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This study pres ents mea sure ments of ac tiv ity con cen tra tions of nat u ral radionuclides in se -
lected wa ter and soil sam ples taken from ar eas af fected by the ura nium in dus try in the sur -
round ings of Pribram, Straž pod Ralskem and Mydlovary, Czech Re pub lic. In these ar eas, the 
dose equiv a lent rate was also de ter mined at the sam pling lo ca tions and ad di tion ally also dur -
ing walk abouts in the sur round ings of sludge fields. The ac tiv ity con cen tra tion of wa ter sam -
ples was 0.06 ± 0.02 BqL–1 for 226Ra and 0.07 ± 0.07 mgL–1 for 238U while the mean ac tiv ity
con cen tra tions of soil sam ples were 74 ± 70 Bqkg–1 and 80 ± 77 Bqkg–1 for 226Ra and 238U, re -
spec tively. The av er age value of the dose equiv a lent rate was of 0.15 ± 0.1 µSvh–1. These val ues
con form with the na ture of the in dus trial ac tiv i ties which were car ried out in the ar eas and are
com pa ra ble with mea sure ment re sults in sim i lar lo ca tions world wide.
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IN TRO DUC TION

Ura nium min ing and ura nium pro cess ing are ac -
tiv i ties re quir ing long-term mon i tor ing due to the pos si -
ble con se quences for hu man health and en vi ron men tal
in teg rity, which may be af fected by ra di a tion ex po sure
while these ac tiv i ties are un der taken, but also af ter they
have come to an end. In the Czech Re pub lic, the ura nium
in dus try has been and is still over seen by the state en ter -
prise DIAMO, which was for merly re spon si ble for ura -
nium min ing and pro cess ing, and now mainly for
remediation and re culti va tion work af ter the last Czech
ura nium mine closed in April 2017 [1, 2]. The be gin ning
of ura nium min ing in what is now the Czech Re pub lic
goes back to the 16th cen tury, when the min ers of sil ver
en coun tered a black, shin ing min eral some what sim i lar
to sil ver ores which, how ever, con tained no sil ver. It be -
came later known as pitch blende and was found to con -
tain ura nium. The first uses of this min eral were as so ci -
ated with the colour ing of glass or ce ram ics [3]. In the
frame work of a geo log i cal sur vey, ura nium de pos its
were later found in dif fer ent places in the for mer Czecho -
slo va kia, char ac ter ized by very di verse min eral forms
and con cen tra tions, in dif fer ent geo log i cal for ma tions.
Be tween 1945 and the mid-1990¢s, ura nium min ing was

an im por tant in dus try in Czecho slo va kia and as far as the
pro duc tion of ura nium con cen trate is con cerned, the
coun try held a top po si tion in the world [4]. Min ing ar eas
ex isted around Jachymov, Horní Slavkov, Príbram, and
Rožna – Olši [1]. The ore ob tained was pro cessed in
pre-pro cess ing plants (Príbram, Jachymov) and pro cess -
ing plants (MAPE Mydlovary, Dolni Rožinka and Straž
pod Ralskem) [5]. Whereas pre-pro cess ing con sisted of
me chan i cally break ing ore into smaller pieces and elim i -
nat ing those with a lower ra dio ac tiv ity, pro cess ing con -
sisted of ex tract ing ura nium with the help of ac ids or
leaches (de pend ing on the ore type) and pro duc ing
so-called yel low cake, mostly con tain ing triuranium
octoxide (U3O8) [6, 7]. The as sess ment of the en vi ron -
men tal con se quences of these ac tiv i ties, and the pos si ble
health ef fects on peo ple par tic i pat ing in the pro duc tion as 
well as the pop u la tion in the sur round ings, is a very com -
plex pro cess, as is de ci sion mak ing about pos si ble
remediation in the ar eas af fected by ura nium min ing and
pro cess ing [8]. For the eval u a tion of the bur den to the en -
vi ron ment due to the con tam i na tion close to these sites, it
is nec es sary to take into con sid er ation the spe cif ics of the
given lo ca tions. The risk to hu man health arises from the
in ha la tion or in ges tion of short-lived ra don de cay prod -
ucts and long-lived radionuclides of the ura nium-ra dium
se ries emit ting al pha-par ti cle ra di a tion, mostly in ra dio -
ac tive dust, and from ex ter nal gamma-ray ir ra di a tion [9].
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Ra dium pres ent in sludge de pos its de cays pro duc ing ra -
don, which is then re leased into the at mo sphere. In low-
pre cip i ta tion pe ri ods, sludge de pos its can (partly) dry up
and con tam i nated dust can be whirled up into the at mo -
sphere [10]. More over, gamma-emit ting radionuclides
pres ent in sludge may con sid er ably af fect the back -
ground dose rate in the area. Fur ther more, the sludge
con tains toxic el e ments such as ar senic, mo lyb de num,
as ta tine, iron, va na dium, lead and other heavy met als.
These el e ments can en ter the soil through sludge leak ing
and af fect the ground as well as sur face wa ters [11].

In our re search, we as sessed the ra dio log i cal sit u a -
tion in three ar eas – Pribram, Straž pod Ralskem and
Mydlovary – where chem i cal pro cess ing plants and
sludge fields are found at dif fer ent stages of op er a tion.
Some of these fa cil i ties are still (par tially) op er at ing,
while oth ers are at the stages of de con tam i na tion and
remediation. In all three ar eas, nu mer ous soil and wa ter
sam ples were taken and later ana lysed in the lab o ra tory,
dose equiv a lent rates were mea sured at the same lo ca -
tions. Our main pur pose here is to com pare the three
main ar eas of ura nium min ing and pro cess ing in the
Czech Re pub lic, cor re late the re sults – if pos si ble – with
the ac tiv i ties car ried out at the dif fer ent lo cal i ties, and
draw on lit er a ture data for fur ther anal y sis.

METH ODS

Study area

Three lo cal i ties were cho sen for this re search, in
which very di verse tech nol o gies of ura nium min ing
and pro cess ing were used. These are the ar eas of
Pribram, Straž pod Ralskem and Mydlovary, fig. 1.
Maps of the in di vid ual lo ca tions with the ex act sites of
sam pling are shown in figs. 2-4. 

When ura nium min ing was be gun in the Pribram
area in the 1950¢s, the build ing of a ura nium ore treat -
ment plant nearby was con sid ered con ve nient, but later
it was de cided that the ore would be pro cessed in MAPE 
Mydlovary. The site of the for mer pro cess ing plant rep -
re sents one of the most sig nif i cant en vi ron men tal prob -

lems in the Pribram re gion, mainly be cause of high
gamma ex po sure rates, ra don emis sions, and the stir -
ring up of dust with an in creased radionuclide con tents.
Dif fer ent by-prod ucts of min ing ac tiv i ties have been
and still are de pos ited here. Sec tion I still serves, among 
other pur poses, as a re cep ta cle for min ing wa ter
pumped from one of the shafts which is kept open. The
op er a tion of Sec tion II as a tail ing pond was ter mi nated
in 1988, and tech ni cal and bi o log i cal rec la ma tion was
car ried out in the fol low ing years [12].

R. Havrankova, et al.: As sess ment of the Ra dio log i cal Sit u a tion in Dif fer ent ...
140 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2021, Vol. 36, No. 2, pp. 139-149

Fig ure 1. Three lo ca tion of re search:
Pribram, Straž pod Ralskem,
and Mydlovary

Fig ure 2. Sit u a tion map – Pribram

Fig ure 3. Sit u a tion map – Straž pod Ralskem



The de pos its at Straž pod Ralskem were ex ploited 
by both con ven tional and in situ leach meth ods. The lat -
ter in par tic u lar led to the ac cu mu la tion of ra dio ac tive
sludge in large tail ing ponds which have been only
partly remediated. De posit I re ceives all kinds of con -
tam i nated ma te ri als such as fer rous and non-fer rous
metal, used pro tec tive equip ment, con tam i nated wood,
pip ing plas tics, build ing de bris, and sed i ments from a
creek con tam i nated by radionuclides. De posit II serves
ex clu sively as a re pos i tory for neu tral ized sludg es [13].

In the case of the MAPE Mydlovary ura nium ore 
treat ment plant, which in the late 1960¢s to early
1990¢s pro duced most of the yel low cake in Czecho -
slo va kia, ex ploited lig nite min ing sites were used for
waste dis posal. The tail ing ponds here cover an area of
ap prox i mately 285 hect ares, where 36 mil lion tons of
sludge with 2320 tons of ura nium (and 1014 Bq 226Ra)
are stored. Since the pro cess ing was ter mi nated in
1991, ex ten sive san i ta tion and rec la ma tion work has
been car ried out in the area. Tail ing ponds I, III, IV/D
and E have been com pletely cov ered, whereas the
ponds IV/C2, C1Z, C1F and R re main partly open.
This area has con tin ued to be used for the stor age of
min ing by-prod ucts. In the long term, the open ar eas
will serve to ac cu mu late and pu rify sludge wa ters, and
to store by-prod ucts of pond main te nance and dis posal 
op er a tions [14].

Sam pling and sam ple prep a ra tion

A to tal of 56 sam ples was col lected (30 soil sam -
ples, 12 sur face wa ter sam ples and 14 wa ter sam ples
from hydrologic mon i tor ing bore holes, i. e., ground
wa ter sam ples) from the se lected lo ca tions. The sam -
ples were taken from Sep tem ber to De cem ber 2016,
GPS co or di nates of the sam pling points are given in
tabs. 1-3. The sites for tak ing sur face wa ter sam ples

were cho sen con sid er ing the like li hood of con tam i na -
tion, but cer tain re stric tions in ad mis sion to the
po ten tial sam pling sites also had to be re spected. 

Soil sam ples were placed into poly eth yl ene
bags. A sam ple of 20 cm ´ 20 cm ´ 10 cm was first
taken with the help of a shovel, from a 10 cm ground
depth. From this pri mary sam ple, the top 5 cm lit ter
layer was sep a rated and dis carded. Each soil sam ple
thus had a to tal vol ume of 2000 cm3, mass ca. 5.5 kg.
The sam ples were dried at 105 °C un til no fur ther
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Fig ure 4. Sit u a tion map –
Mydlovary

Ta ble 1. Samplings sites in the lo cal ity Pribram

Sam ple
num ber GPS co -or di nates De scrip tion of the

lo cal ity Ma te rial

1
49°41'21.6"N Wastepond I – Bytiz,

cen tre of the dam Soil
14°03'44.6"E

2
49°41'27.9"N Wastepond I – Bytiz,

north-east Soil
14°03'38.5"E

3
49°41'26.1"N Wastepond I – Bytiz,

north Soil
14°03'25.1"E

4
49°41'23.1"N Wastepond I – Bytiz,

north-west Soil
14°03'10.2"E

5
49°41'14.4"N Wastepond I – Bytiz,

west Soil
14°03'05.7"E

6
49°41'06.2"N Wastepond I – Bytiz,

south-west Soil
14°03'14.2"E

7
49°41'07.1"N Wastepond I – Bytiz,

south Soil
14°03'26.5"E

8
49°41'10.4"N Wastepond I – Bytíz,

south-east Soil
14°03'44.6"E

9
49°41'11.7"N Bytízsky brook –

above Pribram I Wa ter
14°03'47.1"E

10
49°41'21.3"N Bytízsky brook –

by pass chan nel Wa ter
14°03'54.6"E

11
49°41'19.7"N

Pribram I – in flow Wa ter
14°03'48.9"E

12
49°41'19.7"N

Pribram I – out flow Wa ter
14°03'48.9"E



weight change was ob served. Larger solid pieces (for
ex am ple stones) and plant and an i mal seg ments were
re moved from the sam ple. The sam ple was then pro -
cessed through a fine-grain sieve. The mass of the pro -
cessed sam ple was de ter mined and the ra dio ac tiv ity
anal y sis was car ried out as de scribed be low [15]. 

The sur face wa ter sam ples were taken with the
help of a sam pling de vice and placed into two-litre PET
bot tles. In this pro ce dure, at ten tion was given to avoid -
ing un de sir able ma te ri als which could en ter the sam ple
from the sur face (for ex am ple leaves, grass). Wa ters
were sam pled un der rel a tively sta ble me te o ro log i cal
con di tions – clear to partly cloudy with zero at mo -
spheric pre cip i ta tions and tem per a tures about 18 °C.
Im me di ately af ter hand ing over to the lab o ra tory, sam -
ples were sta bi lised and pre served with hy dro chlo ric
acid. [15].

Wa ter sam ples were also taken from hydrologic
mon i tor ing bore holes (so called in di ca tion holes) ex -
ist ing in the net work of the DIAMO state en ter prise.
The qual ity of ground wa ter from these holes is rou -
tinely mon i tored in the vi cin ity of sludge fields in the
Mydlovary area. In the case of ground wa ters from
hydrologic mon i tor ing bore holes, sam pling in volved
pump ing to the sur face (af ter tri ple ex change of wa ter
in the hole, if this was pos si ble, de pend ing on the
whole ca pac ity). Be cause of the te dious na ture of this
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Ta ble 2. Sampling sites in the lo cal ity Straž pod Ralskem

Sam ple
num ber GPS co -or di nates

De scrip tion of
the lo cal ity

Ma te rial

1
50°42'25.6"N Wastepond, south,

1st  sam ple
Soil

14°45'49.8"E

2
50°42'33.1"N Wastepond,

south-west Soil
14°45'34.1"E

3
50°42'44.5"N

Wastepond, west Soil
14°45'39.1"E

4
50°42'50.8"N Wastepond,

north-west
Soil

14°45'52.8"E

5
50°42'55.3"N Wastepond, north,

1st sam ple
Soil

14°46'26.0"E

6
50°42'54.5"N Wastepond, north,

2nd sam ple Soil
14°46'38.9"E

7
50°42'51.1"N Wastepond,

north-east Soil
14°47'09.4"E

8
50°42'39.7"N

Wastepond, east Soil
14°47'16.4"E

9
50°42'29.6"N Wastepond,

south-east Soil
14°47'09.1"E

10
50°42'16.4"N Wastepond, south,

2nd sam ple Soil
14°46'51.8"E

11
50°42'18.6"N Out let of the

Sedlicky fish pond Wa ter
14°47'12.6"E

12
50°42'19.9"N

Sedlicky fish pond Wa ter
14°47'16.5"E

13
50°42'23.4"N Outer drain age,

north Wa ter
14°47'05.6"E

14
50°42'18.2"N Outer drain age,

south Wa ter
14°47'02.0"E

Ta ble 3. Samplins sites in the lo cal ity Mydlovary

Sam ple
num ber

GPS
co -or di nates

De scrip tion of the lo cal ity Ma te rial

1
49°05'20.9"N

Wastepond KI, east Soil
14°20'19.0"E

2
49°05'25.7"N

Wastepond KI, weast Soil
14°19'50.4"E

3
49°05'42.0"N

Wastepond KIV/E, south Soil
14°20'57.0"E

4
49°05'56.6"N

Wastepond KIV/R, south-west Soil
14°20'01.6"E

5
49°06'12.0"N

Wastepond KIV/D, west Soil
14°19'51.8"E

6
49°06'18.4"N

Wastepond KIV/D, north Soil
14°20'15.6"E

7
49°06'22.8"N

Wastepond KIV/C2, west Soil
14°20'31.2"E

8
49°06'30.2"N

Wastepond KIV/C1Z, north Soil
14°21'17.3"E

9
49°06'12.4"N

Wastepond KIV/C1Z, east Soil
14°21'28.7"E

10
49°05'47.9"N Exit from the area of

wasteponds, di rec tion of
Olešnik

Soil
14°21'55.5"E

11
49°06'15.3"N

Wastepond KIII, south-east Soil
14°22'40.3"E

12
49°06'29.9"N Wastepond KIII, west

(near Olešnik)
Soil

14°22'32.9"E

13
49°05'16.7"N

Gut ter at wastepond KI Wa ter
14°19'58.4"E

14
49°06'00.2"N

Gut ter at wastepond KIV/D Wa ter
14°19'48.8"E

15
49°06'22.4"N Svatopluk brook

(near Olešnik)
Wa ter

14°21'37.0"E

16
49°06'33.4"N Svatopluk brook

(di rec tion Rojdanka)
Wa ter

14°22'31.1"E

17
49°06'00.8"N

Hydrologic bore hole HV-12 Wa ter
14°21'55.3"E

18
49°05'22.0"N

Hydrologic bore hole M-22 Wa ter
14°20'27.9"E

19
49°05'17.3"N

Hydrologic bore hole M-19 Wa ter
14°19'50.3"E

20
49°05'11.6"N

Hydrologic bore hole M-20 Wa ter
14°20'01.8"E

21
49°05'54.4"N

Hydrologic bore hole M-7 Wa ter
14°20'07.3"E

22
49°06'02.9"N

Hydrologic bore hole M-9 Wa ter
14°19'43.8"E

23
49°06'02.9"N

Hydrologic bore hole M-46 Wa ter
14°19'43.8"E

24
49°06'16.8"N

Hydrologic bore hole M-12 Wa ter
14°20'28.1"E

25
49°05'42.0N

Hydrologic bore hole M-2B Wa ter
14°20'57.8"E

26
49°05'46.5"N

Hydrologic bore hole M-31 Wa ter
14°21'50.6"E

27
49°05'40.1"N

Hydrologic bore hole M-24 Wa ter
14°21'27.4"E

28
49°06'26.2"N

Hydrologic bore hole HJ-510 Wa ter
14°21'30.5"E

29
49°06'32.3"N

Hydrologic bore hole HJ-508 Wa ter
14°21'10.1"E

30
49°06'39.2"N

Hydrologic bore hole HJ-505 Wa ter
14°20'42.7"E



sam pling pro ce dure, the work was car ried out with the
help of the per son nel in the Mon i tor ing Cen tre of
DIAMO. Af ter hand ing over, sam ples were sta bi lised
and pre served with hy dro chlo ric acid. The sam ples
were also fil tered, since ground wa ter from the holes
con tains con sid er able pro por tions of in sol u ble ma te -
rial [15].

Determination of the activity
concentration by gamma-ray spectrometry

Soil sam ples were sub mit ted to the Lab o ra tory
of Do sim e try and Mon i tor ing Ra dio ac tiv ity
SUJCHBO, v. v. i. Kamenna for anal y sis. The lab o ra -
tory is ac cred ited by the Czech In sti tute for Ac cred i ta -
tion in ac cor dance with the stan dard ̂ SN EN ISO/IEC 
17025:2005. Sam ples were trans ferred to Marinelli
ves sels and in tro duced in an ap pro pri ate ge om e try into 
the CAN BERRA 35 PLUS analyser, whose main com -
po nent was a CAN BERRA GC3018 Hy per-Pure Ger -
ma nium de tec tor. Cal i bra tion was car ried out and data
were col lected. Af ter the mea sure ment time, which
was se lected so that the mea sured value would be sta -
tis ti cally sig nif i cant, data were trans ferred to a desk top 
com puter with GAMWIN soft ware. If the sam ple ac -
tiv ity did not reach sta tis ti cal sig nif i cance, the re sult is
re ported as less than min i mally de tect able ac tiv ity
(MDA). The GAMWIN soft ware first per forms a
qual i ta tive anal y sis, which re sults in the iden ti fi ca tion
of cer tain iso topes by their gamma en er gies. Then fol -
lows the quan ti ta tive anal y sis in which the mass ac tiv -
ity is de ter mined for each radionuclide whose line has
been iden ti fied in the spec trum. In this pa per, we fo cus
on 226Ra and 238U. These two can not be mea sured di -
rectly, but their ac tiv i ties were as sessed from the de cay 
of their de cay prod ucts 214Pb, de cay en ergy 352 keV,
and 234Th, de cay en ergy 92.6 keV, resp. The back -
ground was mea sured pe ri od i cally ev ery three months
and the net area of the back ground peak of the most re -
cent mea sure ment was sub tracted from the net area of
the radionuclide peak. The MDA is de pend ent on
many fac tors (mea sur ing time, radionuclide en ergy,
back ground, etc.), but in most cases it was 0.001
mgL–1 and 0.03 BqL–1 for 238U and 226Ra, [15].

Determination of uranium
concentration in water samples

A vol ume of the 0.5 ml sam ple was evap o rated
on a plat i num dish at 105 °C, af ter which a ho mo ge -
neous mix ture of 98 % so dium flu o ride and 2 % lith -
ium flu o ride was added, and the mix ture was melted in
a muf fle fur nace at 105 °C. Af ter cool ing down, the
sam ple was mea sured as pre vi ously de scribed. Sam -
ples with high ura nium con tent were di luted and those
with low ura nium con tent were con cen trated by evap -

o ra tion of a suit able sam ple vol ume. The con cen tra -
tion of ura nium was then cal cu lated ac cord ing to the
fol low ing for mula [16]

c
y m

y y V
=

×

- ×

sample U

with  addition sample( )

where c [mgL–1] is the con cen tra tion of ura nium in wa -
ter, V [L] – the vol ume of the wa ter sam ple used for
anal y sis, ysam ple – the fluorometer read ing mea sur ing
the sam ple as it is, ywith ad di tion – the fluorometer read ing
mea sur ing the sam ple with an ad di tional known quan -
tity of ura nium, mU [mg] – the mass of the ura nium
added to the sam ple

Determination of the radium activity
concentration in water samples

De ter mi na tion of the 226Ra ac tiv ity per unit vol -
ume was car ried out in ac cor dance with stan dard PNU
830501 [17]. Ra dium was sep a rated and con cen trated
by pre cip i ta tion with bar ium sul phate and lead sul -
phate. The pre cip i tate pro duced was trans ferred to test
tubes and centrifugated. An ammoniacal so lu tion of
Chelaton 3 was then added and the pre cip i tate was dis -
solved by heat ing on a sand bath. Bar ium-ra dium sul -
phate pre cip i tate was pro duced by add ing gla cial ace -
tic acid. The pre cip i tate sep a rated was mixed with the
scintillator liq uid de tect ing al pha-par ti cles. The sed i -
ment was dried at 105 °C. The de ter mi na tion was car -
ried out as pre vi ously de scribed. The ac tiv ity per unit
vol ume was cal cu lated ac cord ing to the aforemen -
tioned for mula adapted for ra dium in stead of ura nium
[18].

Determination of the photon
dose equivalent rate

For the mea sure ment of the pho ton dose equiv a -
lent rate at the soil sam pling sites, a FH 40G ra di om e ter
was used. This de vice is a pro por tional coun ter for
gamma en er gies of 45 keV – 1.3 MeV. It is de signed for
the  mea sure ment  of  pho ton dose equiv a lent rates of
0.1 mSvh–1 to 0.99 Svh–1. The mea sure ment of the pho -
ton dose equiv a lent rate was car ried out at two dif fer ent
lev els above the ground sur face: 0.05 m and 1 m. Ad -
her ence to the same mea sure ment level at all the points
of mea sure ment was con trolled by a yard stick. Mea -
sure ments of the pho ton dose equiv a lent were pro vided
once at each height level for a time pe riod of five min -
utes. The re sult ing val ues are pre sented as the av er age
of val ues ob tained dur ing the time of mea sure ment.

For the mea sure ment of the dose equiv a lent level
dur ing walk abouts in the sur round ings of sludge fields, a
RT-30 spec trom e ter was used. This de vice is a NaI(Tl)
semi con duc tor coun ter for gamma en er gies of 20 keV – 3 

R. Havrankova, et al.: As sess ment of the Ra dio log i cal Sit u a tion in Dif fer ent ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2021, Vol. 36, No. 2, pp. 139-149 143



MeV. It is de signed for the mea sure ment of pho ton dose
equiv a lent rates of 0.01 mSvh–1 to 10 mSvh–1. The mea -
sure ment route was ad justed to the ter rain and ac ces si bil -
ity. The mea sure ment of the dose equiv a lent was car ried
out at a level of 1 m above the ground sur face. The data
from the in stru ment were trans ferred to the PC with the
help of the GeoView soft ware and sum ma rized in ta bles.
In the course of the mea sure ments, the GPS val ues were
au to mat i cally as signed to the val ues mea sured. Af ter in -
ter con nec tion of these data with a map base, this out come 
can be used for re search pur poses [19].

RESULTS AND DISCUSSION

Activity concentration of radium and
concentration of uranium in water samples

The re sults for ac tiv ity con cen tra tions of ra dium
and con cen tra tion of ura nium in wa ter sam ples are
sum ma rized in tab. 4. The val ues of the ura nium con -
cen tra tion ranged from 0.001 to 0.275 mgL–1, with an
av er age of 0.07 ± 0.07 mgL–1. The high est val ues of
the ura nium con cen tra tion, which were found in sam -
ples from the in flow to the wa ter treat ment plant
Pribram I (5.81 mgL–1) and the Bytízský brook be fore
that in flow (1.37 mgL–1) were in ten tion ally not in -
cluded in this range. These sam ples were taken for the
il lus tra tion of the ef fi cacy with which the mine wa ter
pro cess ing is car ried out.

Af ter the pu ri fi ca tion of these wa ters in the wa ter
treat ment plant Pribram I, at the point of re lease into the
en vi ron ment, the ura nium con cen tra tion is 0.081 mgL–1.
In 46 % of sam ples taken, the val ues of the ura nium con -
cen tra tion were lower than the de tec tion limit.

The ra dium ac tiv ity con cen tra tion mea sured in
these wa ter sam ples ranged from 0.030 to 0.093 BqL–1,
on av er age 0.06 ± 0.02 BqL–1 (again ex clud ing val ues
of the 226Ra ac tiv ity in sam ples from the in flow to the
wa ter treat ment plant Pribram I – 0.244 BqL–1 and the
Bytizsky brook be fore that in flow – 0.187 BqL–1 which
are not re leased into the en vi ron ment with out pro cess -
ing). In 58 % of sam ples taken, the ac tiv ity val ues per
unit vol ume were lower than the de tec tion limit. A con -
ser va tive ap proach was em ployed when han dling val -
ues un der the de tec tion limit. At those points of the
mon i tor ing grid where no ac tiv ity was de tected, the de -
tec tion limit was adopted as the value when cal cu lat ing
the av er age. The re sults ob tained are very sim i lar to
those of our pre vi ous study [20].

The val ues found here are also com pa ra ble to
those re ported by Rapantova et al. [4], who fo cused on
the as sess ment of mine wa ter qual ity in shut-down
ura nium mines in the Czech Re pub lic, where the 238U
con cen tra tion in most lo ca tions stud ied reached up to
0.45 mgL–1 and in the case of 226Ra lay be tween 0.03
and 1.85 BqL–1 with few ex cep tions.

When our val ues are com pared with those found
around Mydlovary by Tomašek et al. [11] eight years

ear lier, namely av er age ura nium con cen tra tions be -
tween 0.007 and 4.5 mgL–1 (max i mum val ues be ing
0.01 to 7.5 mgL–1), and av er age ra dium con cen tra tions 
mostly be tween 0.159 and 3.2 BqL–1 (with some ex -
cep tion ally high val ues up to 6.4 BqL–1), there is an
ob vi ous re duc tion in those ra dio ac tiv ity con cen tra -
tions, which is as so ci ated with remediation and re -
culti va tion work in the pro cess ing plant area.

A com par i son of our re sults with those of other
stud ies is shown in tab. 5.

The mea sured ra dium ac tiv ity con cen tra tions may
be com pared with de rived ra dio ac tiv ity con cen tra tions in 
wa ter de signed for hu man con sump tion in ac cor dance
with the Eu ro pean Coun cil Di rec tive 2013 /51/
EUROATOM [21]. These are of 3 BqL–1 and 0.5 BqL–1

for 238U and 226Ra, re spec tively. These val ues are cal cu -
lated  for a dose of 0.1 mSv at an in take of 730 litres an nu -
ally.  For  the  cal cu la tion  of  the  to tal  ef fec tive  dose
from the  wa ter in ges tion, one can cal cu late that in an
adult in di vid ual, the ura nium con cen tra tion in wa ter of
0.12 mgL–1 (equiv a lent 3 BqL–1) cor re sponds to the to tal
in dic a tive an nual dose of 27  Sv. An ac tiv ity con cen tra -
tion of ra dium of 1 BqL–1 cor re sponds to the to tal ef fec -
tive an nual dose of 49  Sv. The mea sured val ues can also
be com pared with rec om mended val ues of radionuclide
con tents in drink ing wa ter ac cord ing to the World Health
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Table 4. Results of radium and uranium
concentration in water

Sample
No. Area

Radium
concentration

[BqL–1]

Uranium
concentration

[mgL–1]

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 Straž pod Ralskem <0.030 0.002

6 Straž pod Ralskem <0.030 0.002

7 Straž pod Ralskem <0.030 <0.001

8 Straž 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



Or ga ni za tion of 10 BqL–1 for 238U and 1 BqL–1 for 226Ra
[26]. In ac cor dance with the valid Czech leg is la tion [27],
within the frame work of the sys tem atic mea sure ment
and eval u a tion of the con tent of nat u ral radionuclides in
wa ter, it is nec es sary to de ter mine the ef fec tive dose if the 
lev els of the to tal al pha-par ti cle ac tiv ity per unit vol ume
can ex ceed 0.2 BqL–1. How ever, the val ues men tioned
do not take into ac count the chem i cal tox ic ity of ura -
nium.

The val ues mea sured within the frame work of our 
re search here are all un der the es tab lished Czech [27],
Eu ro pean [21] as well as in ter na tional lim its [26] and
about half the sam ples were be yond the de tec tion limit.

Measurement of activity concentrations
in soil samples

For re sults of the anal y ses see fig. 5. The val ues
of the 226Ra ac tiv ity con cen tra tion for the Pribram area 
ranged from 32 to 316 Bqkg–1 (av er age 111 ± 95
Bqkg–1), for the Straž pod Ralskem area from 13 to 88
Bqkg–1 (av er age of 34 ± 21 Bqkg–1) and for the
Mydlovary area from 34 to 254 Bqkg–1 (av er age of 82
± 66 Bqkg–1). The high est value mea sured was found
in a soil sam ple com ing from the Pribram area – sludge 
de po si tion field I Bytíz south east. The val ues of the
238U ac tiv ity con cen tra tion range from 29 to 389
Bqkg–1 (av er age of 134 ± 112 Bqkg–1) for the Pribram
area, 14 to 54 Bqkg–1 (av er age of 30 ± 12 Bqkg–1) for
the Stráž pod Ralskem area and 16 to 238 Bqkg–1 (av -

er age of 86 ± 56 Bqkg–1) for the Mydlovary area.
These val ues are very sim i lar to the nat u ral back -
ground re ported for the Czech Re pub lic by
UNSCEAR [28], where for the 238U con cen tra tion in
the soil the orig i nally men tioned range is of 68 to 220
Bqkg–1 and for 226Ra it is of 76 to 275 Bqkg–1.

The val ues mea sured within the frame work of
our cur rent study cor re spond to those of ear lier stud -
ies. For ex am ple, in our own pre ced ing mea sur ing
cam paign in the area around MAPE Mydlovary [20],
about ten years ago, the av er age value of the ac tiv ity
con cen tra tion was of 14.8 to 219.6 Bqkg–1 for 226Ra
and 22.2 to 292.6 Bqkg–1 for 238U. At the be gin ning of
the 1990s, how ever, max i mum val ues of the ura nium
con tents were be tween 60 and 680 mgkg–1 and those
of ra dium con tents were of 2235 to 13697 Bqkg–1 [29], 
which shows the effectivity of remediation and re culti -
va tion car ried out in the mean time.

Some what higher than nor mal val ues of ra dio ac -
tiv ity in soil have been found else where in Eu rope where
ura nium min ing or pro cess ing was car ried out. For ex -
am ple, Carvalho et al. [30] re ported val ues of 230 ± 10
Bqkg–1 for 238U and 619 ± 96 Bqkg–1 for 226Ra in soil
sam ples from cen tral Por tu gal; the val ues in the tail ing
pond were in the range of tens of Bqkg–1. Sim i lar val ues
of ura nium and ra dium con tent in soil (typ i cally hun -
dreds of Bqkg–1) are also men tioned by the same au thors
in their later work [31]. The as sess ment of the ura nium
min ing im pact on the en vi ron ment and health of per sons
in Por tu gal was fur ther con sid ered by Carvalho et al. [32, 
33] as well as by Pereira et al. [34]. The 226Ra ac tiv ity
con cen tra tions were also re ported for the area of Stara
Stara Planina in Ser bia [35] where there are for mer ura -
nium mines, and in other ar eas which the au thors con sid -
ered po ten tially af fected due to their lo ca tion close to the
min ing fa cil i ties, or be cause of ter rain hydrographies and 
geo chem i cal prop er ties. Val ues of tens to hun dreds of
Bqkg–1 (45 ± 2 to 458 ± 20) were found here, whereas
else where in ar eas of Stara Planina in which min ing ac -
tiv i ties were never car ried out, the re corded val ues were
be tween 95 ± 4 and 256 ± 8 Bqkg–1. In the case of 238U,
val ues ranged from 22 to 237 Bqkg–1 in ar eas af fected by
ura nium pro cesses, and from 13 to 49 Bqkg–1 in un af -
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Table 5. Comparison of radium and uranium concentration
in waters with those of other studies

Location
226Ra concentration

[mBqL–1]

238U concentration
[µgL–1]

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

Fig ure 5. Re sults of 226Ra
and 238U ac tiv i ties in
sam ples taken



fected ar eas. Dimovi} et al. [36] also fo cused on the area
of Stara Planina and mea sured sim i lar ac tiv ity con cen tra -
tions of 226Ra around the ura nium mines as pre vi ously
men tioned (from tens to hun dreds of Bqkg–1). At one site 
he found a value of 2600 ± 100 Bqkg–1, which was in a
sam ple from the Mezdreja tail ings pond. Ac tiv ity con -
cen tra tions of tens of Bqkg–1 for both 226Ra and 238U
were re ported by Ili} et al. [37], who ana lysed the
radionuclide con tent of soil and clay sam ples in the area
of the Zbegovi open-pit mine in Donje Crniljevo, Ser bia.
The av er age value for 226Ra was 56 ± 2 Bqkg–1 in soil and 
61 ± 2 Bqkg–1 in clay ma te rial from Zbegovi, for 238U it
was 23 ± 8 Bqkg–1 in soil and <10 Bqkg–1 in clay ma te -
rial. These val ues for 238U are some what higher than
those pre sented by Markovi} et al. [38] for ar eas of Ser -
bia not af fected by ura nium min ing. El e vated 238U and
226Ra val ues were also re ported by Križman et al. [39] in
sed i ments in the vi cin ity of a ura nium mine in the area of
Žirovski vrch in Slovenia. Winkelmann et al. [40] con -
ducted ae rial mea sure ments (with a gamma-ray spec tro -
met ric sys tem car ried by a he li cop ter) at sev eral sites that
con tain res i dues from ura nium mines, land fills and tail -
ings ponds in Sax ony and Thuringia in Ger many, and
com pared these val ues with the re sults of ground mea -
sure ments. The mean 226Ra ac tiv ity con cen tra tions in the
dif fer ent waste rock dumps were found to be in the range
370 to 1600 Bqkg–1. The high est mean 226Ra ac tiv ity
con cen tra tions for the tail ings ponds were around 1300
Bqkg–1. En vi ron men tal prob lems in con nec tion with
remediation pro vi sions in the sur round ings of the for mer
ura nium plant in Pridnieprov in Ukraine were stud ied by
Lavrov and Voitsekhovych [41], who men tioned 226Ra
and 238U ac tiv ity con cen tra tions of hun dreds to thou -
sands of Bqkg–1. Some val ues mea sured in these ar eas
are given in tab. 6. 

Determination of the dose equivalent rate

Gamma dose equiv a lent rates were mea sured at
the same sites as the soil sam ples were taken. The mea -
sure ments were car ried out at two dif fer ent lev els
above the ground sur face (0.05 m and 1 m). The re sults 
are shown in fig. 6.

At a level of 0.05 m above the ground sur face,
the  val ues  range  from  0.18  µSvh–1  to 0.48 µSvh–1

for the Pribram area, av er age 0.3 ± 0.1, from 0.08 to
0.11 µSvh–1 for the Straž pod Ralskem area, av er age
0.10 ± 0.01, and from 0.08 to 0.14 µSvh–1 for the
Mydlovary area, av er age 0.10 ± 0.02. At a level of 1 m, 
the val ues were al most the same: 0.05 to 0.18 µSvh–1

for the Pribram area (av er age 0.1 ± 0.1), 0.07 to 0.12
µSvh–1 for the Straž pod Ralskem area (av er age 0.10 ±
0.02) and 0.07 to 0.14 µSvh–1 for the Mydlovary area
(av er age 0.10 ± 0.02). The av er age val ues for both lev -
els, 0.05 and 1 m, for all three ar eas of in ter est taken to -
gether were of 0.15 ± 0.10 µSvh–1. 

The av er age val ues at both lev els are very close
to val ues re ported by the Mon i tor ing Cen tre of
DIAMO, state en ter prise, i. e. 0.18 µSvh–1. The high -
est ra dium and ura nium ac tiv ity val ues mea sured cor -
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Table 6. Comparison of radium and uranium concentration
in soils with those of other studies

Location
Activity

concentration
226Ra [Bqkg–1]

Activity
concentration
238U [Bqkg–1]

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
  Soil I
  Soil II

2096 ± 180
832 ± 62
659 ± 20

3257 ± 94
1526 ± 48
588 ± 44

Serbia [35] 45-458 36-206

Serbia [36]
  Soil
  Clay material

<2-98
61 ± 2

<7-70
<10

Serbia [37]
Mezdreja clay tailings

28-400
2600 ± 100

–

Serbia [38] 22-45 22-51

Slovenia [39] 8630 ± 340 995 ± 80

Germany [40] 370-1600 –

Ukraine [41] 30-36500 –

Fig ure 6. Dose equivelent rate
in ar eas of in ter est at lev els of
0.05 m and 1 m above sur face



re spond to the high est value of the gamma dose equiv -
a lent rate at the site of sam pling; they were ob served in
the Pribram area, at the sludge de posit I Bytíz, south -
east. 

In our ear lier study of the for mer MAPE Mydlovary 
area [20], mea sure ments of the gamma dose equiv a lent
rate at the same heights were car ried out, the re sults from
both ex am i na tions be ing very sim i lar.

In the sur round ings of the sludge de pos its,
gamma dose equiv a lent rates were mea sured along a
path cir cum scrib ing the de posit. The path was ad -
justed to the ter rain and ac ces si bil ity. Mea sure ments
of the dose equiv a lent rate were car ried out at a level of 
1 m above the ground sur face with the help of a yard -
stick. These con verted data served as a ba sis for plot -
ting graphs de pend ing on par tic u lar ar eas of in ter est.

The high est val ues were found in the Pribram area
with an av er age of 0.165 µSvh–1 and a max i mum value
near the south ern part of the sludge de posit, part I, where
the dose rate was 0.574 µSvh–1 (49°41'10.5"N,
14°03'42.5"E). In the Straž pod Ralskem area, the av er -
age value of the data mea sured was 0.040 µSvh–1. The
max i mum was mea sured at the very be gin ning of the
path near the south ern part of the sludge de posit stage I, at 
bore hole TBPK-16 (50°42'21.1"N, 14°46'04.9"E), and
was of 0.080 µSvh–1. In the third case, in the Mydlovary
area, the av er age value was 0.089 µSvh–1, and a max i -
mum value of 0.396 nSvh–1 was mea sured near the
north ern part of the KI sludge de posit, sev eral tens of m
be hind the exit from the as phalt road be hind the gate
(49°05'34.7"N, 14°20'01.7"E).

The val ues mea sured here can be com pared with
the nat u ral back ground es ti mated by for the Czech Re -
pub lic, 0.14 µSvh–1, which is em ployed in cases where 
it is or was im pos si ble to use di rect back ground mea -
sure ments at the site. The State In sti tute of Ra di a tion
Pro tec tion (SURO) [42] spec i fied that the ra dio ac tiv -
ity in the Czech Re pub lic gives rise to gamma ra di a -
tion at the ground sur face level at dose equiv a lent rates 
be tween 0.006 and 0.245 µSvh–1. In the case of the
Straž pod Ralskem area, we can state that the val ues
mea sured are mostly at the lower end of this range. It
can there fore be as sumed that ra di a tion pro tec tion
mea sures are ef fec tive. In the Mydlovary area, the av -
er age val ues of the dose equiv a lent rate are also mostly 
be low the nat u ral back ground, but the max i mum value 
is con sid er ably higher, and pos si bly in di cates a re -
main ing point con tam i na tion. In the area of the
Pribram sludge de pos its, the mea sured av er age as well 
as max i mum val ues of the dose equiv a lent rate clearly
ex ceed those for the nat u ral back ground. How ever,
both for Mydlovary and Pribram, the de vi a tion from
the range of nat u ral dose equiv a lent rates is not ex -
treme, i. e. about a fac tor of 2 at most.

The val ues mea sured can also be com pared with
the world wide value of the dose equiv a lent rate from
gamma rays, which is 0.058 µSvh–1  [28]. The av er age
val ues in the ar eas of Mydlovary and more so in

Pribram can ob vi ously be con sid ered as in creased, but
again by no more than a fac tor of 2.

Fi nally, we will try to as sess the im por tance of
par tic u lar ex po sure paths for var i ous groups of ex -
posed in di vid u als. The ex ter nal gamma-ray ra di a tion
is par tic u larly of im por tance for the eval u a tion of the
ex po sure of work ers mov ing in the area of sludge de -
pos its, es pe cially in the course of car ry ing out re cov -
ery work in the area. These doses can be and are mon i -
tored by the re spon si ble state com pany DIAMO, and
their pub lished re ports in di cate that they are well
within the lim its for pro fes sional ex po sure. The ex po -
sure of work ers at the site in the years im me di ately fol -
low ing the shut-down of the fa cil ity were al most ex -
clu sively from gamma ra di a tion, and their an nual
ef fec tive doses were 2-4 mSv, but these can be ex -
pected to have been fur ther re duced with the prog ress
in remediation [43]. 

An ex po sure of the pop u la tion in the sur round -
ing vil lages is clearly out of the ques tion be cause of the 
dis tance. An ex po sure route that might have to be con -
sid ered is the in ha la tion of ra don and its de cay prod -
ucts, but again it would af fect only work ers on-site,
whereas the dis tance to set tle ments is such that ra don
from MAPE is not of con cern for the gen eral pop u la -
tion. As to in ges tion, given the low immission into the
at mo sphere and wa ter, the pos si bil ity of af fect ing ei -
ther work ers or the pop u la tion of the sur round ing vil -
lages via this route would seem neg li gi ble.

If, just for the sake of a con ser va tive es ti mate, we 
use the re sults of the gamma dose rate (in mGyh–1 ) for
the cal cu la tion of an an nual ef fec tive dose, ap ply a fac -
tor of 0.7 SvGy to con vert the ab sorbed dose in air to
an ef fec tive dose for adults and as sume an out door oc -
cu pancy fac tor (the frac tion of time spent out doors) of
0.2 [28], then the av er age value of the an nual ef fec tive
dose could be 0.2 mSv in the Pribram area, 0.05 mSv in 
the Straž pod Ralskem area and 0.01 mSv for the
Mydlovary area. The max i mum val ues would be 0.7
mSv in the Pribram lo ca tion, 0.01 mSv in the Straž pod 
Ralskem lo ca tion and 0.49 mSv in the Mydlovary lo -
ca tion. 

These ex po sures would be well be low the value
of 1 mSv per year, which is es tab lished by the ICRP
[44] for the gen eral pop u la tion, and cer tainly small in
com par i son with the av er age an nual ef fec tive dose
from nat u ral sources of 2.4 mSv [45].

CONCLUSION

An eval u a tion of en vi ron men tal con tam i na tion
around ura nium in dus try fa cil i ties in the Czech Re -
pub lic was car ried out through as sess ment of ra dio ac -
tiv ity con cen tra tions in sam ples of sur face wa ter,
ground wa ter and soil, and of gamma dose equiv a lent
rates in three ar eas of the Czech Re pub lic which are
known to be af fected. The mea sured val ues of the ura -
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nium and ra dium ra dio ac tiv ity are slightly higher but
still com pa ra ble with the nat u ral back ground lev els.
They cor re spond to the na ture of the ac tiv i ties car ried
out in these ar eas and to the remediation and re culti va -
tion ef forts of re cent years. Some what higher val ues
were found near sludge de pos its, which re main
long-term con tam i na tion sources. The re sults of our
mea sure ments and anal y sis are com pa ra ble with those
from sim i lar re search pro jects im ple mented in the
Czech Re pub lic as well as abroad.

The mea sured val ues of the gamma dose equiv a -
lent rate sug gest that work ers car ry ing out remediation 
and re culti va tion work in the ar eas of in ter est are not at 
risk of ex ceed ing dose lim its for ra di a tion work ers and 
peo ple liv ing nearby are not at risk of ex ceed ing the
dose lim its es tab lished for the gen eral pop u la tion. We
have pro vided con ser va tive es ti mates of doses for
peo ple that would stay in the area for rel a tively long
times and have come to the con clu sion that these are
still be low the ac cept able doses for the gen eral pop u la -
tion ac cord ing to the ICRP.
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Renata HAVRANKOVA, Eva [IMA^KOVA, Frido ZELZER,
Jir`i HAVRANEK, Zuzana FRAJTINGER SKALICKA

PROCENA  RADIOLO[KOG  STAWA  U  RAZLI^ITIM  PODRU^JIMA
^E[KE  POD  UTICAJEM  VA\EWA  I  PRERADE  URANIJUMA

Predstavqena su merewa koncentracije aktivnosti prirodnih radionuklida u oda-
branim uzorcima vode i zemqi{ta uzetim sa podru~ja pod uticajem industrije uranijuma u okolini
Pribrama, Stra`a pod Ralskem i Midlovari, u ^e{koj. U ovim oblastima tako|e je odre|ena
ja~ina ekvivalenta doze na lokacijama uzorkovawa i dodatno u okolini muqevitih poqa. Koncen-
tracija aktivnosti uzoraka vode iznosila je 0.06 ± 0.02 BqL–1 za 226Ra i 0.07 ± 0.07 mgL–1 za 238U, dok je
sredwa koncentracija aktivnosti uzoraka zemqi{ta bila 74 ± 70 Bqkg–1 i 80 ± 77 Bqkg–1 za 226Ra i
238U, respektivno. Prose~na vrednost ja~ine ekvivalenta doze bila je 0.15 ± 0.1 µSvh–1. Ove
vrednosti su u skladu sa prirodom industrijskih aktivnosti koje su se odvijale u ovim oblastima i
uporedive su sa rezultatima merewa na sli~nim lokacijama {irom sveta.

Kqu~ne re~i: radioaktivnost `ivotne sredine, koncentracija aktivnosti, ja~ina
..........................ekvivalenta doze, industrija uranijuma 


