormal fol low a gamma dis tri bu tion.  The main ad -
van tage of a gamma dis tri bu tion over lognormal is its
ten dency to re sult in re li able and sta ble UCL0.95 val -
ues, pro vid ing the spec i fied 95 % cov er age of the pop -
u la tion mean. For datasets of small size (n < 50) fol -
low ing  a  gamma  dis tri bu tion  with  shape  pa ram e ter,
k > 1, the UCL0.95 should be com puted ap ply ing an ad -
justed gamma method given by eq. (7)

UCL nk As nk0 95 2
22.

*
$*

$= -c (7)

where $*k is a bias-cor rected es ti mate of shape pa ram e -
ter k, b is ad justed prob a bil ity level, which is used to

achieve the 95 % con fi dence level (for n = 18, b =
0.0357), and c

2
2
nk$*

-  de notes cu mu la tive per cent age
point of the chi-square with 2nk$*de grees of free dom at 
b prob a bil ity level [28].

The com pu ta tion of UCL on the mean for dis tri bu -
tion-free datasets, de pend ing on the sam ple size and skew -
ness, can be done by sev eral pro posed nonparametric
meth ods. The US EPA sug gests the use of the Chebyshev
in equal ity method which should be ap pro pri ate for a va ri -
ety of dis tri bu tions as long as the skew ness is not very
large. Cal cu la tion of UCL0.95 ex ploit ing a one-sided ver -
sion of this method based upon sam ple mean and sam ple
stan dard de vi a tion is given by eq. (8) [27].

UCL A SD A n0 95
0 5 0 51 005 1.
. .( / . ) ( )= + - -

s s (8)

RE SULTS AND DIS CUS SION

The spe cific ac tiv ity of radionuclides
in soil sam ples

De scrip tive sta tis tics of spe cific ac tiv i ties for
radionuclides de ter mined in soil sam ples are listed in
tab. 4. Ex plor atory data anal y sis re vealed the ex is -
tence of no out li ers. The Shapiro-Wilk (S-W) and
Lilliefors tests were used to test the nor mal ity or
lognormality of a dataset of spe cific ac tiv i ties, while
gamma dis tri bu tion was tested by the An der son-Dar -
ling (A-D) and Kolmogorov-Smirnov (K-S) tests.  Re -
sults of those good ness-of-fit tests at a 95 % sig nif i -
cance level, sum ma rized in tab. 5, showed that 226Ra
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Ta ble 4.  De scrip tive sta tis tics of spe cific ac tiv i ties (As) of an a lyzed radionuclides in all soil sam ples

As [Bqkg–1] Mean Me dian Min i mum Max i mum Range SD CV [%] Mode Skew ness Kurtosis
40K 353 444 60.4 629 568.6 196 55.48 NA –0.58 –1.37

226Ra 39.8 39.2 32.2 49.6 17.4 5.8 14.67 42.2 0.26 –1.48
232Th 38.9 36.8 30.8 49.1 18.3 5.5 14.10 NA 0.61 –0.54
238U 41.0 38.4 31.0 67 36 8.4 20.37 38.3 1.92 4.70

137Cs 5.9 3.3 0.91 16.7 15.8 5.5 92.80 NA 0.93 –0.74

Ta ble 5. Good ness of fit test for data sets of spe cific ac tiv i ties for radionuclides of in ter est

Dis tri bu tio
n

Good ness
of fit test

40K 226Ra 232Th 238U 137Cs

Test
sta tis tics

Crit i cal
value

Test
sta tis tics

Crit i cal
value

Test
sta tis tics

Crit i cal
value

Test
sta tis tics

Crit i cal
value

Test
sta tis tics

Crit i cal
value

Nor mal
S-W

0.822 0.897 0.910 0.897 0.907 0.897 0.830 0.897 0.814 0.897

p = 0.003 p = 0.109 p = 0.085 p = 0.003 p = 0.002

Lilliefors 0.267 0.202 0.186 0.202 0.181 0.202 0.178 0.202 0.247 0.202

Lognorma
l

S-W
0.752 0.897 0.912 0.897 0.926 0.897 0.909 0.897 0.918 0.897

p = 2×10–4 p = 0.119 p = 0.182 p = 0.0767 p = 0.154

Lilliefors 0.343 0.202 0.175 0.202 0.162 0.202 0.161 0.202 0.145 0.202

Gamma
K-S 0.331 0.206 0.185 0.203 0.172 0.203 0.171 0.203 0.157 0.208

A-D 2.020 0.752 0.661 0.738 0.670 0.738 0.664 0.739 0.701 0.761

Dis tri bu tion (0.05
sig nif i cance) Dis tri bu tion-free Nor mal Nor mal Ap prox i mate

nor mal* Gamma

UCL0.95 type Chebyshev (Mean,
SD), eq. (8) Stu dent's-t, eq. (6) Stu dent's-t, eq. (6) Stu dent's-t, eq. (6) Ad justed gamma, eq.

(7)

UCL0.95 [Bqkg–1] 554 42.1 41.1 44.4 9.4

* When deal ing with a small data set (n < 50), like data set in this re search (n = 18), and Lilliefors test sug gests that data are nor mal and the
Shapiro-Wilk test sug gests that data are not nor mal, ProUCL will sug gest that the data set fol lows an ap prox i mately nor mal dis tri bu tion, there fore, 
UCL0.95 of the mean has to be de rived based on Stu dent's-t sta tis tics



and 232Th fol lowed a nor mal dis tri bu tion, 238U fit ted
well lognormal dis tri bu tion, while 137Cs was both
lognormally and gamma-dis trib uted.  The spe cific ac -
tiv ity of 40K did not fol low any dis tri bu tion tested.

The co ef fi cient of vari a tion (CV) is the most dis -
crim i nat ing fac tor for de scrib ing vari abil ity.  This fac tor 
for 137Cs was 92.80 % point ing out its anthropogenic
or i gin and un even dis tri bu tion over the study area. For
nat u ral radionuclides, CV fell in the range of 14.10 to
20.37 %, ex cept for 40K (55.48 %).  Based on such a
high CV value for 40K, one can in fer that this
radionuclide is likely to be in flu enced by anthropogenic 
ac tiv i ties and sources like the ap pli ca tion of po tas sium
fer til iz ers. Mean As(

40K) was well be low the av er age
value re ported for Ser bian soils [29]. Spe cific ac tiv i ties
lower than 75 Bqkg–1 were mea sured in the soil at four
lo ca tions (6, 7, 15, 16), in soils with a pre dom i nant con -
tent of sand, there fore leach ing may oc cur in those soils
as sandy soils do not con tain enough clay to hold the po -
tas sium [30].  More over, the com mon prac tice be fore
con struct ing green ar eas is re mov ing the top soil and re -
plac ing it with for eign ma te rial rich with sand. The
high est 40K spe cific ac tiv ity was mea sured at Trg
Despota Stefana (lo ca tion 4) which is in prox im ity to
the green mar ket, which has been lo cated there since
1929.  For this site, the po tas sium ac cu mu la tion would
match the prob a ble use of fer til iz ers and ma nures for
hor ti cul tural pro duc tion in the early 1900, as ob served
by Rate [31] for park lands in West ern Aus tra lia, and
Mitrovi} et al. for sub ur ban soil in Bel grade and
Pan~evo (Ser bia) [32].

The dis tri bu tion of 137Cs spe cific ac tiv ity from soil
sam ples showed the great est vari abil ity in the dis tri bu -
tion typ i cal for con tam i na tion af ter the fall out de po si tion, 
which com plies with the study's re sults car ried out for
137Cs con tam i na tion of Bel grade, Ser bian cap i tal [33].
Since 137Cs con tam i na tion in the soils of the Bal kan pen -
in sula was mainly caused by wet de po si tion af ter the
Chernobyl ac ci dent, this inhomogeneous dis tri bu tion
was most prob a bly due to gen eral me te o ro log i cal con di -
tions (rain fall and wind di rec tion) in May and June of
1986 [2, 34].

Ac cord ing to UNSCEAR [35], the world wide
av er age spe cific ac tiv i ties in the soil for 40K, 226Ra,
232Th, and 238U are 412, 32, 45, and 33 Bqkg–1, re spec -
tively. The av er age spe cific ac tiv i ties of 226Ra and 238U 
were slightly higher than cor re spond ing world wide
av er ages, while those of 40K and 232Th were lower.
Over all ranges for spe cific ac tiv i ties of pri mor dial
radionuclides were within their ranges ob tained for the 
en tire ter ri tory of Ser bia, but only As(

232Th) closely
matched the re ported mean value of 37.8 Bqkg–1.  The
mean spe cific ac tiv ity for 238U and 40K notedly de -
parted av er ages for Ser bia, i. e., 32.8 and 550 Bqkg–1,
re spec tively [29].

Due to sim i lar ity in use and main te nance of the
soil in ur ban green ar eas and yards and play grounds of
schools and kin der gar tens, to put re sults ob tained in this 

study in per spec tive, they have been com pared with the
re sults of avail able re searches whose sub ject was ra dio -
ac tiv ity of such soil. The spe cific ac tiv i ties of
radionuclides in this study were within the re ported
ranges in the study car ried out for pub lic schools and
kin der gar tens in the city of Kragujevac, Ser bia [4], with
the slightly higher mean value of As(

226Ra) (34.6
Bqkg–1). The spe cific ac tiv i ties of 226Ra and 232Th mea -
sured in our re search com plied with the re sults pub -
lished for high schools' yards in Trabzon, Tur key (av er -
age val ues of 35 and 38 Bqkg–1, re spec tively), but
spe cific ac tiv i ties of 40K (587 Bqkg–1) and 137Cs (38
Bqkg–1) were sig nif i cantly higher than in Kruševac
[36]. The study an a lyz ing soil ra dio ac tiv ity of ten el e -
men tary school play grounds in Gwangju Met ro pol i tan
City (South Ko rea) re vealed sig nif i cantly lower spe -
cific ac tiv i ties of 226Ra, 232Th, and 137Cs, but As(

40K) in
Gwangju was twice as high in Kruševac [37]. 

The mean spe cific ac tiv i ties de ter mined in
Kruševac parks and play grounds were higher than val -
ues ob tained for 49 green pub lic sites in Lima soils
(Ar gen tina) for 226Ra (22 Bqkg–1), and well be low 40K
(597 Bqkg–1). Ra dio ac tiv ity of 232Th and 137Cs was
com pa ra ble but should be high lighted that nu clear
weapon tests car ried out in the south ern hemi sphere
were the sole source of 137Cs around the La Plata re -
gion [38].

With the pur pose of deeper in sight, a de tailed as -
sess ment of soil ra dio ac tiv ity in the study area was
pro vided, and radionuclide con tents were com pared
with the radionuclide spe cific ac tiv i ties in sur face soil
re ported for other cit ies and re gions in Ser bia and the
Bal kan coun tries, tabs. 6 and 7. The ranges of spe cific
ac tiv i ties for nat u ral radionuclides de ter mined in this
pa per have been found to lie nearly within the oth ers,
and their av er age spe cific ac tiv i ties did not dif fer to a
great ex tent. The mean of 226Ra spe cific ac tiv i ties were 
higher than in most other stud ies ex cept for soil in
North Kosovska Mitrovica [12].  Sim i lar 40K con tent
was mea sured in sur face soil in West ern Ser bia [11]
and Priština [13]. Gen er ally, As(

40K) in the soil of
Kruševac soil was among the low est, and only lower
spe cific ac tiv ity was re ported for Subotica [15].
Jankovi} Mandi} et al. [15] and Mani} et al. [16] de -
ter mined no ta bly lower spe cific ac tiv i ties of 232Th for
Subotica and Niš, re spec tively, com pared to re sults re -
ported here. Av er age As(

232Th) mea sured in Cen tral
and West ern Ser bia [2, 11] were ap pre cia bly higher
which is not sur pris ing since nat u ral ra dio ac tiv ity in
those re gions orig i nates from the mag matic rocks. In
com par i son with Bal kan coun tries, spe cific ac tiv i ties
for 226Ra mea sured in Kruševac, con curred well with
the val ues of spe cific ac tiv i ties for this radionuclide re -
ported for North Mac e do nia [39,  40]. The spe cific ac -
tiv i ties of 226Ra in this study were higher than those
ob tained in Mojkovac, Montenegro [41], but be low
mean val ues re ported for soil in Nikši}, Montenegro
[42], Slovenia [43], Istria County (Croatia) [44] and
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Re pub lic of Srpska (Bosnia and Herzegovina) [45].
The mean spe cific ac tiv ity of 40K and 232Th was lower
than the mean val ues re ported for the neigh bor ing
states. These dif fer ences in ter res trial ra dio ac tiv ity
could be at trib uted to the geo log i cal and geo graph ical
specificities of in ves ti gated ar eas.

The mean and max i mal val ues of 137Cs spe cific
ac tiv ity were sig nif i cantly lower than those ob tained
from stud ies pre vi ously con ducted in Ser bia and the
Bal kan re gion with ex cep tion of Niš [16], tabs. 6 and 
7. Com pa ra ble 137Cs spe cific ac tiv i ties were found re -
cently in Vojvodina prov ince [34, 46] and Kuršumlija
[14].  Low 137Cs spe cific ac tiv ity in this re search can
be a con se quence of pedology as the al lu vial soil is the
pre dom i nant type of soil in the study area, which is
sup ported by the study of Dimovska et al. [47] who
mea sured the low est 137Cs spe cific ac tiv ity in al lu vial
sed i ments. Ad di tion ally, all stud ied soils have been
dis turbed due to con struc tion and main te nance works

and con se quent mix ing with a deeper soil layer with
lower As(

137Cs) [38]. On the other hand, it was found
that 137Cs ac tiv i ties in the soil sam ples col lected from
lo ca tions 5, 9, and 17 were no ta bly higher than oth ers
(15.0, 16.9, 14.4 Bqkg–1, re spec tively). These sam ples 
were col lected from the three  big gest and most for -
ested parks. This fea ture can be ex plained by the high
137Cs ac tiv ity of the for ested land that is rich in or ganic
mat ter due to de com posed plant ma te ri als, with the
abil ity to ad sorb ce sium onto humic sub stances that
slows down the mi gra tion of 137Cs in the soil [18, 33].

Ra dio log i cal risk as sess ment

The to tal in takes of radionuclides and their prog -
e nies through in ges tion and in ha la tion of soil, as well
as ex ter nal ex po sure for the whole pe riod of ex po sure
for a recreator in the area un der the study, are sum ma -
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Ta ble 6. Mean val ues and ranges (in pa ren the sis) of spe cific ac tiv i ties (As) of nat u ral radionuclides and 137Cs and ab sorbed 
dose rate ( &D) due to nat u ral radionuclides in sur face soil in other Ser bian cit ies and re gions

City
As [Bqkg–1] &D [nGyh–1]40K 226Ra 232Th 238U 137Cs

Vojvodina prov ince [34, 46] 569 (238-1000) 35 (10-43) 43 (12-71) 42 (5-80) 8.57 (2.73-18.9) 59 

Toplica re gion [18] 492 (7.2-1053) 29.9 (3.3-48.2) 36.6 (0.9-58.9) – 56.4 (2.4-99.8) 56.4 (2.4-99.8)

West ern Ser bia [11] 379 33.2 49.1 60.4 36.4 73.4

Bel grade [17, 33] 490 (310-650) 35 (19-51) 43 (23-58) – 29.9 (1.00-180) 63 (39-80)

Subotica [15] 290 (260-390) 20 (12-33) 18 (13-23) – – 32 (24-46)

Kuršumlija [14] 420 (263-700) 22 (9-37) 31 (15-53) – 8.2 (BDL-38) 47.0 (23.9-73.5)

Kragujevac [2] 425.8 (167-559) 33.5 (20.4-55.2) 50.3 (29.9-73.4) – 40.2 (0.5-90.5) 63.7 (43.7-83.2)

Niš [16] 414 (137-715) 21 (6.0-139) 26 (4.4-72) – 4.7 (1-76) 39 (13-110)

North Kosovska Mitrovica
[12]

743.2
(365.1-1148.7) 40.6 (21.2-91.1) 48 (20.3-103.8) – 81 (6.8-385) 78.7 (38.9-149)

Priština [13] 375.4 (172-630) 23.7 (10.4-39.2) 35.1 (11.9-58.2) – – 47.8 (19.2-63.8)

Ta ble 7. Mean val ues and ranges (in pa ren the sis) of spe cific ac tiv i ties (As) of nat u ral radionuclides and 137Cs and ab sorbed
dose rate ( &D) due to nat u ral radionuclides in sur face soil in Bal kan coun tries

City, Coun try
As [Bqkg–1] &D [nGyh–1]40K 226Ra 232Th 238U 137Cs

Nikši}, Montenegro
[42]

491.5
(284.9-724.6) 60.2 (26.3-136.8) 4.6 (33.9-78.6) – 172.2 (2.91-475.9) 102.6 (61.3-171)

Mojkovac,
Montenegro [41]

620.8
(515.6-753.4) 28.6 (20.5-38.3) 43.1 (31.2-56.3) – 55 (1.26-276) 65.18

(52.32-74.47)

North Mac e do nia,
en tire ter ri tory [39] 584 (80-1390) 37 (9-123) 39 (7-145) 39 (9-111) – –

Veles, North
Mac e do nia [47] 607 (30-1001) – 53 (22-101) 28 (3.7-43) 71 (1.6-358) –

Kavadarci, North
Mac e do nia [40] 546 (286-801) 38.8 (21.7-91.6) 43.7 (25.0-131.8) – 41.5 (4.0-220.3) 67 (42-148)

Slovenia, en tire
ter ri tory [43] 800 (98-2600) 63 (12-270) 77 (9-170) – – 110 (15-260)

Istria county, Croatia
[44] 418 (11.2-1200) 69 (21.1-127) 60 (3.18-101) 61 (14.5-279) – –

Re pub lic of Srpska,
Bosnia and

Herzegovina [45]
536 (60-821) 47 (5.1-128) 41 (6.8-72) 64 (6.5-228) 26 (2.1-68) 69 (9-118)

Biha}, Bosnia and
Herzegovina [53]

367 (193-424) – 41 (22-53) 54 (43-65) – 65.10
(49.08-73.94)



rized in tab. 3. The to tal in takes of radionuclides were
cal cu lated based on the ULC0.95 pre sented in tab. 5. 
The cur rent soil con tent of radionuclides of in ter est in
the study area led to a to tal in take of 165 Bq for the 26
years of ex po sure through in ges tion and in ha la tion.
More than 80 % of this fig ure came from in ges tion of
40K, 19 % from in ges tion of U and Th se ries
radionuclides, and only 1 % from 137Cs. These val ues
seem to be neg li gi ble since ref er ence val ues for an nual 
di etary in take for adults are 22, 1.7, and 5.7 Bq for
226Ra, 232Th, and 238U, re spec tively [1]. Cal cu lated
TIing(

40K) for the recreator in the study area for the to -
tal ex po sure time was found to be two or ders of mag ni -
tude lower than the to tal es ti mated an nual in take of 40K 
in a diet for Pa ki stani adults (2.88×104 Bq), and for the
Chi nese adult man (1.8×104 Bq) [48].  This im plies that
40K in take is not per ti nent from a ra di a tion pro tec tion
point of view, whereas the po tas sium con tent of the
body is un der strict homeostatic con trol and is not in -
flu enced by vari a tions in its en vi ron men tal lev els [49].

The re sults of the health risk as sessed for each ap -
pli ca ble ex po sure path way strat i fied by radionuclide and
its daugh ters are given in tab. 8.  Among the three dif fer -
ent plau si ble ex po sure path ways for the given ex po sure
sce nario, ex ter nal ex po sure ap peared to be the main route 
of ex po sure (82.5 %) to soil and thus posed the high est
health risk to recreators at se lected lo ca tions for all
radionuclides, fol lowed by in ges tion (17.4 %).  The to tal
risk for ex ter nal ex po sure was 4.86 × 10–6, 1.03 × 10–6 for
in ges tion, while ELCR for in ha la tion of re sus pend ed soil
par ti cles can be con sid ered neg li gi ble (7.39 × 10–31).  Fur -
ther more, the to tal risk of each radionuclide (and re spec -
tive prog eny, if there any) was in the fol low ing or der: 40K 
(2.42×10–6) > 226Ra (1.91×10–6) > 232Th (1.39×10–6) >
137Cs (8.44 ×10–8) > 238U (8.25×10–8), with a por tion in the
to tal risk of 41.1 %, 32.4 %, 23.7 %, 1.4 %, and 1.4 %, re -
spec tively. When an a lyz ing all ways of ex po sure and
radionuclides com bined, ex ter nal ex po sure risk from 40K 
in soil con trib uted most to the ELCRto tal with 37.6 %.  Ex -
ter nal ir ra di a tion due to 226Ra ac counted for 29.3 % and
due to 232Th 13.9 % of the to tal risk.  In ci dent in ges tion of 
232Th con tained in soil in duced risk of 5.78×10–7 that is
more than half of the to tal ELCRing (56.1 %).

As sum ing can cer risk is lin ear at low doses (lin -
ear no-thresh old model), US EPA con sid ers risk be low 
the tar get value of 10–6 to be neg li gi bly small with out
the po ten tial to pro voke sig nif i cant health ef fects.  The

ac cept able ELCR thresh old value is 10–4, which
equates to one life time ex cess ra dio genic can cer be ing
ex pected among 10000 ex posed in di vid u als. Risk sur -
pass ing 10–4 is viewed as un ac cept able. As sum ing ex -
po sure du ra tion of 25-30 years, this risk yields an an -
nual ef fec tive dose of ap prox i mately 100-150 mSv to a
rea son ably max i mally ex posed in di vid ual at a site
con tain ing radionuclides. Can cer risk ly ing be tween
10–6 and 10–4 (es pe cially those in the 10–5 to 10–6

range) has been judged to be tol er a ble for reg u la tory
pur poses [50, 51]. The re sults pre sented in this study
in di cate that the risk for can cer de vel op ment due to
rec re ational use of the se lected ar eas ex ists but is very
small. The value of the ag gre gate can cer risk was
5.89×10–6 which is well be low the thresh old value of
10–4. It is worth men tion ing that risk posed by the con -
tent of 40K, 226Ra, and 232Th in soil ex ceeded the tar get
risk but was very close to the 10–6. More over, no det ri -
men tal health ef fects are ex pected to oc cur through the 
in ha la tion of particulates in in di vid u als ex posed un der 
the con di tions of as sess ment, since for out door air ex -
po sure path way the tar get health risk limit was not ex -
ceeded for any radionuclide. Also, for 137Cs and its
prog eny, as well as for 238U, the to tal risk value for in -
ves ti gated soils was lower than the tar get risk.

The  In sti tute of Pub lic Health of Ser bia re corded 
the stan dard ized can cer in ci dence rate in 2015 for
Rasina Dis trict of 3.02 ×10–3 for males and 2.73×10–3

for fe males [52].  In com par i son to these very high val -
ues, ELCRto tal ob tained in this work made a por tion of
the real can cer in ci dence that was com pletely in sig nif -
i cant (ap prox i mately 0.2 %).

In as sess ing the risk of radionuclides and de ci -
sion-mak ing for pol luted or po ten tially pol luted sites
aimed at pro tect ing hu man health and the en vi ron -
ment, it is ben e fi cial to know hu man health risks at tar -
geted lo ca tions. The spa tial dis tri bu tion of ELCRto tal in 
the study area es ti mated us ing site-spe cific val ues of
radionuclide spe cific ac tiv i ties is pre sented in fig. 2. 
The pro por tional map sym bol is used for vi su al iz ing
quan ti ta tive data and il lus trat ing dif fer ences be tween
lo ca tions. The to tal risk var ied from 3.41×10–6 (lo ca -
tion 16) to 5.81×10–6 (lo ca tion 10), and the mean value
was 4.79×10–6.  As can be seen, the to tal risk for all in -
ves ti gated ur ban ar eas was higher than 10–6, but never
ex ceeded 10–5, mak ing them safe in terms of
radioecology for use by vis i tors. There was no dis cern -
ible trend of the ELCRto tal spa tial dis tri bu tion over the
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Ta ble 8. To tal ex cess life time can cer risk for recreator in the study area strat i fied by ex po sure route and radionuclide
cal cu lated from UCL0.95 of the mean of the radionuclide spe cific ac tiv i ties (P – short-lived de cay prod ucts)

Iso tope ELCRing ELCRinh ELCRex ELCRto tal

137Cs + P 1.95×10–9 9.92×10–35 8.24×10–8 8.44×10–8

40K 2.10×10–7 1.53×10–32 2.21×10–6 2.42×10–6

226Ra + P 1.84×10–7 1.47×10–31 1.72×10–6 1.91×10–6

232Th + P 5.78×10–7 4.45×10–31 8.16×10–7 1.39×10–6

238U + P 5.67×10–8 1.31×10–31 2.58×10–8 8.25×10–8

ELCRto tal 1.03×10–6 7.39×10–31 4.86×10–6 5.89×10–6



study area, but it was per cep ti ble that the fac tor most
af fect ing to tal as sessed risk was the con tent of 40K.
Namely, the sole sig nif i cant cor re la tion at the 0.01
level ex pressed as Spearman's cor re la tion co ef fi cient
was found be tween to tal risk and spe cific ac tiv ity of
40K (0.81).  Most com pel ling ev i dence of such 40K in -
flu ence was ELCRto tal be ing lower than 4×10–6 for
spots nu mer ated with 6, 7, 11, 15, and 16 (fig. 2) where 
the  low est  As(

40K) was mea sured (range  64.1  to 118
Bqkg–1). Among other places (not in clud ing 9 –
Bagdala pub lic park) soil con tent of 40K was ap pre cia -
bly higher (402-629 Bqkg–1). The dis crep ancy from
this pat tern was re corded only for Bagdala with a to tal
risk of 3.41×10–6, which was the lo ca tion with the
higher ra dium and tho rium con tent (48.0 and 49.1
Bqkg–1, re spec tively) mak ing 79.9 % of ac com pa ny -
ing to tal can cer risk, while As(

40K) was 167 Bqkg–1.
Hav ing in mind that data on the ra dio ac tiv ity lev -

els were ob tained for the first time for the study area,
some un cer tain ties could not be ne glected. Only a rel a -

tively small data set was con sid ered in the cur rent
work. Fur ther more, we used some ex po sure pa ram e -
ters pro vided by the US EPA be cause there is still no
spec i fied value of these pa ram e ters for Ser bian peo ple. 
There fore, fur ther in ves ti ga tions based on greater
sam ple size and in volv ing ex po sure pa ram e ters with
site-spe cific ex po sure pa ram e ters that could re flect lo -
cal hu man ac tiv ity mode are rec om mended to ac cu -
rately quan tify the risk posed by radionuclides. De -
spite the un cer tain ties in volved, the risk as sess ment
model has proven to be a very use ful tool to iden tify
the radionuclide and ex po sure route of most con cern
in an ur ban en vi ron ment and to re veal the true mean -
ing and rel e vance of the radionuclide spe cific ac tiv ity
found in ur ban soil.

The to tal ab sorbed gamma dose rate in the air due
to nat u ral gamma emit ters in the soil for each lo ca tion in -
ves ti gated, to gether with a box-plot di a gram is shown in
fig. 3. The dose rate var ied from 38.2 (lo ca tion 6) to 67.5
nGyh–1 (lo ca tion 10) with a mean value of 55.7 nGyh–1

that is slightly lower than the world wide av er age value
(57 nGyh–1 ) [1]. All cal cu lated val ues never ex ceeded
the av er age dose rate for Ser bia of 73.7 nGyh–1 [29]. 
These re sults are in the range typ i cal for other Ser bian
cit ies and re gions, tabs. 6 and 7, but some dif fer ences ex -
ist due to geo log i cal di ver sity. The cal cu lated mean dose
rate for Kruševac was two times lower than the dose rates 
re ported for Nikši}, Montenegro [42], and Slovenia [43]. 
The rea son lies in the ge ol ogy of those en vi rons since a
num ber of sam ples with the high est spe cific ac tiv ity of
nat u ral radionuclides were taken from ar eas where cal -
car e ous sed i ments, clastic sed i ments con tain ing clay, and 
car bon ate rock are dom i nant rock types hav ing some -
what higher ra di a tion back ground. Be sides that, es ti -
mated dose rates did not sig nif i cantly dif fer from ex ter -
nal ex po sure rates from ter res trial gamma ra di a tion for
neigh bor ing coun tries [40, 41, 45, 53] and South Eu rope
[1, 35]. This shows that ra di a tion in the study area was
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Fig ure 2. Es ti mated to tal life time
can cer risk (ELCRto tal) due to in ves ti gated
radionuclides for recreator per in di vid ual
lo ca tion

Fig ure 3. To tal ab sorbed dose rate ( &D) in the air due to
nat u ral radionuclides and con tri bu tion to the to tal dose
rate from 40K and radionuclides from 238U and 232Th se ries



within the nat u ral lim its. The con tri bu tion to the ra di a tion 
dose from cal cu lated radionuclides is non-uni form and
re flects the vari abil ity of radionuclide-spe cific ac tiv i ties
among sam pling lo ca tions. Radionuclides from the 232Th 
se ries were found to be the main con trib u tor to the ter res -
trial gamma dose rate in the study area, con trib ut ing on
av er age with 43 % (35-56 % range) to the to tal value,
which is sim i lar to re sults of re search re cently con ducted
in Bel grade [17]. The sec ond con trib u tor to the to tal dose
was the U fam ily with 32 % (22-53 % range), and the 40K
share was 25 %. The great vari abil ity of the dose rate
among in ves ti gated sites was a con se quence of dif fer ent
40K spe cific ac tiv ity since the dose  rate  from this sin gle
radionuclide var ied from 2.5 nGyh–1 (6 %) to 26.2
nGyh–1 (43 % of the to tal dose rate).

CON CLU SIONS

To our knowl edge, this was the first
radioecological study of ur ban soil for this re gion of
Ser bia with a fo cus on ur ban green ar eas. Tar geted soil
sam pling and anal y sis of nat u ral and man-made
radionuclides were car ried out to es ti mate as so ci ated
health risks for us ers of se lected lo ca tions through ex -
po sure to soils uti liz ing a proven US EPA risk as sess -
ment model for main land use as rec re ational open
space. Com par a tive anal y sis of the study re sults with
the other re gions in Ser bia and other Bal kan coun tries
sup ported the as ser tion that the spe cific ac tiv i ties of se -
lected radionuclides in the soil of parks and play -
grounds of Kruševac were not el e vated. The cal cu lated
can cer risk lay above the tar get risk value of 10–6, but
well be low 10–4 above which the re sults are not ac cept -
able. This re flected that ex po sure to nat u rally oc cur ring
radionuclides and 137Cs car ried low risk due to ex po -
sure to soils but did not mean any sig nif i cant health con -
cern for recreators and vis i tors in the area un der eval u a -
tion.

The ob tained re sults across the pres ent re search
could be a ref er ence for fu ture ra dio log i cal stud ies and
ra dio ac tiv ity map ping in this re gion and as a ba sis for
reg u lar lo cal and re gional en vi ron men tal qual ity and
mon i tor ing. Since ur ban parks and play grounds are im -
por tant out door rest ing and rec re ational places for ur -
ban dwell ers, the health risk de ter mined in this study
could serve as a use ful case study for the as sess ment of
health risk posed by radionuclides in the ur ban en vi ron -
ment in other cit ies and coun tries.
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Mi lan N. TANI], Denis P. DINI], @eqko A. MIHAQEV,
Brankica D. KARTALOVI], Marko Z. DAKOVI]

PROCENA  RIZIKA  IZLAGAWA  QUDI  RADIONUKLIDIMA
U  ZEMQI[TU  URBANIH  POVR[INA  (JAVNI  PARKOVI  I

IGRALI[TA  NA  OTVORENOM)  U  KRU[EVCU,  SRBIJA

Ciq istra`ivawa je bilo prikupqawe podataka o radioaktivnosti prirodnih (40K,
226Ra, 232Th i 238U) i ve{ta~kih (137Cs) radionuklida u povr{inskom sloju zemqi{ta (0-10 cm)
osamnaest javnih povr{ina u Kru{evcu i procena posledi~nih zdravstvenih efekata za
stanovnike koji koriste te povr{ine u rekreativne svrhe. Specificna aktivnost istra`ivanih
radionuklida je analizirana primenom HPGe spektrometrije gama-zra~ewa. Sredwe vrednosti
specifi~nih aktivnosti 40K, 226Ra, 232Th, 238U i 137Cs su bile 353, 39,8, 38,9, 41,0 i 5,9, respektivno, i
bile su saglasne rezultatima objavqenim u sli~nim istra`ivawima u drugim delovima Srbije i
susednim dr`avama. U ciqu procene rizika po zdravqe qudi usled ekspozicije radionuklidima,
primeqen je model preporu~en od strane Agencije za za{titu `ivotne sredine Sjediwenih
Ameri~kih Dr`ava polaze}i od konzervativnih pretpostavki o ekspoziciji i uzimaju}i u obzir
tri puta ekspozicije: ingestiju, inhalaciju zemqi{ta i spoqa{we ozra~ivawe. Izra~unata je i
ja~ina apsorbovane doze gama zra~ewa koje poti~e od radionuklida u zemqi{tu. Dobijene
vrednosti parametara ukazuju da radiolo{ki rizik usled prirodnih i ve{ta~kih radionuklida
nije zna~ajan. Ukupni kancerogeni rizik tokom `ivotnog veka koji je procewen na osnovu
vrednosti gorwe granice 95 % intervala pouzdanosti sredwe vrednosti specifi~nih aktivnosti
radionuklida je iznosio 5.89×10–6, {to je znatno mawa vrednost u odnosu na vrednost tolerantnog
rizika koja se koristi u regulatorne svrhe (10–4). Od svih istra`ivanih puteva ekspozicije,
spoqa{we ozra~ewe je najvi{e doprinelo vrednosti rizika. Rezultati dobijeni za gradske
parkove i igrali{ta sugeri{u da je wihova upotreba za rekreaciju bezbedna sa radioekolo{kog
stanovni{tva.

Kqu~ne re~i: ur bana zelena povr{ina, urbano zemqi{te, radionuklid, radiolo{ki rizik,
.........................qudsko zdravqe, gama-spektrometrija


