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The aim of the study was to evaluate the potential risks of radiation near abandoned uranium
mines, tailing dumps, or uranium deposits on Mountain Stara Planina, Serbia. For risk as-
sessment several parameters were determined: radium equivalent activity, Ra,g, external haz-
ard index, H,,, gamma radiation absorbed dose rate, D, annual effective dose on background
outdoor gamma exposure, AED,;400» and excess lifetime cancer risk, ELCR. Obtained re-
sults showed that all the samples, except one, have the Ra,, value up to two times higher than
the reference limit. The Ra,, of the sample from the Mezdreja mine tailings was increased by
almost eight times. The value of H,, followed the same pattern as Ra.,. All the investigated lo-
calities have increased D values, while all the samples have shown the moderately low AED .
doop €Xxcept Mezdreja mine tailings that have 5.5-2.8 times higher dose relative to the world's
average. ELCR at the Mezdreja mine tailings is 4.58 times higher than the world's average of
1.45-10-3. In the context of human activity in the area of Stara Planina such as different kinds
of tourism, livestock breeding, dairy products, and herbal manufacturing, efc. there is a need
for detailed analysis in order to evaluate potential human exposure and health impacts.
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INTRODUCTION

Radionuclides are naturally present in the air, soil,
and water, and living organisms as a result of natural ra-
diation from cosmic and terrestrial sources. Human ac-
tivities also generate radionuclides by preparation of
nuclear weapons, their testing, uranium mining, nuclear
fuel reprocessing, and nuclear accidents, ezc. [1, 2]. The
main external source of irradiation to the human body is
represented by gamma radiation emitted by naturally
occurring radioisotopes. Most of the terrestrial back-
ground radiation is due to non-chain primordial
radionuclide potassium *°K and chain primordial radio-
isotopes of the uranium (>*3U to 2%°Pb), thorium (***Th
to 2%Pb), and actinium series (>>3U to 297Pb) [1, 2].
These radionuclides were incorporated into the Earth at
the time of its formation, and still are present because of
their long half-lives and significantly affect terrestrial
radiation levels [1]. The natural environmental radioac-
tivity and the associated external exposure due to
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gamma radiation are in correlation with the geological
and geographical characteristic and varies depending
on the geological region. In addition, the existence of
mining and quarrying increases the dose rate of back-
ground radiation in some regions that are known as
high-level background radiation regions [1]. Since
radionuclides are not uniformly distributed, the knowl-
edge of their concentration and radiation levels in the
environment, especially in particular localities, is im-
portant for assessing the effects of human exposure and
potential health impacts.

The present study is the continuation of the sys-
tematic geological and radiological investigation of
mountain Stara Planina in the Republic of Serbia [3,
4]. This mountain was known for its natural beauty, in-
tact nature but also by natural radioactivity mainly due
to uranium mineralization and exploitation [3, 5, 6].
Stara Planina was constituted a protected area and Na-
ture Park in 1997 due to its high biodiversity of flora
and fauna, and its special geological, hydrological,
and ethno-cultural characteristics [7, 8]. In the late
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2000's, this mountain became a popular tourist desti-
nation [5]. Although some of these destinations are lo-
calized away from the deposits and former mines, the
hiking trails and picnic areas are positioned all over
this mountain. Moreover, the mines and tailing dumps
are abandoned and neglected, and it is easy to get to
this area, even to highly contaminated places. Also,
tourists often visit this area out of curiosity, ignoring
that this is a restricted area due to inadequate security
measures in past decades. Likewise, activities typical
for this region, especially in the tourist season, e. g.
dairy products or herbal manufacturing and sales,
might transfer the contamination [9, 10].

The study deals with the effects of gamma radia-
tion on Stara Planina and is not concerned with alpha
and beta particles that affect only specific parts of the
body. The aim of this study was to evaluate the poten-
tial risks of radiation near former uranium mines and
tailing dumps, as well as of spreading the radioactive
contamination. For this purpose following parameters
were calculated: radium equivalent activity, Rag, ex-
ternal hazard index, H,,, gamma radiation absorbed
dose rate, D, annual effective dose on background out-
door gamma exposure, AED and excess lifetime
cancer risk, ELCR.

outdoor?

EXPERIMENTAL PART

Investigated area locations

The present research was particularly focused on
background radiation risks at the locations of Stara
Planina with increased radioactivity, greater than 200
cps (counts per second), from health and environmen-
tal viewpoints) [3].

A geographic information system (GIS) data-
base has been established with a raster background
that consists mainly of collected non-referenced and
referenced maps, and vector materials including shape
dots and polygon files of interest, e. g. sample points
and areas, radioactivity in cps and mSv units. The en-
vironmental and health risk assessment was conducted
at four locations, fig. 1 [3, 4].

The two locations represent uranium ore natural
deposits and former mines, Gabrovnica and Mezdreja
close by Janje village. Further, these areas, in the con-
text of mining activities, which brought the radioac-
tive carriers to the surface, could be considered as an
anthropogenic source of radioactivity. Uranium min-
ing generates so-called TENORM (technically en-
hanced naturally occurring radioactive material) [2],
which is an undesirable process due to its direct influ-
ence on the atmosphere and potential of spreading
through the ecosystem, especially by water action. The
other two sampling locations are graphitic schists
(so-called Inovo Series), located in the vicinity of the
Gabrovnica deposit, and sedimentary materials repre-
sented by red sandstone and gray alevrolites of the

Figure 1. The boundary of Stara Planina in Serbia (full
line), zones of radioactivity greater than 200 cps (clear),
and points of observation and testing in 2016 and 2017
(dots); raster basis Google Landscape w/n, SASPlanet [3, 4]

so-called Colorful Series, both usually charged with
radioactive and trace elements in the Jelovica-
Dojkinci rivers region [11].

Listed localities have already been examined
geologically and radiologically in previous studies
[3]. The radiological investigation was limited to rep-
resentative petrologic radioactivity carriers and their
accessory elements without assessing the direct radio-
logical hazard in the environment or impact on hu-
mans and other living beings.

The radioactivity of the terrain and observation
points on the ground was measured by hand-held
Gamma-Scout radiation detector (or Geiger counter),
Gamma-Scout GmbH & Co.KG, Germany. The results
were obtained in cps and uSvh!. In all locations, ra-
dioactivity was greatly elevated, i. e., higher than the
natural radiation level in this area. The counting rate of
the gamma-rays was 70 cps [3]. Radioactivity in
Gabrovnica was 240 cps at the mine portal, and 360
cps at the mine dump. Radioactivity in Mezdreja was
420 cps at the mine portal, and up to 1250 cps at the
mine dump. Radioactivity at the sampling site in the
Inovo Series area was 650 cps. Radioactivity in the
Colorful Series area at the redox zone was 280 cps [3].

Radiological analyses

The specific activities, Bgkg™!, of gamma emit-
ters (**°Ra, 232Th, 4°K, and '37Cs), in investigated char-
acteristic petrologic samples from Stara Planina, were
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previously determined [3]. The specific activities of the
samples were measured using a high-resolution coaxial
semiconductor 63 detector with high-purity germanium
crystal HPGe ORTEC GEM 50, with 50 % relative effi-
ciency at 64 1332 keV [3]. These specific activities
were used for further investigation in this study, and ten
samples were investigated. Considering the investiga-
tion of natural radioactivity impact in this research, the
specific activity of radioisotope '*’Cs was not consid-
ered in calculation due to its anthropogenic origin.

Radium equivalent activity

The Ra, is the most used radiation hazard index
[12]. Radium equivalent activity has been widely used
for the past 40 years for the assessment of gamma ra-
diological hazards in the building materials, but it is
also applied to identify the consistency of radiation ex-
posure from soils. The term radium equivalent activity
was introduced for the activity of a radionuclide,
which would have the same therapeutic effect as 1 mg
of 2°Ra. This index is convenient for the comparison
of specific activities of samples/materials with differ-
ent radionuclide content (above all >*°Ra, 2>2Th, and
40K), [12]. The unit of measure by SI is Bgkg . Thus,
radium equivalent activity represents an external ex-
posure risk, and is based on [12]

Ragy =Cr, +143-Cqy, +0077-Cy (1)

where Cg,, Crp, and Ck represent particular isotopes
specific activities *°Ra, ***Th, and “’K, respectively,
in Bqkg .

The equation is based on the value of 1 mSv per
year as an annual exposure limit, assumed that based
on the supposition that 370 Bqkg™' of ?*°Ra, 259
Bgkg ! of 2%2Th, and 4810 Bgkg ' of °K all produce
the same gamma-ray dose rate. Hence, factors in equa-
tion correspond to ratios: 370/259 = 1.43 and
370/4810 = 0.077. Therefore, Ra,, is the weighted
sum of activities of these three radionuclides. The ra-
dium equivalent is related to both the external gamma
dose and the internal alpha dose from radon and its
progeny from the decay of the radium resulting in re-
spiratory tract doses to the residents of the building
[12]. In order to keep the annual radiation dose below
1.5 mGy per year, the maximum Ra,, value has to be
less than 370 Bgkg ™.

External hazard index

The H,, is a broadly used hazard index that re-
flects external exposure to radiation. Index H,, was
defined by Beretka and Mathew [12] to evaluate the
indoor radiation dose rate due to the external exposure
to gamma radiation from the natural radionuclides in
building materials of dwellings.

External hazard index can be calculated by [12]

N _Cra +CTh i Cx
370 259 4810

where Cr,, Crp, and Ck represent the certain isotope
specific activities ***Ra, ***Th, and “’K, respectively,
in Bqkg ™.

The maximum value of H_, equal to one corre-
sponds to the upper limit of Ra,, (370 Bakg™") [12].

2

Gamma radiation absorbed dose rate

The D represents the amount of radiation deliv-
ered to some medium over a time period. It is a mea-
sure of ionizing radiation energy absorbed by some
medium per time unit. It is equal to the energy depos-
ited per unit mass of a medium per time unit, and has
the unit joule [J] per kilogram [kg] per time unit, i. e.
gray per second [Gys™'], according to the SI system
[13].

In the air from cosmic radiation at sea level, the
value of D is approximately 30 nGyh™! [13]. External
exposures to this radiation arise from trace amounts of
terrestrial radionuclides in all ground formations.
Therefore, natural environmental radiation mainly de-
pends on the geological and geographical characteris-
tics of the area. For example, higher radiation levels
are associated with igneous rocks, such as granite, and
lower levels with sedimentary rocks [14].

The specific activities >*°Ra, 2*’Th, and *°K
[Bgkg'] were used to calculate absorbed dose rate in
nanograys per hour [nGyh™'] at a height of 1 m above
the ground using the following equation recom-
mended by the UNSCEAR [13]

D =0462-Cy, +0604-Cp, +0042-C,  (3)

where conversion factors from the equation are the
dose coefficients in nGyh™' per Bqkg ™" also recom-
mended by UNSCEAR [13] and Cg,, Cry, and Ci rep-
resent the certain isotope specific activities ***Ra,
B2Th, and K, respectively, in Bgkg . There is con-
sidered that the *°Ra and ***Th radionuclide decay
products are in equilibrium, and the contribution of
other natural and artificial radionuclides is negligible.

Annual effective dose

The absorbed dose rate is not good enough indi-
cator of biological damaging. The risk of stochastic ef-
fects, due to radiation exposure for the population, can
be quantified using the effective dose. The AED,i400r
is based on the risks of radiation-induced health ef-
fects [15].

To estimate the annual effective doses conver-
sion coefficient from absorbed dose rate in the air to ef-
fective dose and the outdoor occupancy factor must be
taken into account. In the UNSCEAR report in 2000
[13] 0.7 SvGy ! was used for the conversion coeffi-
cient from absorbed dose in the air to the effective dose
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received by adults. Coefficient 0.8 was used for the in-
door occupancy factor, implying that an average of
20 % (0.2) of the time is spent outdoors around the
world. The effective dose equivalent rate is calculated
from the following formula [15]

AED =D-N, -07-02 (@)

outdoor

where N, is the number of hours in one year (8760),
and 0.7 and 0.2 are the aforementioned conversion co-
efficients.

The worldwide annual effective dose from natu-
ral gamma terrestrial radiation is estimated to be 0.5
(or range 0.3-0.6) mSv [13].

Excess lifetime cancer risk

Possible human activities in some areas may de-
termine the need for the assessment of some specific
risk factors for exposure to gamma radiation due to the
presence of uranium mineralization. The most illustra-
tive among radiological risk indices is ELCR, i. e. risk
of cancer occurring during the expected lifetime. Ex-
cess lifetime cancer risk for the local population and
visitors, mostly tourists, can be calculated according to
annual effective doses by the following equation [16,
17]

ELCR = AED -LE-RF 5)

outdoor
where AED 00 18 €Xpressed in mSv unit, LE is aver-
age lifespan expectancy (70.1 years) and RF [Sv™']isa
fatal risk factor per Sievert, which is 0.057 as per Inter-
national Commission on Radiological Protection [15].
It is common to obtain the ELCR value displayed as
ELCR-10°.

RESULTS AND DISCUSSION

The results, obtained by measuring the radioac-
tivity of the samples, were used to calculate the follow-
ing parameters of radiation risk: Ra,, [Bqkg '] (tab. 1),
H.,, (tab. 2), D [nGyh™'] (tab. 3), AED 400, [MSV per
year] (tab. 3), and ELCR (tab. 4).

Explanations of the sample abbreviations in the
tables are: Mezdr granite minel — sample of granite
taken from outcrop at the entrance of Mezdreja mine;
Mezdreja silicified liml — silificified and highly
limonitized sample with carbonates, collected in situ
from altered granite with veinlets at Mezdreja; Mezdr
granite2 — sample of granite taken from outcrop at the
Mezdreja area; Mzdreja clay tailingsl — crushed al-
tered granite fragments with clay from Mezdreja tail-
ing dump; Schist graphitic silicified] — Inovo Series,
graphitic schists with more silica (SiO,); Schist
graphitic2 — Inovo Series, graphitic schist with more
graphitic material; Gabrovnica minel — granite taken
from outcrop at the entrance of Gabrovnica mine;

Gabrovnica tailingsl — granite sample taken form
Gabrovnica mine tailing dump; Siltstone grayl —
Jelovica area gray siltstone; and Sandstone red2 —
Jelovica — Dojkinci area red sandstone.

As previously mentioned, for keeping the annual
radiation dose below 1.5 mGy per year, the maximum
value of Ra,, has to be less than 370 Bgkg™" [13].
Sandstones of the Colorful Series have a value less
than the reference limit for Ra,,, while other samples
have an increased value up to two times, except in the
case of clay materials with fragments of granite from
the Mezdreja mine tailings, which value is increased
by almost eight times. These values indicate a very
high risk of gamma radiation at the investigated loca-
tions, especially in the area of Mezdreja mine tailings.
(tab. 1) However, this value was expected due to for-
merly uranium exploitation and the formation of
TENORM on the surface [2].

The external hazard index follows the same pat-
tern as Ra,, (tab. 2). The value of H, is lower than the
reference value only in the case of the Colorful Series
sandstone sample and slightly higher in sample gray
siltstones of the Colorful Series and Gabrovnica mine
with values of 1.08 and 1.14, respectively. Other sam-
ples have an increased H,, value up to two and eight
times in the case of Mezdreja mine tailings, which is in
line with obtained Ra,, values.

Determined Ra, and H,, were found to be much
higher than common values for the soil in the Republic
of Serbia or neighboring countries [18, 19]. In these
cases, some measures should be taken to ensure
gamma radiation below the allowed levels [13].

All the investigated localities have increased
gamma radiation absorbed dose rate (tab. 3). Sand-
stone of the Colorful Series sample has the lower ab-
sorbed dose, while the Mezdreja mine tailings, i. e.
Mezdreja TENORM has the highest, even 23 times
more than the world's average dose. The situation is
particularly concerned since the majority of speci-
mens come from in situ soil samples and represent the

Table 1. Specific activities of **Ra, **Th, and “’K
radionuclides in characteristic petrologic samples from
Stara Planina [3]

Specific activity, C [Bqkg ']
Cra Cm Ck
Mezdreja granite minel 142+7 250+ 101420+ 60
Mezdreja silicified lim1 | 400 +20 | 188 +9 | 600 + 30

Mezdreja granite2 116 +£5 |230£10[1020 + 50
Mzdreja clay tailings1 2600 + 100, 169 +8 | 1240 + 60
Schist graphitic silicified] | 220+ 10 | 141 £ 7 |1420 + 60

Locality/sample

Schist graphitic2 380£20 | 169£8 | 900 £ 40
Gabrovnica minel 58+3 163 £8 1700 = 80
Gabrovnica tailings1 206+9 250+ 10|1690 + 80
Siltstone gray1 102+5 | 97+£5 2080 +90
Sandstone red2 28+ 1 52+3 [1270 £ 60
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Table 2. Radium equivalent activity and external hazard
index

Locality/sample Raeg, [Bgkg™] Hey
Mezdreja granite minel 609 + 26 1.64 +0.07
Mezdreja silicified lim1 715 +35 1.93 £0.09

Mezdreja granite2 523 +23 1.41 £ 0.06
Mzdreja clay tailings! 2937+ 116 7.93 +0.31
Schist graphitic silicified1 531+£25 1.43 £ 0.07
Schist graphitic2 691 + 35 1.87 £0.09
Gabrovnica minel 422 +21 1.14 £ 0.05
Gabrovnica tailings1 694 + 29 1.87 £ 0.08

Siltstone gray1 401 £ 19 1.08 + 0.05

Sandstone red2 200+ 10 0.54 £ 0.03

Reference value 370 [12] 1[12]

Table 3. Gamma radiation absorbed dose rate
and annual effective dose

Locality/sample D [nGyh'l  |4EDyygo0n [1SV]
Mezdreja granite minel | 276.24 + 11.79 339+ 14
Mezdreja silicified lim1 | 323.55 +15.93 397+19

Mezdreja granite2 235.35+10.45 289 + 13
Mzdreja clay tailings! |1355.36 + 53.55 1662 £ 66
SCI;IS}C%E‘;‘ZII}IUC 246.44 +1137| 302+ 14
Schist graphitic2 315.44 +£15.75 387+19
Gabrovnica minel 196.65 £ 9.58 241 £12
Gabrovnica tailings1 317.15£13.56 389+ 17
Siltstone grayl 193.07 £9.11 237+ 11
Sandstone red2 97.68 £4.79 120+ 6
World's average 57[13] 300-600 [13]

Naturally Occurring Radioactive Material (NORM)
with high radioactivity [20].

Contrary to previous parameters all the samples
have shown the moderately low annual effective dose
of gamma radiation, excluding the Mezdreja mine tail-
ings. This location has shown 5.5-2.8 times higher
dose relative to the world's average, i. e. world range
values. The primary radiological contaminant of con-
cern is 22°Ra, which would contribute to the greatest
risk from external exposure to the occasional
recreationalist and tourists at the Stara Planina. Ura-
nium may also be a contaminant of concern, especially
if it can migrate to a drinking-water source where its
chemical toxicity becomes a health hazard [21].

The calculated ELCR values in samples are
shown in tab. 4. Excess lifetime cancer risk index at
the Mezdreja mine tailings is 4.58 times higher than
the world's average of 1.45-1073 [17]. However, other
indices are not alarming since they are lower or
slightly higher than the world's average value.

Obtained results indicate a need for further study
which will evaluate potential risk for humans and pos-
sible transferred contamination [10]. Finally, it should

Table 4. Excess lifetime cancer risk

Locality/sample ELCR (x107)

Mezdreja granite minel 1.35 £ 0.05
Mezdreja silicified lim1 1.59 £ 0.08
Mezdreja granite2 1.15+0.05
Mzdreja clay tailings1 6.64 +0.26
Schist graphitic silicified] 1.21 £0.06
Schist graphitic2 1.55+£0.08
Gabrovnica minel 0.96 £ 0.05
Gabrovnica tailings1 1.55+£0.07
Siltstone gray1 0.95 +0.04
Sandstone red2 0.48 £0.02

World's average 1.45-10°[17]

be noted that the leachate from the Gabrovnica and
Mezdreja mines, as well as the graphitic schists, flow-
ing through the limestones, flush the material into the
watercourses of the local rivers (Crnovrska, Inovo,
and Gabrovnica) and further into Trgoviski Timok
river. Therefore, the condition of the alluvion and wa-
tercourses should be also examined.

CONCLUSIONS

The present study evaluates the potential risks of
radiation near former uranium mines, tailing dumps,
or uranium deposits on Stara Planina. For this purpose
following parameters were calculated: Ra.g, H, D,
AED 400 and ELCR. Obtained Ra,, values indicate
avery high risk of gamma-radiation at the investigated
locations, especially in the area of Mezdreja mine tail-
ings, while the external hazard index follows the same
patternas Ra.,. Additionally, all the investigated local-
ities have increased D. The situation is particularly
concerned since the majority of specimens come from
in situ soil samples, and the detected values represent
the naturally occurring radioactivity. Contrary to pre-
vious parameters, all the samples have shown the
moderately low AED, 400 €Xcluding the Mezdreja
mine tailings, which had 5.5-2.8 times higher dose rel-
ative to the world's average. The ELCR values in sam-
ples at the Mezdreja mine tailings are 4.58 times
higher than the world's average of 1.45-107. How-
ever, other indices are not alarming since they are
lower or slightly higher than the worldwide average
value. In the context of human activity in the area of
Stara Planina, such as livestock breeding, dairy prod-
ucts, and herbal manufacturing, there is a need for de-
tailed analysis in order to evaluate potential risk for the
living beings and the environment.
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Cnagko [I. IMMOBWh, bopuc b. BAKAIbAIIL, UBana B. JEJIUA,
Munena I'. PUKAJTOBUR, Becua P. PUCTU'h BAKAIBALL Pagoje 1. BAHKOBUh

INPOLHEHA PAIUOAKTUBHOCTH Y XKNBOTHOJ CPEJUHUN N
OINACHOCTMU 110 3APAB/BE HA MOAPYYY CTAPE INTAHUHE

ITpornemenn cy NOTEHIUjalHU PU3UIH Off 3padcHha y ONM3MHU HATYIITEHUX PYAHUKA YpaHUjyMa,
jaJoBHIIITA, MM JIeXKUIITa ypaHujyma Ha Ctapoj minanuan y Cp6uju. Y cBpxy npolieHe pusnka ofgpebeno je
HEKOJIMKO lTapameTapa: pajiujyM eKBUBAIICHT, Ra,., €KCTePHI Xa3apiAHU HHIEKC, H ., ancopboBaHa 03a, D,
rofuinmba epeKTUBHA 032 CHOJbIIET 3pauewa, AED oo 1 PU3UK Off TIOjaBe KaHIEpa TOKOM O4e-
KUBAHOT KUBOTHOT BeKa, ELCR. JloOujeHn pe3yaTaTu MoKa3alu Cy [a CBU Y30pILHU OCHM jeHOT MMajy
BPEIHOCT Ra . 1 10 ABa myTa Behy o pedepenTHe BpepHocTH. BpegHoct Ra., y30pKa U3 jaloBHIITA
pyAHnka Mesapeja nosehat je 3a roroBo ocam nyta. Bpegrocr H,, criejiiia je netu TpeHy Kao u Ra . Cau
UCTpaXKeH!U JIOKAJIUTeTH MMajy noehany BpegHocT D, IOK Cy CBU Y30pLM NOKa3ald YMEPEHO HU3aK
ekcrepuu AED, ocuM janoBuHe pynHuKa Me3sapeja koja uma 5.5-2.8 myTa Behy BpegHOCT y OffHOCY Ha
cBeTcku mpocek. Bpepnoct ELCR janosuiurta pygauka Mesppeja 4.58 nyra je Beha of cBeTcKor mpoceka
Koju m3HocHu 1.45- 1073, Pay ynyhyje Ha moTpe0y 3a IleTalbHOM aHAJIM30M KaKo O ce MPOLEHHUIA MOTEH-
[yjajHa M3J0XKEHOCT W YTHUIajU Ha 3ApaBbe y KOHTEKCTY JbYACKHMX aKTHBHOCTH Ha noapydjy Crape
IUIaHKHE Kao IITO Cy, Ha MpHUMeEp, pa3lInyuTe rpaHe TypU3Ma, CTOYapCTBO, IPOU3BOAA MICUHUX WU
OMJbHUX IIPOU3BOJA.

Kmwyune peuu: iipupooHna paouoakiiu8HOCIU, HUBOUIHA CpeOUHA, 30pas.ve, Xa3apo, UpoyeHa puauxka




