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Uranium isotopes in waters and bottom Zofia Pietrzak-Flis,
. . . Iwona Kaminska,
sediments of rivers and lakes in Poland Edward Chrzanowski

Abstract Activity concentrations of 28U, %*U and *°U were determined in waters and bottom sediments in two main rivers in
Poland (the Vistula and Odra rivers) with their tributaries, in four coastal rivers and in six lakes. Concentrations of *U and
24U were compared with the concentrations of “°Ra determined in another study. As compared with concentrations in coastal
rivers and in lakes, enhanced concentrations of the radionuclides were observed in water and bottom sediments in the upper
and middle courses of the Vistula river, whereas in the Odra river the enhanced concentrations were present only in the bottom
sediments. The enhanced concentrations in the Vistula river result from the discharge of coal mine waters from the Upper
Silesian Coal Basin, and they indicate that the discharge was continued. The enhanced concentrations in the Odra river observed
only in bottom sediments indicate that the discharge occurred in the past. The *U/*U ratio for the bottom sediments was
close to unity, indicating that these isotopes were close to equilibrium, whereas for water the average ratio was from 1.2 for
lakes to 1.5 for the Vistula river, demonstrating the lack of equilibrium.
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Introduction

Three isotopes of uranium exist in nature: 2*U with half-
life (7},) of 4.468 x 10°y, **U (T, - 2.455 x 10°y) and *°U
(T, — 7.038 x 10° y). Natural uranium contains 99.2745%
80U, 0.0055% **U and 0.72% U [3]. The mass ratio of
natural uranium U to *U is about 0.0073 and the activity
ratio is 0.046. Many studies on **U and **U in natural
waters indicate that these isotopes occur in disequilibrium
state and that, with a few exceptions, waters contain more
34U than #*U [2, 5, 11-14]. Higher activity of **U in waters
is the result of the ?*U atom displacement from the crystal
lattice. The recoil atom **U is liable to be oxidized to the
hexavalent stage and can be leached into the water phase
more easily than its parent nuclide Z*U. The oxidation of
U(V) to U(VI) is an important step in leaching into water,
because compounds of U(VI) have a higher solubility in
water [4, 5, 11, 16].

The natural level of uranium in water can be enhanced
due to human activity which moves naturally occurring
radionuclides from inaccessible locations to the environ-
ment. In Poland, the enhanced concentration of natural
radionuclides occurs in the river Vistula and its tributaries
as a result of the discharge of mine waters from the central
and eastern part of the Upper Silesian Coal Basin. Mean
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agriculture. The phosphate fertilizers contain uranium
which can be leached by moving water from the drainage
area to rivers and lakes [17].

The purpose of this study was to determine the
concentration of uranium isotopes in waters and in bottom
sediments in two main rivers in Poland (the Vistula and
Odra rivers) with their tributaries, in four coastal rivers
and six lakes. These data were used to determine the
influence of the coal mine water discharges on the level of
uranium isotopes in the Vistula river, and to estimate the
flow of U and **U from the Vistula and Odra rivers
catchments to the Baltic Sea. The activities of the uranium
isotopes were related to *Ra.

Materials and methods
Sampling

Samples of water and bottom sediments were collected
from two main rivers of Poland: the Vistula river with the
tributaries of Bug and Narew, and the Odra river with
the tributaries of Nysa Luzycka and Warta. Sampling points
were localized in the upper, middle and lower courses of
Vistula and Odra. Water and bottom sediments were also
collected from four small rivers debouching directly to the
Baltic Sea, and from six lakes localized in main lake districts
of the country. Samples were gathered in 1999 and 2000.
Locations of the sampling points are given in Fig. 1.

Water (10 L) from the rivers was taken from the main
streams, whereas water from the lakes was taken from
platforms. In the laboratory water samples were filtered
through a Whatman No. 42 filter paper, of particle
retention 2.5 um. Bottom sediments were collected from
stream beds near the shore line using the Van Veen type
sampler. At each location three sub-samples were taken at
points 30 m to 50 m apart, to form an averaged sample.
The total mass of such a sample was approximately 2 kg
(wet weight); it was composed of about equal parts from
each point of sampling.
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Fig. 1. Sampling locations for water and bottom sediments.

Analytical methods

Uranium isotopes were determined separately in the
filtered water, the suspended matter retained on the filter
paper and in bottom sediments. Determinations were
performed in 5 L of water and in 2 g samples of the bottom
sediments. #?U was used as an internal tracer for counting
of alpha activity and chemical recovery. To the samples of
water 22U tracer and concentrated HNO; were added, then
the samples were evaporated to dryness. To the residue,
8 M HNO, was added and heated until the residue was
dissolved. Suspended matter was dried, >*U tracer was added,
suspension with filter was incinerated and the remainder
was dissolved in 8 M HNO;. Samples of the bottom
sediments were dried in air, sieved through a 2 mm mesh
to remove the roots of plants and stones and then dried at
105°C. The 2 g dry samples were placed in a muffle furnace
and ignited at 450°C until the organic matter was ashed,
then transferred to a PTFE beaker. 2?U tracer was added
and silica was removed by digestion with HNO; and HF.
Finally, the residue was dissolved in 8 M HNOs.

The following step of the analysis was the same for
waters, suspended matters and bottom sediments. The
8 M HNO; solutions were passed through an anion
exchange column (Dowex 1 x 8, 50-100 mesh) converted
to the nitric form. The eluate was evaporated to dryness
and the residue was dissolved in a solution of AI(NOj;) in
nitric acid and transferred to a separatory funnel to which
TBT in kerosene was added. Uranium was extracted to
the organic phase and then reextracted to water. The
aqueous phase was evaporated to dryness and the residue
was dissolved in sulphuric acid. Uranium was electro-
deposited on a stainless steel disc of 17 mm in diameter at
acurrent of 1 A for 1.5 h. Details of the analytical procedure
were described elsewhere [10]. Activity of the deposited
uranium was measured by an alpha spectrometry system.
PIPS detectors for alpha spectrometry placed in a vacuum
chamber were connected with a multichannel analyzer
Multiport I MCA (Canberra MP2-GE) with GENIE 2000
spectroscopy software.

Average uranium tracer recovery was approx. 77%,
lower limit of detection (LLD) with the counting time of
82.000 s was equal to 0.22 mBg/sample for 2*U and 0.29
mBg/sample for U and *°U. The reliability of the applied
method was checked in Proficiency Test organized by the
IAEA in 2003; the reference water samples designated with
codes [AEA-421,IAEA-423 and IAEA-431 were analysed.
For these samples, the average relative bias between our
values and the IAEA values was 6.5% for >%U, 2.7% for
#4U and the average precision was about 4.5%.

Results

Activity concentration of uranium in the filtered water
fluctuated depending on the sampling goint and year.
Activity concentrations of 2*U, *°U and “*U in the Vistula
river and its tributaries, and in the Odra river with tribu-
taries are given in Table 1. Activity concentrations of U
ranged from 3.47 + 0.27 mBq L™ in the Warta river (Poznaf)
up to 21.7 = 1.59 mBq L™ in Vistula at Zator, whereas
concentrations of *U ranged from 3.05 =+ 0.24 mBq L™ in
Warta to 13.1 = 0.75 mBq L™ in Bug at Wyszkow. The
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Table 1. Activity concentrations of 2*U, U and **U in filtered water and suspended matter of Vistula and 2 tributaries, and Odra

and 2 tributaries in 1999 and 2000 (mBq L™).

River Sampling location »u By By
water suspended matter water suspended matter ~ water  suspended matter
1999
Vistula Zator 187 £1.24Y  1.19 £ 0.10 0.28 + 0.05 <0.06 9.34 + 0.66 0.75 = 0.07
Krakow 13.6 = 0.92 0.94 = 0.08 0.46 = 0.09 <0.06 7.16 = 051 0.53 = 0.05
Annopol 9.42 = 0.68 0.45 = 0.09 0.26 x 0.05 <0.06 6.72 = 0.51 1.07 £ 0.07
Warszawa 10.9 = 0.76 1.08 £ 0.12 0.30 = 0.04 <0.06 7.57 = 0.54 0.92 + 0.09
Kiezmark 153 = 1.06 2.20 = 0.18 0.49 +0.08  0.10 = 0.02 11.5 = 0.81 1.98 = 0.16
Bug Wyszkow 9.38 = 0.25 298 = 0.25 028 £0.05  0.07 = 0.02 6.77 = 0.50 2.33 +£0.20
Narew Pultusk 8.61 = 0.61 152 £ 0.12 0.33 = 0.06 <0.06 7.12 + 052 137 = 0.11
Odra Chatupki 5.79 £ 0.30 0.30 = 0.03 0.14 = 0.02 <0.06 379 £0.21 0.23 = 0.03
Wroclaw 6.93 + 0.50 2.28 +0.15 0.19 + 0.04 <0.06 4.51 £ 0.35 1.54 = 0.11
Glogow 6.72 = 0.50 1.45 = 0.12 0.22 = 0.05 <0.06 4.58 + 0.36 1.02 = 0.09
Krajnik 12.8 = 0.82 2.56 = 0.19 0.44 £0.06  0.09 = 0.02 10.6 = 0.68 232 £ 0.17
Nysa fuzycka ~ Gubin 4.70 = 0.40 0.16 = 0.02 0.20 = 0.05 <0.06 3.79 £ 0.33 0.17 = 0.02
Warta Poznan 15.6 = 0.95 1.62 = 0.09 0.39 = 0.07 <0.06 12.8 = 0.79 1.15 = 0.08
2000

Vistula Zator 21.7 £ 159 157 £ 0.11 0.48 = 0.07 <0.06 111+ 0.85  0.92 = 0.07
Krakow 162 + 1.13 1.84 = 0.16 0.34 = 0.06 <0.06 8.64 + 0.64 1.18 = 0.11
Annopol 11.2 = 0.90 241 = 0.15 0.44 +£0.08  0.07 = 0.02 8.04 = 0.67 2.01 =0.12
Warszawa 10.8 = 0.80 255 %019 033 006  0.07 =0.02 7.81 + 0.60 1.90 = 0.15
Kiezmark 11.8 = 0.83 3.11 +0.27 036 =007 012 %=0.02 943 +0.74 254022
Bug Wyszkow 16.5 = 0.93 523 £ 044 0.54 £ 006  0.16 = 0.03 131 x0.75 397 034
Narew Pultusk 12.7 = 0.89 1.80 = 0.14 037006  0.08 = 0.02 103 = 0.73 1.62 = 0.12
Odra Chatupki 8.00 = 0.41 1.07 = 0.10 0.20 £0.03  0.29 = 0.04 524 028  0.81 =0.08
Wroclaw 14.2 + 1.06 3.63 +0.25 0.46 = 0.08  0.09 = 0.02 9.00 =070 242+ 0.17
Glogow 8.56 = 0.62 226 = 0.17 0.20 = 0.05 <0.06 6.21 + 0.46 1.62 = 0.13
Krajnik 10.7 = 0.75 243 £ 0.17 0.35 = 0.06 <0.06 8.85 = 0.63 1.88 = 0.14
Nysa fuzycka ~ Gubin 6.33 = 0.37 0.78 = 0.08 0.30 = 0.04 <0.06 5.14 =031 0.64 = 0.06
Warta Poznan 3.47 £ 0.27 1.73 £ 0.13 012 £0.03  0.08 = 0.02 3.05 £0.24 1.32 £ 0.11

 Value + counting error at confidence level of 95%.

range of 2*U activity concentrations in coastal rivers was
much smaller, being from 4.32 + 0.27 in Wieprza to 8.66
+ 0.68 mBq L™ in Leba; for 2*U it was from 3.42 + 0.28
mBq L™ to 7.02 £ 0.56 mBq L™ in the same rivers (Table 2).
Among lakes, the lowest values of **U and **U activity
concentrations in filtered water were observed in Rogo6zno,
being 1.07 = 0.13 mBq L™ and 0.77 + 0.06 mBq L™,
respectively; the highest concentrations were in Wadag:
10.0 = 0.55 mBq L™ for %*U and 8.80 + 0.49 mBq L' for
#8U (Table 3). Uranium in the suspended matter consti-
tuted about 18% of that in the filtered water for the rivers
and about 40% for the lakes. The different amounts may
be due to different contents of the suspended matter in
the water samples. The samples from the rivers were
collected from bridges over the main streams, whereas the
samples from the lakes were collected from platforms,
where the water level was closer to the bottom. Therefore,
in the latter case the bottom sediments could get more
easily into the collected samples.

Activity concentrations of U, **U and **U in the
bottom sediments of rivers and lakes are presented in
Tables 4 and 5, respectively. Enhanced contents of uranium
were observed in the bottom sediments in the upper

Vistula, upper and middle Odra and Nysa fuzycka. The
lowest activity concentrations of U and “**U in the bottom
sediments were found in the mouth of the Vistula river
(Kiezmark) and of the Odra river (Krajnik). In sediments of
the tributaries (Bug, Narew, Warta), the concentrations
of uranium isotopes were similar to that in the mouths of
the main rivers, and in the coastal rivers. Activity concentra-
tions of U in the bottom sediments of lakes ranged from
2.87 + 0.22 Bq kg™ dry weight (d.wt.) in Rogozno to 15.1
+ 0.89 Bq kg™ d.wt. in Wigry; concentrations of **U ranged
in these lakes from 3.05 = 0.23 Bq kg™ d.wt. to 15.1 + 0.88
Bq kg™ d.wt.

Activity concentrations of *U and **U in the filtered
water and in the bottom sediments of rivers and lakes are
presented in Fig. 2. The highest activity concentrations in
water were found in the Vistula river and its tributaries,
whereas the highest concentrations in the bottom sediments
were observed in the Odra river with tributaries.

Average values of the activity ratio of U to **U in
the filtered water, suspended matter and bottom sediments
are given in Table 6. These data show that the largest
disequilibrium occurred for the Vistula river with its tribu-
taries (1.50 + 0.29 in water), a smaller disequilibrium was
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Table 2. Activity concentrations of 2*U, U and *U in filtered water and suspended matter of coastal rivers in 1999 and 2000

(mBq L™).
River Sampling location By By By
water suspended matter water  suspended matter water  suspended matter
1999
Rega Trzebiatow 742 + 0579 051 %£0.05 0.37 = 0.07 <0.06 6.98 = 0.54 0.39 + 0.04
Wieprza St. Krakow 432 =027 0.33 = 0.04 0.12 = 0.03 <0.06 342 +0.28 0.28 = 0.03
Yeba Cecenowo 8.66 = 0.68 0.78 £+ 0.06 0.32 = 0.07 <0.06 7.02 £ 0.56 0.64 = 0.06
Pasteka N. Pasteka 7.68 = 0.61 0.88 = 0.08 0.21 = 0.05 <0.06 6.98 = 0.56 0.75 = 0.07
2000
Rega Trzebiatow 8.11 £ 0.58 1.05 = 0.10 0.31 = 0.06 <0.06 6.90 = 0.50 0.88 = 0.09
Wieprza St. Krakéw 6.20 = 0.39 1.60 = 0.16 0.22 = 0.04 <0.06 4.86 = 0.32 1.51 £ 0.15
Leba Cecenowo 6.63 = 0.48 0.58 = 0.06 0.23 = 0.05 <0.06 573 £ 042 0.52 = 0.05
Pasteka N. Pasteka 7.10 £ 0.42 1.56 = 0.13 0.25 = 0.04 <0.06 6.48 = 0.39 1.30 = 0.11

9 Value =+ counting error at confidence level of 95%.

observed in the Odra river and its tributaries (1.35 = 0.16
in water). The activity ratios in the coastal rivers and lakes
were similar, being 1.17 = 0.06 and 1.19 = 0.14, respectively.
In the suspended matter, the **U/**U ratio was similar to
that in the filtered water what indicates that uranium in
the suspended matter was adsorbed from water. In the
bottom sediments, the average “*U/**U ratio were close
to unity, indicating that these isotopes are closer to the equi-
librium than in water and suspended matter. The **U/>*U
ratio of about unity in the bottom sediments and above
unity in water were also reported by Plater ef al. [11] in the
Wash and Fenland drainage basin, UK. The #*U/**U ratio
over unity in waters can be explained by the preferential

solubility of #*U from uranium minerals, and the ratio
closer to unity in the bottom sediments can be explained
by leaching of **U from sediments by water.

Annual flow of **U and **U to the Baltic Sea was
estimated from uranium concentration in water (dissolved
and suspended) in the mouth of Vistula (Kiezmark) and
Odra (Krajnik). The average flow of water to the Baltic
Sea from these rivers in 1999 and 2000 was taken from
a publication of Central Statistical Office [1]. The estimated
total flow of **U from the catchments of these rivers was
1.10 TBq in 1999 and 0.88 TBq in 2000; the flow of **U
was 0.84 TBq in 1999 and 0.67 TBq in 2000 (Table 7). The
contribution of the Vistula river to the total flow was about

Table 3. Activity concentrations of **U, **U and **U in filtered water and suspended matter of lakes in 1999 and 2000 (mBq L™).

Lake 24y 2355 2815
water suspended matter water suspended matter water suspended matter
1999
Parteczyny 518 = 0409  3.81 029 0.15 £ 0.04 0.14 = 0.03 412 £ 033 3332025
Drawsko 2.17+021 1.12 + 0.08 0.06 = 0.02 0.21 = 0.03 1.74 £ 0.18 1.03 + 0.06
Wadag 8.39 £ 0.64 531 £042 0.30 = 0.05 0.16 = 0.03 7.99 = 0.55 4.69 = 0.37
Rogodzno 1.19 %= 0.09 0.26 + 0.03 <0.06 <0.06 0.77 = 0.06 0.20 = 0.03
Nieslysz 1.25 £ 0.14 0.21 = 0.03 <0.06 <0.06 1.10 = 0.13 0.19 £ 0.02
Wigry 3.05 £ 0.27 0.70 = 0.05 0.10 = 0.03 0.09 = 0.02 2.55 +0.23 0.63 = 0.16
2000
Parteczyny 10.8 = 0.79 2.15 +0.18 0.40 = 0.07 0.08 = 0.02 10.1 £ 0.74 1.81 £ 0.16
Drawsko 455 +£0.24 2.82 £ 0.18 0.18 £ 0.03 0.11 £ 0.02 4.26 = 0.23 258 £0.16
Wadag 10.0 = 0.55 227 +£0.19 0.42 + 0.05 0.27 = 0.04 8.80 = 0.49 2.06 = 0.17
Rogdzno 1.07 £ 0.13 0.40 = 0.05 <0.06 <0.06 0.93 £ 0.12 0.31 £ 0.04
Nieslysz 3.80 = 0.28 1.54 £ 0.16 0.12 = 0.03 <0.06 293 £ 0.23 129 = 0.14
Wigry 6.29 £ 0.55 3.70 £ 0.22 0.25 £ 0.05 0.11 £ 0.02 5.77 £ 0.52 3.37 £0.20

 Value * counting error at confidence level of 95%.
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Table 4. Activity concentrations of **U, ?*U and **U in bottom sediments of rivers in 1999 and 2000 (Bq kg™ dry weight).
River Sampling location 1999 2000
234U 235U 238U 234U 235U 238U
Vistula Zator 31.1 £244Y 116 £021 26,5 + 2.11 30.1 £239 097 £0.07 285219
Krakow 207 157 089 =017 202+ 1.54 215+159 078 014 224+ 1.64
Annopol 181136 072014 179 =135 926 £ 0.77 035=*=0.10 9.71 =£0.80
Warszawa 221 +159  0.65=012 20.6 = 1.49 959 +0.79 035=*0.07 934 +0.77
Kiezmark 773071 043011 799 *0.73 597056 031=009 5.60=*0.53
Bug Wyszkow 9.64 £0.76 031 =009 927 *0.73 6.83 +0.61 0.26 =0.08 7.06 = 0.63
Narew Pultusk 832+0.72 042=x013 832=x0.72 102 +0.83 037 +0.08 9.27 =0.77
Odra Chatupki 322225 150021 340=*237 249209 121022 244=x204
Wroctaw 465 377 143 +022 48.0=x344 240+ 152 094014 230+ 146
Glogoéw 246 192 131022 24.0=*187 10.0 =083 052012 10.8 = 0.89
Krajnik 739 +£0.69 023008 7.73+0.70 7.06 £0.62 030009 723 +0.63
Nysa FLuzycka  Gubin 16.6 £ 1.26  0.90 = 0.16  16.7 = 1.27 402 274 183 =024 391 *2.67
Warta Poznan 827073 035=0.09 830=0.73 581040 032=0.07 557=0.39
Rega Trzebiatow 103082 046 =0.09 9.34 =0.76 8.56 +£0.58 042 =x0.08 7.89 +0.54
Wieprza St. Krakéw 896 =084 035011 793 +0.76 6.83 =058 031 x0.09 6.99 *0.59
Leba Cecenowo 8.60 £0.77 033 =008 7.90 = 0.72 9.00 £ 0.62 040 =0.08 9.14 = 0.62
Pasteka N. Pasieka 129 £1.05 045009 124 =1.02 124 094 052010 11.8 0091
 Value * counting error at confidence level of 95%.
Table 5. Activity concentrations of #U, ?*U and **U in bottom sediments of lakes in 1999 and 2000 (Bq kg™ dry weight).
Lake 1999 2000
234U 235U 238U 234U 235U 238U
Parteczyny 8.60 + 0.68Y 0.35 = 0.07 8.30 = 0.66 7.65 = 0.69 0.33 = 0.10 7.54 = 0.68
Drawsko 6.77 = 0.67 0.32 = 0.01 7.44 = 0.72 9.49 = 0.71 0.38 = 0.09 9.25 = 0.70
Wadag 8.60 = 0.72 0.32 = 0.09 8.70 = 0.72 10.1 = 0.80 0.53 = 0.12 9.53 £ 0.76
Rogdzno 2.87 =022 <0.15 3.05 +0.23 422 = 046 <0.15 4.48 = 0.48
Nieslysz 9.47 = 0.77 0.28 = 0.08 8.51 = 0.70 4.87 = 0.47 0.20 = 0.07 4.72 = 0.46
Wigry 15.1 = 0.89 0.77 £ 0.11 15.1 = 0.88 8.23 +0.69 0.26 = 0.08 9.05 = 0.74

 Value * counting error at confidence level of 95%.

70%. The data on the inflow of uranium isotopes from the
Vistula river water to the Baltic Sea are comparable with
the data obtained by Skwarzec [13].

The average activity ratio of 2°U to **U for the water
samples was equal to 0.042 *= 0.007 and for the bottom
sediments 0.043 = 0.08; these values are close to the value
0.046 for uranium in nature.

Table 6. Activity concentration ratios of **U/**U in filtered water, s
sediments.

In the samples in which analyses of uranium isotopes
were performed, *Ra was also determined in the previous
study [18]. The comparison of the activity concentrations
of ?°Ra (data from [18]) with those of the uranium isotopes
(this study) has indicated that **Ra and *U in the waters
and sediments are not in equilibrium. However, the statis-
tical analysis of the results indicates the occurrence of

uspended matter and bottom

Rivers and lakes Filtered water Suspended matter Bottom sediment
(mean = SD) (mean = SD) (mean = SD)
Vistula river and tributaries ~ 1.50 = 0.29 1.35 £ 0.22 1.03 = 0.06
Odra river and tributaries 1.35 = 0.16 1.31 £ 0.16 0.99 = 0.04
Coastal rivers 1.17 = 0.06 1.22 + 0.06 1.06 = 0.05
Lakes 1.19 = 0.14 1.15 = 0.07 1.00 = 0.06
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Fig. 2. Mean concentrations of 2*U and ***U in waters (mBq L™)
and in bottom sediments (Bq kg™ dry weight) in rivers and lakes.
Bars show standard error of the mean.
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Fig. 3. Relationship between **U and **Ra concentrations in
bottom sediments of rivers and lakes. Data for ?°Ra are from
[18].

a relationship between these isotopes in the bottom sedi-
ments. Figure 3 shows such a relationship between **U
and **°Ray; it is expressed by the equation:

y = 0.344x + 6.6327

where: y is the activity concentration of ***U in bottom sedi-
ments; x — activity concentration of **Ra. The correlation
coefficient, r, is 0.80.

The activity concentrations of 2*U, **U and **Ra in
the filtered water along the Vistula river from the zero point
to the mouth are given in Fig. 4. The zero point was
assumed by the waterways authorities to lie at the mouth

800

0 200
Distance from zero point, kin

40() 600 1000

Fig. 4. Activity concentrations of *U, U and **Ra in filtered
water along the Vistula river; — A — 234U ~~~~~~ m- 28U, —e-Ra[18].
Bars show standard deviation (SD). Zero point is 130 km from
the sources of the Vistula river.

Table 7. Estimated flow of **U and **U from the Vistula and
Odra rivers catchments to the Baltic Sea in 1999 and 2000 (TBq).

River 1999 2000

23475 285 2475 285
Vistula 0.77 0.60 0.64 0.51
Odra 0.33 0.28 0.20 0.16
Total 0.10 0.88 0.84 0.67

of the river Przemsza to Vistula, about 130 km from the
sources of Vistula. Activity concentrations of 2*U, **U and
*6Ra decreased with the river course from 27 km (Zator)
to 295 km (Annopol) from the zero point and then they
remained almost unchanged. The biggest decrease occurred
from Zator (27 km) to Krakéw (63.7 km); it was about
20% for uranium isotopes and about 40% for **Ra. Activity
concentrations of 2*U, 2’U and *°Ra in the bottom
sediments along the Vistula river are shown in Fig. 5.
Concentrations of U and *®U were almost the same.
Similarly as for the water samples, the highest activity
concentrations were observed at Zator. In the course from
Zator to Krakow, the concentrations of uranium isotopes
dropped by about 25%, whereas that of *°Ra dropped by
about 60%. At Annopol, the sediments contained less
uranium by about 35% and less **Ra by about 40% in
comparison to Krakéw. In samples collected in Warsaw
(510 km from the zero point), concentrations of the
radionuclides remained at the level similar as in Annopol.
The “normal” level of the radionuclides, as that in the Bug,
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Fig. 5. Activity concentrations of #*U, U and **Ra in filtered
water along the Odra river; — A— 2*U, -m- 28U, —e— ?%Ra [18].
Bars show SD.
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Fig. 6. Activity concentrations of 234U 28U and ***Ra in bottom
sediments along the Vistula river; - A—**U, --m-- 28U, —e— *Ra
[18]. Bars show SD.
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Fig. 7. Activity concentrations of **U, U and *Ra in bottom
sediments along the Odra river; — A— 2*U, --m-- 28U, —e— ?*Ra
[18]. Bars show SD.

Narew and Warta rivers was found at Kiezmark (926 km
from the point zero).

Activity concentrations of **U, #*U and **Ra concen-
trations in the filtered water and bottom sediments in the
QOdra river, being the second main river in Poland, are
presented in Figs. 6 and 7, respectively. In water, the
concentrations of uranium along the river change within
a narrow range and are similar to that in the tributaries of
the Vistula and Odra rivers and coastal rivers (Tables 1
and 2). Activity concentrations of “*Ra [18] are lower than
those of uranium isotopes. They are similar to the **Ra
concentrations in other rivers, with the exception of Vistula
at Zator and Krakow. In the bottom sediments, the enhanced
level of uranium and **Ra was observed in the upper and
middle course of Odra. At Chatupki (20 km from the border
with Czech Republic) and Krajnik (690 km) activity concen-
trations of uranium isotopes are close to that of *’Ra,
whereas in Wroctaw (249 km) and Glogéw (393 km), the
concentration of *°Ra is about 1.3 times and about two
times higher, respectively. Taking into account the “normal”
concentrations of the radionuclides in water and their
enhanced concentrations in the bottom sediments it is
supposed that mine waters were discharged to this river
and/or its tributaries in the past.

Discussion

In Poland the enhanced level of uranium in waters can be
due to human activity. The most important is the discharge
of coal mine waters with an elevated level of natural
radionuclides to the surface waters. The use of phosphate
fertilizers in agriculture may result in the increase of
uranium and radium. In natural waters, bottom sediments
are a sink for uranium and radium and from the study of
concentration of these radionuclides in sediments the
information on the past release may be obtained.

The present study shows that the concentrations of
uranium in the filtrated water and bottom sediments are
enhanced in the upper Vistula river (Zator and Krakow).
The enhanced concentrations can be attributed to the
discharge of mine water from the Upper Silesian Coal
Basin. These waters contain uranium isotopes, however,
their concentrations are much lower than those of **Ra
[18, 19]. The concentration of uranium isotopes in the
filtered water of the middle and lower Vistula were higher

than in other rivers and lakes. Probably, this can be ascribed
to the use of phosphate fertilizers in agriculture.

Enhanced levels of uranium isotopes occurred in the
bottom sediments in the upper and middle Odra and Nysa
Fuzycka rivers, but not in the filtrated water. This suggests
that the discharge of uranium containing waters took place
in the past; these data are in accordance with the low values
of the radium activity concentrations in waters of the Odra
river and its tributaries in 1994-1995 [19], and the Odra and
Nysa Fuzycka rivers in 1994-2000 [18].

In the present study, the average activity concentrations
of the total uranium in water ranged from about 9 mBq L™
(about 4 mBq L™ of #*U) in lakes to about 22 mBq L™
(about 9mBq L™ of **U) in the Vistula river with tributaries
(Fig. 2). This is less than the average uranium concentra-
tions in the USA in surface waters (37 mBq L™'; range from
0.37 to 25.234 mBq L) [9] and less than activity concen-
trations of “*U in Canada (14.8 mBq L™ in Milliken lake,
40.2mBq L™ in Fredette lake and 17.3 mBq L' in Fredette
creek) [15]. Activity concentrations of *U in river waters
of the Wash and Fenland drainage basin in UK range from
79mBqL"to 144 mBq L™ Pl] and in five German rivers
they range from 8.8 mBq L™ to 43.2 mBq L™ [8].

Average activity concentrations of **U in bottom sedi-
ments in the present work were from about 8 Bq kg™ d.wt.
in lakes to about 20 Bq kg™ d.wt. in the Odra and Nysa
Luzycka rivers (Fig. 2). At the same level were ***U concen-
trations in the bottom sediments of the rivers of the Wash
and Fenland drainage basin in UK (range from 9 Bq kg™
d.wt.to 18 Bq kg™ d.wt.) [11], where the Z*U concentrations
in water were also similar. However, in Spain in a bottom
sediment of the Maderos river at the site above the uranium
mine the #®U concentration was much higher, namely,
125 Bq kg™ d.wt., though the ***U concentration in water
was 16 mBq L™ [7], being similar as in waters in Poland.
Evidently, the uranium concentration in bottom sedi-
ments cannot be directly related to its concentration in
water, because the absorption of uranium depends mainly
on the kind of sediment; for the removal of uranium from
waters important are especially humic substances and clay
minerals [11].
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