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Abstract This work was undertaken to study the
influence of soil type and its physical and chemical
properties on uranium sorption and bioavailability, in
order to reduce the uncertainty associated with this
parameter in risk assessment models and safe food
production. The tests were conducted on three types
of Serbian soils: alluvium, chernozem, and gajnjaca,
from which 67 samples were taken. Dominant factors
of uranium mobilisation: the specific content of total/
available form of uranium and phosphorus, the degree
of acidity (pHKCl), and humus content and their
correlation, were analysed. Content of available
uranium form, according to the type of soil decreases
in the following order: gajnjaca>alluvium>chernozem.
It was found the medium correlation between pH values
and available content of uranium in chernozem and
gajnjaca, statistically significant at the level of signifi-
cance of 99% and the alluvium at the level of
significance of 95%. Correlation coefficients in all cases
were negative, indicating that the reduction in pH
increases themobility of uranium and thus its availability

for the adoption of the plants. Soil pH was the only
dominant factor that significantly controlled the uranium
value with no further significant contribution of other
soil parameters.
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1 Introduction

Sources of uranium (U) in the environment originate
from natural geological–geochemical processes and
human (anthropogenic) activities. Widespread use of
nuclear energy, application of weapons with depleted
uranium, coal combustion, production and application
of phosphoric fertilizer are the main anthropogenic
sources of uranium entering the environment. All
these human activities resulted in soil contamination
with uranium, i.e., “Technologically-Enhanced Natu-
rally Occurring Radioactive Material.”—TENORM
(NRC 1999). During the period of NATO bombing of
Serbia in 1999, 10 t depleted uranium ammunitions
endangered around 12.5 ha of soil (Rajković and
Đorđević 2006).

Use of phosphoric fertilizers is the main anthropo-
genic source of the uranium input in the environment
(about 73% of the total input uranium). On the basis
of the U concentration in phosphate fertilizers,
McBride and Spiers (2001) estimated that 50 years
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of the application of a specific phosphate fertilizer (e.g.,
100 kg−1 ha−1 year−1 as P2O5) would lead to the
addition of 2.4 kg of U per hectare to the topsoil,
corresponding to an increase of about 1 mg/kg in the
soil U. Around 1,500 t of mineral fertilizers based on
phosphorus are applied per annum in Serbia. It is
estimated that around 210 kg of uranium (30 g/ha) are
in this way introduced into the environment. (Stojanović
et al. 2006). Effect of long-term application of
phosphorus fertilizers on uranium contamination soils
was the subject of many studies in the world (Jones
1992; Stojanović et.al. 2006; Stojanović 2006; Tunney
et.al. 2009).

It is known that uranium contents of phosphate
rocks very according to geographical origin from less
than 10 up to more than 200 mg/kg. Technological
methods of processing phosphate ore to obtain
phosphate fertilizers are such that 90–95% of U, Th,
and Cd moved to the final product (Stojanović 2006;
Kratz and Schnug 2006). The uranium content in
mineral phosphate fertilizers is related to phosphate
content in phosphate rock and the relationship is
linear dependence (Stojanović 2006). Kratz and
Schnug (2006) reported mean uranium concentrations
of 6 to 146 mg/kg in different types of phosphorus-
containing mineral fertilisers and less than 2.2 mg/kg
in mineral fertilisers without phosphorus. Mineral
fertilizers based on phosphorus, which were distrib-
uted in Serbia in 2009, had a uranium content from
0.3 to 153 mg/kg (Stevanović et al. 2009). Phosphorus
occurs in the soil solution as negatively charged
phosphate ion H2PO4

− in acid soils or HPO4
2− in

alkaline soils. These anions react readily with positively
charged soil compounds. Phosphate reacts with U
as well to form low soluble uranyl phosphates or
precipitation products such as autunite that are stable
over a wide range of geochemical conditions (Jerden
and Sinha 2003). There are contrasting reports on the
effect of phosphate in the soil solution on uranium
plant uptake. Laroche et al. (2005) reported that
increasing phosphate concentration, from 0 to 15 μM
in nutrient solution in a hydroponics culture, decreases
free uranyl concentration about 43%, 68%, and 12% at
pH 4.9, 5.8, and 7, respectively. Furthermore, Rivas
(2005) reported no significant effect of phosphate on
the uranium concentration and uranium uptake of faba
bean (Vicia faba), and uranium concentration of maize
(Zea mays) on a contaminated soil. On the other hand,
Ebbs et al. (1998) reported that addition of phosphorus

had largely overcome the toxic effects of uranium in a
hydroponic solution at pH 5.0, most likely due to
complexation of the uranium with phosphate. Negative
effect of phosphate in soil culture on uranium
concentration in plant tissues or total plant uranium
uptake has been reported by some authors (Lamas
2005; Rivas 2005). Contrasting effects of phosphate on
uranium plant uptake can be explained by different
types of uranium phosphate complexes subject to the
type of soil, solution pH and crops. Phosphate can
decrease concentration of free uranyl cation in solution
and the type of complexes varies according to type and
amount of electrical charge. Then, in a pH of higher
than 6, the major uranium phosphate complex is
UO2PO4

− and it can be readily taken up by plants. In
the pH range of 4 to 6 and less than 4, the most
abundant uranium phosphate complexes are UO2HPO4

(aq) and UO2H2PO4
+, respectively, and it seems that

they are not available to plants. Based on the reasons
mentioned above, it is clear that the contents and forms
of phosphorus in the soil play an important role in the
movement of uranium in nature.

Uranium is one of the radionuclide whose mobility
in soils may vary strongly depending on soil type and
its physico-chemical properties. Distribution of uranium
in the lithosphere and hydrosphere is performed in
conditions of complex chemical and physical–chemical
natural processes, including mechanisms of degradation
of minerals that contain uranium. Solubility of uranium
in the soil primarily depends on the environmental pH,
redox potential, soil structure and mineral composition
of the solid phase, concentration of inorganic com-
pounds, the quantity and type of organic compounds in
soil and soil solution, soil temperature, pressure,
moisture content and microbial activities. (Harmsten
and De Haan 1980; Echevarria et al. 2001; Gavrilescu
et al. 2009). Sorption of U(VI) onto soil particles is
higher at lower pH values in soils and decreases
strongly with increasing pH (Echevarria et al. 2001).
The reduction of U(VI) to U(IV) by abiotic and biotic
processes, as well as its re-oxidation has received
considerable attention because the oxidation state of
uranium has a significant effect on its mobility in the
natural environment (Duquène et al. 2006).

The cycle of mobilization of uranium in nature
begins with U(IV) oxidation. As long as the complexes
of uranium are in water-stable phase, uranium cycle
flows, Fig. 1. The process of contamination of uranium
in nature stops when U(VI) is reduced or immobilized.
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However, with changing conditions in nature, U(IV)
uranium can oxidate to U(VI), and so the cycle will
start again. Immobilization of uranium as its precipita-
tion from solution is the only way to protect nature
from the uranium spreading. Fixation of uranium can
be described by two main mechanisms: precipitation
(including oxidoreduction) and adsorption. Precipita-
tion process may arise from diferent uranium form,
uraninite, autunite, and uranium phosphite [U(PO3)4],
low solubility. Thus, the value Kp=10

−49 , represents a
basis of their stability in the long geological period
under very different conditions which it is important
parameter in consideration of environmental protection
and production of healthy and safe food (Stojanović
2006).

It is confirmed in the literature that soil pH, redox
potential, plant and mineral composition of the solid
phase, concentration and type of inorganic and organic
compounds in soil and soil solution, temperature,
humidity, pressing and potentially accessible forms of
uranium, are key factors affecting on bioavailability and
plants adoption of uranium (Harmsten and De Haan
1980; Sarić et al. 1995; Vandenhove et al. 2007;
Tunney et al. 2009; Stojanović et al. 2009; Stojanović
et al. 2010).

Interest of many studies was based on the method
of determining the available form of uranium for
adoption by the plant. Stojanović (2006) have used
fractional extraction method which determined the
contents water-soluble and specifically adsorbed and
structurally related forms of uranium in different types
of soil. Content water-soluble and specifically
adsorbed uranium ranged from 2.75% in the chernozem,
up to 16.36% of the uranium mine tailings in Kalna.

Uranium is a radioactive chemotoxic heavy metal
that can lead to environmental and health problems.
Soil contaminated with uranium pose a long-term

radiation hazard to human health through exposure
via the food chain and other pathways. For the proper
assessment of the environmental impact uranium from
soil, the processes controlling the mobilisation,
transportation and retention of sediment associated
uranium, need to be understood and quantified.

Knowledge of the global uranium cycle is not
intended only to determine the level of contamination
and to recognize consequences but to acquire knowledge
which enables prediction of all factors that affect U
fasten transport and development of environmental
protection models.

Research results should give us an answer whether
uranium in secondary geochemical environments
tends to bind to phosphates. Tests have included the
following locations in Serbia: gajnjaca and alluvium
soil from Šumadija region and chernozem from Bački
Petrovac.

2 Materials and Methods

Agricultural soils samples were taken in the grid area
of 1,000 square hectares (divided by squares) and at a
depth of 0–30 cm.

The tests included 67 samples soil of Serbia: 22
from Bački Petrovac in Vojvodina and 45 from
Šumadija-Morava.

Soil from Bački Petrovac represents the chernozem
soil type, soil with a high content of natural
phosphorus. From Šumadija region, 20 samples soil
type gajnjaca (eutrički kambisol) and 25 samples of
soil type alluvium (fluvisol) were selected.

In order to prepare 67 soil samples for measure-
ment, the soil was air-dried and sieved through a
2 mm sieve and its physical and chemical properties
were analyzed by standard methods.

Fig. 1 Global cycle of
uranium in nature
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In soil samples the content of total and available
forms of uranium and phosphorus, the degree of
acidity (pHKCl), and humus content were determined.
All analysis was carried out in three replications. The
results were statistically processed in order to deter-
mine the equation of linear regression and correlation
coefficient between the total and available content of
uranium and the total and available content of
phosphorus, humus and soil acidity.

The results were analyzed for each soil type
separately and then all together.

Uranium content was determined by fluorometric
method with 26–000 Jarrell Ash Division instrument.
The content of total uranium (Utot) was determined by
decomposing 2 g of soil sample with concentrated HF
and HNO3 acid. Dry residue was dissolved in 8%
solution of HNO3. Uranium extraction was obtained
with 10 cm3 synergistic mixtures 0.1 M TOPO (tri-n-
octylphosphine oxide) in ethyl acetate. Organic phase
aliquots were evaporated to dry and dry residue was
heated to 700°C with a mixture of NaF (9%) and
NaKCO3 (91%). Fluorescence intensity was measured
with a fluorometer and it is in linear dependency with
the uranium concentration (detection limit, 0.005 mg/kg;
range, 0.05–5 mg/kg; correlation coefficient, r>0.997)
(Stojanović and Martinović 1993).

Available uranium (Uav) was determined by
extracting 10 g of soil sample with 50 cm3 of
(AcNH4) solution for a period of 2 h (AcNH4

solution: 77 g of CH3COONH4 and 50 cm3 of glacial
acetic acid in 1,000 cm3, pH 4.8) (Tessier et al. 1979;
Sheppard and Evenden 1992; Stojanović 2006).
Extracted uranium was determined in the same way
as total uranium.

The total phosphorus content (P2O5tot), determined
by the vanadate - molybdate spectrophotometric

method, after acid dissolution of samples with
H2SO4 and HClO4 (Tandon et al. 1968).

The available phosphorus content (P2O5av) in the
soil is determined by the standard Al-method accord-
ing to Egner-Riehm). Soil samples were extracted
with 0.1 M ammonium lactate solution and 0.4 M
acetic acid (pH 3.7). Relation, soil/extraction solution
was 1:20 and the extraction time was 2 h. Content of
phosphorus was determined by vanadate–molybdate
spectrophotometric method (Egner et al. 1960)

– Reaction of the soil, pHKCl, value was determined
with the suspension of 1 M KCl potentiometri-
cally with a glass electrode (ISO10390: 1994,
Soil quality—determination of pH.).

– The humus content was determined by oxidation
with the KMnO4 solution (according to Kotzman),

3 Results and Discussion

3.1 Alluvium

Investigation the properties of 25 samples of soil,
alluvium type, are presented in Table 1. Regarding to
pH values, in the range between 3.90 and 7.40, tested
samples were in different categories: from highly
acidic, acidic and neutral to slightly alkaline soil.

Alluvium soil has medium humus content, and
based on the values of available phosphorus content,
this type of soil includes categories of low, medium
and well-provided soils. Variations in the values of
easily available phosphorus were in the range from
2.5 to more than 36 mg P2O5/100 g and content of
P2O5 tot varied from 0.081% to 0.290%, expressed as
P2O5%.

Plant species Variants of substrates for plant growing Average LSD

1 2 3 4 0.05 0.01

Peas 0.77 0.22 0.46 0.12 0.40

Sunflower 0.82 0.31 0.84 0.16 0.53

Maize 0.72 0.31 0.42 0.20 0.41

Average 0.77 0.28 0.57 0.16 0.45 0.07 0.09

LSD

0.05 0.12 0.06

0.01 0.16 0.08

Table 1 Uranium concen-
tration in above-ground
parts of the plant species
grown on substrates with
different content of U
(in mg/kg)
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Total uranium content varied in the range between
1.2 and 2.50 mg/kg, and the content Uav varied from
0.062 to 0.131 mg/kg. Percentage of Uav compared
with Utot varied from 3.6% to 6.42%. Content of
natural available forms of uranium with 0.1% to 3%
were represented in the total uranium geochemical
origin (Petrović and Mitrović 1991). Anything above
this may indicate uranium soil contamination of
anthropogenic origin.

Correlation coefficient (r) and related linear re-
gression equation were determined between the
contents of total and available forms of uranium and
the content of total and available forms of phospho-
rus, pHKCl, and humus content, Table 2.

Between Utot and Uav, and P2O5tot and P2O5av
there was no correlation dependence. The influence of
pH on the content of Uav is at level of intermediate
correlation dependence, statistically significant at the
level of significance of 99%. The correlation coeffi-
cient is negative (−0.683), which is explained by the
fact that the reduction of soil acidity increases the
mobility of uranium, or increases the content of
uranium available forms. There is no significant
correlation dependence between pH values and Utot.
There is some significant correlation and dependence
among the total uranium content and humus content.
A positive correlation coefficient indicates on a
characteristic of humus to participate in the fixation
of uranium in the soil, forming with uranyl ions
strong complexes.

3.2 Gajnjaca

The tests includes 20 samples of soil whose properties
are shown in Table 3.

In terms of pH value, the soil could be classified as
very acidic to slightly alkaline, since the pH values are
in the range 4.10 to 7.20. According to the average
values of humus, gajnjaca are soils with mean humus

content. Based on content of P2O5 av, gajnjaca includes
category soil from poorly secured, through the medium
provided to soils well provided. Values P2O5 av were in
the range between 0.9 and >36 mg P2O5/100 g.

Content of P2O5tot, Utot, and Uav ranged from
(respectively): 0.08–0.21%, 1.40–2.91 mg/kg and
0.021–0.211 mg/kg. Percentage of Uav content related
to the content of Utot varied from 5.10–7.25%.

In Table 4 are presented correlation coefficients
and linear regression equations for content Utot and
Uav to the acidity of the soil, the content of P2O5 tot

and P2O5 av and humus content.
Correlation coefficients of Utot i Uav content related

to the content of P2O5 tot and P2O5 av indicate that there
is no mutual correlation of dependence. Between soil
pH and content Utot it was found weak, but statistically
significant correlation on the 95% significance level
and between soil acidity and Uav, it was found the
medium correlation but statistically very significant
(99%).

3.3 Chernozem

The tests include 22 samples of soil chernozem—
Bački Petrovac. The results are shown in Table 5, and
their statistical analysis is shown in Table 6.

Soil categories included acidic to neutral soils,
with pH values ranged from 4.90 till 7.50.

According to the content of humus which varied from
1.86–4.18%, soils had low and middle level of humus.

Based on content of P2O5av which varied from 0.7
to>36 mg P2O5/100 g, soil samples were identified
as: low, medium and well-provided soils.

Content of P2O5 tot ranged from 0.10–0. 368%.
High content of total phosphorus and a large number
of samples with high content of P2O5av are conse-
quences of the natural high content of phosphorus and
intensive fertilization with mineral fertilizers based on
phosphorus, in that locality. The natural content of

Variants of substrates for
plants growing

Average Variants of substrates for plant growing

1 2 3 4

1 0.77 0.61a 0.49 0.20a 0.05=0.07

2 0.28 0.12 0.29 LSD

3 0.57 0.41a – 0.01=0.09

4 0.16 –

Table 2 Differences of
U concentration mean in
above-ground parts in
investigated substrate
variants and estimation
of their significance

a Significant at 1% level
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phosphorus in the lithosphere is up to 0.28% P2O5

(Stojanović 2006) which indicates that on this site not
only natural, but anthropogenic (mineral fertilizers)
factors increase the phosphorus in the soil.

Total uranium ranged from 1.48–2.36 mg/kg.
Based on the naturally high phosphorus content, the
content of uranium did not exceed limits of content of
natural uranium in the soil.

The correlation coefficient between the total content
of phosphorus and uranium points to their weak, but
statistically significant (95%) correlation dependence.
This is a consequence of the ability of phosphorus to fix
uranium by forming the autunite which is least soluble at
pH 6. Higher concentrations orthophosphate ions
(10−5 M) in the soil solution decrease the activity of
uranium, and process of its precipitation begins.

Then again, the lack of correlation between the
content of Uav and P2O5tot and P2O5av indicates the
domination of uranium geochemical origin over
anthropogenic. There hasn’t been established corre-
lation dependence between humus and content Utot

and Uav.
The influence of pH on the content of Uav is on the

secondary correlation dependence, statistically signifi-

cant at the level of 99%. Correlation coefficient is
negative.

3.4 Comparative Analysis

Table 7 presents a comparative overview of the range
of certain properties of the tested soil.

Based on overall results of pH, all types of soil were
represented from very acidic to alkaline. The sample
with the lowest pH value of 3.9 was alluvium and most
alkaline pH 7.5 was chernozem from Bački Petrovac.

Content of P2O5 tot ranged from 0.080% in gajnjaca
to 0.368% in the chernozem, and P2O5av from 0.7 mg
P2O5/100 g in chernozem. The value of >36 mg P2O5/
100 g determined in all tested soil types.

On pH value, 6.1 content Utot was in the range from
1.2 mg/kg in alluvium to 2.91 mg/kg in gajnjaca. The
lowest value of uranium 1.2 mg/kg was determined in
the alluvium soil sample with pH 4.8 and humus
content of 1.86%. High soil acidity and low content of
humus do not allow fixation of uranium, but uranium
(VI) in the form of UO2

2+ ions could be easily
transported with underground waters which are charac-
teristic of the alluvium soils. It should be noted that
samples were taken at 0–30 cm depth, where surface
waters make possible flow of oxygen and/or increase its
fugacity, which provide oxidative conditions necessary
for mobilization of uranium.

The highest Utot of 2.91 mg/kg, was determined in
gajnjaca at pH 6.1 with humus content of 2.2%. The
most effective fixation of uranium on clay is at the
range of pH values 6.1–6.2 (Stojanović 2006); 45–
60% clay minerals in the gajnjaca soil type together
with a suitable pH value, facilitate better adsorption of
uranium. Humus didn’t have a primary influence on the
fixation of uranium, which is explained with high

Table 4 Correlation coefficient and linear regression equation between the investigated parameters in the soil type gajnjaca

correlation coefficient
(r) for Utot

Linear regression
equation (Utot)

correlation coefficient
(r) for Uav

Linear regression
equation (U av)

pHKCl –0.482a y=−0.193x+3.142 –0.683b y=−0.119x+0.227
Humus –0.135 – –0.029 –

P2O5 tot –0.219 – –0.327 –

P2O5 av +0.087 – –0.284 –

a Significant at 5% level
b Significant at 1% level

Table 3 Differences of U concentration mean in above-ground
parts in investigated plant species and estimation of their
significances

Plant species Average Plant species

Peas Maize Sunflower

Sunflower 0.53 0.14a 0.11a 0.05=0.06

Maize 0.41 0.02 – LSD

Peas 0.40 – – 0.01=0.08

a Significant at 1% level
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percentage of Uav (7.25%). Clays as ion exchangers are
able to bind uranil ions, but not permanently. When
equilibrium between the clay as solid phase and soil
solution is established, clays fix uranium till saturation,
and excess of uranium remains in the soil solution.
When the concentration of uranium in the soil solution
drops, clay becomes the source of uranium until a new
equilibrium establishes. In gajnjaca studied sample, high

content of total and available uranium indicates its
anthropogenic origin. Also, the tested gajnjaca samples
has the lowest content of P2O5 tot (0.08%) and P2O5 av

(0.9 mg P2O5/100 g), which indicates a weak correla-
tion relationship between uranium and phosphorus.

Total uranium content in 67 samples of three types of
tested soils were less than 4 mg/kg, which is considered a
natural uranium content in the lithosphere and therefore

Table 5 Properties of the investigated soil types - chernozem Bački Petrovac

No pHKCl P2O5 tot (%) P2O5 av

(mg/100 g)
Utot

(mg/kg)
Uav

(mg/kg)
share from
total (%)

Humus (%)

1 6.95 0.111 0.70 1.76 0.090 5.11 2.01

2 6.90 0.110 5.20 1.83 0.103 5.46 2.23

3 5.10 0.115 6.70 2.01 0.119 5.92 3.16

4 6.74 0.109 10.10 1.56 0.087 5.57 4.18

5 6.41 0.179 12.00 2.00 0.091 4.55 3.23

6 5.39 0.148 12.50 2.03 0.098 4.82 2.15

7 6.19 0.141 14.80 1.60 0.068 4.25 1.86

8 7.05 0.189 15.70 1.99 0.072 3.62 3.19

9 7.06 0.110 16.70 1.93 0.061 4.12 2.02

10 4.90 0.142 17.50 2.11 0.116 5.49 3.15

11 6.82 0.181 18.10 1.96 0.097 4.95 2.43

12 6.96 0.203 24.70 2.20 0.105 4.77 3.18

13 6.25 0.173 33.60 1.48 1.112 5.80 3.60

14 6.89 0.219 36.00 2.17 0.106 4.88 3.54

15 6.89 0.251 36.00 1.89 0.104 5.50 3.15

16 7.50 0.223 36.00 2.13 0.098 4.60 2.00

17 6.95 0.213 >36.00 1.76 0.099 5.60 2.58

18 5.20 0.178 >36.00 2.58 0.127 4.93 3.03

19 6.88 0.258 >36.00 2.10 0.128 6.09 2.30

20 6.64 0.257 >36.00 2.16 0.119 5.51 3.01

21 6.98 0.368 >36.00 2.10 0.107 5.09 2.00

22 6.93 0.352 >36.00 2.36 0.113 4.79 2.15

Table 6 The correlation coefficient and linear regression equation between the investigated parameters in the soils type chernozem
Bački Petrovac

correlation
coefficient, r, Utot

Linear regression
equation, Utot

correlation
coefficient, r, Uav

Linear regression
equation, Uav

pHKCl –0.485 – −0.617b y=−0.158x+0.379
Humus −0.101 – 0.305 –

P2O5 tot +0.466a y=−1.638x+1.672 –0.305 –

P2O5 av –0.413a y=−0.022x+1.834 –0.218 –

a Significant at 5% level
b Significant at 1% level
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lower than 5.9mg/kg, which is considered the upper limit
of the natural uranium content in the soil of Serbia
(Jelenković 1991). According to UNSCEAR, 2000,
average content of uranium in the soil worldwide is
about 3.0 mg/kg (or 35 Bq/kg for 238U isotope).
According to Lamas (2005) natural uranium content in
soil varies from 0.1 to 11.2 mg kg−1 in different areas.

The content of available forms of uranium were
determined in the range from 3.6% in alluvial on pH
value 6.8% to 7.25% on pH 6.1 in gajnjaca.

Chernozem clay minerals, mostly from the group
montmorilon, as holders of high adsorption capacity and
humus present in the chernozem reduce mobility of
uranil ions, so they form a stable complexes with low
solubility. All this indicates the ability of chernozem to
immobilize uranil ions and to transform them into low
soluble forms. From the aspect of environmental
protection that is very important feature, because uranium
becomes unavailable for plants and thus, excluded from
the food chain. Comparing with the alluvium and
gajnjaca, chernozem has relatively high content of total
uranium, but in forms that are least available to plants.

The highest value of accessible forms of uranium
is determined in gajnjca, in the same sample in which
was determined the highest content of total uranium.

Based on all studied properties, regardless of the soil
type the mean correlation relationship between soil pH
and content of total and accessible uranium at the level
of significance of 95% was confirmed, and that was the
strongest correlation dependence in relation to other
values of correlation coefficient (Table 8). The correla-
tion coefficient was negative, which was characteristic
for all types of soils respectively. Reducing soil acidity
increases the mobility of uranium, and therefore, its
availability to plants.

Generally, between humus content and total/available
uranium there was no correlation dependence, although
it is well-known that for process of fixation of uranium in
the soil their presence plays an important role. This can
be explained with properties of examined soil (high
content of clay fraction, Fe and Mn oxides, phosphates,
carbonates, etc.), which with adequate soil acidity and
redox potential were dominant in the process of fixation
of uranium, compared with the humus.

Table 7 Certain properties of the tested soil: alluvium, gajnjaca, and chernozem- Bački Petrovac

Type of soil Utot (mg/kg) Uav (mg/kg) P2O5 tot (%) P2O5 av

(mg/100 g)
pHKCl Humus (%)

Alluvium (n=25) 1.2–2.50 1.93 0.062–0.131 0.081–0.29 2.5–>36 3.90–7.40 1.66–5.40
3.6–6.42%

0.095 (4.92%)

Gajnjaca (n=20) 1.40–2.91 2.09 0.021–0.211 0.080–0.210 0.9–>36 4.10–7.20 1.96–3.69
5.10–7.25%

0.013 (6.22%)

Chernozem Bački
Petrovac (n=22)

1.8–2.6 1.99 0.09–0.113 0.100–0.368 0.7–>36 4.90–7.50 1.86–4.18
3.62–6.09%

0.10 (5.07%)

(n=67) 1.2–2.91 0.021–0.211 0.080–0.368 0.7–>36 3.90–7.50 1.66–5.40
3.6–7.25%

Table 8 Correlation coefficient and linear regression equation between the studied parameters in all types of soils

correlation
coefficient, r, Utot

Linear regression
equation, Utot

correlation
coefficient, r, Uav

Linear regression
equation, Uav

pHKCl 0.424a y=−0.108x+2.616 –0.605a y=−0.018x+0.206
Humus –0.037 – –0.007 –

P2O5 tot 0.132 – –0.552 –

P2O5 av –0.137 – –0.546 –

a Significant at 1% level
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There was no correlation dependence between the
content of total uranium and affordable and between
total and accessible phosphorus.

Free no complex orthophosphate form precipitate
uranil ions, fix them and reduce their accessibility to
plants. The more basic formed ortophoshate salt is, its
solubility is lower, thus solubility decreases from
monobasic to tribasic phosphates (Jakovljević and
Pantović 1991). With increasing content of ortho-
phosphate ions in soil solution activity of uranium
decreases, which is from the aspect of environmental
protection very important.

4 Conclusions

Based on the gained results of content Utot, Uav, P2O5

tot, and P2O5 av, humus content and pH value in the
tested soils: gajnjaca, Morava alluvium, and Bački
Petrovac chernozem, the following important conclu-
sions could be made.

The total content of uranium in all tested soils ranged
from 1.2 to 2.91mg/kg. As the concentration of uranium
in the range of 0.08–5.9 mg/kg are considered as natural
uranium content in soil, it can be concluded that in 67
tested samples of the soil content of uranium within the
limits of natural background radiation. The highest
content of 2.91 mg/kg Utot was determined in the
gajnjaca. Extremely high content of Uav 0.211 mg/kg
which indicates uranium of anthropogenic origin was
found in the same sample.

The contents of available forms of uranium were in
the range 0.027–0.211 mg/kg and from 1.88–7.25% of
the total. Literature data indicate that the contents of
mobile forms of natural uranium present in the total
uranium geochemical origin are within 0.1–3%. All
values over this threshold may indicate uranium
anthropogenic origin. The highest and lowest content
available form of uranium was determined on gajnjaca
which leads to the conclusion that it cannot be attributed
to the predominance of one type of soil over another, in
the form of available content of uranium.

Availability of uranium according to the type of
soil was decreased in this order:

gajnjaca > alluvium > chernozem

Between the humus content and content Utot, Uav

uranium there was no correlation dependence. Although

it is known that humus participate in fixing of uranium
in tested samples, there were more dominant factors
than humus, which have affected on the balance of
uranium

Among the content Utot, Uav and P2O5 tot and
P2O5av, there was no correlation dependence, only in
chernozem Backa Petrovac it was found a weak
correlation with a 95% confidence. Locality Backi
Petrovac is characterized by a high content of
phosphorus, which is one of the uranium fixator.
Lack of correlation dependence indicates that phos-
phorus was not the dominant factor in the process of
fixation and uranium mineralization. Generally, it has
been expected favorable correlation dependence
among phosphate and uranil ions. Consequentially,
conclusion would be that Ca2+, Fe2+, and Al 3+ ions
play a dominant role in fixation of uranium by
phosphates, regarding their high content in soils and
soil solutions.

Between pH and content of Uav in chernozem and
gajnjaca, it was found the mean correlation dependence,
statistically significant at the level of significance of
99% and the alluvium at the level of significance of
95%. Correlation coefficients in all cases were negative,
indicating that the reduction in pH increases the
mobility of uranium and thus its availability for the
adoption of the plants.

Soil pH was the only dominant factor that significant-
ly controlled the uranium value with no further signifi-
cant contribution of other examined soil parameters.

Soil types were not significantly influenced by the
correlation based on knowledge of their properties but
assist in predicting and interpreting the process of
distribution and translocation of uranium through the
soil and its inclusion into the food chain.
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