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A B S T R A C T   

The 137Cs soil contamination has detrimental effects on human health. The penetration and distribution of 137Cs 
radionuclides at different soil depths were investigated. Two sampling campaigns in 2001 and 2018 were per
formed to determine the 137Cs activity in soil at 11 locations around the city of Kragujevac in central Serbia. The 
ICRP and ORNL humanoid phantom models were used to determine equivalent and effective doses from the 
experimentally measured data, and conversion coefficients were obtained from Monte Carlo computations. The 
results show a general decrease in 137Cs concentration in samples that were taken in 2018. However, variation of 
137Cs concentration was observed at different locations that did not match the expected reduction of 137Cs 
concentration based on its half-life. 

Considering the computational results, no significant difference between the estimated equivalent dose rate 
per unit activity of 137Cs (conversion coefficients) between ICRP and ORNL phantoms was observed. In addition, 
two open-source computer programs for PC and Android devices were developed for users to determine the 
equivalent and effective doses for their specific cases; this gives the users an easy-to-use interface and portable 
tools to determine dosimetric quantities. The obtained results and the developed tools would be useful for future 
investigations related to soil contamination by 137Cs radionuclides that require extensive future studies.   

1. Introduction 

137Cs is a fission product that emits 661.6 keV photons with a yield of 
85.1% and the exposure to the emitted ionizing radiation from 137Cs was 
found to have detrimental effects on human health. The 137Cs originated 
from atmospheric nuclear tests until late 1960 and from the Chernobyl 
accident, which occurred in 1986 (UNSCEAR, 2008). Compared to the 
Chernobyl accident, the Fukushima accident in 2011 (Koo et al., 2014) 
did not contribute to significant contamination of Europe (Steinhauser 
et al., 2014; Wai et al., 2020). Through dry and wet deposition, 137Cs 
was deposited on the soil surface, and then by diffusion, convection, and 
other processes it penetrated into the deeper layers of the soil reaching 
plants’ root, and then through the food chain into the human body. 
Based on our latest study (Zivkovic et al., 2022), 137Cs penetrated the 
subsurface layer of the soil, to a depth of more than 15 cm. Previous 

studies (Krstić et al., 2004; Krstić and Nikezić, 2006; Zivkovic et al., 
2022) investigated the vertical distribution of 137Cs in soil both exper
imentally and theoretically. The experiments referred to two sampling 
periods of 2001 and 2018 that corresponded to about half of its half-life 
in 2001 and slightly more than one elapsed half-life in 2018, with 
respect to the Chernobyl accident from 1986. 

The International Commission on Radiological Protection (ICRP) 
adopted the voxel models for their computational phantoms to represent 
the Reference Computing Phantoms of the Human Body Adult Male 
(RCP-AM) and Female (RCP-AF) (ICRP110, 2009). Based on ICRP pub
lication 110 (ICRP110, 2009), phantoms of both sexes were created 
based on CT data, which were obtained from real human bodies. The 
geometry and sizes of organs and tissues, together with their composi
tions and densities were shown in ICRP publication 110 (ICRP110, 
2009). Within the European Radiation Dosimetry Group (EURADOS), 
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inter-comparison between different simulation software was performed 
using RCP-AM and RCP-AF voxel phantoms under different irradiation 
scenarios (Zankl et al., 2021; Eakins et al., 2021; Gómez-Ros et al., 2021; 
Huet et al., 2022). One of the tasks was related to the phantom 
“standing” on the soil which was contaminated with 241Am (Eakins 
et al., 2021). The irradiation geometry used in the present paper was 
similar to that used in the abovementioned task given by EURADOS 
group, however, the soil was considered to be inhomogeneously 
contaminated with 137Cs radionuclides. 

In the present work, the conversion coefficients (i.e., the equivalent 
and effective dose rates per unit activity of 137Cs in soil, as the source of 
external ionizing radiation) were calculated for individual organs and 
tissues in the human body for ICRP voxel and ORNL phantoms (Cristy 
and Eckerman, 1987; Krstic and Nikezic, 2007). The Monte Carlo 
N-Particle (MCNP) code version 6.2 (Werner et al., MCNP User’s 
Manual, Code Version 6.2., 2017) was employed to perform the radia
tion transport computations and to calculate the doses in all major or
gans of the human body, as well as in the remaining organs exposed to 
137Cs in the soil. From the obtained results, the equivalent and effective 
dose rates from exposure to 137Cs contaminated soil were determined. 

In addition, an open-source graphical user interface (GUI) was 
developed. The users have the ability to determine the equivalent doses 
for different organs and effective doses for their experimentally 
measured 137Cs activity in soil by choosing four different humanoid 
phantoms, namely, male/female ICRP110 and male/female ORNL 
phantoms. The present results and the developed program would be 
useful for the field of radiation dosimetry for 137Cs inhomogeneously 
contaminated soils. 

2. Materials and methods 

2.1. Modelled ICRP phantom 

The auxiliary files named AM.DAT and AF.DAT in DAT format were 
provided in ICRP110. In these DAT files, a string of numbers represented 
the voxels with the corresponding ID number (i.e., material ID) which 
was used to fill a particular voxel. Each material number in the AM.DAT 
and AF.DAT files corresponded to a specific chemical composition and 
density. A total of 141 organs/tissues were presented in this model 
(including air within and out of the human body) and could be found in 
Tables A1 and A.2 in Annex A of ICRP Publication 110 (ICRP, 2009). 

The orientation of the three-dimensional array of voxels describing 
the computational phantom was given by the columns corresponding to 
the x coordinates (note that the column numbers increase from right to 
left of the phantom body). The rows corresponded to the y coordinates 
(note that the row numbers increased from front to back of the phantom 
body). The slices corresponded to the z coordinates (slice numbers in
crease from the toes up to the vertex of the phantom body) (ICRP110). 
The AM.DAT file defined a grid of 7,161,276 voxels, 254 in the x-axis 
direction, 127 in the y-axis direction, and 222 in the z-axis direction, in a 
parallelepiped measuring 54.2798 × 27.1399 × 177.6 cm3 and the size 
of 1 voxel was 0.2137 × 0.2137 × 0.8 cm3. Each voxel which belonged 
to a certain organ or tissue was filled with the appropriate material with 
a defined ID number and density. Each of the materials had a certain 
chemical composition and density, so they were defined at 1 or 100% in 
terms of chemical composition. All materials were defined in the input 
file in the “map” medium section and the total number of defined media 
was 53. The AF.DAT file referred to a female RCP, containing 
14,255,124 voxels, 299 in the x-axis direction, 137 in the y-axis direc
tion, and 348 in the z-axis direction, with a voxel size of 0.1775 ×
0.1775 × 0.484 cm3. The corresponding parallelepiped for the female 
phantom had dimensions: 53.0725 × 24.3175 × 168.432 cm3. 

2.2. Modelled ORNL phantom 

Oak Ridge National Laboratory (ORNL) proposed analytical 

equations to model the human body and these data were used to 
generate mathematical phantoms of the human body for the MCNP5 
package (X-5 Monte Carlo Team, 2003). Previously developed ORNL 
phantoms (Krstic and Nikezic, 2007; Goorley, 2007) have been used to 
determine the conversion coefficients for different organs for exposure 
to 137Cs contaminated soil at different depths. Considering the wide use 
of the ORNL phantoms in various studies (Han et al., 2006; Krstic et al., 
2014; Lamart et al., 2011; Miri et al., 2012; Xu, 2014), it would be 
pertinent to report these conversion coefficients and compare them with 
ICRP voxel phantom data. The comparison between the ORNL and ICRP 
voxel phantoms was performed for 137Cs contamination at the same soil 
depth, and the results were summarized in the present paper. 

2.3. Soil sampling and 137Cs activity measurements 

Soil sampling was conducted at locations near the city of Kragujevac 
in central Serbia in 2018. The sampling locations were chosen to be as 
close as possible to the same places as in first sampling campaign in 
2001. The experimental procedure and radioactivity measurement 
protocols were described in the previous work (Zivkovic et al., 2022). 
Activity concentrations of 137Cs were measured in the soil layers from 
0 to 5 cm, 5–10 cm, 10–15 cm, 15–20 cm, and 0–20 cm, respectively. 
These were different from those in the previous sampling/measurements 
campaign where the layers were 2 cm thick. Measurements were per
formed with a High Purity Germanium (HPGe) spectrometry 
(GEM30-70, ORTEC) system with 30% of relative efficiency and an 
energy resolution of 1.85 keV FWHM for 60Co at 1.33 MeV. Detector 
calibration was performed with the calibration source provided by 
Czech Metrological Institute. The calibration source was contained in a 
Marinelli beaker with a volume of 450 mL, which consisted of a mixture 
of the following radioisotopes: 241Am, 109Cd, 139Ce, 57Co, 60Co, 137Cs, 

Table 1 
Conversion coefficients (equivalent dose rate per unit activity of 137Cs in soil) for 
male and female ICRP phantoms, in different organs as a function on depth in 
soil. AM male phantom, and AF female phantom.  

Equivalent dose rate per unit activity of 137Cs in soil (fSv.s− 1)/(Bq.kg− 1)) 

Organ Depth (cm) → 0–5 5–10 10–15 15–20 0–20 

Phantom 

RBM AM 6.6 2.6 1.0 0.4 10.9 
AF 7.2 2.8 1.1 0.5 11.5 

Colon AM 7.9 3.1 1.2 0.5 12.9 
AF 8.3 3.1 1.2 0.5 13.2 

Lung AM 6.4 2.5 1.0 0.4 10.5 
AF 7.3 2.9 1.2 0.5 11.9 

Stomach AM 6.8 2.7 1.1 0.5 10.7 
AF 7.8 3.0 1.1 0.5 12.6 

Breast AM 8.5 3.6 1.5 0.6 12.1 
AF 8.6 3.5 1.5 0.6 13.9 

Remainder AM 7.1 2.8 1.2 0.5 11.4 
Tissues AF 7.7 3.0 1.2 0.5 12.3 
Gonads AM 12.4 4.5 1.8 0.8 18.0 

AF 9.3 3.4 1.3 0.6 13.9 
Bladder AM 8.1 3 1.2 0.5 12.5 

AF 9.8 3.6 1.3 0.6 14.5 
Esophagus AM 5.3 2.2 0.8 0.3 8.3 

AF 6.5 2.5 1.0 0.4 10.1 
Liver AM 6.7 2.7 1.1 0.4 11.0 

AF 7.5 2.9 1.2 0.5 11.9 
Thyroid AM 5.7 2.2 0.8 0.4 8.4 

AF 6.4 2.5 1.1 0.4 10.6 
Endosteum AM 9.5 3.4 1.4 0.6 15.0 

AF 9.8 3.5 1.4 0.6 15.3 
Brain AM 5.6 2.4 1.0 0.4 9.4 

AF 6.2 2.6 1.1 0.4 10.4 
Salivary glands AM 6.7 2.8 1.2 0.5 10.8 

AF 6.9 3.0 1.2 0.5 11.5 
Skin AM 12.3 4.5 1.9 0.8 19.4 

AF 12.7 4.6 1.9 0.8 20.1  
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113Sn, 85Sr, 88Y, 203Hg and 152Eu). The total activity of the source was 
40.01 kBq. Quality assurance was verified through several extensive 
tests which were organized by IAEA in years 2019 and 2021, and good 
agreement was found in comparison to the targeted values provided by 
IAEA (2004). 

2.4. Monte Carlo computations with MCNP6.2 

An input file for MCNP6.2 was created for the male and female ICRP 
and ORNL humanoid phantoms. The supplementary data files AM.DAT 
and AF.DAT that were provided by ICRP110 were used as a basis to 
create voxel phantoms in the voxelization process. For this purpose, Intel 
FORTRAN was used to calculate the coordinates of all voxel’s vertex, 
and the repetition property of voxel elements in the MCNP code was 
applied. Each organ of the phantom contained a certain number of 
voxels filled with the appropriate material; and the organs were defined 
in a rectangular prism with minimum/maximum columns, rows, and 
slices occupied by the organ/tissue. The input file first defined the cell 
map, then the surface map, which was followed by the definition of the 
source and finally the tallies were defined (i.e., the desired user output). 
To calculate the deposited energy in the organs and tissues of the human 
body, F6 tally was applied, which by default represented the deposited 
energy in units of MeV/g per primary source particle. To determine the 
dependence of conversion coefficients on the depth, one main large 
cylinder of soil was divided into 4 smaller cylinders each with a thick
ness of 5 cm, and thus a total thickness of 20 cm. This further meant that 
5 input files were created for each phantom (both ICRP and ORNL). In 
this way, totally 20 input files were made, where the irradiation source 
was a soil cylinder with a height of 5 cm at various depths. The modelled 
ICRP and ORNL male and female phantoms are shown in Fig. 1. The 
phantoms were placed at the center of the soil surface, which was 
considered as the radiation source emitting 661.6 keV photons. The soil 
sample was modelled as a cylinder with a radius of 300 cm and a height 
of 20 cm. Photons emitted from the points deep in the soil and furthered 
than 300 cm travelled longer path lengths in the soil and had a larger 
probability for absorption. In addition, photons emitted further than 3 m 
from a phantom have small probabilities to hit the target. Numerical 
experiments showed that 300 cm was good choice, because contribution 
from photons emitted further than 3 m was too small, and they were 
neglected in this work. The soil density was 2.3 g/cm3 and the data on 
soil composition were taken from Eakins et al. (2021). 

The phantom was surrounded by ambient air that corresponded to 
the realistic situation. A similar setup was used for the ORNL phantom 
irradiation so that the obtained results could be compared. 

Separate simulations were performed for male and female voxel 
phantoms for each soil layer. It needs to be noted that the Monte Carlo 
(MC) simulations of voxel phantoms are very complex; therefore, the 
input files would be very large and computationally expensive. There
fore, employing cluster computers for such computations would be 

highly recommended. In the present work, all computations (for a total 
of eight input files for different cases) were performed on the cloud 
cluster InSPECT (International Secure Platform for Export-Controlled 
Computing Tools, located in US) (https://www.ornl.gov/onramp/ 
computing-resources). Each run utilized 16 cores, while the average 
simulation time was approximately 400 and 2000 min for ORNL and 
ICRP phantoms, respectively. 

2.5. Effective and equivalent doses 

The equivalent dose HT in an organ or tissue T was calculated from 
the mean absorbed dose in that tissue (DT,R) as: HT =

∑
RwRDT,R, where 

wR was the radiation weighting factor for radiation R, and the absorbed 
dose was calculated as the energy deposited in the organ divided by the 
organ mass. The unit for absorbed dose is Gray, Gy = J kg− 1. 

To estimate the effective dose, which is weighting average equiva
lent dose in organs of human body, tissue weighting factors are needed, 
and they were adopted from ICRP103 (ICRP103, 2007). 

The ICRP Publication 103 (ICRP103, 2007) considered 15 major 
organs including red bone marrow (RBM), colon, lungs, stomach, go
nads, bladder, esophagus, liver, thyroid, endosteum (bone surface), 
brain, salivary glands, skin, and remainder tissues. The main problems 
that arose were estimation of absorbed dose in bone, especially for the 
red bone marrow and the endosteum (former name: bone surface). For 
dosimetry calculations in the red bone marrow and endosteum, the 
mass-weighted average of doses described in ICRP 116 was applied 
(ICRP116, 2010). The absorbed dose to active marrow Dskel (AM) and the 
absorbed dose to endosteum Dskel (TM50) are determined according to 
the mentioned methods: 

Dskel(AM)=

∑
m(AM, x)
m(AM)

D(SP, x) (1)  

Dskel(TM50)=
∑

m(TM50, x)
m(TM50)

D(SP, x) +
∑

m(TM50, x)
m(TM50)

D(MM, x) (2)  

where m(AM,x) and m(TM50,x) are masses of active marrow and 
endosteum in skeletal at site x, respectively, as given in Table 3.2 in the 
ICRP publication (ICRP116, 2010), D(SP,x) and D(MM,x) are the 
absorbed doses to spongiosa and to medullary marrow in bone at site x, 
respectively; m(AM) and m(TM50) are the masses of active marrow and 
mass of endosteum summed across the entire skeleton, respectively. 

The remainder tissues are made up of 13 organs, which are adrenal 
glands, extra thoracic region, gallbladder, heart, kidneys, lymph glands, 
oral mucosa, prostate (male), small intestine, spleen, pancreas, thymus 
and uterus/cervix (for female phantom). All remainder organs are 
treated as one organ using an arithmetic mean with a tissue weighting 
factor of 0.12. It needs to be noted that breast was omitted for the male 
ORNL phantom. In addition, the salivary glands were omitted for both 

Fig. 1. Modelled male and female (a) ICRP and (b) ORNL phantoms placed on the surface of the soil.  
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male and female ORNL phantoms. Lastly, the brain was integrated with 
remainder of organs for the modelled ORNL phantoms. It needs to be 
noted that brain and salivary glands were not included in main organs 
when ORNL phantom was created. 

The effective dose was calculated by averaging the equivalent doses 
of male and female organs, using the following formula: 

E =
∑

i
wT

(
HT,m + HT,f

2

)

(3)  

where HT,m and HT,f were the equivalent organ doses for the male and 
female phantoms, respectively. 

The results from the tally F6 were obtained from the generated 
output files using the MCNP package. Since the results from the F6 tally 
were deposited energy in units of MeV/g per photon, it was necessary to 
convert them to Gy per photon by multiplying with a factor of 
1.602×10− 10. Since the radiation weighting factor for gamma photons is 
1, the obtained numerical values would be equal to those of equivalent 
doses, in Sv per photon. In addition, multiplying the previous results 
with the number of photons emitted by the cylindrical source per second 
(assuming that volumetric activity was 1 Bq•m− 3) would lead to con
version to the unit (fSv/s)/(Bq.kg− 1). 

2.6. The GUI dosimetric program and android version 

The raw data that were obtained from MC computations were used to 
calculate equivalent and effective doses for different phantoms. A 
dedicated open-source GUI program was developed using the C++

programming language for determination of equivalent doses for 
different organs using the obtained conversion coefficients. The pro
gram takes the phantom type, organ, 137Cs concentration activity, and 
the depth in soil to compute and report the conversion coefficient value 
for the chosen organ, equivalent, and effective doses. The program GUI 
was built using QT5 libraries (https://www.qt.io/) in a portable fashion 
where users are not required to install the program. The program 

consisted of ~1100 lines of code compiled on both GNU/Linux and 
Microsoft Windows operating systems. The GUI of the developed pro
gram is shown in Fig. 2. 

In addition to the developed PC version of the dosimetric program 
that can determine conversion coefficients, equivalent and effective 
dose values for four different phantoms, we have developed a portable 
open-source android version of our program. The android version of the 
program provides users with much higher portability as the users can 
input the 137Cs activity concentrations measured onsite and get the re
sults rather instantly. The screenshot from the developed android app is 
shown in Fig. 3. The android app was developed using Android Studio 
(https://developer.android.com/studio) in Java programming lan
guage. All executables and full source code of the developed program 
can be downloaded from: 

https://figshare.com/articles/software/A_dosimetric_comparison_b 
etween_ICRP_and_ORNL_phantoms_from_exposure_to_137Cs_contami 
nated_soil/21640661. 

3. Results and discussion 

3.1. Conversion coefficients for different organs 

The results for male and female ICRP and ORNL phantom organs and 
tissues for different soil depths are shown in Tables 1 and 2, respectively. 
The first column of Tables 1 and 2 shows the organs of phantoms. The 
second column shows the phantom gender that would be either adult 
male (AM) or adult female (AF) phantoms. The other columns show the 
conversion coefficients of the equivalent dose rate per unit specific ac
tivity for the organs of the phantom of both sexes in (fSvs− 1)/(Bq.kg− 1) 
with the soil depth as parameter. The highest conversion coefficient was 
obtained for skin in the range from 0.8 to 12.7 (fSvs− 1)/(Bq.kg− 1), 
which agrees with the result of our previous work (Krstić and Nikezić, 
2006). A similar trend was obtained for the ORNL phantoms, and the 
range of conversion coefficient for skin was found to be from 0.7 to 15.5 
(fSvs− 1)/(Bq.kg− 1). This was mainly due to the higher absorbed doses in 

Fig. 2. Snapshot of dosimetric program GUI in action.  
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the organs that were distributed in the body such as skin. In addition, the 
urinary bladder, colon, and gonads were found to have the highest 
absorbed dose, mainly since those organs were closest to the source of 
radiation. In contrast, the lowest absorbed dose was found to be in 
esophagus and thyroid gland; this was mainly due to the locations of 
these organs that were farthest away from the source of radiation. 
Table 3 shows differences (in %) between conversion coefficients of 
organs and tissues for both phantoms. The largest difference is for small 
organs, namely, thyroid and gonads. These two organs were defined in 
different ways in ORNL and ICRP approaches, which could be the reason 
for such a large discrepancy. The difference is also significant for red 
bone marrow because different methods were used for dose estimation. 
In some organs, the ICRP phantom produces smaller doses (RBM and 
endosteum), while it is opposite in other organs (remainder tissues, 
gonads and thyroid). 

3.2. 137Cs measurements and calculations of equivalent and effective dose 

The conversion coefficients given in Tables 1 and 2 were used to 
calculate the effective doses from 137Cs upon knowing its activity con
centrations at individual locations from field measurements (Zivkovic 
et al., 2022). Table shows the activity concentrations of 137Cs measured 
in two sampling campaigns, at 2001 and 2018 in 11 locations (Krstić and 
Nikezić, 2006). All details about sampling procedure, preparation of soil 
samples, gamma spectrometry measurements, as well as depth profiles 
and data for 137Cs at all locations were described in Zivkovic et al. 
(2022) In general, the activities obtained from samples taken from 2018 
were lower than those from 2001, except for the sample collected at 
location 6. It was expected that the activities would be reduced by about 
32.5%, but such reduction was not satisfied in any case. There were 
large discrepancies between the expected and measured values. As 
mentioned, the activities at locations 6 and 11 were found to be much 
higher in 2018 when compared to 2001. There could be several expla
nations, including: (1) the sampling sites were not exactly the same, 
since different individuals performed the sampling in two different 
campaigns, (2) the soil at the sampling site might have been disturbed so 
that the vertical profile of 137Cs was not preserved (3) there are other 
unknown processes which influence the concentrations of 137Cs in soil. 

The equivalent doses were calculated using the present computer 
program for 6 different organs using the 137Cs activity concentration at 
location 1 (i.e., 58.1 Bq/kg) for 0–20 cm conversion coefficients and the 
results were shown in Fig. 4. In general, the equivalent doses were found 
to be higher for the adult female phantom, mainly due to the smaller 
body size when compared to the adult male phantom. Interestingly, the 
equivalent doses in the ORNL phantom were found to be generally 
higher when compared to those from ICRP voxel phantom; these dif
ferences would be due to the shape of the modelled organs as ORNL 

Fig. 3. Snapshot of android version of the dosimetric program in action.  

Table 2 
Conversion coefficients (equivalent dose rate per unit activity of 137Cs in soil) for 
male and female ORNL phantoms, in different organs as a function on depth in 
soil. AM male phantom, and AF female phantom.  

Equivalent dose rate per unit activity of 137Cs in soil (fSv.s− 1)/(Bq.kg− 1)) 

Organ Depth (cm) → 0–5 5–10 10–15 15–20 0–20 

Phantom 

RBM AM 7.8 3.2 1.3 0.6 12.8 
AF 9.0 3.6 1.5 0.6 14.7 

Colon AM 7.7 2.8 1.1 0.4 12.1 
AF 8.4 3.0 1.2 0.5 13.2 

Lung AM 6.9 2.8 1.1 0.5 11.2 
AF 7.3 2.9 1.2 0.5 11.8 

Stomach AM 7.5 2.9 1.2 0.5 12.0 
AF 7.6 2.9 1.1 0.5 12.0 

Breast AM – – – – – 
AF 9.3 3.9 1.7 0.7 15.4 

Remainder AM 6.5 2.5 1.0 0.4 10.3 
Tissues AF 7.1 2.7 1.1 0.4 11.3 
Gonads AM 9.5 3.5 1.4 0.6 15.1 

AF 8.3 3.0 1.2 0.5 13.2 
Bladder AM 8.5 3.1 1.2 0.5 13.3 

AF 9.3 3.4 1.4 0.6 14.7 
Esophagus AM 5.5 2.2 0.8 0.1 8.8 

AF 6.1 2.3 0.9 0.4 9.7 
Liver AM 7.0 2.7 1.1 0.4 11.2 

AF 7.5 2.9 1.2 0.5 12.0 
Thyroid AM 2.0 0.8 0.3 0.1 3.3 

AF 4.1 1.6 0.7 0.3 6.6 
Endosteum AM 9.8 3.7 1.5 0.6 15.6 

AF 9.9 3.8 1.6 0.7 15.8 
Brain AM – – – – – 

AF – – – – – 
Salivary glands AM – – – – – 

AF – – – – – 
Skin AM 11.4 4.2 1.7 0.7 18.1 

AF 15.5 5.5 2.3 1.0 24.3  
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phantoms were built using analytical equations and therefore resembled 
the organs more roughly. On the other hand, the ICRP voxel phantoms 
had a more detailed organ structure when compared to those from ORNL 
phantoms. 

It needs to be noted that the equivalent doses can be changed based 
on the 137Cs activity concentrations. For example, the highest 137Cs 
activity was measured at location 6, and therefore the equivalent doses 
in different organs would be significantly higher when compared to 

other locations. The users can input their 137Cs activity concentrations 
into the developed program (see Figs. 2 and 3) to obtain specific 
equivalent doses in different organs for different phantom types. 

The effective dose was calculated as the gender average of equivalent 
doses obtained for all organs and their respective tissue weighting fac
tors. The effective doses calculated for 137Cs activity concentrations at 
locations 1, 6, and 10 obtained in 2018 and 2001 (see Table 4) were 
shown in Fig. 5(a) and (b), respectively. The effective doses of the cor
responding three sites shown in Fig. 5 were found to be generally lower 
for samples taken in 2018, except for the samples collected at locations 6 
and 11. 

In addition, the effective doses for all 11 different locations using 
ICRP voxel phantom data (ICRP110) for 2018 and 2001 year were found 
to be 16.66 and 22.63 μSv/y, respectively, which showed a reduction of 
26.4% in the mean effective dose from 2001 to 2018. Corresponding 
values for ORNL phantoms are 15.41 i 20.9 μSv/y for 2018 i 2001, 
respectively. The reduction of effective doses could not be explained by 
radioactive decay of 137Cs only. Other processes of 137Cs as translocation 
and diffusion also influenced on its concentration in soil and conseqently 
on the total effective dose. 

It should be noted that ICRP110 voxel model produced larger doses 
(in both years) than ORNL phantom-difference is about 8%. 

If the outdoor occupancy factor of 0.20 was used (UNSCEAR, 2016), 
the effective doses in the present work for all 11 locations were esti
mated to be 3.3 and 3.1 μSv/y for ICRP and ORNL phantoms, respec
tively. The mean effective dose of 3.3 μSv/y is smaller in comparison to 
the value 4.5 μSv/y obtained at the same locations in the previous work 
(Krstić and Nikezić, 2006). 

It is remarked that some authors recommended corrections of the 
occupancy factor to 0.3 in rural and 0.22 in urban areas (Arogunjo, 
2004). 

As mentioned above, radioactive decay of 137Cs is one of the possible 
reasons for reducing the doses. This suggests that additional research is 
necessary, where soil depths, even greater than 20 cm, should be 
considered. Measurements of the depth distribution of 137Cs in the soil 
showed that 137Cs, due to the Chernobyl accident, penetrated to a depth 
of 25 cm (UNSCEAR, 2008). In the present work, it was shown that the 
soil remains an external source of irradiation for a long time, although 
the obtained value of 3.3 μSv/y was small in comparison to the effective 
dose from natural terrestrial sources in the soil, of which the average 
value was about 0.5 mSv/y (with the typical range of 0.3–0.6 mSv/y) 
(UNSCEAR, 2000). 

There are other research works that have calculated external doses 
from 137Cs (and 134Cs) in soil. However, direct comparison of the present 
methodology and those in other research works is not possible. In the 
paper by Park et al. (2018), the dose was calculated also by MCNP, but 
the methodology was different from ours. Firstly, they calculated the 
photon flux on the surface of cylinder with humanoid phantoms. The 
radius of the cylinder was 100 cm and its height was 200 cm. As a second 
step, the radiation fluence information recorded in the cylinder was used 

Table 3 
Differences between conversion coefficients (in %) obtained with ICRP and 
ORNL phantoms 
AM male phantom, and AF female phantom.  

Statistical differences between both phantoms 

Organ Depth (cm) 
→ 

0–5 5–10 10–15 15–20 0–20 

Phantom 

RBM AM − 18.2 − 23.1 − 30.0 − 50.0 − 17.4 
AF − 25.0 − 28.6 − 36.4 − 20.0 − 27.8 

Colon AM 2.5 9.7 8.3 20.0 6.2 
AF − 1.2 3.2 0.0 0.0 0.0 

Lung AM − 7.8 − 12.0 − 13.0 − 25.0 − 6.7 
AF 0.0 0.0 0.0 0.0 0.8 

Stomach AM − 10.3 − 7.4 − 9.1 0.0 − 12.2 
AF 2.6 3.3 0.0 0.0 4.78 

Breast AM – – – – – 
AF − 8.1 − 11.4 − 13.3 − 16.7 − 10.8 

Remainder 
tissues 

AM 8.4 10.7 16.7 20.0 9.6 
AF 7.8 10.0 8.3 20.0 8.1 

Gonads AM 23.4 22.2 22.2 25.0 16.1 
AF 10.8 11.8 7.7 16.7 5.0 

Bladder AM − 4.9 − 3.3 0.0 0.0 − 6.4 
AF 5.1 5.6 − 7.7 0.0 − 1.4 

Esophagus AM − 3.8 0.0 0.0 33.3 − 6.0 
AF 6.2 8.0 10.0 0.0 4.0 

Liver AM − 4.5 0.0 0.0 0.0 − 1.8 
AF 0.0 0.0 0.0 0.0 − 0.8 

Thyroid AM 64.9 63.6 62.5 75.0 60.7 
AF 35.9 36.0 36.4 25.0 37.7 

Endosteum AM − 3.2 − 8.8 − 7.1 0.0 − 4.0 
AF − 1.0 − 8.6 − 14.3 − 16.7 − 3.3 

Brain AM – – – – – 
AF – – – – – 

Salivary glands AM – – – – – 
AF – – – – – 

Skin AM 7.3 6.7 10.5 12.5 6.7 
AF − 22.0 − 19.6 − 21.0 − 25.0 − 20.9  

Fig. 4. Equivalent doses for adult male and female ICRP and ORNL phantoms 
at location 1 for 137Cs contaminated soil at 0–20 cm. 

Table 4 
Average 137Cs activity concentrations measured at different locations.  

Measurement 
location 

137Cs activity concentration 
(Bq/kg), present study, 
sampling 2018 

137Cs activity concentration 
(Bq/kg), previous study, 
sampling 2001 

1 58.1 64.7 
2 22.9 99.3 
3 52.6 67.8 
4 59.4 44.3 
5 25.2 82.5 
6 103.5 20.7 
7 29.7 59.9 
8 53.4 124.1 
9 11.3 35.6 
10 3.0 31.7 
11 56.0 14.9  
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to calculate the organ dose with SSW card in MCNPX. There were other 
differences in comparison to our work: they used a radius of the soil 
cylinder of 2.5 m, while we used 3 m; their conversion coefficients were 
given in (mSv/h per kBq/m2) while we used (fSvs− 1)/(Bq•kg− 1); their 
results were given up to the depth of 10 cm, while we used 20 cm; they 
assumed Cs profile to calculate the “radiation dose”, while we used data 
obtained from real on-site measurements. As the most important dif
ference only male phantom was considered in their work. In paper by 
Silveira et al. (2018), different phantoms (FASH3 and MASH3) were 
used. The soil was represented by a cylinder with a depth of 2 cm only 
and 5 m of radius, and 137Cs was uniformly distributed. Furthermore, 
their soil composition and density were different from ours. Their con
version factors were given as equivalent dose to air Kerma, and effective 
dose to air Kerma. Their results and our present results are not 
comparable. 

4. Summary and conclusions 

In the present work, the vertical profiles of 137Cs in the soil at 11 
locations around the city of Kragujevac in central Serbia were analyzed. 
Two sampling campaigns in 2001 and 2018 were carried out for mea
surement of 137Cs activity concentrations at different soil depths. In 
general, a reducing trend of 137Cs activity in soil was observed. How
ever, there is a significant deviation from the expected decline of about 
32.5% based on the half-life of 137Cs radionuclide. The obtained data 
confirms that there are other processes of removal and transfer of 137Cs 
in the soil that contribute to its reduction and disturb its vertical profile 
distribution. Although the behavior of 137Cs in soil has been studied for 
more than 60 years, these results indicate that additional efforts must be 
made to fully understand the processes of its translocation and diffusion 
in soil. 

In addition to measuring 137Cs concentrations in the soil, the ob
tained results were used to calculate the effective doses. Two indepen
dent models of the human body, the ORNL phantom and the ICRP voxel 
phantom, were used and difference was found between results produced 
by them. These differences could be explained by the different 
geometrical construction of these phantoms and levels of details that 
were considered in ICRP and ORNL human phantoms. Furthermore, the 
absorbed doses in female organs were found to be higher than those in 
male organs; this was due to the smaller height, making it closer to the 
source that led to higher dose values. 

It has also found that ICPR (110) voxel model produce larger doses 
than ORNL for about 8%. This finding needs further investigation to 
determine whether a single organ (or group of organs) contributes to this 
difference or the difference is evenly distributed across all organs 
considered in both phantoms. Lastly, two open-source computer pro
grams were developed for determination of conversion coefficients in 
different organs based on the calculated data for four different phantoms 
presented in this work. The programs are executable on PC and android 

phones to calculate and report the results of equivalent and effective 
doses upon user-defined 137Cs activities. The developed program would 
be a useful tool for future researches in this field from all over the world 
to determine dosimetric quantities from 137Cs contaminated soil. 
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Eakins, J., Huet, C., Brkić, H., Capello, K., Desorgher, L., Epstein, L., Hunt, J.G., Kim, H. 
S., Krstic, D., Lee, Y.-K., Manohari, M., Nikezic, D., Shukrun, R.H., Souza-Santos, D., 
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Kim, H.S., Krstic, D., Kuć, M., Le, N.-T., Lee, Y.-K., Nguyen, N.-Q., Nikezic, D., 
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Zankl, M., Eakins, J., Gómez Ros, J.-M., Huet, C., 2021. The ICRP recommended methods 
of red bone marrow dosimetry. Radiat. Meas. 146, 106611 https://doi.org/10.1016/ 
j.radmeas.2021.106611. 

Zivkovic, M., Zlatic, N., Zeremski, T., Stankovic, M., Manic, V., Krstic, D., Nikezic, D., 
2022. Ecological studies of the naturally occurring radionuclides, 137Cs and heavy 
metals in soil, plants and milk in surrounding of Kragujevac city, Serbia. 
J. Radioanal. Nucl. Chem. 331 (3), 1285–1298. https://doi.org/10.1007/s10967- 
022-08202-7. 
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