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I. INTRODUCTION

According to the notions of classic hydrogeology, the groundwaters of deep-laying
aguifers were considered to be safely protected against various external contaminants, due
to high sorption properties of aeration zone soils, regional distribution of aquitards, and
very long period of ground water formation.

However, after a number of large-scale technogenic accidents with the Chernobyl
accident at the top of this list, and subsequent mass determinations of contaminating
substances in ground water, the anomalously rapid penetration of newest pollutants into
groundwaters was revealed even for deep-laying aquifers. So. in groundwater with the
calculated age of about several hundred years, the pesticides were detected used in
agriculture since 1970s-1980s, as well as radionuclides of undoubtedly Chernobyl origin.

Contamination of upper subsurface aquifer and a part of artesian aquifers is
exclusively significant in Chernobyl exclusion zone characterized by high levels of surface
contamination with radionuclides.

However, significant groundwater contamination with radionuclides was also
registered at the periphery of area subjected to the Chernobyl radioactive fallouts,
including some wells used for potable water-supply. This fact provides the necessity for
more intensive studies and forecasting of radioactive contaminants migration processes in
groundwater.

2. REVEALING POSSIBLE MIGRATION PATHWAYS

In the course of analysis of the mechanisms of radioactive pollutants transport into
groundwater, along with the usual infiltration way, the two "untraditional" ways of
migration were revealed which in a significant measure pass aside the natural sorption
buffer of the geosphere.

The first way of anomalously rapid contaminants migration into groundwater is
"technogenous", caused by imperfect construction technology of water intake wells or by
low quality of their casing. During operation of high-rate submersible electric pumps, the
cone of depression occurs in the near-well space of artesian aquifer water intake with a
water head drop approaching tens of meters. Due to this fact, the water moves along the
cavities, caverns and fissures in the well annulus space downwards from upper aquifers.

The possibility of such a way for contaminants to enter deep artesian aquifers was
confirmed by experimental works at the Kiev water intake wells. In these experiments the
injections of NaCl into the upper subsurface aquifer were applied at a distance of several
dozens of meters from a high pumping rate well, exploiting the aquifer at 250m depth.
Increase of the chlorine ion content in pumped-out water was observed just a few days
after the injection. This fact indicates the possibility of fast penetration of contaminant
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into deep-laying aquifer along the annulus well space, bypassing the natural sorption
barriers.

The second way of anomalously rapid migration is associated with zones of crustal
weakness. In contrast to the zones of weakness in crystalline rocks and karsting limestones,
which are obvious and represented by fractures and rock cavities, the revealing of
heterogeneity in permeability of nonfacial unconsolidated sediments is a pioneering work
done by hydrogeologists of the R&D Center of Radioecological Studies of the National
Academy of Sciences of Ukraine.

The technically active zones and depression morphostructures were "chosen as
primary objects for studying possible moisture and contaminants fast migration through
aeration zone into groundwater. Their studying included large-scale decoding of aerial
photographs and topographic maps, emanation profiling of hypothetical active zones and
surrounding background areas, detailed analysis of physico-mechanical, water-physical,
chemical, electric and other soils properties; accomplishment of regime observations over
the moisture migration in the aeration zone, water levels and chemical content of
ground water.

The conducted investigations allow to make the conclusion that granular collectors in
unconsolidated sediments are characterized by essential inhomogeneity of filtration and
migration properties. Zones of anomalously rapid migration are marked by Jinear and
circular depressions in the landscape and characterized by high emanation ability of
unconsolidated sediments, their increased moisture and electric conductivity. The soil
profile cut in these zones differs from that of the background areas: the ground water
levels dynamically response to the atmospheric rainfalls, that is clear from anomalously
high infiltration rate and the formation of spreading cupolas on groundwater level surface
after the period of intensive rainfalls (see Fig. 1). Analysis of radionuclides content in the
solid phase of soil profiles indicates more intensive vertical migration in the active zones
(see Fig. 2. ?).

3. MODELING RAD1ONUCLIDE MIGRATION IN
GROUNDWATERS

In parallel with the experimental studies of radionuclides distribution in groundwater
we perform mathematical modeling of the migration processes, based on geological
section data, filtration and sorption parameters of water-bearing beds, initial values of
surface contamination by radionuclides and the present values for their concentrations in
different aquifers. Modeling is earned out by our original programs, allowing to develop
the conformed prognosis and epignosis of radionuclide migration in geological medium.

Starting from 1991, we accomplish the investigations on the assessment and
forecasting of groundwater contamination with radionuclides of Chernobyl origin over the
territory of Kiev industrial agglomeration. In the vertical section, the 4 water-bearing
aquifers are being studied, including: the Quaternary aquifer (depths to 20 m). the Eocene
(depths to 130 m). the Cenomanian-Callovian (depths to 200 m), the Bajocian (depths
to 250-300 m). In all these aquifers the contamination of groundwater with iy?Cs in the
range of n-10 '"' Ci/1 (0.037n Bq/1) was observed, where n ranges from 1 to 9.

To obtain the modeling assessment of geological rock medium contamination in the
Chernobyl exclusion zone and Kiev region we performed the modeling of '" Cs vertical
convection-dispersion transport for the typical profiles of these regions with downgoing
infiltration flow rate of about 100 mm/year, taking into account the interaction between
the solid (absorbed) and liquid (dissolved) fractions of contaminant. For both regions the
models were calibrated in accordance with observed data for the contaminant content in
liquid and solid phases at different depths. According to these data, in the Chernobyl
exclusion zone the ' ' Cs concentrations in solid phase within the upper 15 m layer are of
the order (1-lOVIO'' Ci/dm\ and in the liquid phase of 10 l0 - 5-10'' Ci/1. but at the
lower part of the profile, at the depths of 60-100 m the concentration in water remains
within the limits of (1-10) 10 ' ' Ci/1 . Starting from these values, the distribution
coefficients Kj were assessed and forecasting concentrations till the year 2050 performed.
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Fig. 1. The sheme of infiltration flow rate and variations
of groundwater levels for the upper subsurface aquifer:

(a) - infiltration flow rate of upper subsurface waters
according to hydrophysical data (in millimeters);

(b) - the surface profile of the depression zone;
[gj - hydrophysical observation sites;

[J] - wells and their numbers;
(c) - groundwater level variation in time;

- date of measurement: (day, month in 1995);
(d) - zones: A: central, active; B: transitional;

C: slope; D: background
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Fig. 2. Sr-90 content in soilprofile of the Veresok tract:
solid line - the border of the depression
dashed line - the bottom of the depression
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Fig. 3. Cs-137 concentration (Bq/kg) plots against depth
for the sediments at the reference site of Liutezh
testing area

(1) - depression profile
(2) - background profile
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The results tor the concentrations in groundwaters of Kiev region as plotted against depth
for the years 2000, 2010, 2020, 2030, 2050 are shown on Fig.4. On Fig. 5 the forecasted
!V7Cs total contents in solid phase of upper lm-thick and remaining 1-100 m layers are
shown as recalculated to corresponding surface densities (Ci/sq.km) plotted against time
for the Kiev region.
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137Fig.4 Predicted concentrations, of 137Cs
in groundwater (Kiev region)
till the year 2050

1—exchangeable form, 1—100m;
2-excnangeabl«+solid form, 0—1m;
3-totol exchangeable+solid forms,

0-100 m.

2060
Years

Fig. 5. Forecasted 137Cs content in ecological
rock medium till the year 2050 for upper
1 m and 100 m—thick loyers (Kiev region),
recalculated to surface densities
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Fig. 6. 9oSr concentrations in the Quaternary water-bearing
complex within the territory of Kiev industrial agglomeration.
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Fig. 7. poSr concentrations in the Eocene water-bearing complex
within the territory of Kiev industrial agglomeration.
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4. CONCLUSIONS

1. The analysis of modeling solutions obtained enables to accept the possibility of
accumulation in the geological rock medium up to 30% of the sum of initial surface
fallout contamination. This states in favor of the concept of anomalously fast migration
pathways, but from the other hand, indicates the important role of geological rock media
as a powerful protection buffer, as related to the biosphere, on the way of contaminants
penetration from the surface into groundwater.

2. The maximum contamination concentrations in groundwater and geological rock
medium with n7Cs will be observed in the Kiev region in 2000-2010s at the depths of 20-
50 m ranging to 810 12 Ci/1 in water to 210 " Ci/dm3 in solid phase. At the depths of 60-
100 m the maximum concentrations are expected in 2010-2020s to 2-3-10 l2 in water and
and to 10 in solid phase. For the Chernobyl exclusion zone, the corresponding
maximum values expected in 2010-2020s in the upper 20 m layer are sufficiently higher
(by 2 orders of magnitude), but at the depth of 80-100 m the concentration in liquid
phase remains within the range of (1-5)-10 l2 Ci/I.

3. The results obtained by direct measurements and modeling for "'Sr provide the
evidence that observed and forecasted contamination with this nuclide (see Fig. 6, 7) is
sufficiently lower than maximum permissible concentrations. Nevertheless, these data
require to be periodically precised based on monitoring which is necessary to organize.

4. Concerning contamination of groundwater with radionuclides, the Pripyat water
intake is one of the most unfavorably located among those operating in the Chernobyl
exclusion zone.

Performed analysis indicates that there is poor evidence in nearest 70 years for
contamination of Pripyat water intake by ^Sr (with exceeding the limits of highest
permissible concentration), one of the most rapidly migrating element. The economic risk
appraisal of water intake wells contamination according to the theory of cost-benefit
analysis indicates that conducting the large-scale water protection measures at Pripyat
water intake presently is not actual.

The efforts should be concentrated at methodologically grounded groundwater
monitoring of artesian aquifer and also of upper subsurface aquifer in the close (500-1000
m) locality of water intake wells.

In 5-10 years the prognosis should be precised based on obtaining additional specific
monitoring data of ground water contamination and sorption properties of soils and water-
bearing beds, that would reduce the uncertainty in modeling parameters. Then, the
decisions on water protection measures should be revised.
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