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In the last decade, many studies have been made for measuring natural radioactivity in regions of the Republic of
Macedonia. However, the information on terrestrial radiation exposure, and, consequently, risk assessment were not
available. In this study, a risk assessment was done considering a specific activity concentration of 2?°Ra, 2%2Th, 4°K and
187Cs in the topsoil. The results indicate that the external gamma doses due to natural radionuclides in soils are higher
than those of ¥’Cs. The absorbed dose rate in air varies in intervals: from 4.3 to 57 nGy/h (due to ??Ra); from 3.9 to 88
nGy/h (due to 22Th); from 3.3 to 58 nGy/h (due to “°K); and from 0.01 to 5.3 nGy/h (due to ¥*’Cs). In addition, the
mean annual effective doses due to natural radionuclides and ¥’Cs in the soils of the Republic of Macedonia are esti-
mated to be 78 uSv and 1.01 uSv, respectively. As well as, the values of external hazard index Hex indicate in general
low gamma radiation risk for populations living in the Republic of Macedonia.
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INTRODUCTION

The study of different radioactive sources in
the environment has led to extensive surveys in
many countries. Cosmic and terrestrial radiation as
well as the associated public exposure due to it, de-
pend primarily on the geological and geographical
conditions and seem at completely different levels
of every region within the world [1, 2].

Public exposure due to cosmic radiation var-
ies with altitude and solar activity while exposure
from the terrestrial materials depends on its geologi-
cal origin. Terrestrial radioactivity arises mainly
from natural radionuclides, like “°K, also the radio-
nuclides from 22Th- and #8U-chains [2]. These ra-
dionuclides, which are formed as a result of the pri-

mary processes during the formation of the Earth,
are named "primordial radionuclides”. Because of
their very long half-lives, they still exist within the
Earth crust up to nowadays. In addition to primordi-
al radionuclides in the soil, the artificial **’Cs occurs
mostly as a result of the Nuclear weapon tests and
Chernobyl reactor accident [3] within the last centu-
ry. The radionuclides presence in the Earth surface
leads to external exposure of the people, proportion-
ally to their concentration in soil. The natural radio-
nuclides concentrations in soil depend on the radio-
activity of the rock from which the soil is formed.
Furthermore, many processes, such as sorption,
deposition, and washout of radionuclides upon the
influence of natural waters in the soil, caused
changes in the radionuclides concentrations.

#Dedicated to academician Gjorgji Filipovski on the occasion of his 100" birthday
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In specific, radon decay products and gamma
radiation emitted by terrestrial natural radionuclides
arise in the soil and in building materials are the main
sources of the internal and external exposures of the
peoples. Studying of the radionuclides content in the
soils provides essential radiological information about
the background level and the possibility for population
risk assessment considering its spatial variation.

The quantities commonly used for population
risk assessment due to external exposure on terres-
trial radioactivity are external absorbed dose rate in
air at 1 m above the ground level and the annual
effective dose. In many studies, for the population
radiological risk evaluation due to natural radionu-
clides in the soil the external hazard index is en-
gaged as well [4-6]. Even, it has been developed for
building materials [7], its application for soils was
widely used because of the proportionality between
the outdoor, and the indoor gamma doses.

Concerning the great benefits from the studies
of radioactivity in the environment, extensive sur-
veys in the Republic of Macedonia were conducted
within the last decade. Beside several investigations
of radon and thoron [8-18] and radioactivity in
some types of cement [19] investigations of the ra-
dionuclides in the surface soils across the country
were conducted as well [20-23]. In this work, esti-
mation of the external radiation risk was done using
the results of 2%Ra, 2°2Th, “°K and %Cs specific ac-

o
4
o

tivities measured in the 213 soil samples, sampled
over the entire territory of the country.

MATERIAL AND METHODS

The Republic of Macedonia is located within
the central part of the Balkan Peninsula, occupying
an area of 25 713 km?. The area is characterized by
diverse relief and complex geology. Over 50 % of
the total area is mountain massive. The territory is
organized into 8 statistical regions: Polog (POL);
Southwest (SW); Pelagonija (PEL); Skopje (SKO);
Vardar (VAR); Southeast (SE); East (EAST);
Northeast (NE).

Soil samples and measurements

The topsoil (0-20cm) was sampled through-
out the period of 2007-2010 from 213 locations.
The sampling locations were on the uncultivated
fields in/or close to inhabited areas. Their geograph-
ical positions across the eight statistical regions of
the country are shown in Figure 1. In the laboratory,
the samples were crushed, dried at 105 °C, sieved
and then transferred in 500 ml Marinelli beakers.
Furthermore, each sealed Marinelli was kept aside
for about one month to ensure secular equilibrium
between ??°Ra and its decay products prior to gam-
ma spectrometry measurements.

Municipality

« Sampling location sot :
—— Statistical region

Figure 1. Soil sampling locations across the territory of the Republic of Macedonia
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The measurements were carried out with a p-
type HPGe detector (Canberra Inc.; 25 % relative
efficiency, resolution of 1.79 keV at 1.33 MeV,
8192 ch. digital analyzer), and with software GE-
NIE 2000 system for spectrum evaluation. The
methodology of measurements is already explained
in our previous published paper [20].

External effective dose due to natural
and artificial radioactivity in soil

The external gamma dose rate in the air at 1
m above ground level was determined from meas-
ured specific activities considering factors of 0.462,
0.604, 0.042 and 0.030 for converting the activities
of 2Ra, 22Th, “K and *¥’Cs to absorbed dose [1-
3], as given below:

D =0.462A,, +0.604A, +0.042A, +0.030A,, (1)

Where D is the dose rate in nGy/h and Ara, Am, Ak
and Ac;s are the specific activities in Bg/kg of ??°Ra,
232Th, “K and *¥'Cs, respectively.

Furthermore using the estimated absorbed
dose rate D, the annual effective dose is determined
by [1, 2]:

D, =D-0.7-8760-0.2 )

where to determine the biological hazard to which a
person is exposed, Gy is converted to Sv consider-

ing the conversion factor of 0.7, and the occupancy
factor of 0.2 specifies the proportion of the total
time (8760 h/y) spent outdoors.

External hazard index due to natural
radioactivity in soil

The external hazard index is a useful coeffi-
cient for comparing the activities of materials that
contain ?%Ra, #2Th, “°K considering the radiation
effect associated with them. The external hazard
index [7] is defined as follows:

o= A " A I A (3)
370 259 4810

where, Ara, Ath, Ak and Acs are the specific activities
(Ba/kg) of ??°Ra, 2%2Th and “°K, respectively. If
Hex<1, the radiation hazard is insignificant that cor-
responds to the dose limit of 1 mSv for the popula-
tion [24].

RESULTS

Descriptive statistics of the total gamma dose
rates in the air at 1 m above ground level as well
separately due to 2%Ra, 2%2Th, 4K and **’Cs in soil
collected at 213 different locations across the entire
territory of the Republic of Macedonia is presented
in Table 1.

Table 1. Descriptive statistic of the gamma dose rates in the air at 1 m above ground level
from 213 different locations across the whole country territory

4OK 226Ra 232 Th 137CS
Statistic 0 D 0 D 0 D 0 D(to/t%
DnGyh % nGy/h & nGy/h o nGy/h % NGy
Min. 3.34 14 4.34 17 3.93 18 0.01 0 13
Max. 57.96 58 57.03 76 87.73 84 5.34 7.61 176
AM 24.41 36 18.76 27 2491 36 1.15 1.80 69
SD 7.99 7 8.26 6 10.88 7 0.93 1.46 24
GM 22.92 35 17.17 26 22.78 35 0.82 1.27 65
GSD 1.47 1.24 1.53 1.22 1.55 1.19 2.58 2.62 1.43

The values of the gamma doses rates due to
both natural and artificial isotopes D(tot) varies be-
tween 13 nGy/h and 176 nGy/h with geometric
mean (GM) of 65 nGy/h. In general, higher mean
gamma doses rates that originate from the natural
radionuclides were found, compared to doses from
the artificial **’Cs. On the other hand, the gamma
doses rate due to exposure to #2Th and “°K are

higher compared to doses from 2??°Ra (Kruskal-
Wallis test, error probability p < 0.0001). The dis-
persions of the results, expressed through the stand-
ard deviation and the geometric standard deviation,
are smaller for natural radionuclides than for the
187Cs. All data fitted well with log-normal distribu-
tion (Kolmogorov-Smirnov test, p > 0.05).

Ipunosu, 0Q00. tipup. maill. 6uoitiex. nayku, MAHY, 40 (2), 161-168 (2019)
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Descriptive statistics of the gamma dose rate
due to natural radionuclides and *¥’Cs in the soil,

sampled in the 8 statistical regions of the Republic
of Macedonia is given in Table 2.

Table 2. Descriptive statistic of external gamma dose rate due to Natural and artificial radionuclides in the soils
of the 8 statistical regions of the Republic of Macedonia.

Gamma dose rate (D) in the air at 1 m above ground

Statistical regions SKO VAR SE EAST NE PEL SW POL
No. of observations 33 31 20 24 14 38 34 19
, Minimum (nGy/h) 32 39 13 43 36 56 51 38
% Maximum(nGy/h) 71 134 138 108 108 175 103 79
"‘E‘ é AM (nGy/h) 50 70 57 69 63 86 75 61
gz SD (nGy/h) 11 25 33 18 22 22 16 13
5 GM (nGylh) 48 66 48 67 60 84 73 59
' GSD 1.27 1.39 1.87 1.29 1.39 1.26 1.25 1.25
N Minimum (nGy/h) 0.15 0.20 0.07 0.15 0.01 0.01 0.36 0.03
S Maximum (nGy/h) 2.68 3.75 1.98 3.19 411 5.19 5.34 450
IS é AM (nGy/h) 1.08 1.08 0.73 1.15 0.85 1.15 1.46 1.56
E S sD (nGy/h) 0.69 0.89 0.51 0.81 1.07 0.88 1.05 1.36
'H;f GM (nGy/h) 0.83 0.81 0.57 0.87 0.43 0.86 1.19 0.87
GSD 2.26 2.12 2.17 2.28 4.37 2.70 1.86 4.01

The geometric mean (GM) values of the
gamma dose rate due to natural radionuclides and
artificial (**’Cs) in soils of the statistical regions
were in intervals from 48 nGy/h to 84 nGy/h and
from 0.43 nGy/h to 1.19 nGy/h, respectively. Geo-
metric standard deviations (GSD) of the doses were
in intervals from 1.25 to 1.87 and from 1.86 to 4.37
for natural and artificial radionuclides, respectively.
In all regions, the contribution of ??Ra to the dose is
lower compared to those of 22Th and “°K (Figure 2).
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The descriptive statistic and interpolated
maps of the annual effective doses estimated due to
the natural radionuclides and **¥'Cs activities in the
soil are shown in Table 3 and Figure 3.

In the present work, the annual effective dose
due to the natural radionuclides ranges between 15
uSv and 215 uSv with the geometric mean value of
78 pSv; the annual effective dose due to the ¥*'Cs
ranges between 0.01 uSv and 6.55 pSv with the ge-
ometric mean value of 1.01 uSv (Table 3).

NE PEL SwW POL

EAST

Statistical region

B 40K

226Ra

232Th m137Cs

Figure 2. Different contributions of the 22°Ra, 2*2Th, 4°K and *¥'Cs into total absorbed dose rate through
8 statistical regions
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Table 3. Descriptive statistic of the annual effective doses due to Natural and artificial radionuclides in soil

Annual effective dose Dg

Natural radionuclides 1¥7Cs
No. of observations 213 213
Minimum (uSv/y) 15 0.01
Maximum (uSv/y) 215 6.55
Arithmetic mean (uSvly) 83 1.42
Standard deviation (uSv/y) 29 1.14
Geometric mean (uSvly) 78 1.01
Geometric standard deviation 1.44 2.58

Annual effective dose due to the
natural radionuclides (LSv/y)

0 125 25 50 75 100 15 70 20 108 215

(ot : NuAs———" i '__n_)/ . <107
— el r © 107-19 Annual effective dose due to 137Cs (uSv/y)
19-27 - -
0 125 25 50 75 100 ®27-49
—— Am @ 49-66 0.001 0.08 135 24 6.6

Figure 3. Interpolated maps of the annual effective doses due to the natural radionuclides
(a) and *"Cs (b) specific activities in the soil
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As can be seen from Table 3 and Figure 3, the
annual effective dose received due to the exposure
to natural radionuclides is much higher than the an-
nual effective dose due to **’Cs, i.e., the contribution
of B¥’Cs in the total external exposure of the popula-
tion is negligible.

On the map in Figure 4, the values of the ex-
ternal hazard index for each sampling location are
shown. The estimated hazard index values (Hex)
ranged from 0.07 to 1.05. The value of the external
hazard index exceeded 1 only at one location.

e <05
e 05-1.0
® >0

Figure 4. External hazard index (Hex) values through the territory of the Republic of Macedonia

DISCUSSION

External exposure due to gamma radiation
emitted by ??°Ra, 2*2Th, 4K and **'Cs in the soils
appear at different levels across to the country terri-
tory. In general, the contribution of natural radionu-
clides (**°Ra, 2*2Th, “°K) and **'Cs to the total gam-
ma dose rate are different (Table 1). Specifically,
the mean contributions of 26Ra, 22Th, “°K and ¥'Cs
into the total gamma dose rate are 26%, 35%, 35%
and 1.27% respectively.

The results show a negligible contribution of
the *¥'Cs in the total external gamma exposure of the
population in the Republic of Macedonia (Table 2
and Table 3). As mention previously, the *¥’Cs in
soils are different in origin: nuclear weapon tests
and Chernobyl accident. Considering that no pub-
lished results related to **’Cs activity in the country
before the Chernobyl accident makes the evaluation
of the origin’s relevant contributions demanding.
Overall, people living in the western part of the
country receive a higher dose compared to those
living in the east (Figure 3b). It could be a result of

the complex dispersion pattern of cesium in the en-
vironment but also linked to higher levels of precipi-
tation in the western part of the country.

Otherwise, the specific activities of 2%Ra,
232Th and “°K in the soils are associated to the for-
mation of each lithological area, particularly to its
content in the rock from which the soils originate
[20]. Commonly, the geology of the Republic of
Macedonia comprises a variety of complex of sedi-
mentary, metamorphic and volcanic rocks with dif-
ferent age and mineral content. The highest gamma
dose rate was related to the soil sample from Mari-
ovo that belongs to the Pelagonia region (Figure 3a).
Higher gamma dose rates are found in South West,
as well, compared to other statistical regions (Table
2). The South West statistical region appertains into
the Western Macedonian geotectonic zone while as
the Pelagonija statistical region belongs to the
Western Macedonian zone and Pelagonian Massif.
Both geotectonic zones comprised rocks of volcanic
origin [25]. The contribution of the natural radionu-
clides into doses varied within regions as well as.
For example, maximum contributions due to such

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 40 (2), 161-168 (2019)
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radionuclide into a total absorbed dose were found
to be in PEL (29%) due to ??°Ra; VAR (37%) and
PEL (37%) due to %*2Th and POL (41%) due to “°K.

The mean gamma dose rate for the whole
country of 65 nGy/h was similar to that of 62.8
nGy/h reported for the neighboring country Serbia
[26] but higher than the dose of 54 nGy/h obtained
from survey in Kosovo and Metohija [27] and dose
of 46.2 nGy/h assessed for population in the Thessa-
loniki city in Greece [28].

The mean annual effective dose value of 78
uSv/y due to natural radionuclides in the soils of the
Republic of Macedonia is slightly higher than the
worldwide value of 70 uSv/y reported in UN-
SCEAR reports [1-3].

CONCLUSION

The gamma exposure of the population due to
226Ra, 232Th, “K and ¥’Cs contained in the soils of
the Republic of Macedonia have been analyzed. The
gamma doses emitted from *’Cs was negligible
compared to the dose originated from natural radio-
nuclides. The contribution of the natural ?°Ra, 2*2Th
and “°K in the total dose of the population in the Re-
public of Macedonia were 26%, 35% and 35% re-
spectively. In general, in the regions where bedrocks
are from the volcanic origin the exposure due to
226Ra, 222Th, “°K in soil is higher in comparison with
other parts of the country. The obtained results are
comparable with the results reported in the literature
from neighboring countries.
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INPOEHKA HA PU3UKOT O PAAUOHYKJIMAUTE BO IOYUTE HA PEITYBJIUKA
MAKEJIOHUJA

3nenka CrojanoBckal, Biaxo Boes?, Mumosa Pucrosa®, Usan Boes?, Copca Ajka’,
3opa C. Kynuk®, Kpemena MBanopa®

Ydakynrer 3a MenuuuHcKy Hayku, YHuBepsutet ,,[oue Jemues*, [ltun, Peny6anuka Makenonuja
2akynTeT 3a NPUPOJHM U TEXHUYKK HayKH, YHuBep3uteT ,,loue Jlenues, [ltun, Peny6nuka Makeonuja
S UuctutyT 3a husuka, GaKyyITeT 3a IPUPOIHM HAYKHM U MATEMATHKA,
Yuusepsurer ,,Cs. Kupun u Meronuj“, Cromnje, PenyOnnka Makenonuja
“XpBaTcKu reosIONIKy 3aBo, 3arped, XpBaTcka
*BuHYa HHCTUTYT 3a HyKJI€ApHH HayKHu, Y HUBep3uTeT Bo Benrpan, Cpouja
SHamuonanen neHrap 3a paauo6KoIoruja u 3amTura o1 paaujanuja, Coduja, Byrapuja

Bo nocre/Hata JIelneHnja ce HalpaBeHH MHOTY CTYIMM 33 MEPEHE IPUPOJIHA PaJMOAKTHBHOCT BO PETMOHH Ha
PenyGnuka Makenonunja. Cenak, MH(OpMAIMMTE 3a E€KCIO3WMIMjATa HA TEPECTPHUjATHUTE 3pauerba U CIEICTBEHO
HpOLEHATa Ha PU3MKOT O/l HUB He Gea jocTanHu. Bo oBaa cTy/uja, IPOLEHATa Ha PU3HMKOT Oellle HalpaBeHa BP3 OCHOBA
Ha crnemuuuHuTe akTHBHOCTH Ha 22°Ra, 232Th, K u ¥'Cs Bo moBpmmHCKara nousa. PesynTaTure ykaxyBaaT Ha Toa
JleKa HaJIBOPEIHUTE TaMa-1031 ITO NOTEKHYBAaT O/l MPUPOJHUTE PAAUOHYKIUIN BO MOYBUTE CE TIOBMCOKH BO OJIHOC
Ha onue on ¥'Cs. BpsuHaTa Ha ancopOupaHaTa 703a BO BO3LYXOT Bapupa Bo uHTepBamu: of 4,3 1o 57 nGy / h (ox
226Ra); ox 3,9 1o 88 nGy / h (ox 2°2Th); ox 3,3 10 58 nGy / h (ox *°K); ox 0.01 1o 5.3 nGy / h (ox *¥’Cs). IIporenerure
Cpe/lHM TOAMIIHM €()EKTHBHM JIO3M INTO MOTEKHyBAaaT Oj IIPUPOAHUTE paauonykauan u ¥’Cs Bo nousure Ha
Peny6nnka Makenonuja ce 78 uSv u 1.01 pSv, coonserno. Bpennocture Ha MHAEKCOT Ha HaJBOpEIIHa onacHOCT Hex
OTIITO YKaXyBaaT Ha HU30K PU3MK O]l FaMa-3pauekbe 3a HACEIEHUETO KO€ XHuBee Bo PenyOnnka Makeionuja

K.]Iy‘-lHH 360p0Bl/I: HaJBOPEIIIHA raMa 03a; HHACKC Ha HaIBOPEIIHA OIIAaCHOCT
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