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This study presents measurements of activity concentrations of natural radionuclides in se-
lected water and soil samples taken from areas affected by the uranium industry in the sur-
roundings of Pribram, Straz pod Ralskem and Mydlovary, Czech Republic. In these areas, the
dose equivalent rate was also determined at the sampling locations and additionally also dur-
ing walkabouts in the surroundings of sludge fields. The activity concentration of water sam-
ples was 0.06 + 0.02 BqL-! for 226Ra and 0.07 = 0.07 mgL-! for 233U while the mean activity
concentrations of soil samples were 74 + 70 Bqkg! and 80 + 77 Bqkg-! for 226Ra and 233U, re-
spectively. The average value of the dose equivalent rate was of 0.15 + 0.1 uSvh-1. These values
conform with the nature of the industrial activities which were carried out in the areas and are
comparable with measurement results in similar locations worldwide.
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INTRODUCTION

Uranium mining and uranium processing are ac-
tivities requiring long-term monitoring due to the possi-
ble consequences for human health and environmental
integrity, which may be affected by radiation exposure
while these activities are undertaken, but also after they
have come to an end. In the Czech Republic, the uranium
industry has been and is still overseen by the state enter-
prise DIAMO, which was formerly responsible for ura-
nium mining and processing, and now mainly for
remediation and recultivation work after the last Czech
uranium mine closed in April 2017 [1, 2]. The beginning
of uranium mining in what is now the Czech Republic
goes back to the 16" century, when the miners of silver
encountered a black, shining mineral somewhat similar
to silver ores which, however, contained no silver. It be-
came later known as pitchblende and was found to con-
tain uranium. The first uses of this mineral were associ-
ated with the colouring of glass or ceramics [3]. In the
framework of a geological survey, uranium deposits
were later found in different places in the former Czecho-
slovakia, characterized by very diverse mineral forms
and concentrations, in different geological formations.
Between 1945 and the mid-1990's, uranium mining was

* Corresponding author; e-mail: zoelzer@zsf.jcu.cz

an important industry in Czechoslovakia and as far as the
production of uranium concentrate is concerned, the
country held a top position in the world [4]. Mining areas
existed around Jachymov, Horni Slavkov, Pribram, and
Rozna — OIsi [1]. The ore obtained was processed in
pre-processing plants (Pribram, Jachymov) and process-
ing plants (MAPE Mydlovary, Dolni Rozinka and Straz
pod Ralskem) [5]. Whereas pre-processing consisted of
mechanically breaking ore into smaller pieces and elimi-
nating those with a lower radioactivity, processing con-
sisted of extracting uranium with the help of acids or
leaches (depending on the ore type) and producing
so-called yellow cake, mostly containing triuranium
octoxide (U;0y) [6, 7]. The assessment of the environ-
mental consequences of these activities, and the possible
health effects on people participating in the production as
well as the population in the surroundings, is a very com-
plex process, as is decision making about possible
remediation in the areas affected by uranium mining and
processing [8]. For the evaluation of the burden to the en-
vironment due to the contamination close to these sites, it
is necessary to take into consideration the specifics of the
given locations. The risk to human health arises from the
inhalation or ingestion of short-lived radon decay prod-
ucts and long-lived radionuclides of the uranium-radium
series emitting alpha-particle radiation, mostly in radio-
active dust, and from external gamma-ray irradiation [9].



R. Havrankova, et al.: Assessment of the Radiological Situation in Different ...
140 Nuclear Technology & Radiation Protection: Year 2021, Vol. 36, No. 2, pp. 139-149

Radium present in sludge deposits decays producing ra-
don, which is then released into the atmosphere. In low-
precipitation periods, sludge deposits can (partly) dry up
and contaminated dust can be whirled up into the atmo-
sphere [10]. Moreover, gamma-emitting radionuclides
present in sludge may considerably affect the back-
ground dose rate in the area. Furthermore, the sludge
contains toxic elements such as arsenic, molybdenum,
astatine, iron, vanadium, lead and other heavy metals.
These elements can enter the soil through sludge leaking
and affect the ground as well as surface waters [11].

In our research, we assessed the radiological situa-
tion in three areas — Pribram, Straz pod Ralskem and
Mydlovary — where chemical processing plants and
sludge fields are found at different stages of operation.
Some of these facilities are still (partially) operating,
while others are at the stages of decontamination and
remediation. In all three areas, numerous soil and water
samples were taken and later analysed in the laboratory,
dose equivalent rates were measured at the same loca-
tions. Our main purpose here is to compare the three
main areas of uranium mining and processing in the
Czech Republic, correlate the results — if possible — with
the activities carried out at the different localities, and
draw on literature data for further analysis.

METHODS
Study area

Three localities were chosen for this research, in
which very diverse technologies of uranium mining
and processing were used. These are the areas of
Pribram, Straz pod Ralskem and Mydlovary, fig. 1.
Maps of the individual locations with the exact sites of
sampling are shown in figs. 2-4.

When uranium mining was begun in the Pribram
area in the 1950's, the building of a uranium ore treat-
ment plant nearby was considered convenient, but later
itwas decided that the ore would be processed in MAPE
Mydlovary. The site of the former processing plant rep-
resents one of the most significant environmental prob-

Straz pod Ralskem

Mydlovary

lems in the Pribram region, mainly because of high
gamma exposure rates, radon emissions, and the stir-
ring up of dust with an increased radionuclide contents.
Different by-products of mining activities have been
and still are deposited here. Section I still serves, among
other purposes, as a receptacle for mining water
pumped from one of the shafts which is kept open. The
operation of Section II as a tailing pond was terminated
in 1988, and technical and biological reclamation was
carried out in the following years [12].

Figure 2. Situation map — Pribram

Figure 3. Situation map — Straz pod Ralskem

Figure 1. Three location of research:
Pribram, Straz pod Ralskem,
and Mydlovary
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Figure 4. Situation map —
Mydlovary

The deposits at Straz pod Ralskem were exploited
by both conventional and in situ leach methods. The lat-
ter in particular led to the accumulation of radioactive
sludge in large tailing ponds which have been only
partly remediated. Deposit I receives all kinds of con-
taminated materials such as ferrous and non-ferrous
metal, used protective equipment, contaminated wood,
piping plastics, building debris, and sediments from a
creek contaminated by radionuclides. Deposit II serves
exclusively as arepository for neutralized sludges [13].

In the case of the MAPE Mydlovary uranium ore
treatment plant, which in the late 1960’s to early
1990's produced most of the yellow cake in Czecho-
slovakia, exploited lignite mining sites were used for
waste disposal. The tailing ponds here cover an area of
approximately 285 hectares, where 36 million tons of
sludge with 2320 tons of uranium (and 10'% Bq ?2°Ra)
are stored. Since the processing was terminated in
1991, extensive sanitation and reclamation work has
been carried out in the area. Tailing ponds I, III, IV/D
and E have been completely covered, whereas the
ponds IV/C2, C1Z, C1F and R remain partly open.
This area has continued to be used for the storage of
mining by-products. In the long term, the open areas
will serve to accumulate and purify sludge waters, and
to store by-products of pond maintenance and disposal
operations [ 14].

Sampling and sample preparation

Atotal of 56 samples was collected (30 soil sam-
ples, 12 surface water samples and 14 water samples
from hydrologic monitoring boreholes, i. e., ground
water samples) from the selected locations. The sam-
ples were taken from September to December 2016,
GPS coordinates of the sampling points are given in
tabs. 1-3. The sites for taking surface water samples

were chosen considering the likelihood of contamina-
tion, but certain restrictions in admission to the
potential sampling sites also had to be respected.

Soil samples were placed into polyethylene
bags. A sample of 20 cm x 20 cm x 10 cm was first
taken with the help of a shovel, from a 10 cm ground
depth. From this primary sample, the top 5 cm litter
layer was separated and discarded. Each soil sample
thus had a total volume of 2000 cm?, mass ca. 5.5 kg.
The samples were dried at 105 °C until no further

Table 1. Samplings sites in the locality Pribram

Sample |5pq o ordinates| Description of the | g po ooy
number locahty

1 | 49°4121.6"N | Wastepond I — Bytiz, Soil
14°03'44.6"E | centre of the dam

2 | 49°41'27.9'N_ |Wastepond I — Bytiz, Soil
14°03'38.5"E north-east

3 | 49°41'26.1"N | Wastepond I — Bytiz, Soil
14°03'25.1"E north

4 | 49°4123.1"N | Wastepond I — Bytiz, Soil
14°03'10.2"E north-west

5 | 49°41'14.4"N | Wastepond I — Bytiz, Soil
14°03'05.7"E west

6 | 49°41'06.2"N | Wastepond I — Bytiz, Soil
14°03'14.2"E south-west

7 | 49°41'07.1"N | Wastepond I — Bytiz, Soil
14°03'26.5"E south

8 | 49°41'10.4"N | Wastepond I — Bytiz, Soil
14°03'44.6"E south-east

| 49°41'11.7"N_| Bytizsky brook —
’ 14°03'47.1"E above Pribram I Water
| 49°4121.3"N | Bytizsky brook —

10 14°03'54.6"E bypass channel Water
49°41'19.7"N

11 oo | Pri I —infl t
14°03'48.9"F ribram [ — inflow Water
49°41'19.7"N

12 | 14°0348.9"E | Pribram I — outflow | Water
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Table 2. Sampling sites in the locality StraZ pod Ralskem Table 3. Samplins sites in the locality Mydlovary
Sample . Description of . Sample GPS e . .
number GPS co-ordinates the locality Material number | co-ordinates Description of the locality | Material
o 1 " 49005!20.9HN
1 >0°42725.6"N Wastipond, south, Soil 1 . Wastepond KI, east Soil
14°45'49.8"E 1% sample 14°20'19.0"E
133" 49°05'25.7"N
2 50°4233.1"N Wastepond, Soil 2 PO Wastepond KI, weast Soil
14°45'34.1"E south-west 14°19'50.4"E
a4 5n 49°05'42.0"N
50°42'44.5"N - 3 Wastepond KIV/E, south Soil
3 Wastepond, west Soil °70'57.0" pon » sou o1
14°45'39 1"E P i;t 30 57.0"E
en an °05'56.6"N ,
4 50°42'50.8"N Wastepond, Soil 4 142001 6'F Wastepond KIV/R, south-west|  Soil
14°45'52.8"E north-west 19°06112.0"N
°42'55.3" 5 : Wastepond KIV/D, west Soil
5 50°42'55.3"N Wastesztpond, north, Soil 14°19'51 8" astepon wes oi
14°46'26.0"E 1> sample 49°06'18.4"N
6 50°42'54.5"N Wastsé)ond, north, Soil 6 14°20'15.6"E Wastepond KIV/D, north Soil
14°46'38.9"E 2" sample 49°0622.8"N
51 qn KIV/C2 il
; 50°42'51.1"N Wastepond, Soil 7 1492031 2" Wastepond KIV/C2, west Soi
14°47'09 4"E north-east 49°06'30.2"N '
50°42'39.7"N ' 8 14921'17.3"E Wastepond KIV/C1Z, north Soil
8 1494716 4"E Wastepond, east Soil 19°06'12.4™N
9 . Wastepond KIV/C1Z, east Soil
9 50°42'29.6"N Wastepond, Soil 14°21'28.7"E
14°47'09.1"E south-east o1 49°05'47.9"N Exit from the area of
e an 10 teponds, direction of Soil
10 50°42'16.4"N Wasteg)ond, SOuth, Soil 14°21'55.5"E was CpOI(l)lSe§nlil‘kCC 0n o 01
14°46'51.8"E 2" sample ? 49°06'15.3"N
. 50°42'18.6"N O}Jtlet of the Water 11 14°22'40 3" Wastepond KIII, south-east Soil
14°47'12.6"E Sedlley ﬁShpOIld 49°06'29.9"N Wastepond KIII, west
12 N Soil
50°42'19.9"N . 14°22'32.9"E (near Olesnik)
12 Sedlicky fishpond | Water :
14°47'16.5"E v ISP 5 [0s1eTN| i | w
tt t 1 t
13 50°42'23.4"N Outer drainage’ Water 14°19'58.4"E uiter at wastepon aer
oAT05 G north 49°06'00.2"N
14°4705.6"E 14 o \ Gutter at wastepond KIV/D Water
4 50°42182'N | Outer drainage, | vy, 14°19'48 8"E
14°47'02.0"E south ater 49°06'22.4"N Svatopluk brook
15 . Water
14°21'37.0"E (near Olesnik)
. S 49°06'33.4"N Svatopluk brook
weight change was observed. Larger solid pieces (for 16 [ oos1 1'E (direction Rojdanka) Water
example stones) and plant and animal segments were 49°06'00.8"N
removed from the sample. The sample was then pro- 17 [ 4ogqrs5 3 | Hydrologic borehole HV-12 | Water
cessed through a fine-grain sieve. The mass of the pro- 49°05'22.0"N
. . . 18 Hydrologic borehole M-22 Water
cessed sample was determined and the radioactivity 14°20'27.9"E
i i i 49°05'17.3"N
analysis was carried out as described below [15']. 1o OST7IN L 1 drologic borehole M-19 | Water
The surface water samples were taken with the 14°19'50.3"E
help of'a sampling device and placed into two-litre PET 20 ‘I‘TZZ;ZE Hydrologic borehole M-20 | Water
bottles. In this procedure, attention was given to avoid- y 4'4
ing undesirable materials which could enter the sample 21 13023;7 qup | Hydrologic borehole M-7 | Water
from the surface (for example leaves, grass). Waters 19°06/02 '9,,N
were sampled under relatively stable meteorological 20 4019,43'8.,15 Hydrologic borehole M-9 | Water
conditions — clear to partly cloudy with zero atmo- 49°06'02.9"N A
spheric precipitations and temperatures about 18 °C. 23 1401943 g | [ydrologicborehole M-46 | Water
Immediately after handing over to the laboratory, sam- 49°06'16.8"N :
. . . 24 Hydrologic borehole M-12 Water
ples were stabilised and preserved with hydrochloric 14°2028.1"E
i 49°05'42.0N
acid. [15]' . 25 o . Hydrologic borehole M-2B Water
Water samples were also taken from hydrologic 14°20'57.8"E
monitoring boreholes (so called indication holes) ex- 26 130(2)51 ég'z : Hydrologic borehole M-31 | Water
isting in the network of the DIAMO state enterprise. 19°0540.1"N
The quality of ground water from these holes is rou- 27 Cear 27' o | Hydrologic borchole M-24 | Water
tinely monitored in the vicinity of sludge fields in the 49006,26'2,.1\1
Mydlovaq area. In the case of ground waters from 28 [ 4or1305vp | Fydrologic borehole HI-510 | Water
hydrologic monitoring boreholes, sampling involved 49°06'32.3"N
. . 29 Hydrologic borehole HJ-508 | Water
pumping to the surface (after triple exchange of water 14°21'10.1"E
i if thi i i 49°06'39.2"N
in the hole, '1f this was possible, slependmg on tbe 30 0639.0'N | 11 drologic borehole HI-505 | Water
whole capacity). Because of the tedious nature of this 14°20142.7"E
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sampling procedure, the work was carried out with the
help of the personnel in the Monitoring Centre of
DIAMO. After handing over, samples were stabilised
and preserved with hydrochloric acid. The samples
were also filtered, since ground water from the holes
contains considerable proportions of insoluble mate-
rial [15].

Determination of the activity
concentration by gamma-ray spectrometry

Soil samples were submitted to the Laboratory
of Dosimetry and Monitoring Radioactivity
SUJCHBO, v. v. i. Kamenna for analysis. The labora-
tory is accredited by the Czech Institute for Accredita-
tion in accordance with the standard CSN EN ISO/IEC
17025:2005. Samples were transferred to Marinelli
vessels and introduced in an appropriate geometry into
the CANBERRA 35 PLUS analyser, whose main com-
ponent was a CANBERRA GC3018 Hyper-Pure Ger-
manium detector. Calibration was carried out and data
were collected. After the measurement time, which
was selected so that the measured value would be sta-
tistically significant, data were transferred to a desktop
computer with GAMWIN software. If the sample ac-
tivity did not reach statistical significance, the result is
reported as less than minimally detectable activity
(MDA). The GAMWIN software first performs a
qualitative analysis, which results in the identification
of certain isotopes by their gamma energies. Then fol-
lows the quantitative analysis in which the mass activ-
ity is determined for each radionuclide whose line has
been identified in the spectrum. In this paper, we focus
on 22°Ra and 23%U. These two cannot be measured di-
rectly, but their activities were assessed from the decay
of their decay products 2!“Pb, decay energy 352 keV,
and 23*Th, decay energy 92.6 keV, resp. The back-
ground was measured periodically every three months
and the net area of the background peak of the most re-
cent measurement was subtracted from the net area of
the radionuclide peak. The MDA is dependent on
many factors (measuring time, radionuclide energy,
background, efc.), but in most cases it was 0.001
mgL~" and 0.03 BqL™! for 238U and ?*°Ra, [15].

Determination of uranium
concentration in water samples

A volume of the 0.5 ml sample was evaporated
on a platinum dish at 105 °C, after which a homoge-
neous mixture of 98 % sodium fluoride and 2 % lith-
ium fluoride was added, and the mixture was melted in
a muffle furnace at 105 °C. After cooling down, the
sample was measured as previously described. Sam-
ples with high uranium content were diluted and those
with low uranium content were concentrated by evap-

oration of a suitable sample volume. The concentra-
tion of uranium was then calculated according to the
following formula [16]

ysample Ty

CcC=
(ywith addition — Vsample )V

where ¢ [mgL '] is the concentration of uranium in wa-
ter, V' [L] — the volume of the water sample used for
analysis, Ysample — the fluorometer reading measuring
the sample as it is, Vith addition — the fluorometer reading
measuring the sample with an additional known quan-
tity of uranium, my [mg] — the mass of the uranium
added to the sample

Determination of the radium activity
concentration in water samples

Determination of the *°Ra activity per unit vol-
ume was carried out in accordance with standard PNU
830501 [17]. Radium was separated and concentrated
by precipitation with barium sulphate and lead sul-
phate. The precipitate produced was transferred to test
tubes and centrifugated. An ammoniacal solution of
Chelaton 3 was then added and the precipitate was dis-
solved by heating on a sand bath. Barium-radium sul-
phate precipitate was produced by adding glacial ace-
tic acid. The precipitate separated was mixed with the
scintillator liquid detecting alpha-particles. The sedi-
ment was dried at 105 °C. The determination was car-
ried out as previously described. The activity per unit
volume was calculated according to the aforemen-
tioned formula adapted for radium instead of uranium
[18].

Determination of the photon
dose equivalent rate

For the measurement of the photon dose equiva-
lent rate at the soil sampling sites, a FH 40G radiometer
was used. This device is a proportional counter for
gamma energies of 45 keV — 1.3 MeV. It is designed for
the measurement of photon dose equivalent rates of
0.1 uSvh't0 0.99 Svh!. The measurement of the pho-
ton dose equivalent rate was carried out at two different
levels above the ground surface: 0.05 m and 1 m. Ad-
herence to the same measurement level at all the points
of measurement was controlled by a yardstick. Mea-
surements of the photon dose equivalent were provided
once at each height level for a time period of five min-
utes. The resulting values are presented as the average
of values obtained during the time of measurement.

For the measurement of the dose equivalent level
during walkabouts in the surroundings of sludge fields, a
RT-30 spectrometer was used. This device is a Nal(TI)
semiconductor counter for gamma energies of 20 keV -3
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MeV. It is designed for the measurement of photon dose
equivalent rates of 0.01 pSvh! to 10 uSvh™'. The mea-
surement route was adjusted to the terrain and accessibil-
ity. The measurement of the dose equivalent was carried
out at a level of 1 m above the ground surface. The data
from the instrument were transferred to the PC with the
help of the GeoView software and summarized in tables.
In the course of the measurements, the GPS values were
automatically assigned to the values measured. After in-
terconnection of these data with a map base, this outcome
can be used for research purposes [19].

RESULTS AND DISCUSSION

Activity concentration of radium and
concentration of uranium in water samples

The results for activity concentrations of radium
and concentration of uranium in water samples are
summarized in tab. 4. The values of the uranium con-
centration ranged from 0.001 to 0.275 mgL~!, with an
average of 0.07 = 0.07 mgL~'. The highest values of
the uranium concentration, which were found in sam-
ples from the inflow to the water treatment plant
Pribram I (5.81 mgL™") and the Bytizsky brook before
that inflow (1.37 mgL™") were intentionally not in-
cluded in this range. These samples were taken for the
illustration of the efficacy with which the mine water
processing is carried out.

After the purification of these waters in the water
treatment plant Pribram I, at the point of release into the
environment, the uranium concentration is 0.081 mgL .
In 46 % of samples taken, the values of the uranium con-
centration were lower than the detection limit.

The radium activity concentration measured in
these water samples ranged from 0.030 to 0.093 BqL !,
on average 0.06 + 0.02 BqL ™' (again excluding values
of the 2?°Ra activity in samples from the inflow to the
water treatment plant Pribram I — 0.244 BqL™" and the
Bytizsky brook before that inflow —0.187 BqL ™' which
are not released into the environment without process-
ing). In 58 % of samples taken, the activity values per
unit volume were lower than the detection limit. A con-
servative approach was employed when handling val-
ues under the detection limit. At those points of the
monitoring grid where no activity was detected, the de-
tection limit was adopted as the value when calculating
the average. The results obtained are very similar to
those of our previous study [20].

The values found here are also comparable to
those reported by Rapantova et al. [4], who focused on
the assessment of mine water quality in shut-down
uranium mines in the Czech Republic, where the 238U
concentration in most locations studied reached up to
0.45 mgL~" and in the case of 2>°Ra lay between 0.03
and 1.85 BqL ™! with few exceptions.

When our values are compared with those found
around Mydlovary by Tomasek et al. [11] eight years

Table 4. Results of radium and uranium
concentration in water

Sample Radium Uranium
No. Area COl’lCQl’ltl:ﬁlltlol’l concentrfiltlon
[BqL ] [mgL ]
1 Pribram 0.197 1.370
2 Pribram 0.040 0.079
3 Pribram 0.244 5.810
4 Pribram 0.059 0.081
5 Straz pod Ralskem <0.030 0.002
6 Straz pod Ralskem <0.030 0.002
7 Straz pod Ralskem <0.030 <0.001
8 Straz pod Ralskem <0.030 <0.001
9 Mydlovary <0.030 0.176
10 Mydlovary <0.030 0.275
11 Mydlovary <0.030 <0.005
12 Mydlovary <0.030 0.003
13 Mydlovary (bore) <0.030 <0.001
14 Mydlovary (bore) <0.030 <0.001
15 Mydlovary (bore) 0.083 <0.001
16 Mydlovary (bore) 0.030 <0.001
17 Mydlovary (bore) <0.030 0.001
18 Mydlovary (bore) 0.093 0.002
19 Mydlovary (bore) 0.041 0.103
20 Mydlovary (bore) 0.049 <0.001
21 Mydlovary (bore) 0.084 <0.001
22 Mydlovary (bore) <0.030 <0.091
23 Mydlovary (bore) <0.030 <0.105
24 Mydlovary (bore) <0.030 <0.001
25 Mydlovary (bore) 0.077 0.004
26 Mydlovary (bore) 0.040 <0.001

earlier, namely average uranium concentrations be-
tween 0.007 and 4.5 mgL~' (maximum values being
0.01to 7.5mgL™"), and average radium concentrations
mostly between 0.159 and 3.2 BqL™' (with some ex-
ceptionally high values up to 6.4 BqL™), there is an
obvious reduction in those radioactivity concentra-
tions, which is associated with remediation and re-
cultivation work in the processing plant area.

A comparison of our results with those of other
studies is shown in tab. 5.

The measured radium activity concentrations may
be compared with derived radioactivity concentrations in
water designed for human consumption in accordance
with the European Council Directive 2013 /51/
EUROATOM [21]. These are of 3 BqL™ and 0.5 BqL™!
for 28U and ?%Ra, respectively. These values are calcu-
lated foradose of 0.1 mSv atan intake of 730 litres annu-
ally. For the calculation of the total effective dose
from the water ingestion, one can calculate that in an
adult individual, the uranium concentration in water of
0.12 mgL™" (equivalent 3 BqL™") corresponds to the total
indicative annual dose of 27 Sv. An activity concentra-
tion of radium of 1 BqL™! corresponds to the total effec-
tive annual dose of 49 Sv. The measured values can also
be compared with recommended values of radionuclide
contents in drinking water according to the World Health
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Table 5. Comparison of radium and uranium concentration
in waters with those of other studies

Location 20Ra concer}'{ration 3y concepltration
[mBql ] [ngl ]
Czech Republic 30-93 1-275
Czech Republic [4] 300-1850 Up to 450
Czech Republic [11] Up to 6400 Up to 7500
India [22] 5.2-38.1 0.1-3.75
Kazakhstan [23] - 7.8-1250
Kyrgyzstan [24] <10 to 890 1-213
Austria [25] Up to 190 0.05-160

Organization of 10 BqL™! for 38U and 1 BqL! for ?°Ra
[26]. In accordance with the valid Czech legislation [27],
within the framework of the systematic measurement
and evaluation of the content of natural radionuclides in
water, it is necessary to determine the effective dose if the
levels of the total alpha-particle activity per unit volume
can exceed 0.2 BqL™!. However, the values mentioned
do not take into account the chemical toxicity of ura-
nium.

The values measured within the framework of our
research here are all under the established Czech [27],
European [21] as well as international limits [26] and
about halfthe samples were beyond the detection limit.

Measurement of activity concentrations
in soil samples

For results of the analyses see fig. 5. The values
of the 2*°Ra activity concentration for the Pribram area
ranged from 32 to 316 Bqkg!' (average 111 + 95
Bgkg™), for the Straz pod Ralskem area from 13 to 88
Bgkg! (average of 34 + 21 Bgkg!) and for the
Mydlovary area from 34 to 254 Bgkg ™! (average of 82
+ 66 Bqkg™). The highest value measured was found
in a soil sample coming from the Pribram area—sludge
deposition field I Bytiz southeast. The values of the
238U activity concentration range from 29 to 389
Bgkg! (average of 134 + 112 Bgkg™") for the Pribram
area, 14 to 54 Bgkg ™! (average of 30 + 12 Bgkg™') for
the Straz pod Ralskem area and 16 to 238 Bgkg™' (av-

400

erage of 86 + 56 Bqkg™!) for the Mydlovary area.
These values are very similar to the natural back-
ground reported for the Czech Republic by
UNSCEAR [28], where for the 238U concentration in
the soil the originally mentioned range is of 68 to 220
Bqkg ! and for ?Ra it is of 76 to 275 Bgkg ™.

The values measured within the framework of
our current study correspond to those of earlier stud-
ies. For example, in our own preceding measuring
campaign in the area around MAPE Mydlovary [20],
about ten years ago, the average value of the activity
concentration was of 14.8 to 219.6 Bgkg™' for *Ra
and 22.2 t0 292.6 Bqkg ™! for 228U. At the beginning of
the 1990s, however, maximum values of the uranium
contents were between 60 and 680 mgkg! and those
ofradium contents were of 2235 to 13697 Bgkg ™' [29],
which shows the effectivity of remediation and reculti-
vation carried out in the meantime.

Somewhat higher than normal values of radioac-
tivity in soil have been found elsewhere in Europe where
uranium mining or processing was carried out. For ex-
ample, Carvalho et al. [30] reported values of 230 £ 10
Bgkg™! for 233U and 619 + 96 Bgkg ™' for *°Ra in soil
samples from central Portugal; the values in the tailing
pond were in the range of tens of Bqkg ™. Similar values
of uranium and radium content in soil (typically hun-
dreds of Bgkg™") are also mentioned by the same authors
in their later work [31]. The assessment of the uranium
mining impact on the environment and health of persons
in Portugal was further considered by Carvalho et al. [32,
33] as well as by Pereira et al. [34]. The 2*°Ra activity
concentrations were also reported for the area of Stara
Stara Planina in Serbia [35] where there are former ura-
nium mines, and in other areas which the authors consid-
ered potentially affected due to their location close to the
mining facilities, or because of terrain hydrographies and
geochemical properties. Values of tens to hundreds of
Bgkg™! (45 + 2 to 458 + 20) were found here, whereas
elsewhere in areas of Stara Planina in which mining ac-
tivities were never carried out, the recorded values were
between 95 + 4 and 256 + 8 Bqkg ™. In the case of 233U,
values ranged from 22 to 237 Bgkg ! in areas affected by
uranium processes, and from 13 to 49 Bgkg™' in unaf-
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fected areas. Dimovic et al. [36] also focused on the area
of Stara Planina and measured similar activity concentra-
tions of 2*°Ra around the uranium mines as previously
mentioned (from tens to hundreds of Bqkg ™). At one site
he found a value of 2600 + 100 Bgkg™', which was in a
sample from the Mezdreja tailings pond. Activity con-
centrations of tens of Bqkg™ for both 2*°Ra and U
were reported by Ili¢ et al. [37], who analysed the
radionuclide content of soil and clay samples in the area
of the Zbegovi open-pit mine in Donje Crniljevo, Serbia.
The average value for ?°Rawas 56 +2 Bgkg ™' in soil and
61 +2 Bgkg ! in clay material from Zbegovi, for 38U it
was 23 + 8 Bgkg ! in soil and <10 Bgkg™" in clay mate-
rial. These values for 238U are somewhat higher than
those presented by Markovic ef al. [38] for areas of Ser-
bia not affected by uranium mining. Elevated 233U and
226Ra values were also reported by Krizman ez al. [39] in
sediments in the vicinity of a uranium mine in the area of
Zirovski vrch in Slovenia. Winkelmann et al. [40] con-
ducted aerial measurements (with a gamma-ray spectro-
metric system carried by a helicopter) at several sites that
contain residues from uranium mines, landfills and tail-
ings ponds in Saxony and Thuringia in Germany, and
compared these values with the results of ground mea-
surements. The mean 22°Ra activity concentrations in the
different waste rock dumps were found to be in the range
370 to 1600 Bgkg™'. The highest mean 2*°Ra activity
concentrations for the tailings ponds were around 1300
Bgkg™!'. Environmental problems in connection with
remediation provisions in the surroundings of the former
uranium plant in Pridnieprov in Ukraine were studied by
Lavrov and Voitsekhovych [41], who mentioned ?*°Ra
and 238U activity concentrations of hundreds to thou-
sands of Bgkg™'. Some values measured in these areas
are given in tab. 6.

Determination of the dose equivalent rate

Gamma dose equivalent rates were measured at
the same sites as the soil samples were taken. The mea-
surements were carried out at two different levels

above the ground surface (0.05 mand 1 m). The results
are shown in fig. 6.

0.5
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Gamma dose equivalent rate [nSvh"]
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Table 6. Comparison of radium and uranium concentration
in soils with those of other studies

Activity Activity
Location zgoncentratiorll concentration
‘Ra[Bgkg '] | U [Bgkg ']

Czech Republic 13-316 14-389
Czech Republic [20] 15-220 22-292
Czech Republic [28] 76-275 68-220
Czech Republic [29] 2235-13697 -
Portugal [30] 230+ 10 619+ 96
Portugal [31]

Mining waste heap 2096 + 180 3257+ 94

Soil I 832+ 62 1526 £ 48

Soil It 659 + 20 588 + 44
Serbia [35] 45-458 36-206
Serbia [36]

Soil <2-98 <7-70

Clay material 61+2 <10
Serbia [37] 28-400 -
Mezdreja clay tailings 2600 + 100
Serbia [38] 22-45 22-51
Slovenia [39] 8630 + 340 995 + 80
Germany [40] 370-1600 -
Ukraine [41] 30-36500 -

At a level of 0.05 m above the ground surface,
the values range from 0.18 puSvh! to 0.48 uSvh!
for the Pribram area, average 0.3 £ 0.1, from 0.08 to
0.11 puSvh! for the Straz pod Ralskem area, average
0.10 + 0.01, and from 0.08 to 0.14 pSvh™' for the
Mydlovary area, average 0.10+0.02. Atalevel of I m,
the values were almost the same: 0.05 to 0.18 uSvh™!
for the Pribram area (average 0.1 + 0.1), 0.07 to 0.12
uSvh! for the Straz pod Ralskem area (average 0.10 +
0.02) and 0.07 to 0.14 pSvh™! for the Mydlovary area
(average 0.10%0.02). The average values for both lev-
els, 0.05 and 1 m, for all three areas of interest taken to-
gether were of 0.15 £ 0.10 uSvh'.

The average values at both levels are very close
to values reported by the Monitoring Centre of
DIAMO, state enterprise, i. e. 0.18 pSvh!. The high-
est radium and uranium activity values measured cor-
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Figure 6. Dose equivelent rate
in areas of interest at levels of
0.05 m and 1 m above surface
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respond to the highest value of the gamma dose equiv-
alent rate at the site of sampling; they were observed in
the Pribram area, at the sludge deposit I Bytiz, south-
east.

In our earlier study of the former MAPE Mydlovary
area [20], measurements of the gamma dose equivalent
rate at the same heights were carried out, the results from
both examinations being very similar.

In the surroundings of the sludge deposits,
gamma dose equivalent rates were measured along a
path circumscribing the deposit. The path was ad-
justed to the terrain and accessibility. Measurements
ofthe dose equivalent rate were carried outat a level of
1 m above the ground surface with the help of a yard-
stick. These converted data served as a basis for plot-
ting graphs depending on particular areas of interest.

The highest values were found in the Pribram area
with an average of 0.165 uSvh™! and a maximum value
near the southern part of the sludge deposit, part [, where
the dose rate was 0.574 pSvh™' (49°41'10.5"N,
14°03'42.5"E). In the Straz pod Ralskem area, the aver-
age value of the data measured was 0.040 uSvh™'. The
maximum was measured at the very beginning of the
path near the southern part of the sludge deposit stage I, at
borehole TBPK-16 (50°4221.1"N, 14°46'04.9"E), and
was of 0.080 uSvh™'. In the third case, in the Mydlovary
area, the average value was 0.089 uSvh™', and a maxi-
mum value of 0.396 nSvh™' was measured near the
northern part of the KI sludge deposit, several tens of m
behind the exit from the asphalt road behind the gate
(49°05'34.7"N, 14°20'01.7"E).

The values measured here can be compared with
the natural background estimated by for the Czech Re-
public, 0.14 uSvh~!, which is employed in cases where
it is or was impossible to use direct background mea-
surements at the site. The State Institute of Radiation
Protection (SURO) [42] specified that the radioactiv-
ity in the Czech Republic gives rise to gamma radia-
tion at the ground surface level at dose equivalent rates
between 0.006 and 0.245 uSvh~'. In the case of the
Straz pod Ralskem area, we can state that the values
measured are mostly at the lower end of this range. It
can therefore be assumed that radiation protection
measures are effective. In the Mydlovary area, the av-
erage values of the dose equivalent rate are also mostly
below the natural background, but the maximum value
is considerably higher, and possibly indicates a re-
maining point contamination. In the area of the
Pribram sludge deposits, the measured average as well
as maximum values of the dose equivalent rate clearly
exceed those for the natural background. However,
both for Mydlovary and Pribram, the deviation from
the range of natural dose equivalent rates is not ex-
treme, i. e. about a factor of 2 at most.

The values measured can also be compared with
the worldwide value of the dose equivalent rate from
gamma rays, which is 0.058 uSvh~' [28]. The average
values in the areas of Mydlovary and more so in

Pribram can obviously be considered as increased, but
again by no more than a factor of 2.

Finally, we will try to assess the importance of
particular exposure paths for various groups of ex-
posed individuals. The external gamma-ray radiation
is particularly of importance for the evaluation of the
exposure of workers moving in the area of sludge de-
posits, especially in the course of carrying out recov-
ery work in the area. These doses can be and are moni-
tored by the responsible state company DIAMO, and
their published reports indicate that they are well
within the limits for professional exposure. The expo-
sure of workers at the site in the years immediately fol-
lowing the shut-down of the facility were almost ex-
clusively from gamma radiation, and their annual
effective doses were 2-4 mSv, but these can be ex-
pected to have been further reduced with the progress
in remediation [43].

An exposure of the population in the surround-
ing villages is clearly out of the question because of the
distance. An exposure route that might have to be con-
sidered is the inhalation of radon and its decay prod-
ucts, but again it would affect only workers on-site,
whereas the distance to settlements is such that radon
from MAPE is not of concern for the general popula-
tion. As to ingestion, given the low immission into the
atmosphere and water, the possibility of affecting ei-
ther workers or the population of the surrounding vil-
lages via this route would seem negligible.

If, just for the sake of a conservative estimate, we
use the results of the gamma dose rate (in uGyh™) for
the calculation of an annual effective dose, apply a fac-
tor of 0.7 SvGy to convert the absorbed dose in air to
an effective dose for adults and assume an outdoor oc-
cupancy factor (the fraction of time spent outdoors) of
0.2 [28], then the average value of the annual effective
dose could be 0.2 mSv in the Pribram area, 0.05 mSv in
the Straz pod Ralskem area and 0.01 mSv for the
Mydlovary area. The maximum values would be 0.7
mSv in the Pribram location, 0.01 mSv in the Straz pod
Ralskem location and 0.49 mSv in the Mydlovary lo-
cation.

These exposures would be well below the value
of 1 mSv per year, which is established by the ICRP
[44] for the general population, and certainly small in
comparison with the average annual effective dose
from natural sources of 2.4 mSv [45].

CONCLUSION

An evaluation of environmental contamination
around uranium industry facilities in the Czech Re-
public was carried out through assessment of radioac-
tivity concentrations in samples of surface water,
ground water and soil, and of gamma dose equivalent
rates in three areas of the Czech Republic which are
known to be affected. The measured values of the ura-
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nium and radium radioactivity are slightly higher but
still comparable with the natural background levels.
They correspond to the nature of the activities carried
out in these areas and to the remediation and recultiva-
tion efforts of recent years. Somewhat higher values
were found near sludge deposits, which remain
long-term contamination sources. The results of our
measurements and analysis are comparable with those
from similar research projects implemented in the
Czech Republic as well as abroad.

The measured values of the gamma dose equiva-
lent rate suggest that workers carrying out remediation
and recultivation work in the areas of interest are not at
risk of exceeding dose limits for radiation workers and
people living nearby are not at risk of exceeding the
dose limits established for the general population. We
have provided conservative estimates of doses for
people that would stay in the area for relatively long
times and have come to the conclusion that these are
still below the acceptable doses for the general popula-
tion according to the ICRP.
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Penata XABPAHKOBA, Esa HINMAYKOBA, ®puno 3EJI3EP,
Jupxu XABPAHEK, 3y3ana ®PAJTUHI'EP CKA/IUMIKA

IMPOLHEHA PAJIUOJOHKOI CTABBA Y PAZINYUTUM IMOAPYYIUMA
YENIKE IO YTUHAJEM BAGEBHA U NIPEPAJJE YPAHUIJYMA

IIpencraBibeHa cy Mepewma KOHIEHTpaldje aKTHBHOCTH NPHUPONHUX PaAMOHYKIUAA Y Ofa-
OGpaHuM y30pIMa BOJIE U 3eMJbHIIITA Y3€THM ca Opyyja MOl yTUIajeM HHAYCTPUje YpaHUjyMa Y OKOJTUHI
ITpu6pama, Crpaxka mox Panckem m MummoBapu, y Uenikoj. Y oBum obiactuma Takobe je ogpebena
jaurHa eKBUBAJICHTA I03€ Ha JOKaIfjaMa Y30PKOBamba 1 JOJAaTHO Y OKOJIMHU MYJbEBUTHUX MOJba. KOHIICH-
Tpanuja ak THBHOCTH y30paka Bojie usnocuna je 0.06 +0.02 BqL " 3a 2>Rau 0.07 +0.07 mgL! 3a 238U, ok je
cpe/imha KOHIIEHTpallja akTHBHOCTH y30paKa 3emibuira ouna 74 + 70 Bqkg™ u 80 + 77 Bgkg ™! 3a **’Ra u
238U, pecnektuBHo. IIpoceyHa BpegHOCT jaunMHe eKBHBaneHTa fo3ze 6una je 0.15 + 0.1 uSvh~l. Ose
BPEIHOCTH CY Y CKJIaAy ca IPUPOIOM HHIYCTPHUjCKIX aKTHBHOCTH KOj€ Cy € OJIBHjaJie y OBUM OOJIaCTHMA
yIIOpEAuBeE Cy ca pe3yITaTuMa Mepera Ha CIIMYHUM JIOKallijaMa IIIIPOM CBeTa.

Kmwyune peuu: paouoakiiu8HOCL HUBOMIHE CPeOUHe, KOHUCHIPAYUja AKIUBHOCIIU, JA4UHA
eK8uUBaNeHIlla 003e, UHOYCIUpUJa YPaHUjyma



