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Abstract. Forty-five years (1946-1990) of intensive uranium exploration and exploitation in the Czech Republic
led to mining at 64 uranium deposits. These mining and milling activities left numerous accumulations of waste
rock material in the landscape. The radioactivity of these man-made accumulations was measured and compared
to the natural radiation environment. Waste rock dumps at the uranium deposits Pfibram, Rozna, Jachymov,
Straz-Hamr and deposits in the Zelezne Hory area show surface gamma dose rates mostly in the range of 200-
1000 nGy/h, with a uranium concentration 10-100 ppm eU. An extremely high radioactivity of 3000-4200 nGy/h
was detected at the extensive uranium processing tailings impoundments at Straz. Terrestrial gamma dose rate of
regional geological units in the Czech Republic is in the range of 6-245 nGy/h. Reclamation and recultivation of
dumps, control of their radioactivity and restriction of their accessibility are the major measures introduced to
protect the public.

1. INTRODUCTION

Both natural and man-made sources of radiation contribute to doses absorbed by the populace.
Protection against ionizing radiation, defined by the as low as reasonably achieavable (ALARA)
conception, is based on knowledge, monitoring and assessmement of the environmental radiation.
Radiological impacts on humans are stated in terms of absorbed dose. Doses to the public are related
to activity sources, their pathways, form of irradiation and exposure time. Uranium mining and
processing activities can significantly affect the local radiation environment and may result in some
radiological impact on workers, the general public and the environment.

Uranium mining and milling involves disruption of the land surface, removal and transportation of
large volumes of rock material, extraction of uranium from the ore and deposition of waste material.
Waste rock dumps and tailings impoundments, which amount to millions of cubic metres by volume,
are radioactive anthropogenic man-made/features at the earth's surface, which may pollute soil,
surface and underground water and the atmospheric air. A joint NEA/IAEA publication [1] describes
comprehensively environmental aspects related to the uranium production cycle.

The radioactivity of uranium cycle facilities is usually assessed by direct measurements. A
comparison with the natural radiation sources gives an estimate of their radiological significance in
the environment.

2. MONITORING OF THE ENVIRONMENTAL RADIATION

Airborne, carborne and hand-carried instruments, for the detection of gamma rays, are used for
regional and local studies of the environmental radioactivity, which can be expressed in gamma dose
rate (nGy/h). Radiometric data are affected by specific features, namely by the statistical character of
radioactive decay, detectors and technical parameters of instruments, calibration standards and
calibration procedures, sampling time and the geometry of field measurements. Climatic changes,
precipitation, variation of atmospheric radon, and absorption of gamma rays by biomass, contribute to
field radiometric data deviations. Comparison tests of various field instruments showed their mutual
deviations in detected terrestrial radiation to be up to 20 nGy/h [2] and proved their capability to
distinguish the environmental radiation sources at this level. Modern gamma ray spectrometers give in
situ data of concentrations of the natural gamma ray emitting radionuclides, in particular of K, U and
Th in the rock environment, and enable the specification of their accumulation in man-made features.
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3. NATURAL RADIATION IN THE CZECH REPUBLIC

The territory of the Czech Republic (78 863 km2) is formed by magmatic, sedimentary and
metamorphic rocks differing in their radioactivity. Systematic airborne and ground radiometric
measurements covered the whole country and resulted in the compilation of a Radiometric map of the
Czech Republic 1:500 000 [3]. The range of terrestrial gamma dose rate 6-245 nGy/h, with a mean
65.6 nGy/h, indicates the regional radioactivity to be above the world average. Variscian granitoids in
the Bohemian Massif exhibit enhanced radioactivity and are considered to be a potential source of
uranium mineralization. The lowest radiation 15-30 nGy/h was observed over ultrabasaltic rocks,
amphibolites, serpentines, quartzites, limestones and aeolian sands, while granites, granodiorites,
syenites, porphyres and phonolites exhibit dose rate often exceeding 150 nGy/h.

Cosmic radiation, which is a component of natural radiation sources, is dependent on the altitude of
the terrain above sea level, and corresponds to 32-38 nGy/h in the region.

4. RADIOACTIVITY OF URANIUM MINING FACILITIES

Forty-five years (1946-1990) of intensive uranium exploration and exploitation in the Czech Republic
led to the discovery of thousands of radiometric anomalies. Out of the 16 846 uranium bearing
mineralized zone, 164 uranium occurrences underwent a detailed investigation, and 64 uranium
deposits were mined. Exploration and mining activities left about 1700 waste rock heaps, which
include 350 bigger dumps, 874 exploratory and mining shafts and adits, 16 open pits and 16 tailings
impoundments [4]. Uranium mining rock material deposited on the earth surface has been the subject
of various radiometric measurements. Recent (year 2000) data on the radioactivity of uranium cycle
facilities, measured by a portable scintillation gamma ray spectrometer GS-256, reflect the
radionuclide contents in waste rocks and tailings and their radioactivity. The spectrometer GS-256
was calibrated at the calibration facilities in Bratkovice (Czech Republic) and Langenlebarn (Austria).

The Pfibram uranium deposit (central Bohemia) is an endogenous vein type deposit in the
Moldanubian metallogenic zone. Uranium mineralization occurs mostly in upper Proterozoic clay and
sandy rocks in the exocontact of the central Bohemian pluton of Variscian age. The mineralization is
controlled by tectonic features of the geological setting. Numerous waste rock dumps of the former
major uranium production area in the Czech Republic indicate the dose rate 100-1000 nGy/h and the
uranium concentration in the range 20-160 ppm eU. The waste rock dumps, of height 40-50 m, are a
source of local enhanced radiation in closed, inaccessible areas.

The Rozna uranium deposit (central Moravia) is associated with a complex of metamorphosed
sediments and effusive volcanics of Precambrian age. The host rock consists of migmatized gneisses
and amphibolites of the Moldanubian zone, exhibiting a dose rate of 40-80 nGy/h and a concentration
of 2-4 ppm eU. The uranium mineralization is of hydrothermal origin and occurs as veins and
disseminations in mylonitized fault structures. Reclaimed waste rock dumps of the Rozna deposit area
give a surface dose rate 80-150 nGy/h and uranium concentration in the range 6-18 ppm U, while
ongoing uranium mining activities handle highly radioactive ore.

Uranium mining waste rock dumps of a series of uranium deposits along the Zelezne hory fault
(E Bohemia) exhibit a dose rate of 100-600 nGy/h and a concentration of 10-100 ppm U, with local
maximum 6000 nGy/h and 1000 ppm U, corresponding to a boulder of U ore, while numerous small
exploration heaps are at the level of the regional radioactivity of 50-100 nGy/h.

The Jachymov uranium deposit (NW Bohemia) is a vein type deposit in the Saxonian-Thuringian
metallogenic zone. Uranium mineralization occurs in a mica schists complex and is tectonically
controlled. The historical uranium deposit Jachymov was abondoned in the 1960s, leaving numerous,
large waste rock dumps which have been partly removed, or reclaimed and incorporated into the
landscape. The recent measurement on the waste rock dumps showed the surface dose rate to be 120-
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330nGy/h and the uranium concentration 15-50 ppm U, while the surrounding rocks of the area
exhibit a dose rate 60-120 nGy/h and a U concentration 4-8 ppm U.

The Straz-Hamr uranium deposit is a sandstone type. The uranium mineralization was encountered in
fresh-water sediments and shallow marine sediments of Cenomanian age, extending over Permo-
Carboniferous phyllites and deeply weathered granites of the upper Proterozoic basement. At the
Hamr mine, relatively low dose rate values of 120-220 nGy/h were measured on the waste rock dump,
and high radioactivity spots were traced along the U ore transport road at the former uranium ore
stock pile. Sedimentary rocks of the area, mostly Cretaceous sandstones, belong to low radioactivity
rocks. The dose rate measured in the area was in the range of 20-60 nGy/h. Extremely high
radioactivity of 3000-4200 nGy/h and more than 1000 Bq/kg of 226Ra was detected at extensive
uranium processing plant tailings impoundments at Straz. Radioactive material in the tailings
impoundment of the stage I has been partly covered by a 0.8 m thick layer of transported rock,
reducing the surface dose rate to 260-350 nGy/h. Similar high radioactivity was referred over the
extensive Mydlovary tailings impoundments (S Bohemia). Covering of tailings impoundments also
prevents the environmental pollution by highly radioactive dust particles released from tailings. The
dust particles show high specific activity on the order of 1 to 9 000 Bq/kg of 226Ra. Typical levels of
measured radioactivity in reported regions are summarized in Table I.

5. IMPACT OF THE URANIUM PRODUCTION CYCLE ON THE ENVIRONMENT

The waste rock material from uranium deep mining, which was used locally for road constructions in
the 1950s, can be traced by airborne and ground radiometric measurements, hi the Pfibram area
(central Bohemia), sections of exposed road surface have a dose rate of 70-600 nGy/h with a local
maximum 1200 nGy/h, and a mean 290 nGy/h, leading to an estimated annual effective dose to
population of 0.17 mSv [5]. Enhanced radioactivity was observed at river banks and sediments of
river flows from the uranium mining areas. The Rolava and Ohfe rivers (NW Bohemia), transported
rock material and wastes from the former uranium processing plant Nejdek in the Jachymov mining
region (NW Bohemia) and enriched the bank sediments to 10 ppm U. The Ploucnice river
contamination resulted from the long term mining activities at the Straz-Hamr U deposits
(N Bohemia) in the 1960s and 1970s. A relatively narrow, 20 km long, zone along the Ploucnice river,
exposes a variable dose rate of 200-600 nGy/h with local maxima of 600-1000 nGy/h caused by
increased concentration of U, Ra and other elements. A comprehensive study of contaminated zones
resulted in the recommendation of their exclusion from agricultural use. A study of radon exhalation
from vast tailings impoundments at Straz, conducted by the state enterpise DIAMO in the 1990s,
showed a low atmospheric radon concentration at various climatic conditions of 3-15 Bq/m3, at a
distance of one km from the tailings impoundments.

6. RADIOACTIVITY OF OTHER RADIATION SOURCES IN THE ENVIRONMENT

The quoted radiation data on the uranium cycle facilities can be compared to other industrial-based
geological materials and other radiation data. The accumulation of natural radionuclides, especially of
U, in coal beds and coal burning products, results in enhanced radioactivity. Coal mining heaps and
slags in the Trutnov-Hronov area (NE Bohemia) showed the dose rate of 200-600 nGy/h with a
maximum of 840 nGy/h, caused by the uranium enriched coal, currently containing an average of 10-
20 ppm U, and up to 200 ppm U or more in individual samples. The average indoor radon activity
concentration of 140 Bq/m3 in the Czech Republic results in a personal annual effective dose 2.5 mSv.
An identical effective dose would be generated by a year-long stay in an area with a 408 nGy/h dose
rate. Natural sediments of the river Luznice (S Bohemia), showing an enhanced concentration of Th
rich heavy minerals monazite and zircon, transported from adjacent cristalline rocks, exhibit a gamma
dose rate of 150 nGy/h. Laboratory analyses of these sediments indicated 2.6% K, 6.5 ppm U and
33 ppm Th.
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TABLE I. CONCENTRATION OF K, U AND TH AND THE GAMMA DOSE RATE IN SOME
AREAS OF URANIUM MINING IN THE CZECH REPUBLIC

Uranium mining area Object

Pfibram

Rozna

Zelezne hory

Jachymov

Straz-Hamr

tailings
tailings

Bytiz
waste rock dump

shaft 16
waste rock dump

Haje
waste rock dump

Brod
waste rock dump

Rozsochy
recultivated dump

shaft R4
recultivated dump

Olsi
dump

recultivated dump

waste rock dumps

Jachymov
waste rock dump

shaft Adam
waste rock dump
shaft Svornost I

waste rock dump
shaft Barbora

waste rock dump

shaft Hamr I
waste rock dump

Straz
tailings impoundment side

(% K)

2.3-3.3

2.3-2.7

2.9-3.1

2.8-3.1

1.8-2.7

1.6-2.6

2.3-2.4
1.4-1.9

3.9-4.4

2.5-3.1

1.8-2.4

1.1-3.8

1.3-2.4

1.0-1.4
impoundment plateau uncovered 6.5
impoundment plateau covered 2.8-3.9

Concentration
(ppm eU)

82-162

8-74

26-37

26-37

5-14

10-12

33-64
8-18

10-100

16-31

7-16

5-39

23-48

14-29

41-98
687

32-52

(ppm eTh)

8-15

7-17

9-11

10-12

8-11

7-10

9-10
8-11

14-17

10-13

8-12

9-13

7-11

8-9
73

11-13

Dose rate
(nGy/h)

521-996

120-479

214-346

213-275

86-134

102-121

241-419
90-149

100-600

180-265

112-153

80-280

175-332

115-223

267-599
4164

264-355

7. RECLAMATION OF URANIUM MINING WASTE DUMPS AND IMPACT
ASSESSMENT

The surface radioactivity on waste rock dumps and the escape of radioactive soil particles are usually
reduced by covering the waste dumps with a non-radioactive rock or soil layer. Theoretical
calculation of the decrease of surface gamma radiation, considering the source and the non-
radioactive layer as a seminfinite space, and the absorption of gamma rays given by the integral
exponential function of the second kind (E2), show a substantial drop of radioactivity with increasing
thickness of the shielding layer. For the gamma radiation of the uranium-radium decay series,
represented by the gamma rays of 214Bi of the energy 1.76 MeV, and the density of shielding soil
material 1800 kg/m3, a thickness of the shielding soil layer 5 cm, 10 cm, 20 cm and 50 cm would
reduce the surface gamma radiation to 37%, 18%, 5% and <1% respectively, of the original value.
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Since experimental data show a higher gamma radiation and lower shielding effect, migration of
radon (222Rn), a parent element for 214Bi and 214Pb, the major gamma emitting sources in the 238U
decay series, plays an important role. In addition to the thickness of the shielding layer, increased
effectiveness can be achieved by using soils of low gas permeability, which prevent radon migration
from the underlying rock or tailings into the shielding layer.

The medium and highly radioactive accumulation of waste material from the uranium cycle are
periodically monitored under various programmes, supported by state funding, and gradually
revegitated. The locally enhanced external radiation of isolated facilities, generally outside urban
areas, has lower environmental impact than the possible escape of contaminated seepage water from
tailings ponds and certain heaps. The recommended annual effective dose limit of 1 mSv for the
public may be considered a standard for relative assessment of radiation sources and absorbed doses.
Prioritization for the reclamation of uranium cycle wastes may be realized in accordance with
estimated annual effective doses, corresponding to the level of measured radioactivity, its nature, and
exposure time.

Results of recent measurements at uranium mining facilities in several chosen areas in the Czech
Republic show the external radiation of waste dumps to be mostly in the range of 200-1000 nGy/h
and individual cases of higher radioactivity. In comparison to the terrestrial radiation of regional
geological units in the Czech Republic of the range 6-245 nGy/h, the enhanced radioactivity of the
waste accumulation is evident. Since absorbed doses from external radiation are multiples of the dose
rate, the exposure time and a conversion constant [6], the final product can be effectively reduced by
limiting the exposure time. For the public, uranium mining heaps and dumps are mostly treated as
closed areas and the use of waste material is controlled and restricted by governmental regulations
and radiation limits. On the other hand, observed radiation levels at highly radioactive dumps
emphasize the need for their control, documentation and application of radiation protection measures.
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