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Abstract. Methods for estimation aquatic pathways contribution to the total
population exposure are discussed. Aquatic pathways are the major factor for
radionuclides spreading from the Chernobyl Exclusion zone. An annual outflow of
90Sr and 137Cs comprised 10-20 TBq and 2-4 TBq respectively and the population
exposed by this effluence constitutes almost 30 million people. The dynamic of
doses from wSr and 137Cs, which Dnieper water have to delivered, is calculated.
The special software has been developed to simulate the process of dose formation
in the of diverse Dnieper regions. Regional peculiarities of municipal tap, fishing
and irrigation are considered. Seventy-year prediction of dose structure and
function of dose forming is performed. The exposure is estimated for 12 regions of
the Dnieper basin and the Crimea. The maximal individual annual committed
effective doses due to the use of water by ordinary members of the population in
Kievska region from MSr and 137Cs in 1986 are 1.7x10 Sv and 2.7x10 Sv
respectively. A commercial fisherman on Kievske reservoir in 1986 received
4.7x10 Sv and 5x10 Sv from '"Srand 137Cs, respectively. The contributions to
the collective cumulative (over 70 years) committed effective dose (CCCED70) of
irrigation, municipal tap water and fish consumption for members of the population
respectively are 18%, 43%, 39% in Kievska region, 8%, 25%, 67% in Poltavska
region, and 50%, 50%, 0% (consumption of Dnieper fish is absent) in the Crimea
The predicted contribution of the Strontium-90 to CCCED70 resulting from the use
of water is 80%. The CCCED70 to the population of the Dnieper regions (32.5
million people) is 3000 person-Sv due to the use the Dnieper water.

1. Introduction

After a large radiation accident, as was the case in Chernobyl, the water pathway (both
surface and ground) represents in the long term, the only real way by which radioactive
materials can be transferred from high contaminated areas (as the evacuated zone around
Chernobyl) to uncontaminated areas (as the Black Sea). The Dnieper system is the principal
source of freshwater supply in Ukraine. This system provides drinking water for about 8
million people living in the Dnieper basin as well as irrigation water and fisheries for a
population of up to 30 million. The annual commercial fish catching in the Dnieper cascade
is more than 25000 tons. The radioactive contamination of the Dnieper cascade due to the
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Chernobyl accident has been extensively described [1,2 ]. The annual 137Cs and '"Sr
inflowing into the Dnieper cascade are respectively in some years reached 2-4 TBq and 10-20
TBq. These data confirm that there is a long-term input of 137Cs and '"Sr, from the northern
heavily contaminated areas, into the Dnieper and Pripyat rivers. From these rivers, most of the
137Cs is distributed along the six artificial reservoirs composing the Dnieper cascade system,
while the dissolved form of ^Sr reach more easily the Black sea.

Dose assessment due to the Dnieper water usage, based on measurements of population
diet components, is extremely difficult. A very extensive area was affected by the
radioactive contamination and no representative data are available on radionuclides content
in the diet of population living along the different Ukrainian regions crossed by the Dnieper
cascade. Consequently, the long term exposure (70 years) from aquatic pathways has been
estimated on the basis of monitoring data of the Dnieper water and using environmental
transport models. All available information concerning agricultural production, as well as
irrigation water and fisheries were considered.

To estimate the collective dose for population of Ukraine from the consumption of
Dnieper water during 70 years after the accident (till 2056) WATOX code was used in the
version based on three months averaged input data. The three month averaged discharge of
the Dnieper River, Pripyat River and tributaries to the Dnieper Reservoirs since 1895 were
used to create hydrological data base for a long term prediction. The scenario of the worst
radiological conditions should be based on the sequences of high runoff years since 1994.
The constructed set of the hydrological data used 1970-1992 (high runoff period) and then
1912-1950 (low runoff period) as a "hydrological forecast" for 1994-2057. For the
prediction of radionuclides concentration in the tributaries to the Kiev Reservoir the
regression relations between concentration and water discharge were constructed based on
the experimental data of UkrHMI.
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Fig. 1. Measured and predicted 90Sr concentration in the Dnieper reservoirs
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These relations were used for simulation of 15 years after the accident (till 2001). It is
supposed that the amount of water exchangeable form of '"Sr on the watersheds will
remain constant this period, balanced by the leaching from fuel particles and by the decay
and the percolation into the soil.

For simulation since 2001 the regressions were used with the attenuation coefficient
equals to the double decay rate. The simulated results (Fig. 1) demonstrate that the large
southern Kakhovka reservoir, damping the seasonal oscillations, will have after some years
practically the same level of 90Sr concenration as the Kiev reservoir, where three month
averaged concentration will change from 1 Bq/1 in the initial period to the 0.1-0.2 Bq/1 in
2056 [3 ]. These data and data of the better from radiological conditions hydrological
scenarious was used to calculate dose for the development of the post-Chernobyl.

2. Internal Radiation Dose

The internal radiation dose has been estimated for the population located in 12 Ukrainian
regions and in the Republic of the Crimea. To this end a computer code has been developed
[4 ] for the processing of a large set of site-specific data (age-structure of population, food
consumption for different ages of population, agricultural production, irrigated areas, etc.).
and the prediction of the radionuclides transport in the food chain as a function of time.

Table 1
Water Usage of the Dnieper Cascade

Regions

Chernigivska
Kievska
Cherkaska
Kirovogradska
Poltavska
Dniepropetrivska

Zaporizka
Mikolaevska
Kharkivska
Luganska
Donetska
Khersonska
Crimea
Total

Water Bodies
(rivers and reservoirs)

Dnieper and Desna
Kiev and Kanev
Kremenchutske
Kremenchug
Kremenchug
Dniprodzerdzhinsk
Zaporozhie
Kakhovske
Kakhovske
Kakhovske
Dniprodzerdzhinsk
Dniprodzerdzhinsk
Dniprodzerdzhinske
Kakhovske
Kakhovske

Total
Population (x

106)
1.4
4.5
1.5
1.2
1.7

3.8

2
1.3
3.2
2.9
5.3
1.2
2.5

32.5

Population
Consuming

Dnieper Water
(x 106)

-
0.75
0.2
0.4
0.3

2.0

1.0
0.4
0.4
0.1
2.2
-

0.5
8.1

Irrigated
Areas

(haxlO3)
6

116
66
56
57

254

272
190
-
-
-

464
390
1871

Total area
of Agricultural

Land
(hax 103)

2034
1670
1420
2015
2086

2387

2225
1953

-
-
-

1932
1748
19470

The mathematical base of the software module, which simulates irrigation and
radionuclide transport in food chain derives from ECOSYS-87 model [5 ]. The simulation
of the metabolic processes in human body, under chronic intake, is based on the ICRP
Publication 56, 67 (metabolic models of caesium and strontium) [6 ,7 ], and the 1990 ICRP
Recommendations [8 ] were used. For dose calculation, it was applied the "Internal
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Dosimetry Support System" or BDSS code, adapted for ICRP needs. For this calculation
are taken into account the characteristics of the population of the Dnieper regions,
presented in Table 1.

The potential exposure of the population, due to the intake of radionuclides from the
Dnieper cascade water, was calculated in terms of "Annual Committed Effective Dose"
(ACED), expressed in Sv. The resulting dose refers for one year intake, committed to age
70, and the "Collective Cumulative (for 70 years) Committed Effective Dose" (CCCED70)
as person-Sv - the age-dependent ACED, integrated over 70 years of intake and over age
structure of population. One very important characteristic of dose formation is an ACED to
the Maximally Exposed Member of General Public (MEMGP). Dose to MEMGP is
calculated on the assumption that diet is "average" for the particular region, includes
products produced on irrigated land only, contains tap water from the Dnieper.
Consumption rate of Dnieper fish is determined by the commercial catch. It should be
noted that dose to MEMGP does not reflect the level of doses in a critical group, because
such a group was considered separately.

In the long-term prediction, only the intake of 137Cs and 90Sr were considered. The
contribution to dose of the other radionuclides was relevant only during 1986. The
estimation of the CCCED70 from 131I in tap water (Kiev city), based on 131I concentration in
the Kiev reservoir [9 ] was about 100 person-Sv for a population of 750.000

3. Water Usage

3.1. Municipal tap water

The Dnieper cascade represents the main water-supply system for a population of up to 8
million, located in 10 regions and the Crimea (Table 1). The main consumers are located in
the Dniepropetrivska and Donetska regions. The following reference levels of tap water
consumption were considered.

Population Age
3 months

1 year
5 years
10 years
15 years
Adults

liter/day
0.20
0.50
0.70
1.00
1.25
1.50

The clearance factor on processing of water has been assumed to be equal to 2 for 137C
and 90Sr.

3.2. Irrigation Water

More than 1.8 million hectares, composed by productive farming lands, are irrigated by the
Dnieper cascade water and 72% of them, directly by the Kakhovske reservoir (Table 1).
About 50% of the irrigated lands are used for the production of fodder for farms animals
(meat and milker). Vegetables production represents less than 10% of the total irrigated
lands.
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The activity in irrigated agricultural plants is accumulated because of root uptake of
radionuclides from primary Chernobyl soil contamination and earlier worldwide fallout,
root and foliar uptake from irrigation water. The routes are similar in the case of
contamination of agricultural animal products.

The transport of radionuclides from the soil to the human body is simulated.
Additionally to primary fallout on soil, which is considered by ECOSYS, the irrigation,
drinking water and fish consumption are also taken into account.

Ukraininan and site-specific data on crop yield, types of irrigated crops and consumption
rates were used in the dose prediction [10 ]. Considering the difficulties to obtain
representative site-specific radionuclide transfer factors for foliar and root uptake, for all
the regions crossed by the Dnieper cascade, data collected on the most contaminated
northern regions of the Ukraine (where intensive investigations were performed after the
accident) as well as the ECOSYS data were used.

The short-lived radionuclides were not considered in the calculation and consequently in
the model for animals it was assumed that the concentration in milk is in continuous
equilibrium with the concentration of radionuclides in the diet.

The food basket considered for human consumption contained: cereals, milk and dairy
products, potatoes, beef, leafy vegetables, root vegetables, fruits, poultry and eggs.

Figure 2 presents the dynamic of 90Sr concentration (from irrigation water only) in
foodstuffs in Kievska region.

o

o
O

i.ooE4Oor

1.0QBO1

LOOEffi-

1.00E-O3-

I^afy^egSahies
Ltonking rater

Qreals
Mlk and rrilk products

Fttatoes
Bsef

Fruit vegpfcHes
Root \eg3tafcks

Fbdtry

\eais after acrictat

Fig. 2. Model prediction of 90Sr concentration in different foodstuffs of Kievska region

The highest levels of contamination are observed for leafy vegetables, wheat, and milk.
The predicted concentrations in leafy vegetables and tap water are practically equal.

Figure 3 reports for the Kievska region, the 137Cs concentrations in different agricultural
products contaminated in 1986 and those predicted for 2055.
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Fig. 3. Model prediction of Cs concentration in different foodstuffs of Kievska region
for 1986 and 2055

Figures 4 and 5 show the predicted contribution of 90Sr and 90Cs in different foodstuffs
to the "Annual Committed Effective Dose" to the "Maximally Exposed Member of General
Public", due to the usage of the Dnieper water in Kievska region in 1993.

Beef
Other

Milk and milk
products

Potatoes

Leafy vegetables

Fig. 4. Contributions of different foodstuffs to 90Sr dose to MEMGP as a result of use of
Dnieper water in Kievska region in 1993
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Fig. 5. Contributions of different foodstuffs to I37Cs dose to MEMGP as a result of use of
Dnieper water in Kievska region in 1993
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Fig. 6. Predicted 90Sr concentration in rice, (observed data from [11])

Using the data from Perepeliatnikov and Prister [11] and the contamination scenario of
the water of Kakhov reservoir, the following function has been derived to estimate the
activity of 90Sr in Ukrainian rice (see Fig. 6):

CmreW=(0.014+0.150e"0043 ', Bq kg1

where:
CrrceCO is ^ activity concentration in rice at time t after the Chernobyl accident (Bq/ kg);
t is time after the accident (yr.);

The clearence costant of 90Sr in water is 0.043 yr"1 (TIQ =16 year) was derived from
data in [11]. Figure 6 presents a comparison of prediction to observations of the
concentrations of 90Sr in rice.

3.2. Commercial fishery

The Dnieper cascade is intensively used for commercial fishery (more than 25 thousand
tons per year). After the Chernobyl accident, there was no significant reduction in fish catch
in all the reservoirs. In this paper site-specific data from 1986 to 1993, concerning the
commercial fishery and contamination offish were used [12 ,13 ]. The prediction offish
contamination is based on simple bioaccumulation model. The bioaccumulation factors
used are respectively 30 and 1000 for 90Sr and 137Cs [13].

Figures 6, 7and 8 show respectively the contribution of fish consumption to the total
collective dose for the population of Kievska and Poltavska regions and the Crimea. The
highest values of radionuclide concentrations in fish were found between 1987 and 1989.
At present time these values are from 2 to 4 times lower.

The exposure of professional fishermen, that consume a considerable amount of fish,
has been taken into account. On the basis of a consumption of 360 kg offish per year, the
fishermen of the Kiev reservoir, received in 1993, 4.7xl0"4 Sv and 5x10" Sv respectively
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n'3 Sv. These data
indicate that the fishermen are to be considered as the most important critical group.
for 90Sr and 137Cs. During 1993 these values were UxlO"4 Sv and 1.6x10"

4. Assessment of total dose

Fig. 9 presents the prediction of 90Sr accumulation in bone structure of an adult
"Maximally Exposed Member of General Public", due to the water usage in the Kievska
region. The 50-year accumulated equivalent dose is 1.3 mSv to red bone marrow and 2.6
mSv to bone surface. The committed effective dose is 0.22 mSv.

Figures 10 - 12 give the computed contribution of different water pathways of 137Cs and
'"Sr to the "Annual Committed Effective Dose" respectively for Kievska and Poltavska
regions and the Crimean Republic. The dotted curves indicate the dynamic of ACED. The
structure of irrigated land and tap water consumption were taken into account. In 1986, the
collective dose in Kievska region exceeded the present dose level by 5-7 times. An opposite
effect is observed in the Crimea Republic. This is attributable to the low level of radioactive
deposition occurred in the lowest part of the Dnieper cascade.

The "Annual Committed Effective Dose" in 1986 to the "Maximally Exposed Member
of General Public", due to water usage in the Kievska region results respectively 1.7xlO"5

Sv and 2.7xlO*5 Sv for 90Sr and 137Cs. The assessable contributions of irrigation, water
from the municipal tap water supply and fish consumption to CCCED70 respectively are
18%, 43%, 39% in Kievska region, 8%, 25%, 67% in Poltavska region, and 50%, 50%,
0% (consumption of the Dnieper fish is absent) in the Crimea.

The predicted average contribution of strontium-90 to CCCED70 to the population of
the Dnieper regions resulting from the use of water is 80%. The CCCED70 to the
population of the Dnieper regions (32.5 million people) is about 3000 person-Sv due to the
use of water.
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Fig. 9. Prediction of 90Sr activity in bone structure of adult MEMGP due to the Dnieper
water usage in the Kievska region
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Fig. 10. Collective dose to the population of Kievska region due to the Dnieper water
usage
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Fig. 11. Collective dose to the population of Poltavska region due to the Dnieper water
usage
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Fig. 12. Collective dose to the population of the Crimea Republic due to the Dnieper water
usage
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Table 2
CCCED70 from 90Sr and 137Cs to population of Dnieper regions

Region

Chernigivska
Kievska*
Cherkaska
Kirovogradsk
a
Poltavska
Dniepro-
petrivska
Zaporizka
Mikolaevska
Kharkivska
Luganska
Donetska
Khersonska
Crimea
Total

Total
population

(x 106)

1.4
4.5
1.5
1.2

1.7
3.8

2
1.3
3.2
2.9
5.3
1.2
2.5
32.5

90Sr and 137Cs
CCCED70 as a result

of primary soil
contamination

(person-Sv)
340

2400
620
320

200
560

170
19?t

N/A t+

N/A++

N/A
70
160

5030

90Sr
CCCED70 as a
result of use of
Dnieper water

(person-Sv)
4

290
115
140

130
610

320
150
60
15

330
100
175

2439

139Cs
CCCED70 as a
result of use of
Dnieper water

(person-Sv)
2

190
50
40

60
75

35
20
4
1

20
20
5

522

Contribution of
Dnieper water
dose to Total

CCCED,o
(%)
1.7
17
21
36

49
55

68
47
-
-
-

63
53
37

The northern districts of Kievska region with high level of soil contamination
because Dnieper water is not used in these areas. Due to important differences in
pg^em that values is not reflect situation the Kiev city.

The data on primary soil contamination are not available.

are not considered
water consumption

In order to demonstrate the role of water factors in dose formation the estimations of
the contribution of the Dnieper cascade to total CCCED70 from 90Sr and 137Cs were also
performed (Table 2). The assessment of CCCED70 which resulted from primary (Chernobyl
and non-Chernobyl) contamination of the soil by 90Sr and l37Cs [14 ] was performed in the
same manner as estimation of the dose from water. This assessment is based on the data on
primary soil contamination and does not consider short-term processes after the Chernobyl
accident. It should be noted that reliability of total dose estimation is not too high because
of the data on primary soil contamination was obtained only for preliminary estimation and
may not reflect the low-level contamination is present in the majority of regions. Such
regions marked are characterized by uneven levels of contamination. In most of them it is
practically impossible to identify the post-Chernobyl component.

S. Conclusions

The presented results indicate that each of the three main components of dose formation
(tap water, irrigation and fish) is significant in the Dnieper water problem 137Cs is of
primary importance in the fish pathway. That pathway is the most important for Kievska
region, which consumed fish from Kievske reservoir and for Middle Dnieper regions, which
consumed a significant amount of fish from Kahovske reservoir. The calculation
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demonstrates that a separate and very important problem is the high level of individual
doses (up to 2 mSv per year) to fishermen and members of their families. Further
investigation including measurements by WBC and excreta analysis is required to develop
countermeasures to address the problem.

90Sr plays an important role in the tap water and irrigation pathway. In Kiev city that
radionuclide delivered about half of total 90Sr dose. The role of 90Sr is increasing in
southern Dnieper regions. In the Crimea 90Sr formed more than 95% of total "water dose."
As mentioned above, the total contribution of 90Sr to CCCED70 from Dnieper water is
80%. This fact necessitates a broader application of bioassay methods in dose monitoring.
All presented results were obtained by means of specialized PC software. That permits the
simulation of enviromental and biokinetic processes. The authors would be grateful for
offers of on collaboration in testing and improving that software.
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