
Introduction

Among radionuclides in the environment, alpha emit-
ters have a significant role in the effects connected with the
accumulation of these radionuclides in organisms. Natural
uranium and man-made plutonium are widespread all over
the world, take part in geochemical circulation and accu-
mulate in the food chain. Humans can be the final link of
this chain and be vulnerable to accumulating uranium and
plutonium in dangerous amounts (≥10-12 g·g-1) during life-
time exposure [1]. Forests are vulnerable ecosystems. Areas
covered in trees are traps for contamination transported in
the air [2]. Radionuclides are much more persistent in for-
est ecosystems than in agricultural land [3].

Uranium is widely spread in nature, where it occurs in
over 160 minerals [4, 5]. Isotopes 234U and 238U occur in the
natural uranium decay chain; both are alpha emitters of low
radioactivity and radiotoxicity, and the harmful effects of
uranium of its high chemical toxicity are comparable to
lead [4, 6-9]. The occurrence of uranium in the environment
can also result from human activity such as the nuclear
energy industry, combustion of fossil fuels, production and
use of phosphorous fertilizers, and the utilization of deplet-
ed uranium for military purposes [4, 10-14]. 

In soils, sediments, and waters, metallic uranium cor-
rodes and is transformed into U(VI). In aerobic conditions
it occurs as the uranyl ion UO2

2+ and this soluble form may
be transported into living organisms [4, 8]. After deposition,
soluble U(VI) may also be reduced by microorganisms to
insoluble U(IV), or be partly washed from the upper soil
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layer to deeper layers by infiltration [15]. The average con-
centrations of 238U in the surface soil layer are about 25
Bq·kg-1 dw (2.1 μg·g-1 or 10-50 Bq·kg-1 dw) [8, 10, 16-18].
Uranium is transported as the UO2

2+ ion in a way similar to
calcium, with which uranium competes [19]. Resuspension
and adhesion of soil particles can enhance the surface con-
tamination of plants with uranium and the resuspension
process is the main source of airborne uranium [16, 20, 21]. 

The main sources of plutonium in the atmosphere are
nuclear weapon tests carried out in 1945-62. During this
time, about 0.33 PBq 238Pu and 13 PBq 239+240Pu were
released. A high amount of plutonium was released also
during the Chernobyl accident: 3.51·1013 Bq of 238Pu,
7.2·1013 Bq of 239+240Pu and 5.5·1015 Bq of 241Pu [14, 15].
Radionuclides fall down on earth as wet and dry fallout.
The fallout from the atmosphere varies between 0.05-0.5
kBq·m-2 [24]. Due to the consumption of forest products or
leaching of radionuclides into groundwater, forests also
contribute to the internal human dose. For example, after
the accident in the Chernobyl nuclear reactor forest prod-
ucts contained higher accumulations of 137Cs than agricul-
tural products [25-27]. 

Plutonium in the environment is mostly connected to
soil, sediments, or suspended matter [28]. In soil and sedi-
ments it is reduced to Pu(IV) and Pu(III), and subsequently
associated with the soil structure [29, 30]. 85-90% of plu-
tonium in soil is connected to organic matter, mostly humus
[31-36]. The concentrations of plutonium in soil decrease
with depth, but in soil particles the concentrations increase
with decreasing size [33, 37, 38]. The vertical migration
rate of plutonium from global fallout into soil is below 1
cm·year-1 and the lowest values are noticed in soils rich in
humus (0.1 cm·year-1); in the mineral layer these values can
increase to 1.7 cm·year-1 [38, 39].

Plutonium 239+240Pu concentrations in forest litter from
northeastern Poland (Puszcza Augustowska) in 1991 varied
from 1.95 Bq·kg-1 dw to 6.88 Bq·kg-1 dw, of which Chernobyl
-derived plutonium represented 64%. Other regions of
northeastern Poland were less contaminated and the con-
centrations varied from 0.07 to 4.40 Bq·kg-1 dw [40-42]. 

Reindeer are exposed to plutonium via food, such as
lichens, and 20% of total ingested plutonium is accumulat-
ed in their skeleton. In reindeer bones from Novaya Zemlya,
239+240Pu concentration was between 0.47-3.5 Bq·kg-1 dw
(238Pu – 0.07-0.2 Bq·kg-1 dw), while in the mandibles it was
in the range 40-70 Bq·kg-1 dw [42]. In organs of reindeer
from Lapland, 239+240Pu concentrations varied from 1.48 in
muscle, 14.8 in bones, and 22 in kidneys to 185 mBq·kg-1

ww in liver and the accumulation did not depend on rein-
deer age [44, 45]. Among Polish animals, the highest
239+240Pu concentration was found in the common vole
Microtus arvalis (97.5 mBq·kg-1 ash). In the skulls of
rodents and insectivores from eastern Poland the plutonium
concentrations were at least 10 times higher than in big her-
bivores (239+240Pu 9.6-17.7 mBq·kg-1 ash) [42, 46].

The tissues of deer, especially of the roe deer, seem to
be good bioindicators of environmental contamination,
especially in the case of heavy metals and radionuclides
[47, 49]. The tissues accumulate pollutants efficiently in

proportion to their amounts present in the environment.
Moreover, the physiological and ecological features of the
species are well known and the roe deer is widespread. Roe
deer occupy small territories, on average below 100 ha in
area, due to which they reflect the conditions of a well-
defined site [47-49]. Antlers are often used to indicate local
contamination, e.g. by lead or strontium 90Sr [42, 50-53].
Moreover, teeth and bones of deer are used to assess fluo-
ride contamination [52, 53]. 

The aim of this investigation was to assess the level of
radioactive contamination of the northern Polish environ-
ment and to estimate the potential threat for game meat con-
sumers, which is of importance because of the economical
value of game [25, 55, 56]. Moreover, the present study can
provide valuable information about the factors influencing
the accumulation of uranium and plutonium in the tissues
of the examined deer and about the factors determining the
transport of these elements in the food-chain. 

Material and Methods

Kidney, liver, and muscle tissue samples were collected
from 28 deer obtained in northern Poland (ROLP Białystok,
Gdańsk, Olsztyn, Szczecin, Szczecinek, Toruń) in the
2000/2001, 2001/2002 and 2002/2003 hunting seasons
(Fig. 1). All animal carcasses were routinely collected and
partly dissected at the wild game purchasing centers local-
ized in the area of study [57]. All obtained samples of kid-
ney, liver, and muscle were used for uranium and plutoni-
um analysis but plutonium in many of the analyzed samples
were below the detection limit. From obtained samples,
uranium and plutonium was determined in 17 specimens of
red deer (Cervus elaphus) (9 samples of kidney, 12 samples
of muscle, 9 samples of liver), 8 specimens of roe deer
(Capreolus capreolus) (5 samples of kidney, 3 samples of
liver and 1 sample of muscle) and 3 specimens of fallow
deer (Dama dama) (3 samples of kidney).

772 Skwarzec B., et al. 

Fig. 1. Map of Poland with regions (in grey) where deer have
been sampled.



The fresh samples were weighed, homogenized
(Thermomix, Vorwerk, Germany), and digested using 65%
HNO3 with a 232U (about 32.5 mBq) and 242Pu (about 5 mBq)
spikes added as yield tracers. The uranium and plutonium
analyses were treated as follows: sample mineralization in
nitric acid, separation, and purification on ion resins, elec-
trolysis on a steel disc and determination of uranium and
plutonium isotope activities by alpha spectrometry. The
radiochemical method allows U and Pu determination from
the same sample [58-61]. After radiochemical preparation,
the activities of uranium (234U, 238U) and plutonium (238Pu,
239+240Pu) radionuclides were measured separately by alpha
spectrometry (Alpha Analyst S470, Canberra Packard,
USA) equipped with 12 surface-barrier Si PIPS detectors
(300 and 450 mm2 area each, FWHM=18 keV).

On this basis the values of the 238Pu/239+240Pu activity ratio
were estimated. The proportion of Chernobyl-derived plu-
tonium FCh in the total plutonium concentration in analyzed
organs and tissues was calculated as follows [44]: 

...where Robs, Rn, and RCh are values of the 238Pu/239+240Pu activ-
ity ratio in the analyzed material, in total atmospheric fallout
before the Chernobyl accident (0.04), and in the moment of
the Chernobyl accident (0.6), respectively [2, 44].

The accuracy and precision of plutonium analysis were
satisfactory, i.e. precision was less than 7% (1.5-6.4%), as
estimated by analysis of the International Atomic Energy
Agency standard materials (IAEA-367, IAEA-384, IAEA-
414). In the case of uranium analysis the accuracy and pre-
cision were 2.2-5.0%. The uranium yield in the samples
ranged from 30 to 90%. The chemical yield of plutonium
analysis varied from 60% to 90%. The results are also given
with standard deviation (SD) calculated for 95% confi-
dence intervals. The detection limits were calculated to be
0.33 mBq for 234U and 238U and at 0.12 mBq for 239+240Pu [57].

Due to the small number of samples, nonparametric
tests were used (Kolmogorov-Smirnoff, Mann-Whitney U-
test, Wald-Wolfowitz) and ANOVA Kruskal-Wallis at sta-
tistical significance p<0.05.

Results and Discussion

234U and 238U

The results of 234U and 238U radioactivity measurements
in livers, kidneys and muscles of red deer, roe deer, and fal-
low deer from northern Poland are given in Table 1 and Fig.
2. Generally, the concentration of 238U in tissues and organs
ranged between 2.49±0.18 and 69.37±5.45 mBq·kg-1 ww,
which corresponds to total uranium concentrations from
0.20±0.01 to 5.64±0.44 μg·kg-1 ww. The concentration of
234U varied between 2.88±0.20 and 69.20±6.32 mBq·kg-1

ww. The accumulation of 234U and 238U in the deer tissues
and organs was independent of age and sex (Kolmogorov-
Smirnoff, Mann-Whitney U-test, Wald-Wolfowitz tets at
p<0.05). Similarly, there was no correlation between the
organs or tissues examined and the amount of 234U or 238U
accumulated (ANOVA Kryskal-Wallis and frame figures)
(Fig. 2).

In the red deer stags, the concentration of 238U increased
in the order: muscle < kidney < liver, and in red deer hind
in the order kidney < liver < muscle. The concentrations of
uranium in tissues of deer from the examined area were
higher than these found in human soft tissues. The human
body contains about 100 μg of uranium, 7.4 mBq·kg-1 in
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Tissue
Sample
amounts

Minimum and maximum concentrations
(mean ± SD)

[mBq·kg-1 ww]
Mean value of 234U/238U activity

ratio
238U 234U

Kidney 17
2.49±0.18 – 69.37±5.45 2.88±0.20 – 42.39±4.35

0.98±0.23
(19.43±17.89) (16.89±12.73)

Liver 6
4.87±0.55 – 50.15±4.89 6.09±0.62 – 58.34±5.35

1.14±0.20
(17.70±16.93) (19.79±19.53)

Muscle 4
4.01±0.49 – 52.06±5.40 3.16±0.44 – 69.20±6.32

0.96±0.26
(23.61±21.97) (26.79±30.33)

Table 1. 234U and 238U concentration in tissues and organs of deer from northern Poland.

Fig. 2. 238U concentrations in deer tissues and organs.



soft tissues and 0.148 Bq·kg-1 in bones [4, 12, 16]. The kid-
neys of the deer contained on average 19.43±17.89
mBq·kg-1 ww of 238U and 16.89±12.73 mBq·kg-1 ww of 234U.
In Poland the content of 238U in beef is about 5.63 mBq·kg-1

ww. In pork, poultry and eggs the concentrations are about
0.62-1.78 mBq·kg-1 ww [62]. These values are similar to the
minimal values found in tissues and organs of the analyzed
deer from northern Poland. It may denote that wild rumi-
nants could accumulate uranium more efficiently than non-
ruminants and domestic ruminants. It is possible that the
longer food retention time in the alimentary tracts of rumi-
nants enhances the efficiency of absorption of uranium and
deteriorates the efficiency of removal, for example, in fae-
ces. Wild ruminants also consume more plants with high
amounts of uranium (i.e. cereal) or mushrooms – compared
to domestic animals [62]. Mushrooms from north-eastern
Poland can concentrate 238U at levels as high as 15-270
mBq·kg-1 dw [46]. 238U concentration in the most common-
ly consumed species, such as the cep (Boletus edulis), bay
bolete (Xerocomus badius), parasol mushroom
(Macrolepiota procera), fleecy milk-cap (Lactarius
vellereus) and honey mushroom (Armillaria mellea) was
estimated to be between 15 and 240 mBq⋅kg-1, and the value
of 234U/238U activity ratio was close to 1. The highest urani-
um concentration was observed in the parasol mushroom
(270±90 mBq⋅kg-1 dw) [46]. The higher content of uranium
in the food of wild ruminants could result in higher transfer
factors of U into the organism, because when uranium
absorption becomes more efficient, the high amounts of
uranium can handicap kidney function and the efficiency of
uranium removal with urine [63]. 

The uranium content in tissues of reindeer depends on
the amounts of radionuclides in water and the plants con-
sumed rather than on the lichens eaten. The uranium con-
centration in the liver and bones of reindeer was 0.037
Bq⋅kg-1 ww [16]. The transfer factor of 238U from lichens to
liver and bones of reindeer amounts to 0.07 year-1 and 0.08
year-1, respectively. In Lapland the uranium concentration
was estimated to be between 0.2 Bq⋅kg-1 ww for 234U and
238U and 0.007 Bq⋅kg-1 ww for 235U in star reindeer lichen
(Cladonia alpestris) [16]. In dense-flowered cordgrass
(Spartina densiflora) in Spain the 238U content is between
2.16-42.6 mBq⋅g-1 dw and the value of 234U/238U activity

ratio is 1.073, while values of bioaccumulation factor for
234U and 238U are 0.02-0.27 [18]. 

The values of 234U/238U activity ratio were
0.61±0.08–1.42±0.28 for kidney, between 0.81±0.21–
1.41±0.26 for liver and 0.76±0.07–1.33±0.18 for muscle
(Table 1). For the remaining samples the values were gen-
erally close to 1. 234U/238U activity ratio in mushrooms from
Poland is close to 1 [46] and in the various food products
from the Wałbrzych region 1.16±0.21 [62]. The content of
uranium in the analyzed deer tissues and organs did not cor-
relate with the amount of 210Po determined previously for
deer (rs= 0.12, p<0.05) [57].

To assess the risk for consumers of game meat, the com-
mitted effective dose was calculated based on the values
established by the National Atomic Energy Agency
(Poland) (1997). The estimated results are presented in
Table 2. The average annual consumption of game meat in
Poland is about 0.08 kg per capita [64]. Assuming that
game meat corresponds to deer meat, it can be calculated
that it would be a source of effective doses of 0.88·10-5–
24.96·10-5 μSv (from decay of 238U) and 1.12·10-5–27.12·10-5

μSv (from decay of 234U), yielding together 2·10-5–52·10-5

μSv. This accounts only for 1.86·10-5% of the effective dose
from all natural sources in Poland, about 2.8 mSv [65].

The average intake of uranium with food in Europe is
about 4.4-16 Bq for 238U [7, 66], in the region of Wałbrzych
(Poland) the daily intake with food is about 17.7 mBq for
238U and 30.2 mBq for 234U [62]. Based on uranium concen-
trations in deer organs and tissues, the annual human intake
of 238U and 234U to would be 0.20-5.54 mBq. This equals
approximately 0.13% of total 238U intake of an average
European person. This indicates that uranium in tissues of
deer from northern Poland presents no radiological risk for
consumers.

239+240Pu

The results of 238Pu and 239+240Pu measurements in deer
livers, kidneys, and muscle from northern Poland are pre-
sented in Table 3. The activities of plutonium in many of the
analyzed samples were below the detection limit. These data
are similar to or slightly lower than the 239+240Pu concentra-
tions measured from deer bones by Mietelski et al. [41].

The 238Pu/239+240Pu activity ratios and the results of the
Chernobyl plutonium contribution are presented in Table 4.
The Chernobyl plutonium contribution varied from 44% to
82% in kidneys, 64-68% in livers and 91% in muscles, indi-
cating the significant impact of the Chernobyl accident on
the north Poland environment and on plutonium transport
in the ecosystem. A significant amount of 238Pu in the tissues
and organs could be caused by the higher mobility of 238Pu
than 239+240Pu in Chernobyl plutonium, compared to global
fallout [37, 39, 42, 67]. The big fraction of Chernobyl plu-
tonium in the analyzed deer could also be caused by its high
concentrations in plants that are an important part of the
deer diet: berries (Vaccinium spp.), tree bark, and needles
[68]. In leaves of the blueberry (Vaccinium myrtillus) from
Poland, the 239+240Pu concentrations varied from 3.4 to 11
mBq·kg-1 dw. In leaves of the lingonberry (Vaccinium vitis-

774 Skwarzec B., et al. 

Sample U isotope
Mean value

[μSv]
Minimum

[μSv]
Maximum

[μSv]

Kidney
238U 0.88·10-3 0.11·10-3 3.12·10-3

234U 0.83·10-3 0.14·10-3 2.08·10-3

Liver
238U 0.78·10-3 0.22·10-3 2.26·10-3

234U 0.97·10-3 0.30·10-3 2.86·10-3

Muscle
238U 1.06·10-3 0.18·10-3 2.34·10-3

234U 1.31·10-3 0.16·10-3 3.39·10-3

Table 2. Estimated effective dose in humans caused by the con-
sumption of 1 kg game meat. 



idaea), the concentration was 21.6 mBq·kg-1 dw. In pine
(Pinus sylvestris) and spruce (Picaea excelsa) needles the
plutonium concentration was higher – sometimes over 100
mBq·kg-1 dw (with very small 238Pu contribution); spruce
bark contains 208 mBq·kg-1 dw of 239+240Pu and 31 mBq·kg-1

dw of 238Pu. In conifer needles from southern Poland the
239+240Pu concentration was estimated to be 0-15 mBq·kg-1

dw, in spruce bark 11-25 mBq·kg-1 dw, in ferns (Athyrium
sp) 10-138 mBq·kg-1 dw. in ferns (Athyrium sp). from north-
eastern Poland the plutonium concentration was even high-
er than in the spruce: 244 mBq·kg-1 dw of 239+240Pu and 8
mBq·kg-1 dw of 238Pu [46, 69]. The values of plutonium
bioaccumulation factors (BCF) for different plants eaten by
deer were calculated to be 0.001-0.17, but for berries and
mushrooms they could reach the value of 0.3 [70-72]. 

On the basis of the plutonium concentration in different
plants and forest litter the transfer factors (TF) to deer
defined as the ratio of plutonium radionuclide concentra-
tion in animal or plant to the concentration in food or soil
were also calculated (Table 5). The data indicate that the
biggest 239+240Pu transfer factor was from berries to kidneys
(0.038-0.463), and he lowest values for the forest litter to
muscle transfer (0.08·10-3–8.0·10-3) and these values are
higher than the TF for beef meat (8.8·10-8–3.0·10-3) and
sheep meat (2.0·10-5–8.5·10-5) [73]. The transfer of plutoni-
um to liver and muscle was the lowest, but forest litter and
tree parts periodically are the main food [68]. 

The effective radioactivity doses were calculated based
on the data (Table 6). The biggest values of effective dose
were obtained for kidney, smaller for liver, and the smallest
for muscles. As the average consumption of venison in
Poland was estimated at 0.08 kg per year [64], the annual
effective dose would be 0.32·10-4 μSv (for 239+240Pu) and
0.16·10-4 μSv (for 238Pu) from kidneys, 0.11·10-4 μSv (for
239+240Pu) and 0.04·10-4 μSv (for 238Pu) from muscle.
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Tissue Sample amounts

Minimum and maximum concentrations 
(mean value ± SD)

[mBq·kg-1 ww]

238Pu 239+240Pu

Kidney 18
0.43±0.11– 1.32±0.34

(0.88±0.63)
0.60±0.27 – 2.77±0.60

(1.62±0.89)

Liver 12
0.26±0.13 – 0.46±0.09

(0.36±0.14)
0.33±0.06 – 1.11±0.21

(0.60±0.32)

Muscle 13 (0.21±0.05)
0.18±0.04 – 1.60±0.16

(0.56±0.59)

Table 3. 238Pu and 239+240Pu concentration in tissues and organs of deer from northern Poland.

No. Tissue
238Pu/239+240Pu
activity ratio

Chernobyl plutonium
[%]

1 Red deer muscle 0.55 ± 0.17 91

2 Red deer kidney 0.50 ± 0.17 82

3 Red deer liver 0.42 ± 0.25 68

4 Red deer liver 0.40 ± 0.25 64

5 Roe deer kidney 0.29 ± 0.57 44

Table 4. 238Pu/239+240Pu activity ratios and the estimated contribu-
tion of Chernobyl-derived plutonium in the tissues and organs
of deer from northern Poland.

Trophic relation
Transfer factor (TF)

239+240Pu 238Pu

Berries – kidney 0.038-0.463 0.124-0.678

Berries – liver 0.014-0.171 0.051-0.277

Berries – muscle 0.013-0.160 0.029-0.162

Trees parts – kidney 0.007-0.090 0.028-0.068

Trees parts – liver 0.003-0.033 0.012-0.028

Trees parts – muscle 0.003-0.031 0.007-0.016

Forrest litter – kidney 0.2·10-3-23.1·10-3 -

Forrest litter – liver 0.09·10-3-8.6·10-3 -

Forrest litter – muscle 0.08·10-3-8.0·10-3 -

Table 5. Transfer factors (TF) of plutonium isotopes for partic-
ular links in the trophic chain.

Tissue
Pu 

isotope
Mean value

µSv
Min
µSv

Max
µSv

Kidney
238Pu 3.99·10-4 1.50·10-4 6.92·10-4

239+240Pu 2.01·10-4 0.99·10-4 3.04·10-4

Liver
238Pu 1.50·10-4 0.82·10-4 2.78·10-4

239+240Pu 0.83·10-4 0.60·10-4 1.06·10-4

Muscle
238Pu 1.40·10-4 0.45·10-4 4.00·10-4

239+240Pu 0.48·10-4 - -

Table 6. Effective dose from plutonium isotopes 238Pu and
239+240Pu after consumption of 1 kg of deer meat.



This would yield only 1.71·10-6% (muscles) and 7.18·10-6%
(liver and kidney) of the total annual effective dose from
natural sources [65]. This indicates that there is no radio-
logical risk coming from plutonium radionuclides con-
tained in deer meat for the population.

Conclusions

Isotopes of 238U and 234U are accumulated in the tissues
and organs of deer from northern Poland, but do not pose
any radiological threat to humans with regard to consump-
tion of game meat at levels characteristic to Poland. At the
mean consumption rate of game meat (0.08 kg annually per
capita in Poland), and assuming that game meat = deer
meat, it was calculated that game meat would cause an
annual radiation dose of only 9.9·10-6-4.16·10-5 μSv.
Plutonium in tissues of deer from northern Poland also does
not pose any threat to potential consumers, as it could cause
radiation doses of 0.15·10-4–0.48·10-4 μSv. The concentra-
tion of 238Pu and 239+240Pu in deer tissues from northern
Poland are generally higher than those in human tissues, but
lower than in the tissues of the reindeer or caribou (R. t.
caribou) [1, 44, 45, 74, 75].

The concentrations of uranium and plutonium in liver,
muscle and kidney of deer did not depend on age, sex, or
species of animals, nor the location from which they were
hunted. Differences in the amounts uranium and plutonium
accumulated in the tissues and organs of particular speci-
mens could depend on individual food preferences, habitat,
and medical condition. Plutonium exposure was equally
distributed in the regions of northern Poland and tissues of
wild animals reflect its background level and accumulate
independently in all analyzed tissues at different levels. 

The contents of uranium and plutonium in tissues and
organs of deer from northern Poland are rather low, but the
examined tissues can be used to monitor the environment
and deliver information about background radiation levels. 

Acknowledgements

The authors would like to thank the Ministry of
Sciences and Higher Education for financial support of this
work under grant Nos. DS/8460-4-0176-0 and BW/8000-5-
0249-9.

References

1. PERELYGIN V.P., CHUBURKOV YU.T., ZVARA I., SZE-
GLOWSKI Z. On the determination of subpicogram con-
centrations of Pu in environment and living species.
Radiat.Measur. 25, (1-4), 355, 1995.

2. MIROSŁAWSKI J., CYGANEK M., CZOMPERLIK B.,
SZYWAŁA A., KWAPULIŃSKI J. The evaluation of
absorptive-emission function of the forest in terms of toxic
heavy metals risk. Sylwan. 5, 11, 1992 [In Polish].

3. STREBL F., GERZABEK M.H., KARG V., TATARUCH F.
137Cs-migration in soils and its transfer to roe deer in an
Austrian forest stand. Sci.Tot.Environ. 181, 237, 1996.

4. MEINRATH A., SCHNEIDER P., MEINRATH G. Uranium
ores and depleted uranium in the environment, with a refer-
ence to uranium in the biosphere from the Erzgebirge/
Sachsen, Germany. J.Environ. Radioactivity. 64, 175, 2003.

5. BRZYSKA W. Lantanides and actinides. WNT Warszawa,
1987 [In Polish].

6. NIESMIEJANOW A. N. Radiochemistry. PWN Warszawa,
1975 [In Polish]. 

7. BAGATTI D., CANTONE M.C., GIUSSANI A.,
VERONESE I., ROTH P., WERNER E., HÖLLRIEGL V.
Regional dependence of urinary uranium baseline levels in
non-exposed subjects with particular reference to volunteers
from Northern Italy. J.Environ. Radioactivity. 65, 357, 2003. 

8. DURANTE M., PUGLIESE M. Depleted uranium residual
radiological risk assessment for Kosovo sites. J.Environ.
Radioactivity. 64, 237, 2003.

9. BROWNE E., FIRESTONE F.B. Table of radioactive iso-
topes. V.S. Shirley (Ed.). John Wiley and Sons: New York,
1986.

10. SAM A.K., AHMED M.M.O., EL KHANGI F.A., EL
NIGUMI Y.O., HOLM E. Radiological and chemical assess-
ment of Uro and Kurun rock phosphates. J.Environ.
Radioactivity. 42, 65, 1999.

11. BAXTER M.S. Technologically enhanced radioactivity: An
overview. J.Environ. Radioactivity. 32, (1-2), 3, 1996.

12. ZARKADAS CH., KARYDAS A.G., PARADELLI T.
Determination of uranium in human urine by total reflection
X-ray fluroescence. Spectrochimica Acta Part B. 56, 2505,
2001. 

13. BOU-RABEE F., BAKIR Y., BEM H. Contribution of urani-
um to gross alpha radioactivity in some environmental sam-
ples in Kuwait. Environment International. 21, (3), 293, 1995.

14. EDWARDS R. Too hot to handle. New Scientist. 5, 1999. 
15. LLOYD J.R., LOVLEY D.R. Microbial detoxification of

metals and radionuklides. Current Opinion in
Biotechnology. 12, 248, 2001.

16. HOLM E., PERSSON B. Radiochemical and radioecologi-
cal studies of natural and artificial alpha-emitting radionu-
clides. The Natural Radiation Environment III, Houston
Texas. April 23-28, 1978.

17. HAAS G., SCHUPFNER R., MÜLLER A. Transfer of nat-
ural and man made radionuclides from plants to roe deer and
farm animals. J.Radioanal.Nucl.Chem. 194, (2), 269, 1995. 

18. MARTÍNEZ-AGUIRRE A., GARCÍA-ORELLANA I.,
GARCÍA-LEÓN M. Transfer of natural radionuclides from
soils to plants in a marsh enhanced by the operation of non-
nuclear industries. J.Environ. Radioactivity. 35, (2), 149,
1997.

19. EDMANDS J.D., BRABANDER D.J., COLEMAN D.S.
Uptake and mobility of uranium in black oaks: implications
for biomonitoring depleted uranium-contaminated ground-
water. Chemosphere. 44, 789, 2001. 

20. PIETRZAK-FLIS Z., SKOWROŃSKA-SMOLAK M.
Transfer of 210Pb and 210Po to plants via root system and
above-ground interception. Sci.Tot.Environ. 162, 139, 1995.

21. RIEKKINEN I., JAAKKOLA T. Effect of industrial pollu-
tion on soil-to-plant transfer of plutonium in Boreal forest.
Sci.Tot.Environ. 278, 161, 2001. 

22. ARKROG A. Worldwide data on fluxes of 239,240Pu and 238Pu,
inventories of selected radionuclides in the oceans. IAEA
International Atomic Energy Agency, TECDOC-481,
Vienna, 103, 1988.

23. MYASOEDOV B.F., PAVLOTSKAYA F.I. Measurements
of radionuclides in the environment. Analyst. 114, 255,
1989.

776 Skwarzec B., et al. 



24. SKWARZEC B. Environmental radiochemistry and radio-
logical protection. Wydawnictwo D.J.s.c. Gdańsk, 2002 [In
Polish].

25. KIEFER P., PRÖHL G., MÜLLER H., LINDNER G.,
DRISSNER J., ZIBOLD G. Factors affecting the transfer of
radiocaesium from soil to roe deer in forest ecosystems of
southern Germany, Sci.Tot.Environ. 192, 49, 1996.

26. AVILA R., JOHANSON K.J., BERGSTRÖM R. Model of
the seasonal variations of fungi ingestion and 137Cs activity
concentrations in roe deer, J.Environ. Radioactivity. 46, 99,
1999.

27. ZIBOLD G., DRISSNER J., KAMINSKI S., KLEMT E.,
MILLER R. Time-dependence of the radiocaesium contam-
ination of roe deer: measurement and modelling, J.Environ.
Radioactivity. 55, 5, 2001.

28. CHOPPIN G.R. Speciation of plutonium in seawater and
freshwater, Environ. Inorg. Chemistry, VCH Publishers Inc.
pp. 307-317, 1985.

29. HOWARD B.J., LIVENS F.R., WALTERS C.B. A review of
radionuclides in tide-washed pastures on the Irish Sea coast
in England and Wales and their transfer to food products,
Environ.Poll. 93, (1), 63, 1996.

30. SKIPPERUD L., OUGHTON D.H., FIFIELD L.K., LIND
O.C., TIMS S., BROWN J., SICKEL M. Plutonium isotope
ratios in the Yenisey and Ob estuaries, Appl.Radiat.Isot. 60,
589, 2004.

31. AGAPKINA G.I., TIKHOMIROV F.A., SHCHEGLOV
A.I., KRACKE W., BUNZL K. Association of Chernobyl-
derived 239+240Pu, 241Am, 90Sr and 137Cs with organic matter in
the soil solution, J.Environ. Radioactivity. 29, (3), 257,
1995.

32. ZHUK I.V., LOMONOSOVA E.M., YAROSHEVICH
O.I., KIEVETZ M.K., BOULYGA S.F.,
TZEKHANOVICH I.A., BONDAR YU.I. Investigation of
vertical migration of alpha-emitting nuclides in soils for
southern region of the Republic of Belarus, Radiat.Measur.
25, (1-4), 385, 1995.

33. BUNZL K., KRACKE W., SCHIMMACK W., ZELLES L.
Forms of fallout 137Cs and 239+240Pu in successive horizons of
a forest soil, J.Environ. Radioactivity. 39, (1), 55, 1998.

34. PUHUKAINEN M., RIEKKINEN I., HEIKKINEN T.,
JAAKKOLA T., STEINNES E., RISSANEN K.,
SUOMELA M., THØRRING H. Effect of chemical pollu-
tion on forms of 137Cs, 90Sr and 239+240Pu in Arctic soil studied
by sequential extraction, J.Environ. Radioactivity. 52, 17,
2001.

35. RIEKKINEN I., JAAKKOLA T. Effect of industrial pollu-
tion on soil-to-plant transfer of plutonium in Boreal forest,
Sci.Tot.Environ. 278, 161, 2001.

36. SCHIMMACK W., AUERSWALD K., BUNZL K. Can
239+240Pu replace 137Cs as an erosion tracer in agricultural land-
scapes contaminated with Chernobyl fallout? J.Environ.
Radioactivity. 53, 41, 2001.

37. BUNZL K., KRACKE W., SCHIMMACK W. Migration of
fallout 239+240Pu, 241Am and 137Cs in the various horizons of a
forest soil under pine, J.Environ. Radioactivity. 28, (1), 17,
1995.

38. LEE M.H., LEE C.W., BOO B.H. Distribution and charac-
teristic of 239+240Pu and 137Cs in the soil of Korea, J.Environ.
Radioactivity. 37, (1), 1, 1997.

39. KOMOSA A. Studies of contamination of Borne-Sulinowo
region (Poland) with plutonium isotopes and heavy metals,
Polish J.Environ.Stud. 7, (2), 89, 1998.

40. MIETELSKI J.W., WAS B. Plutonium from Chernobyl in
Poland, Appl.Radiat.Isot. 46, (11), 1203, 1995.

41. MIETELSKI J.W., GACA P., JASIŃSKA M. Plutonium and
other alpha-emitters in bones of wild, herbivorous animals
from north-eastern Poland, Appl.Radiat.Isot. 53, (1-2), 251,
2000.

42. MIETELSKI J.W. Plutonium in the environment of Poland
(a review), in: Plutonium in the environment, A. Kudo (Ed.).
pp. 401-412, 2001.

43. KLEVEZAL G.A., SEREZHENKOV V.A., KALYAKIN
V.N. Radiation dose accumulated by reindeer from Novaya
Zemlya, Appl.Radiat.Isot. 46, (10), 1077, 1995.

44. HOLM E. PERSSON R.B.R. Transfer of fall-out plutonium
in the food-chain lichen -> reindeer -> man, Transuranium
Nuclides in the Environment, IAEA, Vienna, 435, 1976.

45. HOLM E., PERSSON R.B.R. Radiochemical and radioeco-
logical studies of natural and artificial alpha-emitting
radionuclides, The Natural Radiation Environment III,
Houston, Texas. April 23-28, 1978.

46. MIETELSKI J.W. Nuclear spectrometry in the studies of
radionuclides bioavailability from “hot particles fuel type”
in the forest environment, Habilitation thesis, Raport No.
1921/B, Nuclear Physics Institute, Kraków. 2003 [In
Polish].

47. HAAS G., SCHUPFNER R., MÜLLER A. Transfer of nat-
ural and man made radionuclides from plants to roe deer and
farm animals, J.Radioanal.Nucl.Chem. 194, (2), 269, 1995.

48. KIERDORF H., KIERDORF U. Reconstruction of a decline
of ambient lead levels in the Ruhr area (Germany) by study-
ing lead concentrations in antlers of roe deer (Capreolus
capreolus), Sci.Tot.Environ. 296, 153, 2002.

49. POKORNY B., RIBARIČ-LASNIK C. Seasonal variability
of mercury and heavy metals in roe deer (Capreolus capre-
olus) kidney, Environ.Poll. 117, 35, 2002.

50. SCHÖNHOFER F., TATARUCH F., FRIEDRICH M.
Strontium-90 in antlers of red deer: an indicator of environ-
mental contamination by strontium-90, Sci.Tot.Environ.
157, 323, 1994.

51. MEDVEDEV N. Concentrations of cadmium, lead and sul-
phur in tissues of wild, forest reindeer from north-west
Russia, Environ.Poll. 90, (1), 1, 1995.

52. KIERDORF H., KIERDORF U., SEDLACEK F., ERDE-
LEN M. Mandibular bone fluoride levels and occurrence of
fluoride induced dental lesions in populations of wild red
deer (Cervus elaphus) from Central Europe, Environ.Poll.
93, (1), 75, 1996.

53. PATHAK N., PATTANAIK A.K., PATRA R.C., ARORA
B.M. Mineral composition of antlers of three deer species
reared in captivity, Small Ruminant Res. 42, 61, 2001.

54. TILLER B.L., POSTON T.M. Mule deer antlers as biomon-
itors of strontium-90 on the Hanford Site, J.Environ.
Radioactivity. 47, 29, 2000.

55. MICHALSKA K., ŻMUDZKI J. The concentration of met-
als in tissues of wild boars, roes and deers in the
Wielkopolskie region, Medycyna Weterynaryjna. 48, (4),
1992 [In Polish].

56. PRZYBYCIN J., JUSZKIEWICZ T. Residues of polychlo-
rinated biphenyls in tissues of wild game, Medycyna
Weterynaryjna. 49, (7), 318, 1993 [In Polish].

57. PRUCNAL M. Polonium, uranium and plutonium bioaccu-
mulation in selected tissues of cervids (Cervidae), PhD the-
sis, Uniwersytet Gdański, Wydział Chemii. 2007 [In Polish].

58. SKWARZEC B. Polonium uranium and plutonium in the
southern Baltic Sea ecosystem, Rozprawy i monografie, 6,
Polish Academy of Science, Sopot. 1995 [In Polish].

59. SKWARZEC B. Polonium, uranium and plutonium in the
southern Baltic Sea, Ambio. 26, (2), 113, 1997.

Accumulation of Uranium (234U and 238U)... 777



60. SKWARZEC B. Radiochemical methods for the determina-
tion of polonium, radiolead, uranium and plutonium in envi-
ronmental samples, Chem.Anal. 42, 107, 1997.

61. SKWARZEC B. Determination of radionuclides in aquatic
environment, [in:] Analytical measurement in aquatic envi-
roments, J. Namieśnik and P. Szefer (Eds), Tylor&Francis
PE. pp. 241-258, 2009.

62. PIETRZAK-FLIS Z., SUPLIŃSKA M.M., ROSIAK L.
The dietary intake of 238U, 234U, 230Th, 232Th, 228Th and 226Ra
from food and drinking water by inhabitants of the
Walbrzych region. J.Radioanal.Nucl.Chem. 222, (1-2), 189,
1997.

63. ARRUDA-NETO J.D.T., LIKHACHEV V.P., NOGUEIRA
G.P., ARAUJO G.W., CAMARGO S.P., CAVALCANTE
G.T., CESTARI A.C., CRAVEIRO A.M., DEPPMAN A.,
FERREIRA J.W., GARCIA F., GERALDO L.P., GUZMÁN
F., HELENE O.M., MANSO M.V., MARTINS M.N.,
MESA J., OLIVEIRA M.F., PEREZ G., RODRIGUEZ O.,
TAVARES M.V., VANIN V.R. Transfer coefficient measure-
ments of uranium to the organs of Wistar rats, as a function
of the uranium content in the food. Appl.Radiat.Isot. 54,
947, 2001.

64. CZERASZKIEWICZ R. String deers return, Brać Łowiec-
ka. 8, 2002 [In Polish].

65. JAGIELAK J., BIERNACKA M., HANSCHKE J.,
SOCIŃSKA A. Radiological atlas of Poland 1997,
Państwowa Inspekcja Ochrony Środowiska, CLOR, PAA,
Biblioteka Monitoringu Środowiska, Warszawa. 1998 [In
Polish].

66. UNSCEAR, Report of the United Nations Scientific

Committee on the effects of atomic radiation to the general
assembly; UNSCEAR: pp. 123-130, 2001.

67. KOMOSA A. Migration of plutonium isotopes in forest soil
profiles in Lublin region (Eastern Poland), J.Radioanal.
Nucl.Chem. 240, 19, 1999.

68. KOMOSIŃSKA H., PODSIADŁO E. Hoofed mammals,
PWN 2002 [In Polish].

69. MIETELSKI J.W., LAROSA J.J., GHODS A. Results of
90Sr and 238Pu, 239+240Pu, 241Am,  measurements in some sam-
ples of mushrooms and forest soil from Poland, J.Radioanal.
Nucl.Chem. 170, (1), 243, 1993.

70. LUX D., KAMMERER L., RUHM W., WIRTH E. Cycling
of Pu, Sr, Cs, and other longliving radionuclides in forest
ecosystems of the 30-km zone around Chernobyl,
Sci.Tot.Environ. 173/174, 375, 1995.

71. BARCI-FUNEL G., DALMASSO J., BARCI V.L., ARDIS-
SON G. Study of the transfer of radionuclides in trees at a
forest site, Sci.Tot.Environ. 173/174, 369, 1995.

72. COPPLESTONE D., JOHNSON M.S., JONES S.R., TOAL
M.E., JACKSON D. Radionuclide behaviour and transport in a
coniferous woodland ecosystem: vegetation, invertebrates and
wood mice, Apodemus sylvaticus, Sci.Tot.Environ. 239, 95, 1999.

73. HOWARD B.J., BERESFORD N.A., BARNETT C.L.,
FESENKO S. Radionuclides transfer to animal products:
revised recommended transfer coefficient values, J.Environ.
Radioactivity. 100, 263, 2009.

74. TAYLOR D.M. Environmental plutonium in humans,
Appl.Radiat.Isot. 46, (11), 1245, 1995.

75. SINGH N.P. Is plutonium really a threat to man and his envi-
ronment? J.Radioanal.Nucl. Chem. 226, (1-2), 37, 1997.

778 Skwarzec B., et al. 


