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This study is focused on the radiological investigation of terrestrial gamma radiation in the
test field with soil samples from different minefields in the Federation of Bosnia and
Herzegovina. Measurements of ambient dose equivalent rate, commonly referred to as “air
dose rate”, in the test field located in the Tuzla Canton, were performed by RADIAGEM™
2000 portable survey meter, based on energy-compensated Geiger-Muller counter. Its per-
formances were tested in the laboratory conditions with gamma point sources. Since all the
samples in the test field were exposed to the same cosmic radiation, there was a possibility to
assess a relative contribution of terrestrial gamma radiation due to soil samples of different
composition. One set of measurements in the test field was performed with RADIAGEM™
2000, at a height of about one meter above the ground and basic statistical parameters indi-
cated that there was no significant difference of terrestrial gamma radiation from different
soil samples. The other set of measurements was carried out with the same device placed on
the ground in the test field. Processing of experimental data on terrestrial gamma radiation
has shown that it was possible to make a difference between relative contributions of terres-
trial gamma radiation from individual soil samples. The results of investigation could be use-
ful for multiple purposes of public interest.
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INTRODUCTION

A few countries of the world are still facing the
problem of heavy mine contamination, among them
Bosnia and Herzegovina. So far only the conventional
methods for demining have been applied in the mine-
fields located [1-3]. However, such methods are ex-
tremely dangerous, time consuming and expensive.
Improvement of the efficiency of landmine detection
systems and development of alternatives methods to
the conventional ones are of high interest. Nuclear
method based on neutron and/or gamma-rays detec-
tion is one of the most promising methods for
landmine detection, which strongly depends on soil
composition [4]. Since characteristics of a few indi-
vidual landmine sensors depend on soil properties, in-
corporation of information about the local soil envi-
ronment, including the terrestrial background
radiation into the integrated sensor system, could im-
prove the performance of multi-sensor landmine de-
tection systems [5].

* Corresponding author; e-mail: aadeno@bih.net.ba

A radiological study of the limited scope was
carried out in the test field at 490 m above sea level in
the Tuzla Canton, the north-eastern part of Bosnia and
Herzegovina [6]. The test field was formed by five dis-
tinctive soil types sampled close to the minefields in
Mostar, Sarajevo, Travnik, Brcko and Banovici (loca-
tion of the test field). Investigation of natural radiation
in the test field was performed by RADIAGEM™
2000 portable survey meter [7].

Natural radioactivity manly originates from the
cosmogenic radionuclides produced by the interaction
of cosmic-ray particles in the atmosphere of the Earth
and terrestrial radionuclides with half-lives compara-
ble to the age of the Earth such as “°K, and the
radionuclides from the 2>U and 23*Th series. The three
naturally occurring terrestrial radioisotopes 23%U,
235U, and 2*2Th emit neutrons through the spontaneous
fission process and contribute to neutron back-
grounds, as well as neutrons produced from (e, n) re-
actions, although their contribution is almost negligi-
ble [8]. However, neutrons cannot be monitored by the
available RADIAGEM™ 2000 survey meter and they
are not of interest in this study. The largest contribu-



S. Avdi¢, et al.: Assessment of a Relative Contribution of Terrestrial ...

122 Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 2, pp. 121-127

tion to external source of irradiation of the human
body stems from gamma-emitting radioactive ele-
ments in the ground [9]. Terrestrial gamma radiation
(TGR) mainly depends on geological and geograph-
ical conditions [10]. The composition of the ground
significantly influences TGR at any given place.

The cosmic component of natural radiation
should be estimated at the same place (the same longi-
tude, latitude and altitude) where the experiment was
organized. The secondary particles created by the pri-
mary cosmic radiation such as muons, photons, and
neutrons have a strong penetrability through air and
they can reach the sea level directly. Since the energy
of cosmic gamma photons is larger than 1 MeV and
RADIAGEM™ 2000 is sensitive to gamma photons
up to 1.5 MeV, there is a possibility to detect cosmic
gamma photons by using this survey meter. It was not
possible to measure the local cosmic ray contribution
at the location of the test field [11]. However, taking
into account that all samples in the test field were ex-
posed to the same secondary cosmic radiation, we
could assess the contribution of TGR above each soil
sample in the test field relatively to the total dose rate,
including the contribution of TGR and also the contri-
bution of secondary cosmic radiation.

The main objective of this study was to investi-
gate whether the RADIAGEM™ 2000 device is sensi-
tive enough to detect the terrestrial gamma radiation
differences from five various soil types sampled in vi-
cinity of a few minefields in the Federation of Bosnia
and Herzegovina, as well as to consider possible appli-
cations of the results obtained for multiple purposes of
public interest.

This paper is organized as follows: the next sec-
tion presents examination of the RADIAGEM™ 2000
survey meter performances; then follows analysis of the
experimental results due to TGR obtained in the test
field and in the final section conclusions are provided.

EXAMINATION OF THE RADIAGEM™ 2000
SURVEY METER PERFORMANCES

For instant measurements of ambient dose
equivalent rate we used RADIAGEM™ 2000 porta-
ble survey meter. RADIAGEM™ 2000 is an en-
ergy-compensated Geiger-Muller counter with £15 %
accuracy in the gamma energy range from 40 keV to
1.5 MeV. It is designed for measurement of ambient
dose equivalent rate in the range of 0.01 uSv/h to
100 mSv/h. One advantage of such kind of survey me-
ter is that there is a possibility to get a fast response in
the field measurements and locate hot spots or any spot
where the radiation shielding is not appropriate. On
the other hand, RADIAGEM™ 2000 survey meter
provides less accurate results of the dose rate measure-
ments compared to the instruments with an ion cham-
ber or with a proportional counter.

RADIAGEM™ 2000 survey meter is routinely
calibrated in units of ambient dose equivalent /°(10),
since it is the operational quantity which is relevant for
such surveys according to ICRP. The body related
dose quantity, such as effective dose, cannot be di-
rectly measured, since it requires knowing the doses
delivered to all the major organs in the body and is not
directly suitable for radiation protection monitoring.
Therefore, alternate quantities, i. e., the operational
quantities are used for the assessment of effective dose
or mean doses, in tissues or organs. The ambient dose
represents an estimate of the effective dose received
by a person, staying at the point of the monitoring in-
strument [12].

RADIAGEM™ 2000 is an automatic survey
meter and includes a factory calibration so, there is no
possibility to perform modifications of the conversion
factors from counts to ambient dose equivalent.
Hence, there is the need to check whether the values
provided by the automatic device are enough reliable
for dosimetry surveys. The sensitivity of the portable
survey meter was tested with the use of gamma point
sources of negligible size and low activity such as ®*Co
source with the activity of 0.14 pCi or 5.14 kBq and
137Cs source with the activity of 3.54 pCior 0.13 MBq.
Measurements were performed in the laboratory con-
ditions. Both sources were placed at the distance of
1 m from the survey meter and no significant increase
above the background level was registered, taking into
account the uncertainties of measurements. Justat dis-
tance of 0.25 m from the both sources, the survey me-
ter response was significantly larger, compared to the
background level. The values of ambient dose equiva-
lent rate obtained by RADIAGEM™ 2000, according
to reference [13] represent the “air dose rate”. The re-
sults of the one-way ANOVA test, given in fig. 1, con-
firmed our observation. Since p-value of 1.61-107'! is
close to zero, it can be concluded that the mean value
of ambient dose equivalent rate, at the distance of
0.25 m from both sources, is significantly different
from the mean value of ambient dose equivalent rate of
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Figure 1. The results of the one-way ANOVA test of
ambient dose equivalent rates in the laboratory



S. Avdi¢, et al.: Assessment of a Relative Contribution of Terrestrial ...

Nuclear Technology & Radiation Protection: Year 2016, Vol. 31, No. 2, pp. 121-127 123

background radiation, at significance level of 0.05. We
performed a simple Monte-Carlo simulation of the ex-
periment by using the MCNPX transport code [14].
The survey meter was modelled as a cylinder with the
height of 4 cm and radius of 0.6 cm, according to the
manufacturer data. Contribution of both individual
sources was simply summed. The calculated results of
0.1925 uSv/h, obtained at the distance of 0.25 m from
the both sources, are in very good agreement with the
mean experimental value of 0.1941+ 0.0098 puSv/h for
ambient dose equivalent rate.

In addition, we compared the results of the
MCNPX calculations of ambient dose equivalent rate
at various distances from the '37Cs source (3.57 uCi or
0.13 MBq, measurement was performed somewhat
earlier than the previous one so that the activity of the
same '37Cs source was larger at the moment of mea-
surements) with the experimental values obtained by
using RADIAGEM™ 2000 in the laboratory condi-
tions. Since we do not have detailed information avail-
able about the device dimensions and composition, the
simulation model was very simple, taking into account
cylindrical geometry of the GM survey meter and
point geometry of gamma source. The back-scattering
contribution of the walls, floor and ceiling of the labo-
ratory was not considered in the simulation. Taking
into account that survey meter, based on GM detector,
measures correctly only for the calibration conditions
and that we used the simplified model in the calcula-
tions, the experimental and calculated values for air
dose rate are in good agreement, except at distances
less than 3 cm from the sources, with relative differ-
ence more than 35 %. The experimental values for am-
bient dose equivalent rate, commonly called as “air
dose rate”, including error bars and the results of our
MCNPX calculation as a function of distance from the
source, are given in fig. 2. The air dose rate is ex-
pressed in uSv/h in this paper according to the recent
reference [13]. The results obtained indicate that the

—— MCNPX results
6 =—f— Experimental results

Ambient dose equivalent rate [pSVh_1]
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Figure 2. The RADIAGEM™ 2000 results with error
bars and the MCNPX calculation results of ambient dose
equivalent rate (called “air absorbed dose”) as a function
of the distance from the *’Cs source

RADIAGEM™ 2000 survey meter performs well in
the presence of contaminated surfaces, even with ra-
dioactive materials of low activity.

In order to evaluate the fluctuations in the ambi-
ent dose equivalent rates and count rates, we carried
out 60 measurements of radiation background in the
laboratory conditions, with RADIAGEM™ 2000 sur-
vey meter, at a fixed position [ 11]. Taking into account
that sensitivity of this type of survey meter is about
3000 counts per uSv for one hour [ 7], the counts distri-
bution was considered. The histogram of 60 experi-
mental results, for indoor background radiation, taken
over one minute each, is given in fig. 3. The solid curve
represents the simulated Gauss distribution, while the
histogram represents the occurrence frequency of the
experimental data. The distribution was normalized
for the observed mean value. It is well known that the
Poisson distribution approaches the Gaussian distri-
bution for a large mean value of count rate. It can be
calculated that the standard deviation represents about
10 % of the mean value, which means that this value
can be used as the minimum uncertainty of one mea-
surement, due to the process of radiation emission and
detection process itself.

ANALYSIS OF THE EXPERIMENTAL
RESULTS OBTAINED IN THE TEST FIELD

Test field was situated at the location with GPS
coordinates N 44°24'47.3", E 18°25'08.0" (Banovici,
village Pribitkovici), about 40 km away from Tuzla
(fig. 4). The test field was composed of five distinctive
soil types from locations close to the minefields in
Mostar, Sarajevo, Travnik, Brcko and Banovici (loca-
tion of the test field). All the samples had a cylindrical
form, with diameter of about 60 cm and down to 70 cm
in depth. Depth of each soil cylinder was greater than
two or three photon mean free-path lengths in the soil
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Figure 3. Histogram of experimental data and Gauss
curve fitted to the data
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Figure 4. The test field with soil samples

[11]. The soil sample components, as well as their bulk
densities, are given in tab. 1.

One set of measurements in the test field was
performed with RADIAGEM™ 2000 about one meter
from the ground. We performed 90 measurements of
ambient dose equivalent rates for each sample in the
test field. The survey meter measured for one minute
and then the highest value during that time interval
was taken. The first series of measurements was car-
ried out in November 2015.

Basic parameters of descriptive statistics of am-
bient dose rates, obtained for soil samples using
hand-held survey meter at 1 m above the ground, are
given in tab. 2. The mean value of ambient dose equiv-
alent rate for all samples is 0.0517 £ 0.0033 uSv/h, in
the range from 0.01 to 0.20 uSv/h.

P-value of 0.0231, as the result of a one-way
ANOVA test, is not very small and it indicates that dif-
ferences between soil samples means are not signifi-
cant (fig. 5). The null hypothesis that samples drawn
from the same population cannot be rejected at signifi-
cance level 0of 0.05. Hence, there are no significant dif-
ferences between ambient dose equivalent rates from
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Figure 5. The results of a one-way ANOVA test of
ambient dose equivalent rate for soil samples in the test
field

soil samples, although some basic statistical parame-
ters show that the relative contributions of TGR from
the Sarajevo and Brcko samples are more similar than
the other ones due to their similar soil composition,
given in tab. 1.

Histograms of the experimental data with uncer-
tainties obtained in the test field, are given in fig. 6. It
can be observed that histograms for the Sarajevo and
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Figure 6. Histograms of ambient dose equivalent rates
for different soil samples in the test field

Table 1. The soil sample components and bulk density of soils in the test field [6]

Soil components Sample Brcko Sample Travnik Sample Mostar Sample Sarajevo Sample test field
Clay [%] 4.6 2.1 2.3 5.9 4.3
Silt [%] 23.5 16.6 15.4 18.5 39.4
Sand [%] 70.7 33.8 334 75.6 56.3
Gravel [%] 1.2 47.5 48.9 0.0 0.0
Bulk density 2.00 1.87 2.11 2.05 2.03

Table 2. Basic parameters of descriptive statistics for the measured values of ambient dose equivalent rates with the
survey meter, at 1 m distance from the ground, in the test field

Descriptive statistics Sample Brcko Sample Travnik Sample Mostar Sample Sarajevo | Sample test field
Mean [uSvh'] 0.0497 0.0572 0.0544 0.0426 0.0548
Median [uSvh™'] 0.04 0.06 0.05 0.04 0.05
Standard deviations [uSvh '] 0.0040 0.0032 0.0034 0.0029 0.0036
Minimum [uSvh '] 0.01 0.01 0.01 0.01 0.01
Maximum [puSvh™] 0.14 0.13 0.13 0.13 0.20
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Figure 7. The results of the variance to mean ratio for
experimental ambient dose equivalent rates for different
soil samples in the test field

Brcko soil samples are somewhat different compared
to the other ones, but they are not significantly differ-
ent at significance level of 0.05.

The results of the variance to mean ratio, for ex-
perimental ambient dose equivalent rates for different
soil samples in the test field, indicate that the slopes of
all curves, given in fig. 7, are similar, although the
slopes of curves for the Sarajevo and Brcko samples
slightly deviate from the others, showing that terres-
trial radiation from both samples is somewhat differ-
ent compared to the others.

The results obtained in the first series of mea-
surements with RADIAGEM™ 2000 at 1 m distance
from each sample show that there is no significant dif-
ference at significant level of 0.05 between ambient
dose equivalent rates from different samples, but it can
be noticed that there was a slight deviation for the sam-
ples with similar compositions, compared to other
ones, even when the survey meter was located at 1 m
from the ground.

The second series of the measurements was per-
formed with the survey meter placed on the soil sam-
ples in the test field. Each measurement by
RADIAGEM™ 2000 was carried out for one minute
and then the highest value during that time was taken
as in the previous set of measurements. We performed
50 measurements for each sample in the test field.

The results of basic statistical analysis of ambi-
ent dose rates, obtained for soil samples, using the sur-
vey meter on the ground, are given in tab. 3. The mean
value of ambient dose equivalent rates for all samples

is 0.0794 £ 0.0078 uSv/h, in the range from 0.01 to
0.36 puSv/h. It can be noticed that the mean value of
ambient dose equivalent rate for all the samples, when
the survey meter was on the ground, is higher than in
the previous series of measurements, when the instru-
ment was at 1 m distance from the ground.

The results of one-way ANOVA test are given in
fig. 8. P-value of 0.0004 is close to zero, which sug-
gests that at least one sample mean is significantly dif-
ferent from means of the other samples.

Histograms of the experimental data with uncer-
tainties obtained in the test field, with the survey meter
placed on the ground, are given in fig. 9. It can be no-
ticed that deviations between TGR from different soil
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Figure 8. The results of a one-way ANOVA test of
experimental data obtained from RADIAGEM™ 2000
placed on the ground
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Figure 9. Histograms of the TGR experimental data
obtained with the survey meter placed on the ground in
the test field

Table 3. Basic parameters of descriptive statistics for the measured values of ambient dose equivalent rates with the

survey meter on the ground in the test field

Descriptive statistics Sample Brcko Sample Travnik Sample Mostar | Sample Sarajevo | Sample test field
Mean [uSvh'] 0.0832 0.1090 0.0712 0.0604 0.0734
Median [uSvh '] 0.07 0.10 0.05 0.05 0.07
Standard deviations [uSvh '] 0.0070 0.01 0.0089 0.0061 0.0065
Minimum [uSvh™] 0.01 0.01 0.01 0.01 0.01
Maximum [uSvh '] 0.23 0.30 0.36 0.22 0.18
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Figure 10. Variance to mean ratio for TGR experimental
data obtained with the survey meter placed on the
ground in the test field

samples are more pronounced than in the first series of
measurements, atthe same significance level 0f0.05.

Figure 10 represents variance to mean ratio for
TGR experimental data and also confirms that the dif-
ferences between the relative TGR are larger when the
survey meter was placed on the ground.

Analysis of the results obtained have shown that
the second series of the measurements enabled to us
observe the larger differences between the TGR from
different soil samples in the test field, compared to the
first series of the measurements.

CONCLUSIONS

This paper deals with assessment of TGR rela-
tive contribution in the test field, due to different soil
samples from a few locations close to the minefields in
Federation of Bosnia and Herzegovina. Measure-
ments of ambient dose equivalent rates in the test field
were carried out by RADIAGEM™ 2000 portable
survey meter, whose performances and sensitivity
were investigated in the laboratory conditions. The
survey meter is designed for measurements of ambient
dose equivalent rate. However, ambient dose equiva-
lent rate "(10) cannot be physically measured in the
field since the conditions of definition cannot be con-
structed during in situ measurements and it is com-
monly referred to as “air absorbed dose”. It was dem-
onstrated in the laboratory conditions that the
radiation survey meter is suitable for natural radiation
measurement, as well as for survey of contaminated
surfaces by radioactive material of low activity.

The RADIAGEM™ 2000 survey meter is de-
signed for fast survey and measurements of dose rate
with less accuracy, so that it is suitable for assessment
of dose rate in comparison with the devices including
an ion chamber or a proportional counter, which can
provide more accurate results of dose rate measure-
ments.

The first set of measurements of ambient dose
equivalent rate in the test field was performed at 1 m
above the soil samples. All the samples were exposed to
the same cosmic radiation, so that there was a possibility
to asses a relative contribution from TGR due to soil
samples of various composition. The results obtained
confirmed that there was no statistically significant dif-
ference between TGR from various soil samples, al-
though the results have shown that there was a slight dif-
ference between TGR for the Sarajevo and Brcko
samples whose composition is similar and somewhat dif-
ferent compared with the other ones in the test field.

The other set of measurements was done with
RADIAGEM™ 2000 which was placed on each soil
sample individually, to take measurements on the
ground. We conducted 50 measurements over one
minute for each sample with the radiation survey me-
ter and then, the highest value during that time interval
was taken. The results obtained have shown that it was
possible to assess the relative contribution of TGR at
statistically significant level from different soil sam-
ples in the test field.

The results of this investigation could be useful for
a few reasons. Since multi-sensor landmine detection
systems are the most promising systems for more effi-
cient demining, incorporation of information about the
local soil environment, including the terrestrial back-
ground radiation, into the integrated sensor system,
could contribute to databases for such detection systems.
The results of this study could be also of public interest in
the examined area, especially for workers active in
demining of minefields and other people who spend
more time outdoors. Apart from this, the experimental
results of this radiological study could be useful for as-
sessment of potential contamination of an area by the
man made radioactive nuclides, taking into account that
detection of a weak or distant radioactive source strongly
depends on the background level which mainly comes
from terrestrial radiation.

In the framework of future work it was planned
to expand measurements of ambient dose equivalent
rates at different locations, at various altitudes above
sea level in the Tuzla Canton in order to perform de-
tailed mapping of absorbed dose rate in air in the Tuzla
Canton.
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Cenaga AB/IN'h, N3zer TA3/IUHK, Mepcag MY CU'R, beho IIEX/INMBAHOBHUh

INPOLIEHA PEJATHUBHOI JONNPUHOCA TEPECTPUJAJHOT
NMO3AIUHCKOT 3PAYEBA Y TECT IIO/bY KOPUIITHEBLEM
YPEBAJA RADIAGEM™ 2000

OsBa crynuja okycupaHa je Ha pajiioJIolIKa UCOUTHBAKa TEPECTPHUjaHOT 3padema y TecT
HOJbY ca y30pLUMa Tia U3 HEKOJUKO MUHCKHX mosba y Pepepanuju Bocue u Xeprerosune. Mepema
aMOujeHTaIHE jaurHe JO3HOT EKBUBAJICHTA, yOONYajeHO Ha3BaHe “jaunHa JIo3€ y Ba3[yxy”’, U3BpIIEHA Cy Y
TECT MOJby JouMpanoM y Tys3maHcKoM KaHTOHy momohy mopra6n ypehaja RADIAGEM™ 2000, koju ce
3aCHMBA Ha eHepreTcku-kommneHzoBaHoM I'M Opojauy. Ilepdopmance ypebaja cy Ttecrupane y
71a60paTOPHjCKUM YCIOBMMA ca TAUKACTUM raMa u3Bopuma. ITomro cy cBu y30pii Tj1a y TECT H0JbYy OUIH
U3JI0KEHU HCTOM KOCMHYKOM 3padery, MOCTOjajia je MOTYhHOCT NpOIlleHe pelaTUBHOT JONMpUHOCA
TEepECTPHUjaJIHOTr 3payueta yCilel y3opaka Tia pa3jJuyuTor cacraBa. JefiHa cepuja Mepera U3BpILIeHa je
ypebajem RADIAGEM™ 2000 na jean MeTap ylIa/beHOCTH Off CBAKOT y30pPKa, U OCHOBHU CTATUCTUYKH
napaMeTpH IIOKa3allu ¢y fia He IOCTOjU 3HavajHa pas3iinka u3Mebhy TepecTpujaiHoOT 3padeha U3 Pa3InuuTuX
y30paka Tia. [Ipyru ceT Mepema U3BplIeH je moMohy ucTor ypebaja koju je 610 NOCTaBILEH Ha TIIO Y TECT
nosby. O6pajia eKcriepuMeHTaIHAX TOoflaTaka MoKas3ala je fa je Moryhe mporeHuTH pasiuke m3Mmeby
pesaTUBHOT JONPUHOCA TEPECTPUjATTHOT MO3aAUHCKOT 3pavetha U3 NojeJUHAYHUX y30paKa Tia. Pesynratu
UCTPaKuBama Cy Off BUIIECTPYKE KOPHUCTHU U jaBHOT HHTEpeca.

Kyune peuu: RADIAGEM™ 2000, mepay 6p3une 0o3e, itiepecitipujaano 2ama 3pauere, y3opax itiaa,
MUHCKO HO/be



