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This work presents experimental results on the distribution of irradiated reactor uranium from fallout after the

accident at Chernobyl Nuclear Power Plant (NPP) in comparison to natural uranium distribution in different

soil types. Oxidation processes and vertical migration of irradiated uranium in soils typical of the 30 km

relocation area around Chernobyl NPP were studied using 236U as the tracer for irradiated reactor uranium

and inductively coupled plasma mass spectrometry as the analytical method for uranium isotope ratio

measurements. Measurements of natural uranium yielded significant variations of its concentration in upper soil

layers from 2 6 1027 g g21 to 3.4 6 1026 g g21. Concentrations of irradiated uranium in the upper 0–10 cm

soil layers at the investigated sampling sites varied from 5 6 10212 g g21 to 2 6 1026 g g21 depending on

the distance from Chernobyl NPP. In the majority of investigated soil profiles 78% to 97% of irradiated

‘‘Chernobyl’’ uranium is still contained in the upper 0–10 cm soil layers. The physical and chemical

characteristics of the soil do not have any significant influence on processes of fuel particle destruction. Results

obtained using carbonate leaching of 236U confirmed that more than 60% of irradiated ‘‘Chernobyl’’ uranium is

still in a tetravalent form, i.e. it is included in the fuel matrix (non-oxidized fuel UO2). The average value of the

destruction rate of fuel particles determined for the Western radioactive trace (k ~ 0.030 ¡ 0.005 yr21) and

for the Northern radioactive trace (k ~ 0.035 ¡ 0.009 yr21) coincide within experimental errors. Use of

leaching of fission products in comparison to leaching of uranium for study of the destruction rate of fuel

particles yielded poor coincidence due to the fact that use of fission products does not take into account

differences in the chemical properties of fission products and fuel matrix (uranium).

1. Introduction

The accident at Chernobyl Nuclear Power Plant (NPP) resulted
in environmental contamination with particles of irradiated
reactor fuel consisting of uranium dioxide with dimensions
ranging from less than one micrometer up to several tens of
micrometers. These particles contained actinides and fission
products1 with a specific activity of up to 108 Bq g21. In the
primary nuclear fallout after the Chernobyl NPP accident the
most dangerous radionuclides of actinides (such as 242Cm,
244Cm, 238Pu, 239Pu, 240Pu, 241Am etc.) were bound in relatively
chemically inert fuel particles. Therefore, the behavior of
radionuclides in the environment was determined by the
migration of fuel particles, but it did not depend on the
chemical properties of actinides. However, under the effect
of active soil components, as a result of nuclear decay and
oxidation of tetravalent uranium, fuel particles are destroyed,
which leads to an increase of fine particle fraction.2 As a result
the integral surface square of newly formed fine particles
increases raising the leaching rate of fission products from the
fuel particles. The mobile (or soluble) fraction of radionuclides
increases with time and the radionuclides become more acces-
sible for plants, animals and humans. In addition, increasing
the respiratory fraction (fine particle fraction) in the near-
ground air results in an increasing irradiation dose caused
by inhaled actinides. Therefore, study of the migration of fuel
particles in soils, the degree of their destruction and leaching
dynamics of actinides under different natural effects is impor-
tant for forecasting the behavior of radioactive fallout in
contaminated regions.

According to a previous study3 the level of surface soil con-
tamination with ‘‘Chernobyl’’ irradiated uranium in relocation
areas in Belarus corresponds approximately to the concentra-
tion range of natural uranium (16 1027 g g21 to 26 1026 g g21).
Calculations of isotope production in irradiated uranium of
the Chernobyl reactor showed that 235U/238U ratio might
vary from 0.00674 to 0.0084,5 i.e. it is close to the natural
abundance ratio of 235U/238U (0.00725). This fact makes
accurate determination of irradiated ‘‘Chernobyl’’ uranium
in contaminated soil samples by measuring the 235U/238U
isotope ratio difficult. According to a previous study,6 even
high-precision multiple ion collector ICP-MS only provided
satisfactory results for determination of the nuclear uranium
fraction in a nuclear/natural uranium mixture in soil down to
2%. During reactor operation 236U (T1/2 ~ 2.342 6 107 yr) is
produced via 235U (n,c) 236U reaction with a cross section of
95 b (barns) for thermal neutrons (vs. fission cross section of
586 b). At the moment of the accident in Chernobyl the mass
ratio 236U/238U in irradiated reactor fuel was about (1.4–2.4)6
1023 g g21.7 In naturally occurring uranium, the 235U (n,c)
236U reaction is produced by neutrons generated by cosmic
irradiation, spontaneous fission or (a,n) reaction on light
nuclei,8 and the 236U/238U isotope ratio is expected to be about
10214 in the environment.9 The 236U/238U ratios in natural
uranium ores range from 1.2 6 10211 to 5.6 6 10210 due to
higher neutron fluxes presented there.9–12 Due to this difference
of 236U concentration in natural uranium and irradiated
reactor uranium this isotope can be useful as a ‘‘fingerprint’’ for
the presence of ‘‘Chernobyl’’ uranium in the environment.
Obviously a-spectrometry allows the determination of the
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236U/238U isotopic ratio down to 2.6 6 1025 with a relative
uncertainty of about 10%,13 but this method is not sensitive
enough for the determination of long-lived 236U in environ-
mental samples at the ultratrace concentration level. Thermal
ionization mass spectrometry (TIMS)12 and accelerator mass
spectrometry (AMS)9–11 are well established techniques for
uranium isotopic measurements but these methods are
expensive and time-consuming. Inductively coupled plasma
mass spectrometry (ICP-MS) provides high sensitivity, good
accuracy of isotopic measurements and requires a relatively
simple sample preparation procedure14 and, therefore, ICP-MS
is one of the most suitable methods for routine 236U/238U
isotope ratio measurements in environmental samples.6,15–18

The aim of the present work was an experimental study of
the vertical migration of irradiated ‘‘Chernobyl’’ uranium in
soils typical of the 30 km relocation area around Chernobyl
NPP using 236U as the tracer of irradiated reactor uranium (in
further discussion: ‘‘irradiated uranium’’) and ICP-MS as the
analytical method for uranium isotope ratio measurements.

2. Experimental

Soil samples and sample preparation

Soil samples were taken in turf–podzol, sand, sand–clay and
peat soils in the 30 km relocation zone of Chernobyl NPP
(Fig. 1) in 1998–2000. To our knowledge and according to the
official information, sampling points have been undisturbed by
technogenic and anthropogenic activities since the moment of
the Chernobyl accident. However, an undocumented land use
in the first days after the accident could not be excluded in
some sampling areas where the population was not relocated
immediately after the accident. The relief of the sampling areas
and types of soil were typical of the south of Belarus. Soil was
collected with a coring device that was specially designed to cut
10 mm thick soil layers down to a depth of 60 cm.
Collected soil samples were dried at 105 ¡ 5 uC, then they

were crushed so that the soil should pass a mesh size of 2 mm
and mixed. Every sample was divided into 5 approximately
equal parts and specific activity of each part was measured
using the radiometer. In the case of a difference in the activities
between sample parts of more than 15%, these subsamples were
composed and mixed, then the homogenization procedure was
repeated. After homogenization, 250 g of the sample was ashed

at 600 ¡ 50 uC for 1 h. Plant roots and vegetation were
incinerated separately at 550 ¡ 50 uC for 2 h and then the ash
was mixed with the sample. The ashed soil sample together with
the 233U tracer isotope was digested in a mixture of nitric acid
and hydrofluoric acid. Uranium was extracted by ion-exchange
chromatography using anionite resin AB-17 (Joint Stock
Company Azot, Novomoskovsk, Russia) and extraction with
diethyl ether.19

Standards and reagents

The isotope standard reference material NBS U-020 (National
Bureau of Standards and Technology, Gaithersburg MD,
USA) and an isotopic standard solution of uranium (CCLU-
500 laboratory standard, Nuclear Research Center, Prague,
Czech Republic)20 were used for the optimization of isotope
ratio measurements of uranium. Uranium isotope ratios for the
CCLU-500 laboratory standard were established by calibration
against the NIST-500 SRM by TIMS (234U/238U ~ 0.011122,
235U/238U ~ 0.99991, 236U/238U ~ 0.002789). The concentra-
tion of 233U solution in 233U standard solution was determined
using alpha spectrometry and liquid scintillation spectrometry.
A uranium solution of natural isotopic composition was
prepared as described in a recent paper.15 All reagents were
diluted with deionized Milli-Q water (18 MV) obtained from a
Millipore Milli-Q-Plus water purifier to the necessary con-
centrations for determining the isotopic ratios of uranium by
ICP-MS. The solutions were acidified to 1% subboiled HNO3.

Instrumentation of ICP-MS

A double-focusing sector-field ICP-MS (ELEMENT, Finnigan
MAT, Bremen, Germany) was used for uranium isotopic ratio
measurements in soil samples. The ICP torch was shielded with
a grounded platinum electrode (GuardElectrode2, Finnigan
MAT). In addition, a quadrupole-based ICP-MS (Platform
ICP, Micromass Ltd., Manchester, UK) with gas-filled hexa-
pole collision cell was applied for the uranium isotopic ratio
measurements when an abundance sensitivity for the 236U/238U
isotope ratio of better than 56 1026 was required. Helium was
introduced into the hexapole cell as a buffer gas.
A Microconcentric MicroMist nebulizer (MicroMist AR40-

1F02) attached to a minicyclonic spray chamber was used for

Fig. 1 Map of the sampling sites in the South of Belarus.
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solution introduction in ICP-MS ELEMENT when the
expected 236U/238U isotope ratio was higher than 1024. A
microconcentric low-flow nebulizer with membrane desolva-
tion (Aridus, CETAC Technologies Inc., Omaha, Nebraska,
USA) was used for solution introduction in ICP-MS ELE-
MENT and Platform when measuring lower isotope ratios.
Aqueous solution was introduced into the nebulizer in the
continuous flow mode via a peristaltic pump (Perimax 12,
Spetec GmbH, Erding, Germany). Further details of the
ICP-MS used can be found in ref. 6 and 15–18

Optimization of ICP-MS and measurement procedure

Optimization of experimental parameters of both the ICP-MS
instruments was performed with respect to the maximum ion
intensity of 238U1 and minimum uranium hydride formation
rate using uranium solution of natural isotopic composition.
As was shown in a previous paper18 uranium hydride ion ratio
decreased with decreasing rf power, contrary to the UO1/U1

ratio. Furthermore, the UH1/U1 ratio was not altered by the
shielded plasma torch, which allowed full use to be made of the
advantage of higher sensitivity for uranium by the application
of the shielded torch in ICP-SFMS. Optimized experimental
parameters of the ICP-MS instruments for different solution
introduction devices are presented in Table 1. The measured
uranium isotopic ratio was corrected taking into account the
mass discrimination factor (assuming a linear correlation21,22)
determined experimentally by measuring the CCLU-500
isotope laboratory standard solution as well as hydride rate
UH1/U1 ratios and the dead time of the detector of
ICP-SFMS23 determined by measuring uranium solution of
natural isotope composition and NBS U-020 isotope standard
solution. No dead time correction was required in ICP-CC-
QMS as the ‘Daly’-type ion detector operated in analogue
mode in this instrument. The combined uncertainty of isotopic
ratio measurements was calculated according to EURA-
CHEM/CITAC Guide24 taking into account standard devia-
tions of the measured isotope ratio, background at mass 236 u
(including instrument background and interfering hydride ions),
uncertainty of the mass discrimination factor and uncertainty
associated with the isotopic ratios in the standards applied.
Details on accuracy and uncertainties of isotope ratio measure-
ments for the two instruments used can be found elsewhere.6,15

From the measured 235U/233U and 236U/233U and 238U/233U
isotope ratios concentrations of irradiated and natural uranium
in soil samples were calculated. The procedure for calculating
the irradiated uranium fraction in an irradiated/natural
uranium mixture has been described elsewhere.6,25

Determination of oxidation state of uranium

The method for determining the oxidation state of uranium is
based on a soft carbonate leaching of hexavalent uranium (VI)
without destruction of matrix UO2.

26 As is well known, solu-
bility of UO2 is negligible if oxidants are absent and it does not
depend on pH value in a wide range from 2 to 12. If fuel
particles from nuclear fallout interact with the environment,
the destruction rate of UO2 depends on several parameters
including concentration of oxidants and complex-building
reagents in the soil moisture, ambient temperature etc. The
destruction can be described by a superposition of a slow
weathering process of fuel particles with a reaction rate Rslow ~
0.005 mgU m22 d21 and a fast reaction of the oxidation of
U(IV) to U(VI) with Rfast ~ 0.19 mgU m22 d21. The latter
reaction can be used to determine the degree of oxidation of
fuel particles from the measured fraction of uranium leached by
carbonate solution, i.e. fraction of U(VI). The total uranium
concentration and uranium isotope ratios were measured by
ICP-MS.

3. Results and discussion

The results of the study of the vertical distribution of natural
and irradiated ‘‘Chernobyl’’ uranium in soil profiles are pre-
sented in Fig. 2–4. Measurements of natural uranium yielded
significant variations of its concentration in upper soil layers
from 2 6 1027 g g21 to 3.46 1026 g g21. Different pictures of
natural uranium distribution (ascending, descending and com-
bined) were observed even in similar soil types. For instance, in
sandy soil samples collected in Pripyat 2 (Fig. 2a) the
concentration of natural uranium was almost constant down
to a soil depth of 30 cm and then increased in deeper soil layers
(ascending distribution). In the peat profile collected in
Chistogalovka (sampling point 1.2) a maximum natural
uranium concentration was observed in the 10–20 cm soil
layer. In deeper soil layers the descending character of uranium
distribution was revealed. Relatively low uranium concentra-
tion in the upper peat layer can be explained by the low
assimilability of uranium by partially decomposed residues
of stems and leaves which represent a significant fraction in
this layer. The third profile collected in Chistogalovka 1.1
represents a combined distribution of natural uranium.
This behavior of natural uranium can be explained by the

well known conceptions of distribution and mobility of this
element in the environment.27 In neutral and acid environment,
U(VI) exists in the form of uranyl ions, which are inclined to
build easily soluble complexes like [UO2(CO3)3]

42. In general,
hexavalent uranium in the form of primary and complex ions

Table 1 Experimental parameters of ICP-MS

ICP-MS type

ICP-SFMS ICP-CC-MS

Nebulizer Micromista Aridusb Micromista Aridusb

RF power/W 830 1100 1350 1350
Cooling gas flow rate/l min21 14.0 14.0 13.5 13.5
Auxiliary gas flow rate/l min21 1.4 1.4 1.0 0.9
Nebulizer gas flow rate/l min21 1.6 1.4 0.85 1.2
Solution uptake rate/ml min21 0.2 0.1 0.3 0.1
Spray chamber temperature/uC — 70 — 70
Desolvator heating temperature/uC — 160 — 160
Sweep gas flow/l min21 — 3.6 — 5.7
Extraction lens potential/V 2000 2000 600 600
Hexapole exit lens/V — 400 400
Hexapole bias potential/V — 0.0 0.0
Ion energy lens/V — 2.0 2.0
Multiplier voltage/V 470 470
Mass resolution (m/Dm) 300 300 300 300
aMicromist nebulizer with minicyclonic spray chamber. bMicroconcentric nebulizer Aridus with membrane desolvator.
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and especially in the form of carbonate complexes migrates
vigorously. In contrast to U(VI) ions, U(IV) ions are inclined to
complex-building to a much lower extent. Tetravalent uranium
has mostly low-soluble compounds, therefore its migration in
the natural environment is limited. Vertical uranium distributions

measured in soils typical of Belarus (Fig. 2a and 3a) depend on
the physico-chemical properties of soil and sources of uranium
origin. The soils analyzed represent stagnant biosystems in
which both ascending and descending types of mass transfer
associated with the lithosphere, hydrosphere, atmosphere and
biosphere take place. The type of soil-building rock, water
regime and soil-building processes in different bioclimatic cir-
cumstances influence uranium concentration and distribution
in soil. In general, uranium accumulation in different morpho-
logical horizons is determined by the oxidizing and restoring
properties of soil depending on concentration of organic sub-
stances, calcium carbonate, as well as by mechanical properties
of soil and by depth of occurrence of the soil-building rock.28

Another source of uranium access to soil is atmospheric
aerosol formed for instance as a result of volcanic activity
and secondary wind-driven resuspension (natural uranium),
nuclear weapon tests (global fallout)29 or as a result of the
Chernobyl NPP accident (local contamination with irradiated
uranium). Surface contamination of soil with uranium from
nuclear Chernobyl fallout takes place mainly in areas on
Western and Northern radioactive traces in the 30 km zone of
Chernobyl NPP. Concentrations of irradiated uranium in the
upper 0–10 cm soil layers at the sampling sites investigated
varied from 5 6 10212 g g21 to 2 6 1026 g g21 depending on
the distance from Chernobyl NPP (Table 2). The highest
concentrations of irradiated uranium were revealed in radio-
active spots on Northern and Western radioactive traces
located close to the Chernobyl NPP (Fig. 1). The distribution

Fig. 2 Vertical distribution of (a) natural and (b) irradiated uranium in
different soil types collected at sampling sites Chistogalovka 1.1 (turf-
podzol), Chistogalovka 1.2 (peat) and Pripyat 2 (sand).

Fig. 3 Vertical distribution of (a) natural and (b) irradiated uranium in
three peat profiles collected at sites Masany 4.3, Kulazhin 6.2 and
Lesok 5.2 (amount of irradiated uranium in soil layers is normalized to
the amount of irradiated uranium in the whole profile).

Fig. 4 Vertical distribution of irradiated uranium in turf-podzol soil
profiles collected at sites Masany 4.1, Masany 4.2, Lesok 5.1, Kulazhin
6.1 and Hoiniki 7 (amount of irradiated uranium in soil layers is
normalized to the amount of irradiated uranium in the whole profile).

Table 2 Soil types at sampling sites and measured concentration of
irradiated uranium in upper 0–10 cm soil layer

Sampling
point Name Soil type

Concentration of
irradiated uranium
in soil/mg g21

1.1 Chistogalovka Turf–podzol,
sand–clay

0.76

1.2 Chistogalovka Peat 2.0
2 Pripyat Sand 0.81
3 Hatki Turf–podzol,

sand
2.1 6 1023

4.1 Masany Turf–podzol,
sand–clay

0.78

4.2 Masany Turf–podzol,
sand–clay

2.5 6 1022

4.3 Masany Peat 1.2
5.1 Lesok Turf–podzol,

sand
2.5 6 1025

5.2 Lesok Peat 1.3 6 1024

6.1 Kulazhin Turf–podzol,
sand

6.3 6 1023

6.2 Kulazhin Peat 4.6 6 1026

7 Hoiniki Turf–podzol,
sand–clay

1.4 6 1025
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of irradiated uranium has a pronounced ascending character
with 78% to 98% of irradiated uranium in the upper 0–10 cm
soil layers in all profiles analyzed irrespective of the soil type.
The migration of irradiated uranium to deeper soil layers was
observed in sandy soil collected in Pripyat 2 (62% in upper
soil layer vs. 38% in 10–60 cm soil layer, see Fig. 2b) and peat
soil collected in Chistogalovka 1.2 (39% in upper soil layer vs.
61% in 10–50 cm soil layer, see Fig. 2b). An almost identical
distribution of irradiated uranium with more than 90% in
upper 0–5 cm layer was observed in three peat profiles collected
in Masany 4.3, Kulazhin 6.2 and Lesok 5.2 (Fig. 3b), in
contrast to the distribution of natural uranium, which was
homogeneous (Masany and Kulazhin) or even ascending
(Lesok) in the profiles analyzed (Fig. 3a). In addition, Fig. 4
presents the distribution of irradiated uranium in five turf–
podzol profiles, collected at different distances from Chernobyl
NPP. In four profiles, 76% to 98% of irradiated uranium
from Chernobyl fallout is still contained in 0–5 cm soil layers.
Only one profile (Masany 4.2) has a less pronounced ascending
character of irradiated uranium distribution. This sample was
collected in a field where human activity shortly after the
Chernobyl accident could not be excluded.
As was mentioned above, irradiated uranium released into

the biosphere was initially in the nonsoluble U(IV) oxidation
state for which a slow migration in soils would be typical.
Under the influence of active soil components uranium is
leached and migrates faster. Results obtained on carbonate
leaching of 236U confirm that more than 60% of irradiated
‘‘Chernobyl’’ uranium still exists in a tetravalent form, i.e. is
included in the fuel matrix (non-oxidized fuel UO2) (Table 3).
No significant influence of pH value in soil solutions on the
destruction rate of fuel particles was observed. It might not
have been possible to detect this influence because the pH value
varied only from 4.2 to 6.1 in the analyzed soil samples.
The destruction process of fuel particles can be described by

the equation of the reaction kinetics:30

At/A0 ~ exp(2kt)

At/A0 is the fraction of tetravalent uranium in fuel particle at
time t; k is the constant of the destruction rate of fuel particles
(yr21).
The constants of the destruction rate of fuel particles were

estimated taking into account experimental data obtained in
the present study. The average value of the destruction rate
of fuel particles obtained using carbonate leaching of 236U was
k ~ 0.030 ¡ 0.005 yr21 for the Western radioactive trace and
k ~ 0.035 ¡ 0.009 yr21 for the Northern radioactive trace.
Thus, the average values of the destruction rate coincide within
experimental error for fuel particles both on Western and
Northern radioactive traces despite the differences in the size
distribution of radioactive particles. The results obtained
confirm that primary fallout on both traces in the near vicinity

of Chernobyl NPP (up to 30 km) was represented by

tetravalent uranium (non-oxidized fuel).
The earlier results2,30 on fuel particle destruction obtained by

leaching 90Sr differ significantly from the results of direct
irradiated uranium leaching obtained in the present study.
Thus, the destruction rate was k ~ 0.132 ¡ 0.023 yr21 for
the Western radioactive trace, but it varied from 0.007 yr21 to
0.085 yr21 in soils of the Northern radioactive trace, where
fallout included the superposition of pure fuel and condensa-
tion component. However, the acetate leaching of strontium2,30

might be affected by considerable experimental errors when
determining the destruction rate of fuel particles as it did not
take into account the condensation fraction of 90Sr and
possibly irregular distribution of this radionuclide in fuel
particles after burning (rim effect).

Conclusions

The main effect influencing the destruction rate of fuel particles
is the degree of oxidation of the fuel matrix. Fuel fallout in
both Western and Northern traces within the 30 km zone was
represented by unoxidized fuel (tetravalent uranium), which
has been only slightly transformed in the period since the
accident. Slow oxidation under environmental conditions
is confirmed by the low destruction rates of fuel particles.
The latter was revealed by the measuring ratio of hexavalent
uranium to tetravalent uranium extracted by carbonate leach-
ing from fuel particles. The destruction rates of fuel particles
in soils in different directions and at various distances from
Chernobyl NPP within the 30 km zone coincide within
experimental errors. The physical and chemical characteristics
of soil do not significantly influence destruction processes of
fuel particles. The measured values of the destruction rate
obtained using 236U can be used for forecasting the radio-
ecological situation in the Chernobyl area and estimating the
transfer dynamics of radionuclides from the fuel matrix to
mobile forms. Comparison of different methods of determining
the destruction rate of fuel particles in soil using the leaching
of fission products and uranium yielded poor coincidence. This
is due to the fact that the use of fission products like 90Sr to
study fuel particle destruction did not take into account
differences in the chemical properties of fission products and
fuel matrix (uranium). The destruction rates obtained using
fission fragments rather represented the degree of extraction of
a particular element with a particular chemical reagent.
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Table 3 Selective carbonate leaching of 236U (VI) from different soil types on radioactive traces close to Chernobyl NPP

Sampling point Soil type pH value of soil
Concentration of
organic fraction(%)

Tetravalent fraction
of 236U(VI)(%)

Western radioactive trace
1.2 Peat 6,0 68 75 ¡ 2
1.1 Turf–podzol, sand–clay 4,5 9,2 64 ¡ 4
3 turf–podzol, sand 5,0 1,2 70 ¡ 6
Northern radioactive trace
7 Turf–podzol, sand–clay 6,1 2,1 67 ¡ 6
4.1 Turf–podzol, sand–clay 5,0 1,3 68 ¡ 10
4.2 Turf–podzol, sand–clay 4,2 8,9 68 ¡ 12
6.1 Turf–podzol, sand 5,2 0,8 64 ¡ 7
5.2 Peat 5,8 60 63 ¡ 10
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