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Abstract

The data obtained through a series of experiments were used to specify the correlation of activities of the fuel
component radionuclides of Chernobyl fallout and to create the maps of the 30-km Chernobyl zone terrestrial density
of contamination with Eu, Pu, Pu and Am(on 01.01.2000). In the year 2000, total inventories of the154 238 239q240 241

fuel component radionuclides in the upper 30-cm soil layer of the 30-km Chernobyl zone in Ukraine(outside the
ChNPP industrial site, excluding the activity located in the radioactive waste storages and in the cooling pond) were
estimated as: Sr—7.7=10 Bq; Cs—2.8=10 Bq; Eu—1.4=10 Bq; Pu—7.2=10 Bq; Pu—90 14 137 15 154 13 238 12 239q240

1.5=10 Bq; Am—1.8=10 Bq. These values correspond to 0.4–0.5% of their amounts in the ChNPP unit 4 at13 241 13

the moment of the accident. The current estimate is 3 times lower than the previous widely-cited estimates. Inventories
of the fuel component radionuclides were also estimated in other objects within the 30-km zone and outside it. This
allowed more accurate data to be obtained on the magnitude of a relative release of radionuclides in the fuel particles
(FP) matrix during the Chernobyl accident outside the ChNPP industrial site. It amounts to 1.5"0.5% of these
radionuclides in the reactor, which is 2 times lower than the previous estimates. Two-thirds of the radionuclides
release in the FP was deposited on the territory of Ukraine.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Long-term(10 days) and complicated dynamics
of the release of radioactive substances from the
Chernobyl reactor�4 during the accident, and
also changes of the meteorological conditions dur-
ing this period, has resulted in a composite picture

*Corresponding author. Tel.yfax: q380-44-266-45-02.
E-mail address: vak@uiar.kiev.ua(V.A. Kashparov).

of contamination of vast territories(De Cort et al.,
1998). By various estimations(Gustafsson, 1996;
Borovoy and Gagarinskiy, 2001a), up to 100% of
radioactive noble gases, 20–50% of iodine iso-
topes, 12–33% of Cs and 3–4% of less134,137

volatile radionuclides( Zr, Mo, Sr, Ru,95 99 89,90 103,106

Ce, Eu, Pu, etc.) were released141,144 154,155 238–241

from the reactor to atmosphere. The most reliable
estimate was obtained for the integral release of
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radioisotopes of cesium 10 years after the accident.
This estimate is based on the measurements of the
terrestrial density of contamination of Europe with
Cs (De Cort et al., 1998). However, there is137

still no unanimous opinion on the dynamics and
magnitudes of the radionuclides release during the
accident. According to the official data presented
by Abagian(1986), the maximum release of radi-
ocesium and iodine happened in the initial moment
of the accident, on April 26, 1986.
Later estimates by Izrael et al.(1990) recon-

struct the dynamics of release using the data on
the terrestrial density of contamination with Cs137

and changes of meteorological conditions during
the accident. Authors state a monotonous increase
of I and Cs release in the period from April131 137

26 to 28 due to the heating of nuclear fuel.
The near zone of the accident(up to 30–100

km) was contaminated mainly with a fuel com-
ponent of radioactive fallout, i.e. with fine-dis-
persed particles of the nuclear fuel. The
contamination forms well-marked traces: western,
northern and southern. Certain radionuclides such
as Zr, Nb, Mo, Ce, Eu, Np,95 95 99 141,144 154,155 237,239

Pu, Am, Cm were released from238–242 241,243 242,244

the accident unit in fuel particles(FP) matrix only.
More than 90% of Sr and Ru activity89,90 103,106

also was released in FP form(Bobovnikova et al.,
1990; Loshchilov et al., 1992a,b; Kuriny et al.,
1993). All these radionuclides were deposited on
the ground surface in the matrix of FP of various
degree of transformation and in the initial moment
were characterized by a low mobility in the envi-
ronment(Bobovnikova et al., 1990). The median
diameter of fuel particles corresponded to the
crystallite size of the Chernobyl nuclear fuel—5–
6 mm (Kashparov et al., 1996, 1999). Coarse fuel
particles more than 50–100mm in size(conglom-
erates of the nuclear fuel grains fused with melted
zirconium) were deposited in the immediate vicin-
ity of ChNPP, at distances of up to 2 km. However,
we estimate(Kashparov et al., 1999) their contri-
bution to the total terrestrial density of contami-
nation to be much lower than the contribution of
FP of micron range. Contamination of the territory
with the condensed component( I, Cs and,131 134,137

to a lesser degree, Sr, Ru) has a spotted89,90 103,106

nature (‘cesium spots’) and is spread to large

areas. The clearly marked arched(bow-shaped)
southwestern trace in the near zone close to the
settlements of Vesniane, Polisske and Bober is
formed by the condensed component(Kashparov
et al., 2000, 2001).
The first detailed map of the 30-km ChNPP

zone contamination with Sr was constructed only90

in 1997 by the Ukrainian Institute of Agricultural
Radiology (Kashparov et al., 2000, 2001; Kash-
parov, 2001). For this purpose, a large-scale soil
sampling and measurements of radionuclide activ-
ities in the samples were carried out. The samples
were collected by a regular grid in approximately
1300 sites in the territory of Ukraine at distances
of up to 36 km from ChNPP. As a rule, the
distance between sampling sites was approximately
1 km. At a narrow western fuel trace of radioactive
fallout, where gradients of terrestrial density of
contamination are high, distance between sampling
sites varied within the range of 100–500 m. On
each sampling site, 5 sub-samples were collected
in the corners and at the center of a rectangle with
lateral length 2–5 m. Soil samples were taken
with a cylindrical bore(diameter 37 mm) to a
depth of 30 cm, which guarantees completeness of
sampling. Special methods were developed by
Khomutinin et al.(2001) for optimization of sam-
pling and measurement of Cs, Sr and Eu134,137 90 154

activities in soil samples. The experimental results
are stored in the databaseSAMPLE in MICROSOFT

ACCESS 97 format. By the results of statistical
analysis of variogram models performed by Krig-
ing-method, using experimentally measured corre-
lations of Csy Sr activities and the data of137 90

cesium maps, the integrated detailed map of the
30-km zone terrestrial density contamination with
Sr (scale 1:200 000) was constructed inMAPINFO90

format for the first time(Kashparov et al., 2000,
2001; Kashparov, 2001). This map andSAMPLE
database were then used by different organizations
in Ukraine for creation of modified maps of
terrestrial density of radioactive contamination.
This article reports the results of work, carried out
in 1999–2000 on the instruction of the Exclusion
Zone Administration. This assignment was a logi-
cal continuation of 1997 work on construction of
the map of the 30-km Chernobyl zone contami-
nation with Sr.90
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Fig. 1. Correlation between the terrestrial densities of contam-
ination with Pu and Pu(a), Sr (b), Eu (c) in238 239q240 90 154

2000. White points represent the 30-km Chernobyl zone, black
points—cesium condensed spot near Vesniane village, and gray
points—territories outside the 30-km zone.

2. Correlation between the activities of radio-
nuclides in the 30-km Chernobyl zone and
outside it

In 1997, the samples were selected at different
distances along the main traces of the release, and
Sr activity was measured in all of them. In some90

of these samples, the activities of Eu and trans-154

uranium elements(TUE) were also determined
(Kashparov et al., 2000, 2001; Kashparov, 2001).
For determination of terrestrial density of contam-
ination with plutonium radioisotopes, thoroughly
homogenized samples of soil of volume 100 cm3

were used after theirg-spectrometric measurement.
The samples were boiled for 4 h in 6 M HNO .3

Such duration of boiling was found to be adequate
for full dissolution of FP. Plutonium radioisotopes
were extracted by the standard radiochemical
method. Chemical yield was calculated using Pu236

or Pu as tracers. Isolation of plutonium ions242

from the solution, their concentration and purifi-
cation were performed on the ion-exchange resin
VP-1AP (manufactured in Russia). After elution
and evaporation, plutonium was extracted by elec-
trical deposition on the metallic plates. Activities
of the plates were measured using an alpha-
spectrometer ‘Soloist’ equipped with the detector
Soloist-U0300(‘EG&G ORTEC’, USA).
Obtained results have demonstrated practically

stable activity ratios of Sr, Eu and TUE in all90 154

soil samples collected(Fig. 1) in the 30-km
Chernobyl zone. These ratios correspond to those
in Chernobyl nuclear fuel presented by Bobovni-
kova et al. (1990), Loshchilov et al.(1992a,b)
and Kuriny et al.(1993). This confirms the fact
that all these radionuclides were deposited in the
near zone mainly in FP matrix and are not frac-
tionated relative to each other(Kashparov et al.,
2000, 2001; Kashparov, 2001). The samples rep-
resenting condensed ‘cesium spot’ in the vicinity
of Vesniane, Ol’shanka and Lubianka settlements
(southwestern part of the 30-km zone near its
border) were the exception to the rule. In these
samples, the activity ratios Sry Eu and Sry90 154 90

TUE are approximately twice higher in comparison
with the whole set of samples. Ratios of the
terrestrial densities of contamination with

Pu (Fig. 1a, white points) and Eu(Fig.239q240 154

1c) to Pu on 01.01.2000 in the 30-km zone238

correspond to Chernobyl nuclear fuel and amount
to 2.14"0.04 (coefficient of pair correlationRs
0.99) and 1.9"0.1 (Rs0.99), respectively.
For determination of the terrestrial density of

contamination with the fuel component radionu-
clide of Chernobyl fallout outside the 30-km
ChNPP zone, the soil samples have been collected
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Fig. 2. Dependencies of contamination densities ratio
Csy Sr on Cs contamination density. Territory of the con-137 90 137

densed trace of fallout:(1) in its termination(‘cesium spot’ in
the vicinity of Bober settlement, southwestern part outside the
30-km zone); (2) in its beginning(‘cesium spot’ in the vicinity
of Vesniane settlement, southwestern part on boundary of the
30-km zone).

along western(up to 300 km), southern(up to
150 km) and eastern(up to 100 km) traces of the
fallout. The distance between sampling sites was
20–30 km. The sampling technique used was the
same as described above. Outside the 30-km zone
(Fig. 1a, gray points), the terrestrial density of
contamination with Pu is decreasing to a239q240

fixed level—0.05"0.01 kBqym of the global2

contamination after nuclear weapon tests(Durdy-
nets, 2001). According to Moiseev et al.(1990),
the terrestrial density of contamination of the
Northern Hemisphere with Pu after the nuclear238

weapon tests was 20–40 times lower than the
density of contamination with Pu, and 10–20239

times lower than with Pu. Therefore, Pu, as240 238

well as Eu, can be used as the tracers of the154

fuel component of Chernobyl radioactive fallout.
Knowing a correlation between the activities of
Pu and other radionuclides( Pu, Am,238 239q240 241

Sr) at different moments after the ChNPP acci-90

dent, one can determine the fractions of global and
Chernobyl terrestrial contamination.
The Sry Pu ratio of the terrestrial densities90 238

of contamination(Fig. 1b) in 2000 corresponded
to the activity ratio 112"5 (Rs0.98) in Cherno-
byl nuclear fuel practically in all territory of the
30-km zone. The ratio increases from 112 to 380
only within the condensed ‘cesium spot’ near
Vesniane, Ol’shanka and Lubianka(average value
within the spot areas270"40). This indicates a
presence of the condensed component of Sr.90

Thus, the terrestrial density of soil contamination
with the condensed component of Cs is much137

higher (more than 90% of total activity) in com-
parison with the condensed component of Sr.90

Terrestrial density of contamination with the con-
densed component of Sr, Ac Sr(kBqym ), is90 90 2

calculated as a difference between the total density
of soil contamination with Sr, A Sr(kBqym ),90 90 2

and the terrestrial density of contamination with
its fuel component, Af Sr(kBqym ):90 2

90 90 90 90 238Ac SrsA SryAf SrsA Sry112Af Pu,

where Af Pu is the terrestrial density of contam-238

ination with Pu deposited only in FP matrix,238

and 112 is the value of the activity ratio Sry90

Pu in FP in 2000.238

The ratio of the condensed components of the
terrestrial density of contamination with Cs and137

Sr rises from the periphery of ‘cesium spots’ to90

their centers with the increase of density of con-
tamination with Cs and reaches a value of137

several hundreds(Fig. 2). Thus, in the near zone
the fraction of the condensed component of terres-
trial density of contamination with Sr decreases90

along the axis of southwestern trace(in the vicinity
of Vesniane, Polisske, Bober settlements). Outside
the 30-km Chernobyl zone, the average value of
the terrestrial density of contamination with the
condensed component of Sr does not exceed 1%90

of the terrestrial density of contamination with
condensed Cs. In Chernobyl condensed fallout,137

the activity ratio Csy Sr reaches a magnitude137 90

of approximately a hundred, while in global fallout
and in Chernobyl fuel component this ratio is
equal to 1.6 and 1.2, respectively(Moiseev et al.,
1990; Kvasnikova et al., 2000; Durdynets, 2001).
Therefore, in the beginning the activity ratio Csy137

Sr increases with the distance from ChNPP90

because of the dominating contribution of Cher-
nobyl condensed fallout, and then it decreases to
the level of the ratio in global fallout. Thus, on
large distances from ChNPP, at the terrestrial
density of contamination with Cs below 200–137

250 kBqym , the influence of the radiostrontium2
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Table 1
Radionuclide activity ratios at various moments after the Chernobyl accident, recommended for calculation of TUE activities in the initial falloutof the fuel component
and sphere of their applicability

Activity ratio Year Relative uncertainty Sphere of applicability

2000 2002 2004 2006 2008 2010
(2*STD) of the method of calculation of
of calculated TUE activity in Chernobyl
TUE activity (%) RAW and in soils

Puy Eu238 154 0.53 0.61 0.70 0.81 0.93 1.07 "20 Without limitations
Puy Eu239q240 154 1.13 1.32 1.55 1.81 2.12 2.48 (except separate fuel

Amy Eu241 154 1.3 1.7 2.2 2.7 3.3 4.0 particles)

Euy Sr154 90 0.017 0.015 0.014 0.012 0.011 0.010 "30 The 30-km Chernobyl
Puy Sr238 90 0.0089 0.0092 0.0095 0.0098 0.0101 0.0104 zone(except condensed

Puy Sr239q240 90 0.019 0.020 0.021 0.022 0.023 0.024 spot in the vicinity of
Amy Sr241 90 0.019 0.022 0.025 0.027 0.030 0.033 Vesniane village)

Puy Cs238 137 0.007 0.007 0.008 0.008 0.008 0.008 "50 Near Chernobyl zone at 2–5 km distance from
Puy Cs239q240 137 0.015 0.016 0.017 0.018 0.018 0.019 ChNPP(where the activity ratio Csy Sr137 90

Amy Cs241 137 0.015 0.017 0.020 0.022 0.024 0.026 is-2, by Kashparov et al., 2000; Kashparov, 2001)
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Fig. 3. Integrated map of the terrestrial density of contamination of the ChNPP near zone with Pu(kBqym ) in 2000.239q240 2
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Table 2
Distribution of Sr(in 1997) and Pu(in 2000) in upper 30-cm soil layer in the 30-km Chernobyl zone(outside the industrial90 239q240

site, except the waste storages and the cooling pond)

Sr contamination level90 Sr activity90 Area
kBqym2

Bq % km2 %

0–20 3.0=1012 0.4 424 21.2
20–40 1.2=1013 1.5 408 20.4
40–75 2.2=1013 2.7 385 19.3
75–200 4.4=1013 5.4 323 16.2
200–400 4.3=1013 5.3 144 7.2
400–750 5.5=1013 6.8 96 4.8
750–2000 1.9=1014 23.5 141 7.1
2000–4000 1.3=1014 16.1 42 2.1
4000–7500 1.1=1014 13.6 20 1.0
7500–20 000 1.3=1014 16.1 11 0.6
)20 000 6.9=1013 8.5 2.3 0.1

Total 8.1=1014 100.0 1996.3 100.0

Pu contamination level239q240 Pu activity239q240 Area

kBqym2 Bq % km2 %
0–0.1 2.74=109 0.02 91 4.6
0.1–0.4 9.53=1010 0.6 381 19.1
0.4–1 3.89=1011 2.5 556 27.9
1–4 1.30=1012 8.4 519 26.0
4–10 1.21=1012 7.9 173 8.7
10–20 1.65=1012 10.7 110 5.5
20–40 2.79=1012 18.1 93 4.7
40–100 3.13=1012 20.3 50 2.5
100–200 2.13=1012 13.8 15.6 0.8
200–400 1.50=1012 9.7 5.4 0.3
)4000 1.19=1012 7.7 2 0.1

Total 1.54=1013 100.0 1996 100.0

in global fallout on the observed ratios becomes
apparent(Kvasnikova et al., 2000).
Measurements of alpha-emitting radionuclide

activities in soil are relatively expensive and labo-
riously complicated. In practice, the calculations
based on correlation of TUE andg-emitting
radionuclides( Nb, Ce, Eu) activities in the95 144 154

fuel component of Chernobyl fallout(Bobovniko-
va et al., 1990; Loshchilov et al., 1992a,b; Kuriny
et al., 1993), are widely used. The relative uncer-
tainty of such analyses is determined mainly by
accuracy and representativeness of activity meas-
urements ofg-emitting radionuclides and does not
exceed 20–30% as a rule.

The calculation of TUE activity in soil and in
Chernobyl radioactive waste(RAW) using the
Nb, Ce, Eu activities can be applied without95 144 154

limitations on large distances from ChNPP. This
method was widely used both in Ukraine and
abroad(in Russia and Belarus, see Kvasnikova et
al., 2000), but now it can be hardly utilized
because of radioactive decay of Nb and Ce.95 144

Eu specific activity is also small and its meas-154

urement may be complicated in the presence of
radiocesium. Therefore, TUE activity on the fuel
traces of radioactive fallout in the near zone is
often analyzed using the activity of Cs as the137

most easily measured radionuclide. Also, the activ-
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ities of TUE and Sr in the temporary storage of90

radioactive waste(TSRW) in the 30-km Cherno-
byl zone can be determined in the same way. In
the TSRW, the measurements of the exposure dose
rate within the waste can be applied(EDR is
mainly formed by Cs) for the recalculation to137

the specific activities of TUE and Sr. However,90

the use of nuclear fuel activity ratios, typical for
Chernobyl(Bobovnikova et al., 1990; Loshchilov
et al., 1992a,b; Kuriny et al., 1993) leads to the
overestimation of TUE activity in the fallout, and
this overestimation increases with the distance
from ChNPP. For the fuel component of Chernobyl
fallout, the activity ratio Csy Sr is approxi-137 90

mately equal to 1. The ratio as well as the activity
ratio CsyTUE, increases with the distance from137

ChNPP, due to the increasing contribution of con-
densed Cs. This explains the lack of corre-134,137

lation between the activities of Cs and those134,137

of radionuclides typical only for fuel particles. In
this connection, usage of the FP activity ratio
CsyTUE will lead to the double overestimation137

of calculated TUE activity in the areas of the near
Chernobyl zone, where the activity ratio Csy137

Sr is less than 2(Kashparov et al., 2000, 2001).90

At distances more than 2–5 km from ChNPP, the
contribution of condensed Cs to the terrestrial137

contamination considerably exceeds that of its fuel
component. Therefore, the estimation of TUE
activity using radiocesium activity for these terri-
tories will result in large errors.
Thus, now the most precise estimates of the fuel

component radionuclides activities in Chernobyl
RAW and in the initial radioactive fallout can be
derived from Eu activity without significant154

limitations (Table 1). TUE activities in the 30-km
zone also can be recalculated from Sr activity,90

with the exception of activities on the condensed
spots territory. In this case, special attention should
be paid to a representativeness of sampling as Sr90

migratory ability in mineral soils with low humus
content is very high. Recalculation of TUE activ-
ities on the basis of Cs activity entails the137

greatest limitations and can be applied only to the
fuel traces of Chernobyl fallout in the immediate
proximity from ChNPP(Table 1). Inside the ‘Shel-
ter’, Cs activity for the estimation of Sr and137 90

TUE activities in the fuel-containing materials

(FCM) cannot be used without additional meas-
urements. FCM can be depleted in Cs due to its137

high-temperature leakage during the accident, just
as or while FCM can be enriched due to the
formation of heat-resistant complexes of con-
densed radiocesium and alumosilicates. Besides,
during the ChNPP accident, there was a redistri-
bution of condensed Cs with the reactor waters137

and steam.
Obviously, the radionuclide activity ratios dis-

cussed above can be applied for the assessment of
Sr and TUE activities only in soils and in solid90

RAW contaminated as a result of the Chernobyl
fallout. The ratios are not valid for various extracts,
solutions, groundwater and surface water.

3. Terrestrial density of contamination of the
30-km Chernobyl zone in Ukraine with the fuel
component radionuclides

The maps of the terrestrial density of the 30-km
Chernobyl zone contamination with the fuel com-
ponent radionuclides of the Chernobyl fallout were
constructed on the basis of the above ratios
between the terrestrial densities of contamination
with Sr, Eu, Pu and Pu. The previ-90 154 238 239q240

ously created integrated map of the near zone
contamination with Sr was used(Kashparov et90

al., 2000, 2001; Kashparov, 2001), and the grid of
this map was selected as a base for the maps of
the Exclusive Zone contamination with Eu,154

Pu, Pu and Am. The terrestrial density238 239q240 241

of contamination with Sr(in 1997) in each unit90

of the grid was recalculated to the year 2000 and
multiplied by the activity ratio Euy Sr in the154 90

fuel component(Table 1). This ratio, measured in
the majority of the sampling sites(Kashparov et
al., 2000, 2001; Kashparov, 2001), is practically
constant(except the condensed spot near Vesniane,
Ol’shanka and Lubianka settlements). The Krig-
ing-method was applied to obtain a surface of
variation of the Euy Sr ratio in nodes of the154 90

grid within the condensed spot. Thus, the surface
of the terrestrial density of contamination of the
Exclusion zone with Eu was calculated, and154

then the map was built usingSURFERandMAPINFO
software. The obtained surface was smoothed by
the method of sliding average. The maps of density
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of the 30-cm soil layer contamination with Pu,238

Pu and Am in 2000 were obtained by239q240 241

multiplying the Eu map by appropriate ratios154

(Table 1). These maps can be recalculated to any
date taking into account the decay of radionuclides.
As an example, the map of the terrestrial density
of contamination of the near zone with Pu239q240

is presented in Fig. 3. The obtained maps are
similar to the map of soil contamination with Sr90

(except the condensed spot in the vicinity of
Vesniane village). The clearly marked traces(Fig.
3) can be found: the narrow western trace of the
first release, the northwestern trace and the south-
ern trace consisting of the superposition of several
traces. Unlike terrestrial density of contamination
with Cs, the contamination of soil with the fuel137

component radionuclides decreases rapidly with
the distance from the source of release. It is
explained by the greater velocity of FP deposition
and smaller altitude of their rise during the acci-
dent in comparison with radioactive aerosols, on
which the volatile radionuclides(radioisotopes of
I, Te and Cs) were condensed.

4. Radionuclides inventory in the 30-km zone
of Ukraine

Obtained results were used to estimate a total
inventory of radionuclides in the upper 30-cm soil
layer of the 30-km zone(in the territory of Ukraine
only) by means of integration of the terrestrial
density of contamination. Values of the total con-
tent on 01.01.2000(outside the ChNPP industrial
site, except the radioactivity located in TSRW and
in cooling pond) are estimated as: Sr—90

7.7=10 Bq; Cs—2.8=10 Bq (Kashparov et14 137 15

al., 2001; Kashparov, 2001); Eu—1.4=10 Bq;154 13

Pu—7.2=10 Bq; Pu—1.5=10 Bq;238 12 239q240 13

Am—1.8=10 Bq. Relative uncertainty of the241 13

estimates does not exceed 30% at the confidence
level Ps0.95. In Table 2, the distribution of the
30-km ChNPP zone territory by the levels of
terrestrial density of contamination of the upper
30-cm soil layer with Sr and Pu is pre-90 239q240

sented. Distributions of radionuclides— Eu,154

Pu and Am—deposited in FP matrix are238 241

similar to Pu. The obtained updated values239q240

of the fuel component radionuclide inventories in

the soils of the near ChNPP zone differ essentially
from the previous estimates. For instance, frequent-
ly cited data on the radionuclide inventories in the
Exclusion zone in Ukraine(Ukrainian part exclud-
ing TSRW and ChNPP industrial site) were
obtained in 1987–1988 by the Dosimetric Moni-
toring Board of SIE ‘Prypiat’(Durdynets, 2001).
According to these data, the radionuclide invento-
ries recalculated for 2000 are equal to 2.7=1015

Bq of Sr, 3.0=10 Bq of Cs and 3.0=1090 15 137 13

Bq of Pu. Antonets et al.(1998) reported239q240

activities of 2.6=10 Bq of Sr and 4.9=1015 90 13

Bq of Pu located on the Exclusion zone239q240

surface in 1997. Besides, 5.0=10 Bq of Sr and14 90

7.0=10 Bq of Pu were located in TSRW12 239q240

and 1.0=10 Bq of Sr and 1.4=10 Bq of14 90 12

Pu—in bottom sediments of the cooling239q240

pond. However, these estimates for Sr are not90

precise as they were derived from the Cs inven-137

tory with an assumption that the average Csy137

Sr activity ratio 2 is valid for the whole 30-km90

zone(for the cooling pond it is assumed equal to
1.6). These activity ratios were obtained from the
limited array of measurement results for soil
samples.
Thus, while our estimate of Cs inventory in137

soil conforms to the magnitudes listed earlier, for
Sr and Pu(therefore, for Eu, Pu and90 239q240 154 238

Am too) our estimates are on the average 3241

times lower than previously cited. Approximately
70–80% of the total inventory of the fuel compo-
nent radionuclides in the upper 30-cm soil layer
are located in only 10% of the 30-km zone territory
in its central part(Table 2). Although the area of
contamination is increasing with distance from
ChNPP, contribution of the distant territories to
the total Sr and TUE inventories is rapidly90

decreasing. Some 50% of the territory of the
ChNPP 30-km zone(periphery of the Exclusion
zone, where the terrestrial density of contamination
with Pu is lower than 1 kBqym ) contains239q240 2

only approximately 3% of activity of the fuel
component radionuclides(Table 2). It demon-
strates that the main portion of the fuel component
radionuclides of the Chernobyl release is located
in the territories adjacent to ChNPP, and the fuel
component contribution to the territory contami-
nation outside the 30-km zone is minor.
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The goals of the present work do not include
the assessment of radionuclide contents in radio-
active waste storages(RWS) in the 30-km zone.
RWS contain mainly RAW from the industrial site
of ChNPP, except the RWS ‘Buriakovka’, where
the RAW both from the ChNPP industrial site and
from the other territories of the 30-km zone are
buried.
According to the latest estimates by Buckley et

al. (2002), Sr and Pu inventories in bot-90 239q240

tom sediments of the cooling pond in 2001 are
(2.4"0.5)=10 and (5.2"1.5)=10 Bq,13 11

respectively, i.e. also much lower than the earlier
estimates. According to Durdynets(2001), approx-
imately 1.2=10 Bq of Sr (recalculated in14 90

2000) was transported from the Exclusion zone by
the Pripyat river during the post-accident years.
The transport of TUE with surface waters can be
neglected because of its insignificance in compar-
ison with the territory contamination.
According to the results of inspections carried

out in 1996 by Antonets et al.(1998), activity in
TSRW in the 30-km Chernobyl zone in 2000
amounts to 1.6=10 Bq. Many experts consider15

this magnitude to be overestimated, because more
than a half of this activity is attributed to TSRW
‘Stroybasa’ without the detailed analysis of this
TSRW (Gerchikov, 2001), while the activity in
RWS ‘Buriakovka’ is estimated as 1.4=10 Bq.14

According to Bugaı et al.(2001), Sr represents90¨
approximately 30% of the activity located in
TSRW, and the activity ratios between Sr, Eu,90 154

Pu, Pu and Am correspond to those in238 239q240 241

the fuel component. Thus, radionuclide activities
in the TSRW of the 30-km Chernobyl zone in
2000 can be estimated as 5=10 Bq of Sr,14 90

8.5=10 Bq of Eu, 4.5=10 Bq of Pu and12 154 12 238

9.5=10 Bq of Pu. This estimate is in12 239q240

accordance with the previous estimates by Anto-
nets et al.(1998).

5. Inventories of the fuel component radionu-
clides of Chernobyl fallout outside the Ukrain-
ian part of the 30-km zone

The absolute levels of Belarus Exclusion zone
contamination with the fuel component radionu-
clides of the Chernobyl fallout are much lower in

comparison with those in Ukraine(Fig. 3). Nev-
ertheless, due to the larger contaminated area in
Belarus, the inventories of fuel component radio-
nuclides in soils of the near zone in Belarus and
in Ukraine are commensurate. In Belarus, they
amount to approximately(3"1)=10 Bq of Pu12 238

and (6"2)=10 Bq of Sr in 2000(Germen-14 90

chuk, 2000). These estimates are approximate as
there was no detailed array of experimental data
on the contamination of the Exclusion zone of
Belarus, especially at low contamination levels.
Taking into account the fuel component activity
ratio Sry Pu, one can assume that the contri-90 238

butions of the fuel and condensed components of
Sr to contamination of the Belarus Exclusion90

zone are approximately equal.
The main part of FP-associated activity was

deposited in the 30-km Chernobyl zone. The ter-
restrial densities of contamination with Sr and90

TUE outside the zone(Table 3, Fig. 1) are small.
They are commensurate with the global fallout
levels of approximately 50 Bqym of Pu2 239q240

and 1–4 kBqym of Sr (Moiseev et al., 1990;2 90

Kvasnikova et al., 2000; Durdynets, 2001). Con-
sidering the ratios between the terrestrial densities
of contamination with Pu and other radionu-238

clides, one can conclude that the territory contam-
ination with Sr and TUE outside the 30-km90

Chernobyl zone in western and eastern directions
is to a great extent caused by global fallout. The
average terrestrial densities of contamination are
20 Bqym with Chernobyl Pu and 2.3 kBqym2 238 2

with Chernobyl Sr (Table 3). In a southern90

direction, the fuel trace extends to 120–150 km.
It leads to higher absolute levels of soil contami-
nation with Sr and TUE in the regions adjacent90

to the southern part of the 30-km Chernobyl zone.
The Pu inventory in southern and western fuel238

traces outside the 30-km zone in Ukraine in 2000
was (3"1)=10 Bq, and Sr inventory—11 90

(4"1)=10 Bq. Obtained data(Table 3) do not13

allow the identification of a Sr-condensed com-90

ponent in radioactive fallout outside the Exclusion
zone except for the condensed spot in the vicinity
of Vesniane, Polisske and Bober settlements.
Until now there has been no detailed data on

the terrestrial contamination with radionuclides of
the fuel component of Chernobyl fallout outside
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Table 3
Terrestrial density of contamination with the fuel component radionuclides of Chernobyl fallout and of global fallout after nuclear
weapon tests, outside the 30-km Chernobyl zone in 2000

Distance from ChNPP Direction Cs137 Sr90 Pu239q240 Pu238 Puy Pu239q240 238 Pu global239q240 a

km kBqym2 kBqym2 Bqym2 Bqym2 Bqym2

45 W 1500"300 15"4 125"22 36"14 3.5"1.5 48"37
70 W 520"70 11"2 131"38 45"22 2.9"1.7 35"61
95 W 39"18 1.8"0.5 67"13 12"3 5.6"1.8 41"14
110 W 340"70 2.7"0.8 83"16 16"5 5.2"1.9 49"19
125 W 47"10 2.0"0.2 70"8 10"4 7.0"2.9 49"12
143 W 210"40 5.4"0.8 112"13 27"6 4.1"1.0 54"18
165 W 62"8 3.8"1.3 125"48 25"6 5.0"2.3 72"50
197 W 53"12 1.8"0.5 78"12 17"6 4.6"1.8 42"18
225 W 33"6 2.3"0.4 93"59 35"25 2.7"2.5 18"80
240 NW 190"80 3.2"0.9 83"18 24"6 3.5"1.1 32"22
240 W 41"6 2.4"0.4 80"16 15"8 5.3"3.0 48"23
295 W 32"10 2.3"0.6 90"6 15"7 6.0"2.8 58"16
315 W 35"10 2.2"0.6 92"10 17"6 5.4"2.0 56"16
30 S 120"20 56"9 1500"330 690"180 2.2"0.7 23"507
52 S 104"20 31"7 620"105 240"71 2.6"0.9 106"185
75 S 29"8 9.2"1.5 500"80 107"34 4.7"1.7 271"108
85 S 25"10 7.2"1.4 150"45 51"21 2.9"1.5 41"64
105 S 22"9 6.9"1.3 233"70 90"33 2.6"1.2 40"99
125 S 9.2"0.8 3.3"0.5 101"10 24"4 4.2"0.8 50"13
152 S 7.5"0.8 3.2"0.7 88"8 20"2 4.4"0.6 45"9
170 S 10"1 2.1"0.6 88"4 15"2 5.9"0.8 56"6
60 E 14"5 3.3"1.2 69"23 17"8 4.1"2.3 33"29
75 E 17"5 3.1"0.6 80"27 15"9 5.3"3.7 48"33
100 E 18"5 2.7"0.7 95"33 21"9 4.5"2.5 50"38

Calculated as a difference between the total terrestrial density of contamination with Pu and its Chernobyl component,a 239q240

equal to the terrestrial density of contamination with Pu multiplied by the factor of 2.14(Section 2).238

the 30-km zone, and integral estimations of their
inventories are complicated. Assuming that the
territories of Europe where the contamination den-
sity with Cs in 1986(De Cort et al., 1998)137

exceeded 40 kBqym were contaminated as a result2

of the Chernobyl accident, we estimate the total
contaminated area to be 216 000 km , including2

38 200 km in Ukraine. Multiplying these areas by2

the average values of contamination outside the
30-km zone we obtain the inventories of Pu and238

Sr in 2000 in the soils of European territory—90

4=10 and 5=10 Bq. In Ukrainian territory,12 14

these estimates are 8=10 and 9=10 Bq,11 13

respectively. It should be noted, that the above
estimates are conservative, because the territory
contamination with condensed Cs, especially on137

the large distances from ChNPP, does not obvious-
ly imply the presence of even a small amount of

the fuel component of the fallout(Drovnikov et
al., 1997).
On the assumption that a small amount of

condensed Sr is present in the fallout of the90

condensed component(;1% of Cs activity, see137

Section 3), its inventory outside the 30-km Cher-
nobyl zone in 2000 can be evaluated as
4.5=10 Bq, including 8.4=10 Bq in Ukraine.14 13

To obtain this estimate, we suppose that the total
inventory of Cs in Europe in 1986 was equal to137

6.4=10 Bq, in Ukraine—1.2=10 Bq (De Cort16 16

et al., 1998). This estimation is also conservative,
as we could not reveal reliably the presence of
Sr condensed component in the Chernobyl fallout90

at large distances from ChNPP even in the territory
of Ukraine (Table 3). Besides, the condensed
component of Sr in radioactive fallout in Belarus90

was counted twice. The first time, it was counted
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Table 4
Radionuclide activities in the ChNPP unit 4(on 06.05.86) and their relative release outside the ChNPP industrial site during the
accident

Radionuclide Radionuclide activity (Bq)a Radionuclide relative release(%)

Previous estimateb Present estimate

H3 1.4=1015 – –
Kr85 (2.8–3.3)=1016 ;100 ;100
Sr90 (2.0–2.3)=1017 4.0"2.0 1.8"0.6
Zr95 (4.8–5.8)=1018 3.2"1.6 1.4"0.5
Ru106 (8.6–22)=1017 2.9"1.5 1.4"0.5
Sb125 (1.5–2.6)=1016 – 1.4"0.5
I129 8.0=1010 20"10 50y60
I131 (2.5–3.1–3.2)=1018 20"10 50y60
Xe133 (6.5–7.4)=1018 ;100 ;100
Cs134 (1.5–1.7–1.9)=1017 10"5 33"10
Cs137 (2.6–3.0)=1017 13"7 33"10
Ce144 (3.2–3.9–4.1)=1018 2.8"1.4 1.4"0.5
Eu154 (8.5–14)=1015 3.0"1.5 1.4"0.5
Pu238 (8.2–13)=1014 3.0"1.5 1.4"0.5
Pu239 (8.5–9.2–9.5)=1014 3.0"1.5 1.4"0.5
Pu240 (1.2–1.5–1.8)=1015 3.0"1.5 1.4"0.5
Pu241 (1.7–1.8–2.1)=1017 3.0"1.5 1.4"0.5
Am241 (1.4–1.6)=1014 3.0"1.5 1.4"0.5

Data presented by Kirchner and Noack(1988), Begichev et al.(1990), Gustafsson(1996), De Cort et al.(1998) and Borovoya

(2001). Marked in bold are the values recommended by Borovoy(2001) or obtained by UIAR( Eu) on the basis of measurements154

of the fuel component radionuclides activity in Chernobyl fallout.
Reported by USSR State Committee on the Utilization of Atomic Energy(1986).b

during a direct estimation of the contamination of
the Belarus Exclusion zone, and second time,
during the calculation of Sr condensed compo-90

nent on the basis of total contamination of all the
territory with Cs, the exclusion zone included.137

According to the data on the territory contami-
nation with Cs (De Cort et al., 1998), more137

than 70% of all released Cs activity had been137

deposited in the territories of Russia, Belarus and
Ukraine(30, 23 and 18%, respectively). Therefore,
the inventories of radionuclides at the fuel traces
outside the ChNPP Exclusion zone in Ukraine and
Belarus can be estimated by means of the corre-
lation ratios between the terrestrial densities of
contamination with Chernobyl radionuclides in
Russia: Sry Css0.013 and Puy Css90 137 238 137

0.00006 in 1995, by Kvasnikova et al.(2000).
Under this approach, Pu and Sr inventories in238 90

2000 in soils of European territory are equal to
3=10 Bq and 6=10 Bq, including 6=1012 14 11

and 1=10 Bq in Ukraine, respectively.14

6. Fuel component radionuclides release outside
the industrial site of ChNPP during the accident

According to the data by Borovoy and Gagar-
inskiy (2001b), obtained in 1986, 0.3% of the
initial amount of nuclear fuel in the ChNPP 4th
unit had been deposited on the territory of ChNPP
(industrial site), -1.5%—inside the 80-km zone
(with the exception of the industrial site), -
1.5%—on the rest of USSR territory and-0.1%
had been released outside the country. Thus, the
total release, according to this first estimation, was
-3.5%. At the IAEA conference in August 1986,
the USSR State Committee on the Utilization of
Atomic Energy (1986) reported the release of
3"1.5% of the fuel component radionuclides
(Table 4) from the accidental Chernobyl reactor.
After the creation of detailed maps of European
territory contamination with cesium radioisotopes
(Gustafsson, 1996; De Cort et al., 1998), the
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Table 5
Absolute and relative distribution of the fuel component radionuclide activities in Chernobyl fallout outside the ChNPP industrial
site in 2000

Location of the Radionuclide Fraction of the radionuclide
radionuclide content(Bq) activity in the reactor(%)

Sr90 Pu238 Sr90 Pu238

Soil in the 30-km zone 7.7=1014 7.2=1012 0.45 0.52
in Ukraine

Bottom sediments in cooling 2.4=1013 2.4=1011 0.01 0.02
pond

Migrated from the 30-km zone 1.2=1014 – 0.07 –
by Prypiat river during
14 years

TSRW and RWS ‘Buriakovka’ 5.0=1014 4.5=1012 0.30 0.33
Soil in the Exclusion zone 6.0=1014 3.0=1012 0.36 0.22

Soil outside the 30-km Chernobyl 5.4=1014 4.3=1012 0.32 0.31
zone(in Ukraine) (1.3=10 )14 (1.1=10 )12 (0.08) (0.08)

Condensed component of fallout 4.5=1014 – 0.27 –
(in Ukraine) (8.4=10 )13 – (0.05) –

Total 3.0=1015 2.0=1013 1.8 1.4
(in Ukraine) 1.6=1015 1.3=1013 0.96 0.97

releases of Cs and of iodine radioisotopes134,137

were corrected towards increase(Table 4).
Our estimates of the fuel component radionu-

clide inventories outside the ChNPP industrial site
in 2000 (Table 5) correspond, when adjusted for
radioactive decay, to 1.4–1.8%(;1% in Ukraine)
of these radionuclide activities in the reactor at the
moment of accident(Table 4). The relative uncer-
tainty of our estimates is approximately 30%(Ps
0.67) and can be reduced after more precise values
of the fuel component radionuclide inventories
outside the 30-km zone of Ukraine are obtained.
Thus, we estimate the release of Sr, Eu, Pu,90 154 238

Pu and Am, and, therefore, of nuclear239q240 241

fuel itself, outside the ChNPP industrial site during
the accident to be 1.5"0.5%, which is 2 times
lower than the previous estimates.
By the estimation of Begichev et al.(1990),

750"250 kg of nuclear fuel(0.4% of its amount
in the unit 4) are located within the industrial site
of ChNPP. Therefore, approximately 98% of nucle-
ar fuel is still located in the ‘Shelter’ and in RWS.
Relevant meteorological records and the

obtained spatial distribution of the fuel component
radionuclides of Chernobyl fallout on the European

territory can be used for the reconstruction of the
dynamics of FP release during the accident.

7. Conclusions

On the basis of obtained experimental data, the
correlation between the activities of fuel compo-
nent radionuclides of the Chernobyl fallout was
specified and the maps of the 30-km Chernobyl
zone terrestrial density of contamination in 2000
with Eu, Pu, Pu and Am(Ukrainian154 238 239q240 241

territory) were constructed. Total inventories of
radionuclides in the 30-cm soil layer of the 30-km
Chernobyl zone(Ukrainian territory except for the
activity located within the industrial site, in waste
storage and in cooling pond) were estimated as
7.7=10 Bq of Sr, 2.8=10 Bq of Cs,14 90 15 137

1.4=10 Bq of Eu, 7.2=10 Bq of Pu,13 154 12 238

1.5=10 Bq of Pu and 1.8=10 Bq of13 239q240 13

Am. These values correspond to 0.4–0.5% of241

activities of these radionuclides in the ChNPP unit
4 at the moment of accident and are 3 times lower
than the previous estimates.
The integral inventories of the fuel component

radionuclides of Chernobyl fallout outside the
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ChNPP industrial site in 2000 were estimated as
3.0=10 Bq of Sr, 3.8=10 Bq of Eu,15 90 13 154

2.0=10 Bq of Pu and 4.3=10 Bq of13 238 13

Pu. These values, adjusted for radioactive239q240

decay, correspond to 1.4–1.8%(;1%—in
Ukraine) of these radionuclide activities in the
reactor on 26.04.1986. Thus, we conclude that the
relative release of radionuclides in FP matrix, and,
therefore, the release of the nuclear fuel outside
the ChNPP industrial site during the accident can
be estimated as 1.5"0.5%, which is 2 times lower
than the previous values.
The results of works in the near zone of ChNPP

accident are compiled on the CD ‘Radioactive
contamination of the 30-km zone’ released by
UIAR. The CD contains the following data: a
complete set of maps of terrestrial contamination
and soil properties(raster images in jpg-format
and thematic layers in MapInfo(*.wor)); data-
bases of the experimental information on radioac-
tive contamination of the territory and on
physical–chemical characteristics of the fuel par-
ticles (*.mdb); estimates of radionuclides inven-
tories in the 30-km Chernobyl zone the major
publications of UIAR(*.pdf); etc. The CD is run
under the Microsoft Internet Explorer version 4.0
or higher.
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