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Abstract

The determination of uranium isotopes in different components of the Southern Baltic (sediments,
soil, birds, river) is presented and discussed in this paper. The Baltic Sea is one of the most pol-
luted water regions in the world. On the basis of the studies was found that the most important
process of uranium geochemical migration in the Southern Baltic Sea ecosystem is the sedimenta-
tion of suspended material and the vertical diffusion from sediments into the bottom water. Con-
siderable amounts of uranium isotopes are introduced into the Baltic waters together with annual
inflows of saline and well-aerated waters from the North Sea. Also very high uranium concentra-
tions are the result of weathering and erosional processes of the rocks (e.g. Sudetic rocks) which
contain elevated natural concentrations of this radionuclide. Considerable amounts of uranium iso-
topes are introduced into the Baltic waters together with annual inflows from the Vistula and Oder
rivers, also from saline and well-aerated waters from the North Sea. The results of many our stud-
ies confirm the significant role of human activities and phosphogypsum stockpile in Wislinka as
a source of these isotopes in southern Baltic.

Key words: uranium isotopes, the Southern Baltic, sediments, surface and bottom water, Baltic
organisms, marine birds, phosphogypsum stockpile

INTRODUCTION

Uranium is a silvery-white metallic chemical element in the actinide series of
the periodic table, with atomic number 92. The 1789 discovery of uranium in the
mineral pitchblend is credited to Martin Heinrich Klaproth, who named the new
element after the planet Uranus. Eugéne-Melchior Péligot was the first person to
isolate the metalic uranium and its radioactive properties were discovered in 1896 by
Antoine Becquerel. Uranium is a radioactive and toxic metal, and it is a hazardous
environmental pollutant. It is relatively highly toxic to humans, both chemically and
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radiologically (its progeny are highly radioactive isotopes). Natural uranium consists
of three alpha radioactive isotopes: 99.2745% of **U, 0.7200% of **U, and
0.0054% of ***U (Niesmiejanow 1975, Browne and Firestone 1986, Bou-Rabee et
al. 1995, Sam et al. 1999, Bagatti et al. 2003, Meinrath et al. 2003). 281 and its de-
cay products are the important sources of exposure of man to radioactivity. Uranium
metal has three allotropic forms: o (orthorombic), stable up to 667.7°C, B (tetra-
gonal), stable from 667.7 to 774.8°C and y (body-centered-cubic) from 774.8°C to
melting point — this is the most malleable and ductile state. Uranium occurs naturally
in the earth in the form of chemical compounds in an amount of 2.4 ppm. You can
find it in rocks, soil, water, plants, animals, and even in the human body. Uranium is
accumulated in granites and sedimentary rocks by geological process. The most
common uranium-containing minerals are: uraninite (UO,/UQ;) (a complex uranium
oxide), autunite Ca(UQO;,),(PO4),:10-12H,0 (a hydrated calcium uranium phosphate),
brannerite UTi,O¢ (a uranium calcium cerium titanium iron oxide) and carnotite
K2(UO,)2(VOy),-1-3H,0 (a hydrated potassium uranium vanadate) (Brzyska 1987,
Szymanski 1996, Szabé Nagy et al. 2009). Natural uranium contains too little of the
isotope **°U, to be used as fissile material and requires a serie of actions for
increasing the content of this isotope in a process called enrichment. As a result of
this processing enriched uranium (containing more than 3% of the isotope >**U) and
depleted uranium waste called (containing less than 0.7% of the isotope **°U) are
obtained. Uranium is also used to produce nuclear weapons, in radiation therapy (in
medicine), for the manufacture of luminescent paints, ceramics, photography, for the
manufacture of dyes, it is also important scientifically and it has a very limited
collectors’ values (due to radioactive properties) (Edwards 1999, Priest 2001,
Zarkadas et al. 2001).

Uranium isotopes ~*U and ***U are not present in radioactive equilibrium in the
natural environment, which indicates that their activities are not equal. Especially in
the aquatic environment deviations from the equilibrium are large. The average val-
ues of the activity ratio between ***U and ***U are in the range from 0.51 to 9.02 for
groundwater, from 1.11 to 5.14 for salt water, from 1.00 to 2.14 for river water, from
0.80 to 1.00 for suspension river, 1.14 for oceanic water and 1.17 for Baltic water
(Ku et al. 1977, Barr et al. 1979, Szefer 1987a, Skwarzec 1995). In rocks, soils and
sediments uranium isotopes *>*U and ***U are in relative equilibrium (from 0.84 to
1.19 for oceanic basalts, from 0.70 to 1.16 for phopshorite concretions, from 0.83
to 1.28 for oceanic sediments and from 0.98 to 1.04 for Baltic sediments) (Szefer
1987b, ¢, Skwarzec 1995). There are several reasons for the radioactivity disequili-
brium: radioactive decay energy, related to the secretion of a particles with atoms
nuclei, causes a “kickback” to the newly created isotopes for distance 107-10° ¢cm
from sites in the crystal lattice occupied by atoms of the isotope ***U output. Conse-
quently, the 2**U atoms are less related to the structure of minerals than the ***U at-
oms, and easier to diffuse to the surface of mineral grains and the cracks. In the oxi-
dizing environment of the surface layer of minerals containing uranium from the wa-
ter, >*U atoms are more easily leached into solution, yielding the oxidizing process
to uranium (VI) faster than 2¥U atoms. Hence the isotope 34U shows greater mobil-
ity in the surface area. The differences in geochemical behavior between >**U and
2y isotopes mark in a surface environments, where the waters are more enriched in
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U in relation to U, while in the rocks inverse relationship are observed
(Fleischer and Raabe 1978).

The principal source of uranium in the natural environment is the atmospheric pre-
cipitation of terrigenic material, soil resuspension, rock weathering, as well as river
waters and fertilizers. Moreover, the concentration of uranium in the natural envi-
ronment is increased by human activity including industry, fossil fuel combustion,
phosphate fertilizers in agriculture, and domestic and industrial sewage. On the other
hand large amounts of uranium contents are produced by the modern industry: met-
allurgy, oil rafinery, nuclear industry, nuclear weapon tests, the use of uranium am-
munition, the manufacture and processing of fuel rods, ore mining, as well as
phosphogypsum waste heaps (Polanski and Smulikowski 1969, Sam and Holm
1995, Skwarzec 1995, 2002, Bolivar et al. 1996, Martinez-Aguirre and Garcia-Ledn
1997, Martinez-Aguirre et al. 1997, Sam et al. 1999, Vrecek and Benedik 2002,
Skwarzec et al. 2010c, Borylo et al. 2009, 2012, Boryto and Skwarzec 2011,
Andreou et al. 2012, Wang et al. 2012). The main contamination sources in the
Baltic Sea waters are precipitation, river run-off and inflow from the North Sea, but
a potential risk is nuclear power plants (e.g. Sweden, Finland, Russia) (Skwarzec
2011). Red Book, officially titled “Uranium 2007: Resources, production and de-
mand” (2008), includes an estimate of identified uranium reserves — the production
costs can be less than $130 per kilogram — at 5.5 million tonnes, which is much
higher than the number 4.7 million tons given in 2005. Red Book says that undis-
covered uranium resources (identified on the basis of the geological characteristics
of already identified resources) are 10.5 million tonnes. Compared to estimates from
2005, included in the previous report, this represents an increase of 0.5 million tonnes.
It is caused by the discovery of new reserves of uranium and re-checking the resources
already identified, following the increase in the price of uranium. According to the
Red Book, nuclear power in the world will grow from 372 GWe in 2007 to 509-663
GWe in 2030. “This expansion will lead to an increase in annual demand for uranium
at 94.000-122.000 tonnes for reactors in use today”, shall develop (PAA 2008).

The aim of this work was estimation of the most important source of uranium iso-
topes in the southern Baltic ecosystem. It is well known that the drainage basins of
the Vistula, Oder and Pomeranian rivers, wet and dry atmospheric fallout, particles
of weathered rocks and intense human activities (mainly farming) are the sources of
uranium.

MATERIALS AND METHODS

The analytical environmental samples include: sediment, organisms and surface wa-
ter samples collected between 1997-2004 from the southern Baltic Sea, as well as
phosphogypsum and surface water samples from area around the phosphogypsum
stockpile in Wislinka.

The analytical procedure of uranium determination of uranium isotopes (**U, >**U)
in analyzed samples was based on co-precipitation of water samples and mineraliza-
tion in concentrated acids HNO;, HCI and HF, and separation on the anion exchange
resins (Skwarzec 1995, 1997, 2009, Boryto 2013). The activities of **U and ***U
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were measured using an alpha spectrometer (Alpha Analyst S470). The results of
#4U and *PU concentrations in analyzed samples are given with standard deviation
(SD) calculated for a 95% confidence interval (2 ). The concentrations of uranium
isotopes in the IAEA-300, IAEA-367, IAEA-312 and IAEA-375 samples were con-
sistent with the reference values reported by the IAEA. The accuracy of the
analytical method and measure of precision was estimated to be below 2.4% and 3%
respectively.

RESULTS AND DISCUSSION

Uranium in waters and sediments of the Southern Baltic

The uranium content in the analyzed water samples and sediments of the Southern
Baltic were differentiated (Table 1). In marine environment uranium exists principally

as U(VI) and U(IV), where uranium (IV) compounds are weakly dissolved and in
reduction areas the growth of stable form of uranium (IV) can be expected (Bonatti
et al. 1971). In neutral or little alkaline waters uranium (VI) exists 2predominantly in
the dissolved carbonate anions [UO,(COs);]* and [UO(CO;5),]” (Sackett et al.
1973). This autogenic uranium in seawater should be accumulated in marine organ-
isms. The uranium concentration in the Southern Baltic surface waters ranges be-
tween 0.68 and 0.85 pg-dm™ and correlates with salinity. The mean values of the ac-
tivity ratio 2*U/**U in ocean water are estimated at 1.14, while in the Baltic water
1.17 (Skwarzec 1995, 2011). The relatively small differences of uranium concentra-
tion were observed in the sediments collected in Gdansk and Puck Bay (3.16-
4.12 mg'kg" d.wt. and 3.16-4.12 mg'kg" d.wt. relatively). Comparable values of ura-
nium concentrations were measured in the sediments of the Gdansk and the Born-
holm Deep (0.56-4.36 and 0.54-3.77 mg-kg™ d.wt. respectively). The highest values

were reported in the sediments taken from the Stupsk Bank and the Stupsk Narrow
(0.66-7.11 mg-kg™ d.wt.), while the smallest in the Bornholm Deep (Skwarzec et al.
2002), what is probably connected with the information about the geological struc-
ture of the seabed. The processes occurring around the coastline are valuable, too.
The highest concentration of uranium in the Stupsk Narrow is associated with the
presence of nodules — the mineral aggregate formed by the gradual accumulation of
minerals around an object in the rock. In the Stupsk Narrow basin there dominate
iron-manganese, discoid-shaped ring of brown colour concretions and ellipsoid-
shaped band of brown colour. Most are scattered on the bottom or partially buried in
sediment and they are the result of crystallization of oxides of manganese, iron,
nickel, cobalt and copper around a hard object (e.g. shells) in well-oxygenated wa-
ters. Concretions resting on the sediment surface react with seawater and their shells
are enriched in iron and cobalt. The shells of buried nodules — which react both with
water and sediment — are enhanced by manganese and copper (Depowski et al. 1998,
Sobota et al. 2004, Jiang et al. 2005). The mechanism of uranium densification in
the nodules is associated with its hydrogenic nature in concretions, which is precipi-
tated from seawater with the participation of iron and manganese hydroxides, as
well as with volcanogenic hypothesis and with the fact that uranium exists in sea
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Table 1
Average uranium concentration and values of the activity >*U/***U ratio

in environmental samples (n = 5), (n — number of individuals)

238

Total The values
Component uranium of the 2*U/”*U References
concentration | activity ratio
sediments, Baltic and birds [mg~kg‘1 ]; Baltic water [ug-dm‘3]; river water [mg-m‘3]
Baltic waters Skwarzec et al. 2002
surface water 3.69-6.11 1.12-1.14
bottom water 1.81-3.81 1.16-1.34
intersticial water 21.9-31.4 1.17-1.18
Baltic sediments 0.54-7.11 0.48-1.27 Skwarzec et al. 2002
Baltic organisms 9.14-10*-0.45 1.04-1.39 Skwarzec et al. 2004, 2006
phytoplantkton 0.45 1.15
phytobenthos 0.29 1.14
zooplankton 0.11 1.15
zoobenthos:
Crustacea 0.12 1.15
clames (Bivalvia) 0.07 1.39
fish: 4.0810° 1.12
digestive system 0.05
muscles 9.14-10™
Baltic birds 2.33-18.08 0.75-1.12 Boryto et al. 2010
Rivers water 0.16-5.57 1.00-1.94 Skwarzec et al. 2010a, b
Area around the
phosphogypsum stockpile in 0.05-900 1.00-1.10 Boryto et al. 2009
Wislinka (northern Poland)
Martwa Wista River 0.81-1.00 1.10-1.20 Borylo et al. 2009

water as a negatively charged carbonate complex [UO,(CO;);]", which precipitates
in the biogenic way or is absorbed onto the surface of the loams. A similar situation
is also observed in the sediment of the Stupsk Bank, where there were found small
concentrations of uranium (which are not due to different geological sediments and
gravel), especially poor in uranium, but the reservoir is an important source of ura-
nium due to the possibility of the formation of iron-manganese nodules there. In the
case of the Bornholm and the Gdansk deeps sediments uranium concentration is re-
lated to the dominant presence in the area of clays, silts, loams and sands (Usci-
nowicz and Zachowicz 1991, 1992, 1994). Into the bottom sediments in the Gdansk
Deep reservoir flow river waters, which contain not only uranium from the weather-
ing of rock, but also anthropogenic uranium associated with human activity, carried
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out mainly in agriculture and mining in the catchment area of the Vistula. The higher
uranium contents in sediments and the high values of the activity ratio 2**U/**U in
this basin are associated with the presence of uranium from the phosphate fertilizers
in cultivated fields and uranium contained in the salty waters of mines. At the bot-
tom of the Puck Bay there are deposits of potassium-magnesium salts. In the 70’s of
the twentieth century, there were ideas to cut off the part of the Puck Bay with a dam
in order to start an opencast exploitation of these deposits. Uranium in sediments of
the Southern Baltic Sea is mainly terrigenic origin, while the share of the autogenic
component is negligible. This fact is consistent with the uranium content in the sus-
pended and dissolved forms of bottom waters. Approximately 10-13% of the total
uranium content in bottom water is connected with suspension, where its concentra-
tion ranges from 2.20 to 4.95 mg-kg" d.wt. (Skwarzec et al. 2002). The results of
uranium content in the suspension are higher than the value of its concentration in
the surface layers of bottom sediments, which indicates that it is one of the main
sources of uranium in sediments. The concentration of uranium in sediments in-
creases with depth of the sediment core, indicating the vertical diffusion processes of
uranium from sediments to the bottom water through the intersticial water, and
diagenetic changes occurring in the sediment material. The intersticial water plays
a very important role in the uranium migration because it penetrates the superficial
layers of sediments and increases values of the activity ratio **U/**U, as well as
causes leaching of uranium from the sediment into the sea water. The specific effect
of the intersticial water is made clear in the sediments from the Stupsk Bank, where
the activitg ratio of ***U/*®U ranged from 0.48 to 0.98. The values of the activity ra-
tio **U/**U in the other analyzed sediments of the Southern Baltic are in the range
between 0.83 and 1.28 and are close to the values of the Baltic sediments (0.98-1.04)
(Skwarzec et al. 2002). The results of activity ratio 24U/A8U values in the bottom
sediments of the Stupsk Bank are close to the values of the activity ratio in the nod-
ules (0.78-1.36 in nodules and 0.70-1.16 in phosphoric nodules). The increase of the
activity ratio in the upper layers of sediments is associated with the effect of terri-
genic material falling, on the other hand, this layer is under significant influence of
sea water, which causes a clear increase in the activity ratio **U/>**U in the surface
layer of sediment as comg)ared with segments lying below the sediment layer. Ura-
nium nuclides (**U and >*U) in the sediments of the Gdansk Basin, the Stupsk Nar-
row and the Bornholm Deep are in relative equilibrium because the values of the ac-
tivity ratio 2*U/***U ranged from 0.92 to 1.06 (Skwarzec et al. 2002). The small dif-
ferences of the uranium content of the Southern Baltic Sea bottom waters were ob-
served. The uranium concentrations varied between 1.81 and 3.81 pg-dm™, while the
values of the activity ratio 34U/7*U are comparable for all the analyzed basins and
range from 1.16 to 1.19 in the Bornholm Deep, 1.18 in the Gdansk Deep, and 1.19
for the Stupsk Narrow (Skwarzec et al. 2002) and are typical for groundwater, where
the values of this activity ratio are between 0.51 and 9.02. The obtained results of
activity ratio values in the bottom water samples are therefore comparable to the
value characteristic of the Baltic waters. Small changes of uranium concentrations
were observed in surface waters of the Southern Baltic Sea, too (3.69-6.11 pg-dm™)
(Skwarzec et al. 2002). The lowest concentration of uranium in water of the Stupsk
Narrow is associated with the absence of significant flow to this basin of river wa-
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ters, which increased the size of the uranium in the sea. Also the Stupsk Narrow is
distant from the interaction of waters of the Baltic and the North seas, therefore the
share of water with a higher uranium content decreases here. Slightly higher concen-
tration of uranium was observed in the surface water of the Bornholm Deep, where
there are salty waters from the North Sea and the Oder River waters from the Pom-
eranian Bay. The highest concentrations of uranium were measured in surface waters
of the Gdansk Deep (Table 1), which, like the bottom waters, is associated with
heavy rains in 1998. Water flowing into the Gdansk Bay mainly from the Vistula
River, introduced a significant part of nutrient salts, which contain big amounts of
anthropogenic uranium. Thus, the concentration of uranium in surface waters is de-
termined by the proportion in which the waters of the Baltic Sea and river waters are
mixed. The analysis of sediment samples, surface and bottom waters of the Southern
Baltic Sea shows a special role the fresh waters play, because after the flood in 1997
in all the analyzed samples, the concentration of uranium and values of the activity
ratio *U/**U were higher (1.34 for the bottom waters and 1.27 for sediments). The
concentration of uranium in intersticial water samples from the Southern Baltic
ranged from 21.9 pg-dm™ to 31.4 pg-dm™ (Skwarzec et al. 2002) and is almost ten
times higher than the values of uranium concentration in the bottom water samples.
The values of the activity ratio in the analyzed samples of interstitial water from the
Southern Baltic ranged from 1.17 to 1.18 and are consistent with the value recorded
for the Baltic waters. This does not mean that the uranium contained here is of hy-
drogenic origin, because its concentration in the interstitial water is significantly
higher than in the bottom water. Activation of uranium to the interstitial water is
possible due to the processes taking place in diagenetic sediment material, due to the
release of adsorbed uranium by organic matter.

Uranium in Baltic organisms

The distribution of radionuclides, including uranium, in aquatic organisms is a very
difficult process. This is mainly due to the great diversity of many species of aquatic
organisms which are involved in a complicated series of aquatic food chain. In
addition, higher organisms, as opposed to lower, due to the possession of various
organs, have a more uneven accumulation of radionuclides. Knowledge of the
uranium content in the tissues of marine organisms and in the surrounding water
allows to assess the degree of its accumulation in biota. This value is referred to as
the coefficient of concentration of the element. Baltic organisms are characterized by
very low affinity for uranium, in contrast to the polonium and plutonium. The source
of uranium in the Baltic plants and animals is the sea water (Table 1). The values of
the bioconcentration factor (BCF) in the Baltic organisms ranged from 0.4 in the
muscle of fish to 120 or 130 in clams (Bivalvia) and crustaceans respectively
(Skwarzec et al. 2012). The concentration of ***U in the analyzed Baltic organisms
ranged from 0.0112 Bq-kg'1 d.wt. (9.14-10™ mg-kg'1 d.wt. total uranium) in the
muscle of fish to 5.5 Bqkg™ d.wt. in phytog)lankton (0.45 mg-kg" d.wt. total urani-
um) (Table 1; Skwarzec et al. 2006). The “**U concentration in Baltic zoobenthos
ranged from 0.3 to 1.5 Bq-kg"' d.wt., and the observed differences can be the result
of the eating habits of the tested organisms. The values of uranium concentrations in
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phytoplankton organisms (0.45 mg-kg' d.wt.) are about 4 times higher than zoo-
plankton organisms, where the concentration of this radionuclide was estimated
at 0.11 mgkg" d.wt., which indicates that uranium is easier and more eagerly
accumulated by the phytoplankton. The values of the activity ratio U/ in the
representatives of the phytoplankton and zooplankton from the Southern Baltic (from
1.13 to 1.16) are very similar to the values in ocean water and Baltic water (1.14 and
1.17 respectively) (Skwarzec et al. 2004). Uranium concentrations in zoobenthos
organisms ranged from 0.07 mg-kg” d.wt. and 0.12 mg-kg” d.wt. while the values
of the activity ratio >*U/**U ranged from 1.04 to 1.39. The lowest concentrations of
uranium were estimated for fish from the Baltic (9.14-10%-0.05 mg-kg™ d.wt.), while
the values of the activity ratio **U/**U were similar to other Baltic organisms
(1.10-1.13). The average value of the activity ratio ***U/***U in the analyzed Baltic
organisms is 1.15 and is close to the value, which characterizes the Baltic seawater
(1.18 and 1.17, respectively). This fact proves that the main source of uranium in the
Baltic organisms is sea water (Skwarzec et al. 2004, 2006). The relative radioactive
equilibrium is observed in the sediments of the Southern Baltic, where the values
activity ratio >*U/**U is close to 1 (from 0.92 to 0.97, except for the sediments
collected after the flood in 1997). In the waters of the Southern Baltic the values of
the activity ratio *U/**U ranged from 1.18 to 1.20 (Skwarzec et al. 2004, 2006,
2012).

Uranium in marine birds

Structure and physiology of birds is constantly changing during the successive
phases of growth, as well as under the influence of several physico-chemical factors
in the environment. The accumulation of uranium in their bodies is related primarily
to the content of elements in the diet, the concentration of radionuclides in the
environment in which birds live. Seabirds are typical animals, which live both in
water and on land, and to their body penetrate both radionuclides from the marine
waters and from the air. Uranium isotopes were determined in the marine birds from
the Polish area of the Southern Baltic Sea among species permanently residing at the
Southern Baltic (razorbill Alca tarda, great cormorant Phalacrocorax carbo, eurasian
coot Fulica atra), species of wintering birds (tufted duck Aythya fuligula, common
eider Somateria mollissima, long-tailed duck Clangula hyemalis, velvet scoter
Melanitta fusca) and species of migrating birds (black guillemot Cepphus grylle,
red-throated diver Gavia stellata, common guillemot Uria aalge). The analyzed
material consisted of dead sea birds which were found on the beach or were caught
by fishermen in nets while fishing. The sea birds are an important link in the
migration of uranium in the trophic chain of the marine ecosystem. The uranium
concentration is very irregularly distributed in organs and tissues of marine birds
(Table 1). The value of uranium concentration is low, as in marine organisms, but
higher than in fish and depends on the content of this element in the food and the
environment in which they live. In sea birds, spending much of their life on the open
waters uranium concentrations were lower, the higher were in coastal birds. The
largest uranium concentrations are characteristic for carnivorous and herbivorous
species, the smallest for species eating fish. The values of uranium concentration
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in whole or%anism are within the limits from 2.33 mgkg' w.wt. in 4. tarda to
18.08 mg-kg™ w.wt. in A. fuligula. The highest uranium concentrations were observed
in rest of viscera (from 3.94 mg-kg" w.wt. for A. tarda to 75.23 mg-kg" w.wt. for
A. fuligula) and feathers (from 6.26 mg-kg" w.wt. for F atra to 23.97 mg-kg” w.wt. in
P. carbo), while the smallest in muscles (from 0.21 mgkg" w.wt. in 4. tarda to
11.77 mgkg"' w.wt. for C. grylle). The concentration of uranium in organs and
tissues of seabirds decreases in the series: rest of viscera> feathers > skin> liver >
skeleton > muscles. A size of uranium concentration in marine birds is associated
with moulting effect. It was found that as a result of this process, the birds are losing
a large part of radionuclides contained in their bodies. After moulting process the
concentrations of uranium isotopes **U and ***U in marine birds tissues and organs
were much less in comparison with other species. The sea birds before moulting are
characterized by significantly higher concentrations of uranium. Some radionuclides
contained in the feathers are built into their structure and come from the bird body,
and some is adsorbed on their surface from the atmosphere and is applied to them
with uropygial gland during their maintenance. Research on the origin of uranium in
feathers showed that approximately 37% of its content is embedded in the body
during growth, and more than 67% is adsorbed on the surface and comes mainly
from the air. Also, the isotopic composition of radionuclides adsorbed on feathers
shows contamination of the environment in which they reside. In the case of
migratory birds, the isotopic composition analysis of radionuclides in the feathers
can be used to track their migration routes. The feathers of marine birds accumulate
significant amounts of radionuclides in aquatic and terrestrial environment
(depending on species), due to the periodic changes of plumage. The values of ratio
#4U/7*U in marine birds are between 0.90 and 1.23, but the average values of the
activity ratio 2*U/**U oscillate around 1.00 and are in the range from 0.75 in
common guillemot to 1.12 in common eider. The obtained results are slightly lower
than for marine organisms inhabiting the southern part of the Baltic Sea. The values
of the activity ratio 2*U/"U in organs and tissues of the analyzed sea birds are in
a very wide range from 0.35 in the muscles of black guillemot to 1.25 in the skeleton
of red-throated diver, which shows the different behavior of uranium isotopes in
organs and tissues of seabirds. The values of the activity ratio 2U/?*U in the
analyzed organs and tissues of marine birds ranged from 0.032 in skeleton of
common eider to 0.050 in feathers of great cormorant (the majority of research does
not take into account the value of this ratio due to the low **U determination). The
values of uranium participation factor (PF) suggest that the uranium in the links:
seabird — fish is accumulated (PF > 2), but in the trophic links seabirds —
crustaceans and bivalves PF values are much smaller than 1.00 (Borylo et al. 2010).

The inflow of uranium from catchment areas of the Vistula and Oder rivers

Among the many sources of radioactive isotopes, which constitute direct or indirect
threat for the rivers and the Baltic Sea as the most important are fallout, coal mines
and sewage discharged from nuclear power plants. Analyzed concentrations of
uranium isotopes ~*U and **U were very diverse. Higher uranium concentrations
were found in the basin of the Vistula and Oder rivers in the spring and the autumn,
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while the smallest in the summer. The values of the activity ratio 2*U/**U in rivers

water ranged from 1.22 to 1.40 (the average 1.31) (Skwarzec 1995, 2002). Uranium
isotopes **U and ***U are not in radioactive equilibrium in the Vistula and Oder riv-
ers water samples and values of this proportion are between 1.00 and 2.14 (Table 1).
The greatest values of the activity ratio ~>'U/**U along the main stream of the
Vistula and Oder rivers were observed in the summer in Krakow (1.94) and Glogow
(1.84) respectively, the lowest in the winter in Malbork (1.05) and Gozdowice (1.20)
(respectively). Among the Vistula and Oder tributaries the largest value of the
activity ratio ~*U/**U was recorded in the waters of the Bzura (1.61) and the By-
strzyca (1.61), the smallest in the Bug with the Narew (1.02) and the Note¢ (1.03),

Table 2
Annual flow of **U and **U from the drainage basins of the Vistula, the Oder
and the Pomeranian rivers into the Baltic Sea
. . Drainage basin | Drainage basin Pomeranian

Radionuclide of the Vistula of the Oder rivers Total

U [GBq] 276.80 126.29 8.24 411.33

U [GBq] 230.60 100.80 7.36 338.76

U total [t] 18.80 8.19 0.60 27.59

Radionuclides
300 - M 234y [GBq]

u U [GBq]

250

200

100

50

Pomeranian rivers

drainage basin of the Vistula

drainage basin of the Oder

Fig. 1. The annual flow of ***U and ***U isotopes from the drainage basins of the Vistula, the
Oder and the Pomeranian rivers into the Baltic Sea
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respectively (Skwarzec et al. 2010a, b). In the Vistula and Oder rivers, with the
increase of salinity, the values of the activity ratio ~*U/?*U decreases. Runoff
values of uranium isotopes are the largest in the area of the estuary. The highest
concentrations of uranium were measured in the spring and the autumn, which is
associated with the use of phosphate fertilizers in agriculture, increased underground
and surface runoff of snowmelt water, the discharge of saline mine waters from the
Upper Silesian Industrial Region and the Lower Silesian Coal Basin, increased
deposition of dry atmospheric fallout in the winter period — the burning of coal, oil
and gas and increased soil erosion and leaching of substances from the soil by
infiltrating water and transporting uranium with the material of the river. In the
summer and the winter, these processes are much less severe.

During the year the highest values of surface runoff of ***U flow from the Vistula
and Oder rivers drainage area were observed in Kiezmark and Widuchowa (222.8
GBq-year'l and 107.0 GBq-year'l), the smallest in Krakéw and Chatupki (7.0
GBqyear' and 5.0 GBqyear'). Among the Vistula and Oder rivers tributaries the
highest surface runoff of >**U was noticed for the Bug with Narew and the Warta
(81.2 GBqyear' and 27 GBq-year”, respectively), the lowest for the Brda and the
Mata Panew (3.1 GBqyear' and 0.27 GBq-year). The highest annual surface run-
off of ***U from the Vistula and Oder rivers tributaries was observed for the Du-
najec, the San and the Bystrzyca (2330 kBg-year'-km? 1590 kBq-year'-km™
and 5244 kBq-year'l-km'z), the lowest for the Narew and the Mata Panew (430
kBq-year-km™ and 126 kBg-year'-km™). Total annual flow of uranium from the
Vistula and Oder rivers drainages to the Baltic Sea was calculated as 18.8 ton-year”
and 8.2 ton-year ™, respectively (Table 2, Fig. 1).

The higher values of the concentration of uranium and activity ratio U were
calculated for the mountain Polish rivers in contrast to the plain Polish rivers.
A particularly high concentration of uranium and surface flow of uranium several
times larger than in the other tributaries were observed in the Bystrzyca. It is the typ-
ical mountain river and therefore a higher concentration of uranium in river water is
mainly a result of higher concentrations of this element in the parent’s rocks. The
tributary of the Bystrzyca basin is in the Karkonosze, which are built mainly from
gneiss, pink and red granite, where the uranium concentration reaches about 20 g/ton
and slate with lots of crystalline dolomite and marble. In aquatic environment
uranium is mobile in oxidizing conditions and is leached from the rocks to surface
waters. The source of ***U in the Bystrzyca is not only the leaching of uranium, but
also the presence of this nuclide in the salty waters of the mine (the Lower Silesian
Coal Basin). The value of the activity ratio ~*U/**U in salty water ranged from 1.11
to 5.14. The values of the activity ratio 40/ in the Bystrzyca are also close to
the values, which are in mining drilling (1.55). The large values of the analyzed
activity ratio are caused by human activities in the basin, mainly in agriculture
(using phosphate fertilizers) and mining (mine water discharge into the river) as well
as the presence of uranium ores in these areas. In Poland uranium ore was mined in
five places: Kowary, Kletno, Radoniéw and Kopaniec in the Sudetes, and Rudki
around Nowa Stupia in the Swigtokrzyskie Mountains. The largest and longest
running (from 1954 to 1973) of operating uranium mines in Poland was “Wolno$¢”
mine in Kowary, where the fluorite used as a flux was mined from 1958. Since 1973

23471238
u/
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in Poland uranium has not been produced. The data of the amounts of the mined ura-
nium are not precise and ambiguous. According to some sources there was mined
about 650 tons, according to other sources 850 tons (Rejman 1996).

Along the Pomeranian rivers, the largest uranium concentrations were observed in
the Rega, the lowest in the Stupia. The values of the activity ratio ***U/**U ranged
from 1.06 to 1.15. Annual runoffs on the uranium radionuclides from the Pomerani-
an rivers were: 15.6 GBq *U and **®U (8.24 GBq for ***U and 7.36 GBq for ***U).
The drainage basins of the Vistula, the Oder and the Pomeranian rivers are main
sources of uranium in the Southern Baltic Sea. Every year about 750 GBq of *******U
flow from these rivers to the Southern Baltic (Skwarzec et al. 2010b) (Table 2, Fig. 1).

The influence of the phosphogypsum stockpile in Wislinka on the contamination
of the Southern Baltic ecosystem

According to the ordinance of the Polish Ministry of Environmental Protection the
phosphogypsum is not a hazardous waste but it is treated as production waste, prepa-
ration of turnover and using phosphoric chemicals (Skwarzec et al. 2010, Boryto
et al. 2012). According to the decision of voivodeship national council (GW-II-
0531/115/67) in Gdansk, the phosphogypsum waste heap came into existence on
10™ March 1966, but its construction started on 27" December 1967. The phosphate
rocks contain a lot of natural radionuclides, esgecially forms of uranium and thorium
decay series. The radionuclides of uranium (**U, *U, *U), thorium (***Th) and
existing in the equilibrium with them radionuclides of radium (***Ra, ***Ra), polo-
nium (*'°Po) and lead (*'°Pb) almost always exist in sedimentary phosphoric rocks.
Generally uranium (***U, #*U), radium (***Ra), polonium (*'°Po) and lead (*'°Pb)
radionuclides belong to the most radiotoxic, dangerous alpha emitters. Phosphoric
acid, the material for the production of phosphate fertilizers is obtained in a wet pro-
cess by reaction of the phosphatic rocks with sulphuric acid. In this process the ura-
nium is associated with the phosphoric acid fraction, while the *'°Po and *'°Pb are
bound to the phosphogypsum fraction (Baxter 1996, Hull and Burnett 1996).

The concentration of uranium in surface water samples collected near Wislinka
ranged widely between 0.05 pg-dm™ and 430 pg-dm™ (Table 1, Fig. 1). In phospho-
gypsum samples uranium concentration varied between 4.03 mg-kg” d.wt. in sam-
ples collected in 1997 and 0.65 mg-kg™" d.wt. in samples taken in 2007 (Borylo et al.
2009). The largest uranium concentration in analyzed water samples taken in the vi-
cinity of the phosphogypsum waste heap indicates that uranium is lixiviated from
phosphogypsum waste dump to retention reservoir and pumping station. The lower
uranium concentration in surface water samples taken from the Martwa Wista River
shows that the migration and distribution of uranium radionuclides from the
phosphogypsum waste heap to the Martwa Wista River are rather slow. We observed
that the values of the activity ratio 2**U/***U in the water with immediate surround-
ings of waste heap were close to 1 and ranged between 1.00 and 1.10, while in sur-
face river water from the Martwa Wista River were higher than one (1.10-1.20)
(Borylto et al. 2009). The values of the activity ratio in waters of retention reservoir
are typical for soil and rock samples. The maximum uranium concentration in the
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Fig. 2. The average values of the activity ratio ~"U/*"U in analyzed components of marine

environment

analyzed water samples, about one hundred times higher than it was observed in the
pumping station, was found in retention reservoir (430 pg-dm™ for total uranium in
surface water and 900 pg-dm™ in bottom water). The **U/**U activity ratio is ap-
proximately one in the phosphogypsum samples, and was estimated at 0.90 and
0.97. The analysis of values of activity ratio 2*U/>*U in water samples from the
Martwa Wista River indicated that uranium is eluted from phosphogypsum waste
and via river system is transported to the Bay of Gdansk. The values of the activity
ratio in the various analyzed components of marine environment are presented on
Figure 2.

CONCLUSION

The area of the Southern Baltic is characterised by high industrial and farming ac-
tivities, contributing to the annual run-off from the Vistula and Oder rivers. More-
over, phosphatic fertilizers and phosphogypsum contain considerable amounts of
uranium. The contents of uranium in the sediments of the southern Baltic decrease
with the sediment depth, which suggests its diffusion from bottom sediments to the
bottom water through pore waters and diagenetic transformations in the sedimentary
material. The content of uranium in the sediments of the Southern Baltic is a result
of its penetration into the sediments profile and its flow with pore (e.g. Shupsk
Bank). In others regions of the Southern Baltic uranium isotopes are in a relative
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equilibrium, which is reflected by the activity ratio *U/>**U ranging between 0.99

and 1.10. The most important sources of uranium in waters of the Southern Baltic
are erosion of rock materials, leaching, wet and dry atmospheric fallout as well as
human activities carried out in the mining and agriculture.
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BIOGEOCHEMIA URANU W EKOSYSTEMIE POLUDNIOWEGO BALTYKU
Streszczenie

Migracj¢ uranu zapoczatkowuja procesy wietrzenia skat oraz erozja gleb. Uran wprowa-
dzany jest do wody morskiej w roznorodnych postaciach geochemicznych, zawiesiny minera-
16w wietrzeniowych oraz w formie wolnych jonéw U®". Wazna role w migracji uranu
w $rodowisku odgrywa rowniez proces dyfuzji z osadow dennych, w ktorych stwierdzono
nizsze stgzenia uranu przy powierzchni niz w warstwach glgbszych. Najwazniejszym proce-
sem geochemicznej migracji uranu w ekosystemie Poludniowego Baltyku jest sedymentacja
materiatu ladowego i zawiesiny wislanej oraz pionowa dyfuzja z osadow do wody przyden-
nej za posrednictwem wody porowej oraz zmian diagenetycznych zachodzacych w osadach.
Organizmy baltyckie charakteryzuje bardzo mate powinowactwo do uranu. Zrédlem uranu
w battyckich organizmach roslinnych i zwierzgcych jest woda morska, nie za$ osad denny,
o czym $wiadcza wartoéci ilorazu aktywnosci ~*U/*"U, ktére w tych organizmach wynosza
okoto 1,15 i sa porownywalne do wartosci charakteryzujacej wodg morska i battycka (odpo-
wiednio 1,18 i 1,17). Wzgledna roéwnowage promieniotworcza obserwuje sig¢ natomiast
w osadach dennych Potudniowego Battyku, gdzie wartosci stosunku aktywnosci sa zblizone
do 1 (od 0,92 do 0,97, z wyjatkiem osadéw dennych zebranych po powodzi w 1997 roku).
W wodach przydennych i powierzchniowych Potudniowego Battyku wartosci stosunku ak-
tywnosci Byt mieszcza si¢ natomiast w przedziale od 1,18 do 1,20, co oznacza, ze izo-
topy U i **U nie wystepuja w rownowadze promieniotworczej. Nizsze wartoéci stosunku
aktywnosci “*U/”*U sa natomiast charakterystyczne dla ptakéw morskich (0,75-1,12). Ste-
zenie uranu w ich narzadach i tkankach maleje w szeregu: pozostate trzewia > pidra > skora
> watroba > szkielet > mig$nie. Bardzo istotnym zjawiskiem majacym wptyw na wielko$¢
stgzenia badanych radionuklidow w organizmach ptakéw morskich jest pierzenie, w wyniku
ktorego ptaki traca znaczna czg$¢ zawartych w ich organizmie radionuklidow. Czgs$¢ radio-
nuklidow zawartych w piorach jest wbudowana w ich strukturg i pochodzi z organizmu pta-
ka, a czgs$¢ jest zaadsorbowana na ich powierzchni z atmosfery oraz nanoszona jest na nie
wraz z wydzieling gruczotu kuprowego podczas ich konserwacji. Badania pochodzenia uranu
w piodrach wykazaty, ze okolo 37% jego zawartosci jest wbudowywane w nie z organizmu
w czasie wzrostu, a ponad 67% jest zaadsorbowane na ich powierzchni i pochodzi glownie
Z powietrza.

Wista oraz Odra wraz z doptywami, jak tez rzeki przymorza (Rega, Parsgta i Stupia), sa
waznymi zrédtami sptywu uranu do Morza Baltyckiego. Powierzchnia zlewni Wisly, Odry
oraz rzek przymorza stanowi okoto 99% powierzchni Polski, zatem szacuje sig, ze z catego
obszaru Polski wptywa tymi rzekami okoto 750 GBq izotopow uranu ***U i **U. Wsrod wie-
lu innych zrodet izotopéw promieniotworczych, ktore stanowia posrednie Iub bezposrednie
zagrozenie skazeniem dla rzek i ekosystemu Potudniowego Baltyku, za najwazniejsze uznaje
sig¢ kopalnie wegla kamiennego (np. Gorno$laski Okrgg Przemystowy i Dolno$laskie Zagle-
bie Wegla) oraz dziatalno$¢ cztowieka zwiazang z przemystem metalurgicznym i jadrowym,
spalaniem paliw kopalnych, stosowaniem nawozow fosforowych w rolnictwie, rafineriami
ropy naftowej, testami i probami broni nuklearnej, produkcja i przetwarzaniem pretow pali-
wowych, gérniczych oraz hald.






