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1-1. INTRODUCTION AND AIMS

This Annex has been prepared within the framework of the Aquatic Working Group of the
Co-ordinated Research Programme on Validation of the Environmental Model Predictions (VAMP).
The main objectives of this Annex are:

(1) To provide an outline of a broad set of remedial measures and strategies tested and suggested
for aquatic systems to speed up the recovery after the nuclear accident at Chernobyl in April
1986. This Report covers case studies from rivers and lakes and includes results from field and
laboratory experiments, as well as measures directed at reducing radioisotopes in food by
different food preparation procedures in the home.

(2) To provide results from selected case studies, focusing on general, strategic results rather than
site-specific details.

(3) To provide conclusions which specifically address practical matters concerning how to select
remedial measures in different situations, how to avoid inefficient measures, and to suggest
important areas for future research.

(4) To provide an analysis of the concept of lake sensitivity using both empirical and
modelled data. One and the same fallout may give rise to very different radionuclide
concentrations in water and biota depending on the characteristics of the lake and its
catchment [1-1] .

Section 1-3 is mainly a summary of experiences gained on remedial measures in the Chernobyl
area [1-2]' and from field experiments in Swedish lakes to try to speed up the natural recovery by
means of adding lime, potash and nutrients [1-3,1-4] .

It should be noted that this Report is very brief on all matters concerning sampling methods,
analyses and data processing, as well as on descriptive matters concerning the rivers and lakes and their
drainage areas. The aim is not to provide an overview of the international literature in this fast growing
field (see for example reference [1-5]), but to focus on results and practical matters concerning remedial
measures.

1-2. REMEDIAL STRATEGIES

There are a range of possible practical remedial actions, either in the drainage area or the
watercourse itself. These are listed below.

1-2.1. Measures in the drainage area

(a) Removal of contaminated soil (e.g. by bulldozers);
(b) Alterations in the catchment area to minimize the runoff of radioisotopes from land to water (the

secondary load) by planting of trees, digging of channels/ditches, or adding of chemicals to bind
the radioisotopes (e.g. lime, potash or dolomite);

(c) Prevention of flooding in the most contaminated areas (e.g. floodplain dams);
(d) Constructions to minimize radionuclide transport to surface water bodies by groundwater flow

(e.g. contra-seepage walls in soils).

1-2.2. Measures in the aquatic ecosystem

(a) Constructions to increase the sedimentation of contaminated suspended materials in rivers, (e.g.
the building of dams, ditches and spurs);

'This Study was initiated and funded by the Ministry of Chernobyl of Ukraine. The authors wish to thank
Dr. S. Kazakov and E. Panacevitc from SPA "Pripyat" and also Dr. O. Zvekov from the Institute
"Ukrwaterproject" for permanent attention and assistance in this study. We are also grateful to the Ukrainian
Hydrometeorological Institute for providing monitoring data.
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(b) Constructions to separate the most contaminated parts of the water bodies from the main flow
(e.g. dikes and dams dividing water bodies);

(c) Dredging of contaminated deposits (e.g. mechanical dredging, suction or removal of material
with bulldozers after lowering the water level);

(d) Changes of reservoir operation to optimize the results from the viewpoint of radioecology;
(e) Change of drinking water intake, e.g. choosing intake points with less contaminated surface

waters and/or groundwaters;
(f) Adding of chemicals (like potash, lime or fertilizers) to change the partition coefficient of the

radionuclides to suspended particles (like humus, clays, fulvic acids, algae), thereby lowering the
biological uptake of the radionuclides;

(g) Changing the structure of the food web, e.g. by intensive fishing of predators, which could alter
the predation pressure and increase the primary productivity of the water system. This may cause
a "biological dilution" of the radionuclides.

1-3. EXPERIENCE FROM CASE STUDIES

1-3.1. The Chernobyl area

1-3.1.1. Introduction

More than 12 years have passed since the wide ranging application of emergency water
protection measures to clean up and rehabilitate the environment were first implemented around the
Chernobyl Nuclear Power Plant (NPP). The main objective of these remedial activities was to prevent
significant secondary contamination of the surface water bodies that are hydraulically linked to the
original contaminated area and to mitigate the expansion of expected groundwater contamination.
Although some countermeasures and cleanup activities applied to radionuclides sources in catchments
proved to have positive effects, many actions were evaluated as ineffective and even useless. The
priority and available technologies for water remediation have also changed over time. However, social
and political pressures to complete a 1993-1998 remedial action plan for water continues to have
significant influence on the outcome of the cleanup. Most of the water protective countermeasure
carried out were applied to Chernobyl exclusion zone. Many other mitigation actions were applied to
the water intakes and irrigation channels. The water remedial actions in Belarus and Russia were
mainly focused on restriction of water usage, recreation and fishery for the water bodies affected by
the Chernobyl release. The main thrust was to prevent subsequent radionuclide contamination from
entering the Pripyat River and the Kiev Reservoir, as well as other reservoirs along the Dnieper River
from downstream of Kiev to the Black Sea. These countermeasures required large financial and human
resources for their implementation and it is useful to learn from post-Chernobyl radiation protection
practice. This Report briefly describes more than 12 years of scientific and technological activities,
carried out mainly in the Ukraine and focused on implementation of countermeasures for contaminated
water bodies surrounding the Chernobyl exclusion zone. This Report reviews the measures to prevent
significant expansion of the radioactive contamination beyond the Chernobyl exclusion zone, the
specific methods applied and new options, based on risk assessment and cost-benefit approaches.

Radioactive contamination of water, water protection, and remediation efforts at the Chernobyl
Nuclear Power Plant site are worth assessing for possible lessons in controlling the redistribution of
radionuclides via aquatic pathways [1-2,1-6,1-7]. An analysis of the remedial actions taken to mitigate
the effects of secondary water contamination after the Chernobyl accident can provide decision-makers
with a unique opportunity to optimize their approaches to surface and groundwater protection. As
surface water and groundwater may act as secondary contamination sources, most engineering measures
taken inside the Chernobyl 30 km exclusion zone were focused on prevention of radionuclide dispersal
and migration.

Numerous studies have described the extensive radioactive contamination of large regions of the
Ukraine, Belarus, Russia and parts of western Europe that resulted from the 1986 accident in Reactor 4
at Chernobyl. Most radioactive atmospheric fallout was deposited within the Dnieper River drainage

264



basin that lies adjacent to the Chernobyl Nuclear Power Plant site (Figure I-l(a)). This and adjacent
drainage basins form an extensive area from which contaminated runoff flows downstream through the
Pripyat and Dnieper River systems across the Ukraine to the Black Sea (see Figure I-l(b) [1-8, 1-9].

After the Chernobyl accident, overland flow across the contaminated landscapes has continued
to be a major factor in radionuclide transport. This flow contributes to the diverse migration pathways
by which radionuclides are transported from the Chernobyl area to the greater Dnieper region with its

The range of surface

120 km

FIG. I-l(a) I37Cs contamination of the catchment areas of the Pripyat and the Upper Dnieper River
Basins.
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more than 20 million inhabitants. In order to better understand how contaminants are spread across the
landscape into relatively uncontaminated areas and to better protect water resources, regional surface
and groundwater pathways have been studied. These investigations form a basis for a risk assessment
for people living along the Dnieper River and/or consuming water and foodstuffs arising from aquatic
systems in the Dnieper catchment.

1-3.1.2. Review of radioactive contamination within the Dnieper River system

A regular sampling programme was organized for the water bodies in the vicinity of Chernobyl
NPP, for all the reservoirs of the Dnieper cascade and also in the Belarussian part of the Pripyat River
basin as well as in the lakes and rivers flowing from the catchments of the so-called Bryansk (Russian-
Belorussian) "hot spot". Many different institutions in the Ukraine, Belarus and Russia were also
involved in monitoring groundwater contamination both on- and off-site. These studies showed that
groundwater could be significantly polluted in the neighbouring areas of Chernobyl NPP and at short
distances from the waste disposal sites. In general, the groundwater pollution contributes no more than
2 to 3% of the total transfer (washout) from terrestrial environment. However, groundwater
contamination in the Chernobyl exclusion zone continues to be under the long-term control.

During the initial period immediately after the 1986 Chernobyl nuclear accident, the surface
water bodies were directly contaminated by atmospheric fallout. The highest levels of water
contamination were observed during the first fortnight. The largest radionuclide contributors to drinking
water contamination was m I and some others short lived radionuclides that could not be controlled due
to their food chain transfer through drinking water. Strict restrictions were imposed on the use of open
water sources in contaminated areas and evacuation of citizens from the Chernobyl exclusion zone was
carried out.

Between 1986 and 1998, surface runoff and other water exchange processes dispersed
contaminants from the Chernobyl accident within the Dnieper River drainage system (Figure 1-2). Data
collection from the Pripyat River illustrates the changes in '"'Sr and I37Cs with time near Chernobyl.
These data suggest a close relationship between 90Sr concentrations in the river and river discharge.
Riverine concentrations of 137Cs are, however, less dependent on surface hydrology. This difference in
the nature of radionuclide transport depends on soil/bottom sediment properties and solid-liquid
contaminant interactions. Peaks in fluvial '"Sr contamination levels correspond with the inundation of
floodplains within a 5-10 km areas around the Chernobyl NPP. This higher radioactivity in soils of
this floodplain remain a major source of secondary contamination in the Dnieper aquatic system (Figure
1-3, see also Figure 1-2).

Moving downstream to the series of reservoirs along the Dnieper cascade, most 137Cs from the
Chernobyl accident has accumulated in the bottom sediments of Kiev and other reservoirs. Differences
in the concentrations of 137Cs in the inlet and outlet of the different reservoirs is demonstrated in the
radionuclide's budget in the reservoirs and their accumulation in the sediments. As a result of the
settling of suspended particles, bioaccumulation and adsorption, only 2-5% of the 137Cs that enters the
Dnieper through surface runoff reaches the Black Sea. In contrast, most dissolved 90Sr remains in
solution and passes through the Dnieper's reservoirs without significant fall in concentration.

Since 1992, more than 4000 small ponds and lakes in six regions of the Ukraine have been
studied to assess the consequences of the Chernobyl accident. A special register for their water use and
ecosystem contamination as well recommended restrictions was also recently created. Such monitoring
actions, together with the results of mathematical modelling, make it possible to obtain reliable data
on contamination of the water supply sources for Kiev and other principle water intakes from the rivers
and reservoirs affected by the Chernobyl accident and justify particular restrictions and
recommendations to eliminate radionuclides migration within aquatic pathways. Development and
sustainable support of monitoring programmes for the affected water bodies during the whole
post-accident period was one of the most important tasks for governmental bodies, as these activities
provided data to support water quality management in the contaminated areas.
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1-3.1.3. Scenario simulation (principle events)

Beginning in the spring and summer of 1986, the most serious radioactive contamination
(focusing on 137Cs and 90Sr) was in water bodies along the Dnieper River cascade downstream of
Chernobyl and the Kiev Reservoir. After the spring and summer of 1986 (when direct radioactive
fallout on to the surface of water bodies took place), the most significant sources of surface water
contamination of the Dnieper River were surface runoff from the initially contaminated floodplains and
catchment areas as well as infiltration of heavily contaminated water from the cooling pond and other
water bodies to the river. The first flood period in 1987 showed that the main sources of radioactive
contamination of the Dnieper cascade are the whole catchment of the upper part of the Pripyat river
basin and a significant part of the upper Dnieper river catchment (mainly the Sozh River). Ten years
after the accident, more than 70% of annual radionuclide input has arisen from sources situated in the
Chernobyl exclusion zone. The results of radionuclides spatial budget studies derived from the regular
monitoring observations provided an important basis for the current strategy on water remedial actions.
The time series of the varying concentrations of different radionuclides during the entire post-
Chernobyl period have been presented by Voitsekhovitch et al. [I-10].

Since the accident at Chernobyl, no long periods of high river water level or flooding have
occurred in the contaminated areas. The spring water flow of the Pripyat River, with discharges of
800-2200 mVs, did not exceed the normal flood levels compared to the maximum possible discharge
in excess of 5000 mVs, as happened in 1979. After river floodplain flooding in 1988,1991 and in 1994
it became clear that unless mitigating actions were conducted in the contaminated area, the floodplain
would remain a hazard in the future. As a matter of fact, the discharges in 1991 and 1994 were not
very high, but due to specific conditions during the winter-spring period (ice jams) the floodplain was
inundated.

FIG. 1-1 (b) The Dnieper River Reservoir cascade.
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FIG. 1-2. J37Cs and 90Sr concentrations in the Pripyat River near Chernobyl averaged over 10 day
periods in pCi/L. River discharge (m3/s) is shown in the lower figure.

For this reason, actions focusing on the prevention of further significant removal of radionuclides
from the areas of the Pripyat River floodplain close to the Chernobyl NPP were accepted as a first
priority in the water remedial strategy for the period after 1992. The current radionuclides
concentrations in the Dnieper River are not considered to pose a significant health risk. However,
considering potential runoff and the risk of existing chemical pollution, some measures for preventing
and mitigating the risk have been approved.

In order to estimate the potential consequences of the flooding of the Chernobyl area, future
contamination levels within the Dnieper Cascade have been simulated, based on a probabilistic
hydrological and physico-chemical scenario incorporating migration processes in the contaminated
areas. Some results of the simulation are illustrated in Figure I-4(a) and I-4(b), describing results of
radionuclides contamination forming downstream of the river's contaminated floodplain in the zone
close to Chernobyl and in the Dnieper cascade. The description of models are presented in reference
[1-11]. The results of mathematical simulations for different hydrological scenarios and studies of the
fate of radionuclide migration in the potentially inundated soils were used to support the water
remediation optimization procedure during the post-Chernobyl decade.
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FIG. 1-3. 90Sr soil contamination on the Pripyat River floodplain due to atmospheric fallout in
April-May 1986 near Chernobyl NPP. This area is a major source of secondary contamination for
the Pripyat/Dnieper aquatic system.

1-3.1.4. Assessment of water protection countermeasures

Brief analysis of different stages of water remedial actions

The chronology of governmental decisions focusing on water protection activities carried out
after the accident for the period from early May 1986 and up to 1989 are reported in [1-12].

Since the accident, engineering and administrative countermeasures have been taken to mitigate
the risk for the population that resides along the Dnieper Reservoir system downstream of Chernobyl.
In this respect, three phases of water protection activitieshave been carried out:

Emergency phase: (two to three months after the accident)

During the first two to three months after the accident, short-lived radionuclides, such as 131I,
137Cs, 90Sr, 140Ba, 144Ce, I03Ru, 106Ru, 95Nb and 95Zr formed a significant component of the radiation dose
to local residents from aquatic sources. This contrasts with the present time when ^Sr and 137Cs
dominate the radiological impact to the human health via aquatic pathways.

Countermeasures during this period were based mainly on administrative decisions and were
aimed at controlling the situation. These countermeasures included:

- restriction of water use and fishery, avoiding contaminated surface water resources where
possible;

- supplementary purification of drinking water in municipal water treatment plants, development
of new technologies, sorbent materials and methods for drinking water treatment;
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- attempts to regulate the flow of contaminated water through the Kiev Reservoir by dam
operation;

- increased use of groundwater sources by municipalities and construction of supplementary
groundwater supply wells.

Most of these measures have been implemented without cost-benefit analyses. However,
consideration was given to the stress on society and the availability of the resources of the former
USSR that were directed to the elimination of the consequences of the accident. The main reasons for
implementing only a limited number of the cost-effective actions during the early period after the
accident were the lack of experience, time and required expertise. Therefore, most measures to reduce
the radiation risk to the public from water usage were very expensive and limited in success [1-13].

Decision-makers also made many errors because of the lack of adequate information concerning
spatial and temporal variations in contamination of water bodies and the catchment area. For example,
due to the lack of experimental data and disagreement between scientists and decision-makers, the first
assessment of the adsorption/desorption parameters for radionuclide liquid-solid interactions was
incorrect and the amount of radionuclide runoff from catchments to rivers was greatly overestimated.
As a result, many ineffective water protection actions were taken in the first months after the accident.
For example, zeolite was washed away into the river from soil-clay barriers constructed along the
Pripyat River banks.

As another example, in early May 1986, surface gates were opened and bottom gates closed in
the dams of the Kiev Reservoir. It was thought that clean water was being let out of the reservoir so
that the highly contaminated near bottom water associated with adsorbed radionuclides could be
retained in the reservoir. In reality, during the first week after radioactive release the vertical mixing
of water was slow and therefore the lower water layers of the reservoir were much less contaminated
than the upper layers, which had been directly contaminated by atmospheric fallout. A better approach
would have been to open the bottom dam gates and to close the surface gates, at least for a period of
several weeks in May 1986. This action would have reduced the levels of radioactivity in downstream
drinking water during the first weeks after the nuclear accident, when the main exposure from drinking
water intake occurred.

Early intermediate phase (summer 1986 to 1988)

In the summer of 1986, several kilometres of protective dikes were constructed along the right
bank of the Pripyat River to retain the contaminated urban runoff from the cities of Chernobyl and
Pripyat. This action was not effective because runoff from such a wide area could not be readily
controlled. However, this action did regulate the direction of the contaminated runoff over time. A
protective dam 11.2 km long was also built on the left bank of the Pripyat river by the institutions of
the USSR.

An enormous range of protection structures were constructed beyond the exclusion zone. Among
these were the embankment dams along the Uzh and Teteriv rivers.

In the early years after the accident, attempts to isolate the Chernobyl Plant cooling-pond from
the Pripyat River was a major issue. A special drainage and well system was built around the cooling
pond to retain infiltrating radioactive water. At present, the drainage system is not in operation because
of uncertainty as to the consequences of its operation. Indeed, pumping water from the wells back into
the cooling pond may cause problems with the water balance and dissolved salts in the pond. The cost
of construction and maintenance of this system was, and still is, very high.

Drainage systems of wells bored at a depth of 20-30 m, with deep well pumps and pressure lines
joined by a main collector were built in the exclusion zone of the Chernobyl NPP. The drainage water
has to be discharged into the cooling pond. This reserve system is now kept in a state of complete
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readiness, although there has been no need to use it up to now. To protect the groundwaters from the
river and diversion drainage, the design of the drainage screen for the cooling pond was modified.

Another action during this period was the construction of a slurry wall and a series of drainage
wells to prevent subsoil underground migration. A vertical anti-filtration screening wall of ball clay,
2.8 km long and 33 m deep, was built from July to September 1986 on the border between the main
NPP building and cooling pond by the method "a wall in the ground".

A special drainage section of Pripyat city's sewage system has been diverted to the cooling pond
to reinforce the foundation plate under the reactor N-4 of the NPP. Drilling of wells for the industrial
site drainage, construction of the burial points for the radioactive waste as well as a vertical anti-
filtration screening wall using the method, "a wall in the ground", were carried out.

Five, and then later on sixteen wells were bored at the industrial Chernobyl NPP site with the
purpose of regulating the groundwater level. Liquid wastes of high radioactivity were washed out into
the reservoir that was modified in the canal stretch at the third stage of the NPP construction.
Additional studies have shown that migration of radionuclides within underground flows is much too
slow to allow the drainage wells to be effective. Moreover, the slurry wall and wells could not prevent
the contamination of surrounding groundwater. Therefore, the project was stopped.

During 1986 and the early months of 1987, over 130 special filtration dams with sorbing screens
containing zeolite (klinoptololite) were built. Filtration dams, with a total length of 4.9 km, were used
for retaining radionuclides while letting the water through, were built on a large number of tributaries
of the rivers and diversion canals. The zeolite filtration dams captured the short lived radionuclides
more or less effectively during the summer 1986, but very soon after their adsorption capacity
decreased dramatically because the pores of zeolites bodies became blocked by suspended matter and
because of other non-foreseen reasons. Subsequent studies of their effectiveness indicated that only 5%
to 10% of 90Sr and 137Cs was adsorbed by the zeolite barriers within the dams. Special technologies of
zeolites and other natural sorbent materials used for aquatic radionuclides control were required for
sorbent fraction preparation. The river flow through the dam filtration bodies also needed to be
controlled. Such requirements vastly increased the cost of such countermeasure and limited their
effectiveness. Moreover, the streams that were dammed contributed only a few percentage points to
the total flow of the Pripyat and Dnieper River drainage basins. After the spring flood of 1987, the
construction of new dams was terminated and a decision was made to destroy most of the existing
dams. At present some ten dams are still in use.

During 1986 and 1987, an early mitigating measure was the construction of several Sites of
Temporary Radioactive Waste Localisation (STRWL) near the Chernobyl Plant. These sites were used
to bury contaminated soils, vegetation, debris, and even small buildings. Wood from the highly
contaminated "Red Forest" pines, killed by high radiation levels, was also buried there. These measures
were thought necessary to protect the emergency response groups and power plant workers from high
doses of radiation. The highly contaminated wood was buried in shallow trenches without any
protective measures to prevent future contamination of groundwater, resulting in significant long term
contamination problems.

During the first summer after the accident, several sedimentation traps were dredged in the
Pripyat River to increase the width of the river and thus reduce the water velocity in attempt to
increase sedimentation of suspended radioactive particles. However, subsequent studies [1-2, 1-12]
showed these traps to be ineffective. The suspended radioactive particles were much too small to settle
in such a large natural river with high water discharges and turbulent flow conditions.

To operate all the water protection facilities in the Chernobyl exclusion zone a special Water
Management Division was created in July 1987. In 1993 the Administration of the Chernobyl exclusion
zone renamed this Division the State Specialised Production Water-protective Enterprise " Chernobyl-
water management".
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According to its Statute, the activities of the enterprise are aimed at:

- operation of the water protection installations and systems intended for reducing transfers of
radionuclides from the contaminated areas by surface water flows to the Pripyat River;

- designing and conducting measures involved in preparation of the water protection installations
for floods to pass through;

- hydrological aspects of the water protection measures;
- maintenance of wells for the decrease of water levels and control and observation of wells;
- boring experimental, control and observational wells;
- sealing of the wells that are out of order;
- maintenance of the wells located where people have resettled (so called "self-settlers").

Later intermediate phase (1988 to 1993)

A new phase of hydrological remediation began after the 1988 summer flood. This flood was
the first time after the nuclear accident that high river water levels covered much of the contaminated
floodplain, thus producing the secondary ""Sr contamination of the river. After this flood event, a
special study was made of runoff processes from the contaminated floodplain near the Chernobyl NPP
[1-2].

Surface hydrological modelling shows that a realistic, worst-case scenario, one that would cause
the highest radionuclides concentration in rivers, would be a spring flood with a maximum discharge
of 2000 m3/s. Such a flood has a probability of occurrence close to 25% per year. It is assumed that
the maximum possible increase of 90Sr in waters downstream of the considered areas could be up to
10 Bq/L, clearly exceeding the permissible sanitary level for 90Sr in waters declared in the Ukraine
(4 Bq/L). Computer simulation results on the flooding indicated that if radionuclides in the floodplain
were isolated from the river, the '"Sr concentration in the river would be decreased by two to four
times [1-13]. Thus, several approaches have been proposed to reduce the radionuclide concentration in
the river and the potential effectiveness of each approach has been simulated. The construction of a
dike around the contaminated area on the left (east) bank of the river has been chosen as the best
protective option. Construction of the dike was finished before the spring of 1993. As a result of this
action, during the summer flood of 1993 more than 3.7 x 1012 Bq (100 Ci) of 90Sr were prevented from
being washed from the floodplain of the Pripyat river into the Dnieper River Cascade. Simulation of
the same events for scenario of winter flood on the Chernobyl site in January 1991 and subsequently
on the basis of observation of similar events in the summer of 1993 and during the winter flood of
1994 confirmed the accuracy of the simulations [1-13,1-14].

It became gradually clear that other countermeasures at the Chernobyl site could not be planned
without the designation of a general strategy for water remediation. However, taking into account that
among the CIS countries all contaminated water fluxes reached Ukrainian territory, the Governmental
Water Remedial Programme was created and exclusively funded in the Ukraine.

1-3.1.5. Present understanding of the problem

Recent stage of problem evaluation and its solution (1993-1997)

The finding of the first water protection stage at the Chernobyl site was that a realistic
understanding that technological possibilities to control the existing sources of radioactive
contamination on such a large catchment scale are very limited. It became clear that optimization of
any water protection actions can only be done by comparing actual human doses that could be averted
as a result of engineering activities at the Chernobyl site [1-15,1-16]. Based on the principles of the
Ukrainian Water Remedial Action Plan (1993) and on computer simulation results of the potential
effectiveness of different water protection action plans under various Pripyat River hydrological
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regimes, a comprehensive Water Remedial Action Plan for the Dnieper River was established in 1994.
This plan contained the following priorities:

- To construct a dike in the floodplain area along the Pripyat River containing extremely high soil
contamination, also on right bank bordering the Chernobyl NPP; thus isolating the highly
contaminated floodplain from the river during flooding (to be finished in 1998).

- To design a project to clean up contaminated bottom sediments in the Chernobyl cooling pond
after the Chernobyl nuclear reactors have been shut down (this project is still not terminated
because of lack of funds and uncertainty with regard to the future of the Chernobyl NPP).

- To provide water regulation of the Chernobyl wetlands sites (at present the project design is
completed and it is ready for implementation).

- To provide expanded groundwater monitoring of STRWL; to provide reliable monitoring and
controls of transuranic materials due to surface water and groundwater transport beyond the
currently contaminated area (the programme is underway).

- To prevent expansion of radionuclide transport beyond present locations in the waste disposal
site, as a result of groundwater mobility, by constructing engineering and geochemical barriers
around STRWL (a number of actions are included in the future Chernobyl site Remediation
Action Plan).

However, since 1994 new efforts regarding aquatic remedial activities at the Chernobyl NPP site
have been practically suspended due to the lack of funds needed to complete the projects. Achieving
cost-effectiveness in the remediation measures is uncertain because the criteria for a cleanup strategy
have not yet been fully developed. However, at present, large amounts of radioactive materials are still
concentrated in the Chernobyl area. For instance, the Pripyat River floodplain areas alone (see Figure
1-6) has a 40 to 50% probability of being inundated by the river water each spring. Even after
construction of an earthen dike along the left bank of the river in 1992, several thousand curies (1 Ci
= 37 GBq) of 90Sr and l37Cs still remained in the lowland soils. A large amount of radioactive waste
is also present in the STRWL and in contact with the groundwater flow moving in the direction of the
Pripyat River.

During the next 60 years (up to 2056), implementation of this Action Plan should reduce annual
runoff influx of radionuclides from the wetlands and floodplain and other radioactive leakage from
water bodies. If no action were to be taken, the Pripyat River would introduce 1500-2000 Ci of 90Sr
and up to 500-700 Ci of 137Cs into the Dnieper River Cascade. With the remediation plan implemented,
the safety level (when no additional action is required) of 1 Bq/L of "Sr for the Dnieper River water
near the Kiev City water intake would be met. These actions would also satisfy the safety level (0.25
Bq/L) of ^Sr contamination in the lower Dnieper River reservoirs that are used extensively for
irrigation. In order to predict the beneficial effects in floods with maximum water discharge of
2500 m3/s, computer simulations were also performed with and without water protection dikes installed
along the floodplain on both riverbanks [1-14].

1-3.1.6. Recent justification of the measure based on the radiological risk assessment

Recent approaches for aquatic remedial actions in the Ukraine are based on dose and radiation
risk assessment methodology applied to water protection practice. In order to estimate the collective
effective doses integrated over 70 years from ingestion of ^Sr and 137Cs to the population of the
Dnieper regions, the results of predicted radionuclide concentrations in the Dnieper water up to the year
2056 were used. The average collective effective dose from water usage to the population living along
the Dnieper River consists of the dose received from drinking water (35%), fish consumption (40%)
and consumption of irrigated products (25%) [1-7].

The dose estimations were based on the results and predicted scenarios (most probable simulated)
of radionuclides contents in the Dnieper River reservoirs up to the year 2056. The structure of irrigated
land and tap water consumption is taken into account. In accordance with these results, in 1986 the
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collective doses from water use in the Kiev region exceeded the current dose level by six to seven
times. An opposite effect was observed in the Crimean region, where the initial contamination level
of the lower Dnieper River was caused mainly by primary fallout. Studies have shown that for different
regions of the Ukraine the structure of the dose pattern is different [1-17]. These studies also show
those annual averaged individual effective internal doses for different regions of the Ukraine vary
strongly (see Figure 1-5). A recent study also showed that the 90Sr contribution to the radiation exposure
due to drinking water consumption of the population is much higher than was assumed before. For
instance in the same year, for the population of Kiev, the contribution of the aquatic pathway to the
total internal dose from 137Cs was only 2%, compared with close to 46% for 90Sr (Figure 1-6).
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FIG. 1-5. Aquatic components contributing an annual averaged individual effective dose for people
living in different regions of Ukraine through water usage from the Dnieper Reservoirs during 1993.
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The risk assessment procedure includes analysis of radionuclide sources, radionuclide transfer
in the environment and assessment of their impact on man. A selection of values for dosimetric
coefficients and analysis of radiation risk to man were made in accordance with ICRP
recommendations [1-18]. The total collective internal equivalent dose expected due to aquatic pathways
for the period 1986-2056 was estimated to be some 3000 man-Sv. Using the ICRP nominal probability
coefficient of 7.3 x 10"2 cancer deaths per Sv, the stochastic cancer effects due to water usage of the
Dnieper River were estimated. During a 70 year exposure, the projected cancer deaths were estimated
at about 200 cancer deaths in 21 million people. During the 1986 to 1993 exposure period, about 60
cancer deaths were predicted [1-13]. A calculation of the dose to the total population shows the
individual human radiation risk from Dnieper River water is no higher than 1 x 10"5.

Moreover, it appears that for more than 30% of the interviewed people with different levels of
education, but without special knowledge about radiation protection, the actual health risk is higher
from water consumption that from other exposure pathways. Water pathways affect some critical
groups of water users more than average persons. In fact, the expected individual risk may be a factor
four to five times higher, or in particular cases the risk may be even higher. The most significant
radiation risk from annual consumption offish from the Dnieper River for 1986 was estimated to be
in the range of 1 x 10"4 to 1 x 105 through uptake of 131I, 134Cs, and 137Cs. After 1987, the radiation
risk from fish consumption was assessed to be one order of magnitude less than that for 1986.
Implementation of the most effective water protective action could reduce the estimated risk from water
usage by up to three to four times. In fact, the radiation risks from water consumption are low
compared to other factors in the total radiation risk. At the same time, the risk stress component,
caused by the psychological reaction in the population, was greater than the purely physical component
of the radiation risk.

In spite of the low exposure level of the Ukrainian population from aquatic pathways, the
radionuclide transfer by the river flow (caused mainly by contaminated runoff from sources situated
at the Chernobyl Site) will remain a sensitive factor. When all the sources of radioactive contamination
of the water are known, it is preferable to derive an optimal set of water protective countermeasures,
rather than taking ad hoc actions. However, any countermeasures should be cost effective and chosen
according to well-known ALARA principles.

Other environmental contaminants

Unfortunately, at the present time there is no clear basis for estimation of total and partial risks
of environmental contamination, particularly from water usage with respect to the multicompartment
contamination of water bodies. For instance, all Dnieper River reservoirs are situated in industrial and
agricultural areas with high non-radioactive pollution. Toxicological investigations have shown the
presence in reservoir waters of a number of other toxic substances with strong cancerogenic and
mutagenic properties. In many cases, compared to radionuclide input their origin is uncertain, or they
are not controlled. Naturally occurring radionuclides in the water also have their negative effects on
the water consumers. For instance, the average individual effective dose from natural radionuclides
such as 226Rn, 222Rn, and 238U in drinking water in considered regions can be 0.17 mSv/a and even
reach several mSv/a in some regions. This is can be more than the post-Chernobyl risk component.
However, these sources of contamination are not controlled and managed. Therefore, it is very difficult
to clarify immediate water protective countermeasures. However, in the case of Chernobyl when the
sources of water contamination are known, it was decided to realize a reasonable set of actions on the
basis of doses and cost optimization. Also taking into account social reasons for decreasing the stress
component of the population living along the Dnieper, it was preferable to realize the Water Remedial
Action Plan for Chernobyl site rather than be passive.

Strategy of the modern phase of the water protection at the Chernobyl site

The New Radiation Safety Regulations (NRB-98) were implemented in the Ukraine in January
1998, and may provide a basis for using a cost-benefit procedure to optimize water remediation
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measures. The expected effectiveness of remediation measures depends on the hydrological regime of
the river, for example the timing and duration of low, high, and average river discharges. The
effectiveness of designed hydro-engineering constructions, such as dikes, will be significantly greater
in preventing additional radioactive washoff from the Chernobyl Plant zone to the river during years
when river water floods the contaminated areas.

The first priority action includes the construction of a dike on the right bank of the Pripyat River
and mitigation action against filtration of contaminated water from the cooling pond. The cost for such
actions was estimated at 5 to 6 M US dollars. Therefore, it was necessary to estimate and compare the
cost of the intended countermeasure and radiation risk reduction, as a result of the implementation of
a water remedial plan (i.e. the cost to reduce the risk in equivalents of 1 man-Sv).

Computer simulation indicates the effectiveness of the countermeasures will be much greater
under high flood conditions, but these remedial actions can be useless under low water levels without
river flooding [1-17]. Furthermore, their effectiveness will also be low when contamination levels of
the reservoirs are already low due to natural factors. Thus, the use of available funding to implement
measures in the Chernobyl exclusion zone is appropriate in spite of their relatively lower contribution
to reduce the global health risk to the population from the Chernobyl accident.

For the period of water usage up to 2056 and with 20 million persons affected in the Ukrainian
population, construction of the right-bank dike would reduce population doses by an estimated 300 to
400 man-Sv under the most probable hydrological conditions, as opposed to doing nothing. This
reduction would be in addition to the 600 to 700 man-Sv dose reduction from the left-bank dike already
constructed in 1993.

Cost-benefit analysis application

The cost to reduce the dose through the installation of a right-bank dike and the other actions
set forth above were estimated to be approximately US $15 000 to 20 000 per 1 man-Sv reduction. If
the running and maintenance costs are taken into account during the lifetime of the dike, the cost will
double and can be estimated as 30,000 to 40,000 US per 1 man-Sv. Such a remediation cost for risk
reduction could be considered in developed countries and is comparable to similar criteria in the United
States and some other countries [1-19].

However, due to the severe economic situation, it is financially difficult for the Ukraine to
implement this remediation plan and it is looking for additional funding sources. At present, because
of the economical situation in the Ukraine, the dose effective criteria for implementation of
countermeasure is estimated to be about 2000 US per 1 man-Sv. However, if the water remedial plan
is implemented, its beneficial social effect is very high, an added argument to complete the current
water protective action plan. In accordance with new Radiation Safety Regulations in some cases, when
the social effect of countermeasure is very high, the dose effective cost can be only 5-10% of the total
socially reasonable cost. This means that the actual cost of risk reduction due to suggested water
remedial actions on the floodplain near the Chernobyl NPP can be socially acceptable.

Currently, justification for the water protective plan may include reducing the cost of the
technology, or optimizing the remedial and cleanup activity, or obtaining additional outside funding.
Even though the remediation cost-benefit criterion may not be met for this plan implementation, the
cost can still be justified by controlling radioactivity outflow from the Chernobyl Plant zone and by
considering the social factors or human stress for those persons living in the Dnieper River water use
regions.

The analysis results demonstrate that the effectiveness of mitigating measures depends on proper
applications of technologies and on the selection of specific clean-up locations offering a significant
reduction of human health risk. Further action in the Chernobyl exclusive zone should thus be focused
on the decontamination or rehabilitation of the bottom sediment of the cooling pond after the shutdown
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the Chernobyl NPP (after 2000). The application of appropriate remediation technologies to prevent
secondary re-suspension of the dry solids, when the water is drained from the cooling pond, will be
necessary.

After completing the diking of the "hot spots" on the river floodplains of the zone close to
Chernobyl to prevent erosion, air re-suspension and washout of radionuclides by inundated
groundwater, the most effective measure is a short rotation forest technology using a special species
of willow. At present several national and international groups of experts are developing this
methodology and evaluating potential effectiveness of willow growing on the contaminated floodplain
areas to control the fluvial radionuclide transport and modify the water budget of the contaminated
wetlands.

An aquatic remedial decision support modelling system, based on modern modelling approaches,
adequate criteria for intervention levels for decision making and expert systems for appropriate choice
of the water remedial technology has to be developed and applied for international radiation protection
practice.

Evaluations of the prior data and analyses have demonstrated the correctness of the Chernobyl
remediation decisions implemented to prevent subsequent contamination of the natural water bodies.
Their success depend on openness and availability of accurate monitoring information, appropriate
regulations, development of required remedial technology, the social and political readiness of society,
but most of all, on the decision-makers themselves, who are facing the enormous problems created by
the Chernobyl nuclear accident.

1-3.2. Swedish lakes

1-3.2.1. Lakes: methods and remedial measures

The results presented here emanate from extensive field experiments to reduce the concentration
of 137Cs in fish following the Chernobyl accident, conducted in 41 Swedish lakes during the years
1986-1989 [1-3, 1-4, 1-20]. The basic question has been: What is the best way of reducing the
Cs-concentration in lake fish for human consumption, by means of liming or other chemical measures
that would be ecologically acceptable? Alternative remedial strategies are illustrated in Figure 1-7.

Many of the processes controlling the flow and biological uptake of 137Cs in aquatic systems are
linked to hydrological and morphological parameters of the lake and its drainage area, and thus may
not be influenced by measures changing the water chemistry, such as liming and potash treatment.
However, other processes are clearly linked to the water chemistry of lakes, such as pH and
conductivity, which would influence the affinity of l37Cs to suspended particles [1-22, 1-23]. The
addition of nutrients would also alter the trophic characteristics and the distribution of l37Cs in various
organisms (see for example [1-24]). The remedial measures tested in this Swedish project were
therefore aimed at either reducing the uptake of 137Cs in biota by blocking the transfer of 137Cs from
water or from sediments, or by reducing the secondary load by blocking run-off of 137Cs by means of
wetland liming or full-scale drainage area liming using not only limestone but also potash and
dolomite. Potassium can replace caesium in different chemical and biological processes [1-25]. Other
ions may also, potentially, participate in different blocking processes (e.g. Ca, Na and Mg), which
implies that different liming measures, which produce a general increase in the ionic strength of the
water may also have a positive effect. The adding of nutrients (especially phosphorus) would increase
the primary productivity and this may cause a "biological dilution", i.e. a decrease in concentration of
137Cs in fish; this method is based on theories involving biological buffering [1-26].

Figure 1-8 gives the experimental plan for the Swedish tests. The lakes included in the study are
rather small (0.07 to 2.7 km2). Forest land (mainly pine and spruce) dominates the catchment areas
on a till overlying acidic and intermediary bedrocks. Mires are also common in the drainage areas. The
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FIG. 1-7. An illustration of some remedial strategies for Cs-contamination.

Wetland liming (WLL) and drainage area liming (DAL) are designed to reduce the transport of 137Cs from land to water.
Remedies involving lake liming (LL), fertilization (FER) and potash treatment (POT) aim at reducing the amount of bioavailable
l37Cs in the lake water. Intensive fishing (IF) aims at reducing the pool of 137Cs in the lake and modifying the predation pressure.
The equation under the diagram illustrates the relation between the partition coefficient, Kd, and a number of variables that can
be changed by remediation (e.g., pH, total-P and K-concentration) and factors that cannot be manipulated (e.g. the water turnover
time of the lake, T, and the bottom dynamic conditions, BA) [21].
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low percentage of lakes and open (= cultivated) land in the catchment areas complement the picture
of the "average" lake as being an oligotrophic forest lake situated in the upper reaches of the drainage
area.

The following remedial methods were tested:

- Lake liming (LL; tested in 18 lakes. Different types of lime were used: primary rock lime (PR)
was used in ten lakes, sedimentary rock lime (SR) in 6 lakes, so-called mixed lime (M; a lime
also containing various trace elements and nutrients). The amount of lime added to the lakes has
been calculated using data on the initial pH-value (or alkalinity) and the theoretical water
retention time of each lake. In most of the lakes, it was assumed that the resulting pH should be
about 6.5. However, in 4 of the lakes more lime was added to increase the pH to about 7. The
lime was spread over the lakes by different methods, like helicopters, pontoon boats and dosers
in the inflowing tributaries. The lime was applied in one or several applications, either on ice or
directly onto the water.

- Wetland liming (WLL) was carried out in the catchment areas of 17 lakes, eight of which were
limed with primary rock lime, seven with sedimentary rock lime and two with mixed lime.
About 0.3 tonnes per hectare were used where the wetlands make up about 2% of the area, and
three tonnes per hectare on wetlands making up 10% of the area. The application was carried
out with helicopters in single operations. Wetland liming has several advantages compared to
lake liming, including prolonged durability, a reduced "lime shock" to the lake ecosystem,
improved conditions for animals and plants in streams and rivers and a reduced transport of
several metals (e.g. Fe and Al) into the lakes from the catchment area.

- Drainage area liming (DAL) was carried out in two entire drainage areas using dolomite. Since
dolomite is less soluble than ordinary limestone, this method will have considerable duration.

- Intensive fishing (IF) was carried out as a major remedial measure in four lakes and as a
supplementary measure in three lakes. This resulted in a reduction of the fish population by
about 5-10 kg per hectare. The species reduced were mainly pike, perch and roach.

- Potassium treatment (POT) was carried out in 13 lakes. Potassium was added to the lakes either
as potash or as an additive in the mixed lime. The fertilizer "Osmocoat", added to two of the
lakes, also contains 11% K.

- Fertilization (FER) was carried out in two lakes using "Osmocoat" (5% P and 15% N). In one
lake a fish farm, emitting faeces and nutrients, was in operation.

Table 1-1 lists the costs (in Sweden) of the different measures in individual lakes, both the total costs
and as cost per unit of lake volume. The most expensive measure (calculated per unit of volume) was
full-scale drainage area liming, followed by intensive fishing. The least expensive remedial measures
were "normal" lake liming and potash treatment. It should be noted that wetland liming and drainage
area liming are expected to have several biological and chemical advantages in these acidified lakes
and a longer duration. It should also be mentioned that the Swedish liming programme against
acidification costs about 100 million SEK (about 20 million US dollars) annually and that most of the
measures in the lakes listed in Table 1-1 would have been done within the normal provincial liming
programmes.

1-3.2.2. Results

Being able to achieve a reduction in the concentration of radioactive caesium in fish was a clear
effect of a certain remedial actions on water quality. The mean pH of the lakes increased from 6.0 to
6.7. Other parameters which are directly linked to the liming remedies, e.g. hardness and alkalinity,
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TABLE 1-1. REMEDIAL MEASURES IN THE 41 SWEDISH LAKES

Lake

2101
2102
2103
2104
2105
2106
2107
2108
2109
2110
2111
2112
2113
2114
2115
2116
2117
2118
2119
2120
2121
2122
2201
2202
2203
2204
2205
2206
2207
2208
2209
2210
2211
2212
2213
2214
2215
2216
2217
2218
2219

MEA

LL
LLI
LLI
LL
LL
LL
LL

WLL
WLLI
WLL
WLL
WLL
WLL
WLL
WLL
WLL
LL

WLLI
DAL
LL
IF
L

LL
LL
LLI
LLI
LL

WLL
WLLI
WLLI
WLLI
WLL
WLL
LL

DAL
LL
LL
IF
IF
IF

WLL

TYPE

SR
SR
SR
SR
PR
PR
M
M
SR
PR
M
PR
SR
SR
PR
PR
PR
SR
DO
PR

PR
PR
M
SR
SR
PR
PR
SR
SR
SR
PR
PR
PR
DO
PR
PR

PR

AM

103
447

99
311

12
29

159
334
415
352
468
104
358
557
67

783
181
300
419

14

38
239

84
1159
768
150

1257
1800
1749
1950
2639
1561

79
1667

64
33

1750

Period

Jun87
Feb87-Dec89
June87-Mar89
Jun87-Mar89

Sep87
Mar87-Mar89

Sep87
Jul87

Jul87-Mar89
Jul87-Mar89
Jul87-Mar88

Jun87
Mar87
Mar87
Mar87
Jun87

Jun87-Mar89
M87-Mar89

Sep87
Jun87

May87-Jun89
Jun87-Mar89
Mar87-Jul89
Sep87-Jul88

Aug87-Jun88
Aug87-Jun88

Mar87
Sep87-Oct87
Oct87-Oct88
Oct87-Apr88
Sep87-Oct87
Sep87-Dec87
Sep87-Apr88
Mar87-Mar89
Sep87-Oct87
Mar87-Mar89
Mar87-Apr88
May87-Jun88
May87-Jun88
May87-Jun88
Sep87-Nov87

Cost

51
585
38

175
10.5

28
111.5

323
241
201
433
64

275
341
42

493
62

177
293

12
185
36

201.7
122.5
629.3
434.4

95.8
1114.1
1485.0
1522.7
1569.4
2242.4
1314.6

65.1
2075.2

56.5
29.9

320.8
416.3
490.6

1627.6

C/Vol

14.2
1329.5

24.7
33.5
26.9
56.0
20.1

119.6
349.3
97.6

481.1
168.4
423.1
831.7
161.5
146.7
25.4

442.5
714.6
36.4

637.9
80

96.0
49.0
36.6
40.6
13.3

293.2
150.0
192.7
307.7
228.8

79.7
47.8

864.7
282.6

28.0
501.2
612.3
943.4
176.9

CM

POT
POT

Se
Se

POT
POT

Se

Se

POT
POT

FER

IF
PO

POT
POT

POT
POT
POT
POT
Se

FER

IF
IF

Se

KEY:
Lake number, type of measure (MEA), type of line (TYPE), amount of lime used (AM, tons), period when measures were carried
out, costs (Cost, SEKxlO3), costs per unit lake volume, (C/Vol, SEK/n^xlO3) and complementary measures (CM) are given.
LL=lake liming, LLI=lake liming to higher pH, WLL=wet land liming, WLLI=wet land liming to higher pH, DAL=full-scale
liming with dolomite, Se=selenium treatment, IF=intensive fishing, POT=potash treatment, FER=fertilization, SR=Sedimentary
rock lime, PR=primary rock lime, M="mixed lime", DO=dolomite.
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showed strongly increasing long-term mean values. A certain decrease in the colour of the lakes was
also noted. It was not possible to demonstrate any clear change in the character of the sedimenting
material expressed, for instance as the C/N ratio during the period, which could be linked to the
measures. The lakes treated with potash had a relatively greater increase in pH (Figure I-9(a)) and
alkalinity than the other lakes subjected to lake-liming and wetland-liming. This mainly depends on
many of the potash-treated lakes also being given an overdose of lime. The concentrations of total-P
generally showed no change in the long term mean value, and consequently fertilization was not
effective. Despite the fact that the concentration in lakes increased, it cannot be excluded that the
bioproduction in the lakes had increased. The potash treatment generally led to a strong increase in the
potassium concentrations in the water. Most of the treated lakes had average potassium concentrations
in excess of 20 meq/1 after the treatment, from previous mean values of less than 10 meg/1. The results
of the potash treatment varied depending on the turnover time of the lakes; in lakes with short turnover
times, the potash dose was insufficient to produce a long term effect.

The concentrations of 137Cs in both water and sedimenting material decreased strongly during the
project period (Figure 1-10). The decrease was particularly strong between 1986 and 1987, i.e. before
the treatments. The half-life for the activity in the sedimenting material was, on average, slightly more
than 100 days. The continued decrease in concentration was considerably slower; during recent years
the half-life period has been in the magnitude of 2-5 years. During 1988 and 1989, the sampling
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FIG. 1-9. (a) Illustration of how the different remedial measures have influenced mean lake pH -
IF=intensivefishing, LL= lake liming, POT=potash treatment, WLL=wetlandliming [1-20]; (b) Change
in I37Cs in pike before (Cs-pi87) and after Cs-pi89) treatment in relation to the change in lake mean
conductivity (dCond) linked to the remedial measures; (c) Change in l37Cs in small perch before (Cs-
pe86) and after Cs-pe88) treatment in relation to the different remedial measures; (d) Change in 137Cs
in pike before (Cs-pi87) and after (Cs-pi89) treatment in relation to the different remedial measures
[1-20].
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programme was extended with regard to sediment traps to cover all 41 lakes. The trend was the same
in this larger series of lakes, i.e. the changes between 1988 and 1989 were small, and in some lakes
the concentrations had even increased. Thus, the concentrations of 137Cs in water and sedimenting
material will probably remain high for many years.
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The shallower lakes had a slower decrease in Cs-concentration in fish than the deeper lakes,
which may be explained by greater resuspension in shallow lakes. In turn, this implies that a larger
proportion of the highly contaminated material in 1986 occurred in the water masses of shallow lakes
and is therefore also available for biological uptake.

In relation to the fallout, shallow lakes and lakes with naturally high hardness values had lower
concentrations of I37Cs during 1986 in sedimenting material. The most important explanation for this
may be that the composition of the sedimenting material differs between lakes. In lakes with low
hardness, which here are also less productive and humic, 137Cs appears to be bound to humus colloids
or other organic material with low densities. The retention time for Cs in lake water is also shorter in
lakes with high natural hardness.

Perch

The mean Cs-value in small perch during the autumn of 1989 was only 15% of the mean value
in the autumn of 1986. The decrease in perch can be described fairly well by an exponential decline.
In comparison with the concentrations in sediment traps, the decline was considerably more uniform,
and the same function can be used for the entire period.

Between-year variations which may be linked to factors controlling perch growth and food choice
will also occur in the future, but in comparison to the large-scale decrease, which is controlled by the
secondary, mainly internal load, this variation is of minor importance. A comparison between 1988 and
1989 gave an average half-life of 1.5 years, which is also considerably shorter than the half-life of I37Cs
in settling material. This implies that the biologically easily absorbable Cs-fraction in the sedimenting
material decreases.

The difference in the rate of decrease between different lakes is, however, considerable and
extremely important in this context. Significant correlations with the decrease in concentration (p<0.05)
were obtained for the lake dynamic ratio, (r=-0.57; DR=area/Dm; Dm = mean depth) and max. depth,
Dmax (r=0.45); and among the water chemical parameters, colour (r=-0.35). Other correlation
coefficients, such as for pH 8-9 (r=0.23) and the water turnover time, Tw (r=0.17) were not significant.
Lakes with the slowest decrease during the period of investigation were relatively shallow brownwater
lakes. A logical link to the results shown for the load parameters can be made: the magnitude of the
continued decline will be primarily influenced by factors affecting the continued internal load of the
lakes and the internal turnover of caesium.

There was no clear difference in the size of the decrease in concentration between lakes where
different types of measures were implemented (Figure I-9(c)). The difference in the change in
concentration between groups of lakes with different water chemical changes was not significant in any
case; both mean values and median values were very similar between groups. The magnitude of the
decrease in concentration in perch and the increase in concentration in pike must thus primarily be
linked to factors other than the different measures undertaken.

Lakes where average potassium concentrations were increased by more than 5 meq/L had a
relatively greater (but not significant, p=0.07) decline in the Cs-concentrations in perch fry. This group
of lakes was, however, also made up of deep lakes, which, as mentioned earlier, have a faster rate of
decline in perch fry. A decrease in the Cs-concentrations in perch fry by 5-10% per year, which is the
maximum feasible reduction which could be linked to increased potassium concentrations on the basis
of these results, suggests that potash may have a certain effect in the long term, but that K-addition
is insufficient as "acute medicine" to counteract high Cs-concentrations in perch.

Pike

In contrast to l37Cs in water, sedimenting material and perch fry, the concentrations in pike
increased during the period investigated. The highest concentrations in pike were reached either in 1988
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or in 1989. This implies that pike generally reach almost as high levels as the highest levels measured
in perch fry, although with a delay of 2-3 years.

Figure I-9(d) shows how the changes of caesium concentration in pike between 1987 (i.e. before
the measures), and 1989 were distributed among the lake groups where different remedial measures
were tested. The concentrations of l37Cs in pike increased on average, by more than 80% during the
two years, and, as can be seen from the figure, there were no major differences between the median
values of the groups.

Tests have been made to see how the results were influenced when consideration was given to
changes in water chemistry. This is shown in Figure I-9(b), where the division of the lakes into four
classes has been made on the change in conductivity. The increase in concentration in pike up to 1989
was, on average, slightly lower (but not significantly) in lakes where the total ionic strength in water
had been increased by more than about 1.5 mS/m. However, there are, as mentioned, other factors
which have a higher correlation to the relative change in the concentration in pike than changes in
conductivity. In the longer term, though, a reduced Cs-uptake in pike of about 5% per year, which is
the reduction which may possibly be linked to an increased conductivity as a result of the remedial
measures undertaken, may be of value. The possible reduction in uptake at lower levels in the food
web may be added to this effect. For example, in perch fry, a maximum of 5-10% which has not yet
become apparent in "one-kilo-pike".

The slower increase, reflecting the fact that pike is at a higher level in the food chain, also
implies that contamination will have a more extended development in comparison to the
plankton-eating perch fry. The good correlation between Cs-concentrations in perch fry and pike shows
that the factors that have been found important for the development over time of the load in the lakes
and the Cs-concentrations in perch fry are also important for the development of concentrations in pike.
Since the main prey of "kilo-pike" is not perch of the size class investigated (<10 g), factors linked
to the structure of the food web should also influence the concentration in pike.

1-3.2.3. Modelling

Figure 1-11 shows the model predicted effects of a shorter ecological half-life corresponding to
the maximum feasible decrease as a result of liming and/or potash remedies (7% per year for perch
fry and 5% per year for pike). In a relatively short time perspective (months to years), the gain in
recovery time produced by the remedial measures will be relatively moderate. However, in the long
term and for fish high up in the food chain ("one-kilo-pike"), the liming and potash remedial measures
may have greater importance.

1-3.2.4. Conclusions concerning lake remedial measures

In general, the remedial measures produced the intended response in water chemistry. This also
applies to the potash treatment, where the long-term mean value of the potassium concentration in
many lakes was above 20 meq/L after the treatment, i.e. the addition of potassium frequently gave
more than a twofold increase in natural concentrations. In lakes with very short water turnover times,
it was, as expected, difficult to obtain an increased long-term mean K-value.

No rapid and clear reduction in the concentrations of radioactive caesium in fish was obtained
compared to lakes where water chemistry or biological conditions were not changed.

The large, initial uptake of radioactive caesium in perch fry that occurred during 1986, before
the remedial measures were introduced, can be linked to differences in water chemistry and the
morphometric characteristics of the lakes. In lakes with a long water turnover time and with low values
of especially conductivity, hardness and potassium, the fish had relatively higher concentrations given
the same fallout levels. There was a clear difference between sedimentation of 137Cs in lakes, linked
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to particle composition and sedimentation properties which is better indicated by the natural hardness
and conductivity of the lake water than by for instance the carbon content of the precipitating material.
The Cs-sedimentation was not, however, controlled to any particular degree by the CaMg-concentration
in water within the hardness range of these lakes.

The differences between the lakes as regards the continued magnitude of the change in
concentration in perch fry can primarily be linked to factors controlling the secondary load (i.e. the
internal load and the input from the catchment). In this connection, the depth of the lakes seems to be
the most important factor. Shallow lakes generally have a slower reduction in Cs-concentrations in fish,
probably as a result of greater resuspension and thus a larger internal load. The transport of caesium
into the lake from the catchment area is generally of less importance for the recovery process, except
in cases where lakes situated upstream have large internal loads, or when other temporary sinks (certain
types of wetlands) supply radioactive caesium.

The lakes treated with potash, where the long-term mean value of the potassium concentrations
increased by more than 5 meq/L had had a larger decrease in perch fry concentration up to 1989 (but
not statistically significant) than other lakes. The increase in the potassium concentrations, hardness
and conductivity resulting from the measures has hitherto been of subordinate importance for the
changes in concentration in comparison with other factors, such as differences in the maximum depth
of the lakes. An increased reduction of 5-10% per/year in perch fry, which is the maximum conceivable
reduction, from a well conducted potash treatment with massively increased potassium concentrations,
may be important in a long-term perspective, not for perch fry but for fish high up in the food chain,
such as pike.

8000

7000-

Jan-86 Jan-90 Jan-94 Jan-98 Jan-2002 Jan-2006 Jan-2010

FIG. 1-11. Dynamic modelling of'37Cs in pike and perch and simulation of how an effective potash
treatment may speed up the natural recovery (7% per year in perch, 5% per year in pike) [1-20].
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Up to 1989, there was a weak trend (but not statistically significant) for the increase in
concentration in pike to be slightly less, corresponding to a decreased uptake of about 5% per year,
in lakes where the conductivity had been increased considerably (> 1.5 mS/m). This may lead to a
reduction in the ecological half-life for I37Cs in pike which is important in a longer time perspective.

The time interval between the remedial measures undertaken and the latest fish analyses (about
2 years on average) is not sufficient to statistically establish the small effects of the measures. A longer
time series of data would be required.

1-3.3. Laboratory tests

Evans [1-27] made a series of laboratory tests to find out if an adding of potassium (as KC1)
could increase the recovery (= decrease) of 137Cs in roach. During these tests, roach from lake Ojaren,
Sweden, which received a fallout of 50-100kBq/m2, were exposed to K-concentrations of 4, 6 and 16
ppm for 3 months. The initial K-concentration of the water of this lake was 0.7 ppm. The fish were
fed on dry food. No significant reduction of Chernobyl 137Cs could be detected in these experiments.
This is in good agreement with the results from the field experiments in the 41 Swedish lakes.

1-3.4. Household methods

The results presented here emanate from Wallstrom and Hakanson [1-28]. Extensive tests were
made to try to find out if it was possible to reduce the concentration of 137Cs in meat (from moose,
deer and fish), by means of simple household techniques.

It has been known for a long time that salting may eliminate 137Cs in meat. It would "normally"
take about two to four days to remove 60-70% of 137Cs in a 500 g. piece of meat placed in a
concentrated salt solution. The result would depend on many things, such as the size and form of the
meat, the type of salt (pure NaCl, mineral salt, salt with I, salt with K, etc.) and the time of exposure.
There are at least three severe drawbacks to this salting method:

(1) The amount of vitamins (e.g. B6, B ]2) decreases significantly with the time of exposure; after two
to four days most of these vitamins are lost;

(2) The levels of Na (and K) would increase and this would influence the taste of the meat; a large
intake of Na and K may also give rise to negative health effects in man;

(3) The colour and texture of the meat would change, and most people would probably agree that
the grayer and harder meat obtained after 2-4 days in a salt solution would be less "appetizing"
than normal, fresh meat.

The idea with these tests was to try to speed up the salting procedure from two to four days to
two to four hours. Different types of salt were tested, as well as different types of meat, and different
form and size of the meat. Two different approaches to speed up the salting procedure have also been
tested; to rotate the meat in the salt solution (called centrifugation) or to rotate the salt solution around
the meat (called rotation). The results may be summarized as follows:

(1) The best results in terms of 137Cs reduction were obtained in meat that has been frozen. The
difference to unfrozen meat was about 20 - 40% in 137Cs reduction;

(2) Both rotation and centrifugation can reduce 60 - 70% of 137Cs in meat (moose, deer and fish) in
two to three hours;

(3) The first round (of centrifugation or rotation) is most efficient in reducing I37Cs; about 30-50%
of the 137Cs may be reduced in the first round (depending on the salt and meat used), about 10-
15% in subsequent rounds;

(4) There is no significant change in vitamin B6 if the treatment lasts for two to three hours;
(5) There is no significant change in the texture of the meat, but an increase in the Na concentration;
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(6) The main drawback with this method concerns the practical handling. This procedure takes two
to three hours and it requires access to a household machine that could either centrifuge the meat
(about 1000 rotation/min.) or rotate the salt solution.

The conclusion is that this may be a practical method in areas with heavily contaminated meat,
especially for larger kitchens (schools, military, restaurants, etc.), but it may also be used in homes,
because there may be people who, from a primarily psychological point of view, would like to feel that
they have a possibility to do something themselves to reduce their intake of radioactive caesium.

1-4. LAKE SENSITIVITY AND REMEDIAL STRATEGIES

1-4.1. Introduction

The aim of this Section is to discuss radiocaesium in lakes from a practical, engineering
perspective. The focus is on remedial measures, but the initial parts of the work concern an analysis
of lake sensitivity to radiocaesium contamination in more general terms. One and the same load
(fallout) of any substance to a given lake may cause very different concentrations in water and biota,
and ecological effects, depending on the characteristics of the lake and its catchment [1-3].

The results presented here are based on simulations using the VAMP LAKE model (Section
5.10). The basic components of the model are outlined in Figure 5.74. This model is meant to be a
simple, general, predictive, state-of-the-art model for radiocaesium in lakes. It has been validated
against an extensive set of data for seven European lakes which cover a wide range of lake and
catchment characteristics (Table 3.2, Section 3).

The VAMP LAKE model gives accurate predictions for all lakes for all species offish. The main
objective of the model is to predict radiocaesium in predatory fish (used for human consumption) and
in lake water (used for irrigation, drinking water, etc.). The VAMP LAKE model is not a very complex
lake ecosystem model, but a comparatively small, general predictive model driven by readily accessible
environmental parameters. Available environmental parameters can be related to different ecologically
relevant and practically useful remedial strategies. By changing different environmental parameters
related to different remedial strategies, like pH related to lake liming, K-concentration for potash
treatment, lake total-P for lake fertilization (see [1-29] and Section 1-3.2 for results and discussions of
different remedial measures tested to minimize concentrations of I37Cs in lake water and fish), it is
possible to simulate realistic, expected effects for the target variables, !37Cs in lake water and in
predatory fish. Since it is also possible to put a price tag on these remedial measures, it is also possible
to relate the costs of the remedial measures to the environmental benefit, as expressed by changes in
the target variables. This means that relevant cost/benefit analysis can be made. The rationale of this
approach is illustrated in Figure 1-12. The model variables illustrated in the panel in Figure 5.74
should, preferably, not be altered for different lakes.

1-4.2. Differences in lake sensitivity to radiocaesium

The aim of this Section is to analyse the concept of lake sensitivity using both empirical and
modelled data. Figure 1-13 gives empirical data on Cs-concentrations in waters of six lakes at different
intervals after the Chernobyl accident (month 1 = January 1986). There is a very wide spread in
concentrations of about four orders of magnitude. This is understandable, since the fallout also varies
by about four orders of magnitude (from 0.9 kBq/m2 to about 100 for these six lakes, Iso Valkjarvi,
Hillesjon, Devoke Water, Bracciano, Usselmeer and Esthwaite Water, see Table 3.2, Section 3). If one
normalizes for fallout (Figure 1-14), it can be noted that the range is significantly reduced, but still, the
variation covers more than two orders of magnitude. This simply means that there are many other
factors regulating the concentrations of 137Cs in lake water besides fallout. One fundamental objective
of the VAMP project is to address this question and develop and test models accounting for the most
important processes regulating such variations.

289



COSTS: xl x2 x3 x4 x5 x6
c

J Z

I

P

en

E
CD

CD

c

#_
a}

JZ

5:
a:
a.

en
£=

C <D
^ JZ
"O ^
C

• ~ >

CO
cu
a

J

CU

E
n
QJ
i _

J Z
CO
(D

^-<

oa.

VAMP

,
cu

JZ

P
•o
c:
—

?

c
£
07
a>

o

c

CO

a>
a>
JZ

£

CL

model

p

a
o
CL

c

c

*aj
<u

f
a.al

-

^̂o
H

P

c
o

• 4 - *

fsl

^-»

to

"Wheels" for different
remedial measures

xzr
CD

sz
<n

o

•a

o.

remedial measure x1

Chage, environmental
benefit. dCl

Time (months)

Cost/benefit number: dCI/xi > dC3/x3 > dC5/x5, etc.

FIG. 1-12. Illustration of how to use a model (in this case the VAMP LAKE model) as a practical tool
to test various remedial strategies and establish relevant environmental cost/benefit numbers related
to the cost for the remedial measures (xl, x2, etc.) and the environmental benefit, as determined by
the improvement in target variables (dCl, dC2, etc.).

290



10

"tr

o
(8

Cuo
Co
Vw
O

,001

Empirical data
Water

o

x x x

o Wat, Iso
xWatHille
o Wat, DOT
• Wat, Brae
AWat,IJssel
nWat,Esth

Fallout, kBc
70

100
17.5
0.9
2.25
2,0

•
A

O

c
o

oa

•

go
O O

o

o o o
o

o o

.01:
•

D ° A ° ^ " DA
A

A

0 20 40 60 80 100 120
Month

FIG. 1-13. Empirical data for Cs-concentrations in lake water on different occasions (month 1 =
January 1986) for six of the VAMP lakes.

291



cs

XT

c:
o

c
ID
O
C
§,001
w
o

1.0E-4

Empirical data
Water, corrected for fallout

0

A
*

o oo
'be

o
a

*

oo

X +

X X

20

oo o A
A o

 D A
a o o

D

o Wat, Iso, corr, emp
x Wat, Hille, corr, emp
o Wat, Dev, corr, emp
+ Wat, Brae, corr, emp
A Wat, Ussel, corr, emp
D Wat, Esth, corr, emp

40 60
Month.

80 100 120

FIG. 1-14. Corrected (or normalized) empirical data for Cs-concentrations in lake water on different
occasions (month 1 = January 1986) for six of the VAMP lakes.

292



The VAMP LAKE model includes several such processes, like seasonal (monthly) variability in
water discharge and 137Cs input to the lake and retention of 137Cs in the lake, sedimentation,
resuspension and uptake of radiocaesium in biota. Figure 1-15 gives curves of Cs-concentrations in
water (Bq/L), as predicted by the VAMP LAKE model, divided by the fallout for each lake. One can
note the marked seasonal variabilities in many small lakes (Esthwaite Water, Heimdalsvatn and Devoke
Water), and the low predicted seasonal variations in the deep lake Bracciano and the large Dsselmeer.
One can also note that after this simple normalization for fallout, the differences between the lakes in
Cs-concentrations remain large (more than one order of magnitude).
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FIG. 1-15. Corrected (or normalized) predicted values for Cs-concentrations in lake water on different
occasions (month 1 = January 1986) for the VAMP lakes.
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These three figures apply to one of the target variables, Cs-concentration in lake water. Figure
1-16 gives empirical data in the same manner for Cs-concentrations in predatory fish. One can note that
the range without normalization for fallout is greater than 4 orders of magnitude for pike and large
perch. When corrected for fallout (Figure 1-17), the range is much narrower. The VAMP LAKE model
(Figure 1-18) predicts similar differences between the normalized values of Cs-concentration in
predatory fish.

From the results given in Section 5, one can note that the most important sensitivity factor are
ions similar to Cs, like K, Ca, Na and Mg. The more of these ions, the higher the conductivity and the
lower the uptake of 137Cs. This is a case of "chemical dilution". Note also that for a "single emission"
like after the Chernobyl accident, the biouptake of 137Cs, and the Cs-concentration in fish, is lower in
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FIG. 1-17. Corrected (or normalized) empirical data for Cs-concentrations in pike and large perch on
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lakes with fast water turnover than in lakes with slow water turnover - a case of normal "water
dilution". The opposite is valid for mercury, which is supplied to the lake "continuously". In that case,
the biouptake increase with increased runoff of Hg and water from the catchment [1-30]. Also note that
an increase in total-P, i.e. in lake bioproduction, causes a "biological dilution" 137Cs.

From this, one can ask some important questions which will be addressed in the ensuing sections.

- What can be done in practice (in a cost efficient and realistic manner) to reduce (or speed up the
recovery of) Cs-concentrations in lake waters and predatory fish?
Is it possible to reduce the secondary load, i.e. the transport of radiocaesium from land to water,
the internal loading, or the bioavailable portion of the lake load?
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- Is it possible to test other remedies linked to the many factors regulating the differences among
lakes (illustrated in Figures 1-13 to 1-18), such as lake liming to change pH, potash treatment to
change the K-concentration, or fertilization (adding of phosphorus) to change lake bioproduction?

1-4.3. Effect-dose-sensitivity models

1-4.3.1. Introduction

The terms effect, load and sensitivity are meant to be general terms that may be applied for most
contaminants in most environments, including nutrients, metals and organics in lakes, coastal waters
and terrestrial ecosystems, and not just for radiocaesium in lakes. The approach discussed here is based
on an ecosystem perspective (i.e. it concerns entire lakes).
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Ecological effects may be illustrated using results from acidification studies. Figure 1-19 shows
why the pH of lake water is important in limnology. Many animals accustomed to a circum-neutral pH
(pH « 7) cannot reproduce or survive in acidified lakes. Some, like crustaceans, snails and molluscs,
are very sensitive to changes in pH, whereas others, like salmon and pike, are less sensitive [1-31].
Since pH is a variable, however, one must also address the problem of "representativity". In other
words, what pH-value(s) are most representative and informative for the extinction of crustaceans in
lakes, or for the biouptake and concentration of radiocaesium in fish? For crustaceans, the most
representative value may be the lowest pH during the spring-flood when they reproduce, and for the
content of 137Cs in pike, it may be the mean, long-term lake average pH. This example applies to pH,
but the same questions about representativity and compatibility could be raised for any lake variable
and any environmental or ecological problem.

p H vs Ecological/biological effects

7.5 7.0 a s 6.0 &S &0

Crustaceans, molluscs, etc, die

White moss
and filamentous algae
increase
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Sensitive insects, plants, aooplankton
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i
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Salmon, char, trout, whlteflsh
grayling, perch and pike die

asI

Brook trout and eels die

*jo as

FIG. 1-19. Illustration of target organisms using the example of biological and ecological effects of
lake acidification.

In predictive liminology, ecology and environmental sciences, a central objective is to find out which organisms are the most
sensitive to a given contaminant, whether this is an acidifying substance (like S or N), a nutrient (like P or N) or a toxin (like
many metals, organics or radioisotopes). To emphasize their importance, the figure shows examples of key functional groups
and target organisms for acidification. Crustaceans react rapidly to changes in pH, whereas certain fish, such as brook trout and
eels, do not die until acidification is far advanced. White moss (e.g. Sphagnum) and filmentous algae should not be found in
these lakes under normal conditions. So, the abundance of such species also indicates ecological effects of acidification [1-31].
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For 137Cs in lakes there are no generally accepted ecological/biological effect parameters. The
threat does not appear to be directed against life in the lakes but is mainly directed at humans
consuming fish. This means that for 137Cs one should focus on fish consumed by man as effect
parameters. The fish are caught from several places in each lake. This gives a lake-typical value and
not a site-typical value. The Cs-concentration in predatory fish is called an effect parameter in this
context.

The term, load = dose, is used in different ways in different connections, e.g. in radioecology,
laboratory-based ecotoxicology and ecosystem-directed environmental science. Here, PRIMARY LOAD
is considered to be the average fallout (in Bq/m2) of caesium, whereas SECONDARY LOAD applies
to the load of radioactive caesium lakes from catchment to runoff during a given space of time after
the fallout event. INTERNAL LOAD applies to the flux of radiocaesium from sediments back to water
via different advective and diffusive processes.

The Cs-load can be determined from water samples, but if Cs concentrations in water are low,
the analysis is relatively expensive and many samples from different places and at different times must
be made. An alternative to water sampling is to use material collected in sediment traps [1-32]. These
can be placed out after the spring flood and collected in connection with the fishing of perch in
August/September.

Target sensitivity parameters are those that both influence the spread and uptake of caesium in
fish and those that can be modified by different practical remedial measures (like lake and wet land
liming, lake fertilization, potash treatment and intensive fishing).

The target organisms in Figure 1-19 are the most sensitive or important species in the ecosystem,
but their roles may only be critical in some freshwater ecosystems, such as oligotrophic lakes. Such
lakes are then the target ecosystems for this effect. These species might not be present or might not
have the same key function in more productive systems, so such productive systems may withstand
higher loads of acidifying substances (or radiocaesium) than oligotrophic systems. This illustrates the
term environmental sensitivity — one and the same load may cause different environmental effects in
ecosystems with different sensitivity. Consequently, it is important to define both target organisms and
target ecosystems relative to a given threat [1-33]. This principle applies to all environmental
disturbances, but frequently it is very difficult to apply in practice. When this is the case, it is
particularly important to distinguish what one should know from what one knows and what one does
not know.

Thus, it is assumed that the ecosystem can be characterized by a number of target organisms at
different trophic levels. Five such levels are given in Figure 1-19. The functional groups included in
these levels (periphyton, plankton, benthos and predatory fish) may be identified as key "ecological
groups". It is assumed that an environmental perturbation causes the following reactions among one
or more of these key functional groups:

(1) The balance of species biomass and production is initially unaffected, despite an increased load
of pollutant;

(2) Eventually, the increasing load causes important changes among the key groups. (Some react
extremely rapidly, even to small changes during short episodes). These structural modifications
disturb the original balance of the ecosystem until a new successional phase and balance occur
in the system;

(3) As the load increases still further, structural modification accelerates to the point that the original
ecosystem totally disintegrates.

Figure 1-19 illustrates this process with the relationship between acidification and a number of
key ecological species. At pH = 7.5, the system is in its original balance. By the time pH drops to 6,
some important changes have occurred among the key species of plankton. Changes at this level may
be quantified by the influence given by the curve. The influence is less at the other levels. At pH =
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4, all key groups are absent. For lakes, complementary indices would also have to be developed along
gradients of productivity or phosphorus load and colour, as well as along the pH-gradient.

1-4.3.2. Load models

Vollenweider [1-34] presented his first load model for phosphorus in lakes in the late 1960s. He
demonstrated that in many lakes, eutrophication could be reversed by reducing the input of total
phosphorus to the lakes so that the mean annual concentration of total-P could be lowered. Since then,
many studies have demonstrated where the Vollenweider approach can - and cannot - be used.
Different alternative models have been presented, and the most successful of those have one thing in
common with the basic Vollenweider model - simplicity!

Today there exist no load models for metals (except for mercury and radiocaesium) or for
halogenated toxins (like PCBs and DDTs). This means that there is room for speculations concerning
the ecological effects of these contaminants as such, and especially in real situations where many
different substances contaminate and antagonistic and synergistic effects can appear. Empirically
validated load models provide data so that practically feasible remedial measures can be discussed and
the consequences of such measures simulated; thus enabling quantitative environmental cost-benefit
calculations to be made [1-35]. Elevated concentrations of contaminants that cause no visible or
measurable ecological effects would generally be of less interest for practical water management, and
to remedial strategies, in the situation faced today in ecosystems with multiple threats. The aim of load
models [1-3] is to provide a tool for quantitative predictions relating operationally defined ecological
effects to compatible load and sensitivity parameters. Many factors may have an influence on how an
effect parameter varies between aquatic ecosystems. The analysis behind the load models aims at
identifying the most important factors in this respect. Frequently, there are no causal explanations of
phenomena that can be established statistically. One of the advantages of the empirical/statistical
approach is that it provides a possibility to rank factors exerting influence on an effect parameter so
that future research can be concentrated on these factors. Naturally, when using models at the
ecosystem level (for entire lakes, coastal areas, etc.), it is not possible to describe phenomena at the
individual, organ or cellular levels.

1-4.3.3. Mass-balance models and ecometric models

It is possible to confuse the aims and objectives of dynamic, mass-balance load models with
empirical load models. Mass-balance models concern fluxes, amounts and concentrations of all types
of materials (like radionuclides and nutrients). Empirical models focus on ecological effect variables,
defined and determined in relations to given threats. These two model approaches (see Figure 1-20)
may, as least in theory, both be used to address the same issues with the following constraints:

- At least one operationally defined ecological effect parameter (y) relevant for the load
parameters) in question should be included in the model. If several ecological/biological effect
parameters are used, it may be possible to define a function as the y-parameter to be predicted.
Ideally, the y-parameter should express the reproduction, abundance, mass or status of key
(target) organisms, which characterize the given ecosystem and which cannot be replaced by
similar organisms, which could carry out the same function in the ecosystem. Such ideal effect
parameters CANNOT generally be used within dynamic models which are designed to handle
fluxes, amounts and concentrations but NOT ecosystems effects. One way to circumvent this
problem is to use dynamic models to model concentrations and empirical models to link these
concentrations to ecological effect variables. If such ideal ecological effect parameters cannot be
operationally defined for practical, economic or scientific reasons, then one should try to seek
simpler but relevant alternatives, like mean concentrations of given toxic substances in key
functional groups. Environmental goals should be related to ecological effect parameters and not
to load parameters, since one and the same load may cause very different ecological effects in
ecosystems of different sensitivities. Figure 1-21 gives the principle components of a general load
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model illustrated as a ELS-diagram. The figure also gives some of the effect, load and sensitivity
parameters that may be used for radiocaesium in lakes.

Mass-balance model

Amounts, fluxes and
concentrations

Empirical load model

Ecological effects for entire ecosystems

Input=
load

Change in
Cin means
change in C.

1KT*C*V

11
II

Environmental
sensitivity
variable
or function

Ecosystem load
variable or function

Change in sensitivity may
change the ecological effect
variable

Change in load, Cin or C.
may change the ecological
effect variable

FIG. 1-20. Illustration of the fundamental differences between dynamic, mass-balance models and
ecometric load models, i.e. ecological effect-load-sensitivity models. The three wheels indicate that by
means of remedial measures one may reduce the load variable in dynamic models and the load and
the sensitivity variables in ecometric models [1-31].

LOAD DIAGRAM
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• Temperature &
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(conductivity. pH.
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LOAD
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• Cs-137 cone, in
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FIG. 1-21. The basic set-up of a load diagram from a load model. From this diagram, important
concepts like natural background concentration, critical load and environmental goal (linked effect
parameters) can be scientifically defined. One and the same load may cause very different ecological
effects in ecosystems of different sensitivities. This figure also gives examples of effect, load and
sensitivity parameters used for load models for radiocaesium in lakes.
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- The primary interest is not on site-specific conditions (the sampling bottle), but at the ecosystem
level, which is the perspective that should be of main interest from a management viewpoint.
Very large areas (like large lakes) may have to be separated into different ecosystems where
different key organisms dominate. Smaller lakes (area <100 km2) can often be regarded as
ecosystems in this context. If a given y-variable (often a mean value for a given area and a given
period of time) varies more within a lake than among lakes, it becomes very difficult to develop
models that predict the y-variable. In such a case, the definition of the boundaries of the
ecosystem may be ecologically inappropriate. An ecosystem in this context is a rather uniform,
homogeneous entity with respect to its defining characteristics.

- The predictive accuracy of the model must be stated. The predictive accuracy is generally
determined by means of statistical tests (often regressions), where model predictions of y are
compared to reliable empirical data of y. Models that provide P-values higher than about 0.8
(and p-values lower than 0.05) could generally be used in practice in management for predictions
in individual ecosystems. Models providing lower revalues (but still p-values <0.05) can be used
for regional predictions, when predictive failure in individual ecosystems can be accepted [1-31].

- It is generally not possible to derive load models which apply with equal success for all types
of ecosystems. This means that the operational range must be explicitly given to avoid abuse of
the model for ecosystems for which it was never intended.

If dynamic mass-balance model meet these requirements, they would generally be preferable to
statistical/empirical models because of the better inherent causalities and time dependencies. In this
compilation, "mixed" dynamic and statistical models will be presented.

1-4.4. Model simulations of remedial measures using the VAMP LAKE model

The dispersal, retention and biouptake of environmental contaminants vary from substance to
substance, but the fundamental principles and processes regulating the distribution and biouptake are
more or less the same for all toxic substances. They can be modelled in the same way by means of
generic, mass-balance models, but with different rates and model variables for different substances. For
radioisotopes dissolved in the water, or absorbed by very small carrier particles, the distribution may
be revealed as elevated concentrations in water, suspended materials, sediments and biota over vast
areas. However, elevated concentrations in abiotic compartments is one thing - biological uptake and
increased ecological effects at the ecosystem level may be quite another [1-30, 1-35]. Thus, a
fundamental question concerns the ecological effects: how can one detect, describe and predict
ecological effects on the ecosystem level for radioisotopes? It should be stressed that it is at least
theoretically possible to model concentrations of substances in abiotic compartments like sediments and
water in a rather straightforward manner, it is often much more difficult to apply causal models to
biological variables and predict biouptake and concentrations in plankton and fish. It is very difficult
indeed to develop good predictive models, for the ecological effects on the ecosystem level. In this
case, we do not model ecosystem effects, but concentrations in fish and water.

The VAMP LAKE model is used to simulate consequences for Cs-concentrations in predatory
fish from (1) liming, (2) potash treatment and (3) fertilization. No simulations are made for measures
aiming at speeding up the recovery of Cs-concentrations in lake water, since this is regulated by factors
which are very difficult to remediate (e.g. to change precipitation, runoff and internal loading). We will
only present realistic simulations, not testing for fertilization for eutrophic lakes and liming for lakes
of neutral pH.

1-4.4.1. Liming

Many low-productive lakes with catchments dominated by acidic rocks and mires have naturally
low pH. Many processes and properties in the catchment influence lake pH. This means that natural,
pre-industrial, values of lake pH vary from lake to lake. It is, clearly, not possible to measure today
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what the conditions used to be, but there are methods to predict this [1-36, [1-37]. In Sweden, there
exists a rule-of-the-thumb-system applied by the National Environmental Protection Agency and
regional authorities, whereby lakes are generally limed to about 6.4-6.5. The "natural" range in mean
annual pH would, in small glacial lakes, vary from about 6 to about 7.2. So, 6.4 is only occasionally
correct!

The only VAMP lake with a very low pH is the Finnish lake, Iso Valkjarvi (pH = 5.1). Figure
1-22 shows the predicted effects of limings on Cs-concentrations in pike when lake pH was increased
in steps from 5.1 to 7.5. The higher the lake pH, the lower the Cs-concentrations in pike. In Figure
1-22, the liming was simulated to start in different months. The upper curve gives the default conditions
(pH = 5.1), the next curve the results when a liming increased pH from 5.1 to 6.5 in month 8 (i.e.
August 1986). The following curves give the same results for different starting months (month 10, 12,
15, 18 and 24). The lowest curve gives the conditions when pH is set to 6.5 for the entire period. From
this figure one can note that the sooner the liming starts, the better. Similar analyses have been carried
out for whitefish (Figure 1-23), which has a shorter ecological half-life than pike. From this figure, one
can note similar, but quicker changes.
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FIG. 1-22. Simulations illustrating the effect of liming on Cs-concentration in pike in Iso Valkjarvi
using the VAMP LAKE model.
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FIG. 1-23. Simultaneous illustrating the effect of liming on Cs-concentration in whitefish in Iso
Valkjarvi, using the VAMP LAKE model.

It is evident that it is NOT realistic to keep pH, which is a variable, first as a constant of 5.1,
then as a constant of 6.5. In Figure 1-24, real empirical data on lake pH were used to drive the VAMP
LAKE model. Since we do not have access to monthly data lake pH for Iso Valkjarvi, and since the
objective was to simulate future development in predatory fish, we have used pH-data from the
Swedish lake Olen for which there is a long record of such data. This lake had a similar low initial pH
to Iso Valkjarvi. Olen was limed with 437 tons of dolomite and with 2815 tons of igneous rock lime
(see Figure I-24(b)). The lake pH varies considerably between a low of 4.9 and a high of 7.3. These
variations depend on seasonal variations in precipitation, runoff and lake production and on the added
lime. This curve will be used as a realistic example for Iso Valkjarvi. Figure I-24(a) gives the results.
The upper curve is for a constant pH of 5.1, the lower curve gives predicted Cs-concentrations in pike
when the pH-variation is given by the curve in Figure I-24(b). One can note that the model predicts
a small but significant reduction of 137Cs in pike after such a liming.
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FIG. 1-24. Simulations illustrating the effect of liming on Cs-concentration in pike in Iso Valkjarvi
using the VAMP LAKE model and more realistic data on lake pH (in this case from Lake Olen,
Sweden).

1-4.4.3. Potash treatment

One can increase pH without changing the concentration of potassium in the lake, such as by
adding primary rock lime with no potassium, but it is not possible to increase the K-concentration, and
not at the same time also increase lake pH. Figure I-25(a) gives a regression between empirical data
on lake pH and K-concentration for the VAMP lakes. One can note a highly significant correlation (r2

= 0.76, p = 0.01). The regression line is:

\WH = 107 x (16.87 6.492) (1-1)

It should be noted that pH by definition is a logarithmic value. In the following simulations, we
have used this equation to simulate increases in lake pH from increasing K-concentrations. The
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regression is only valid for lakes with pH greater than 5.1 and lower than 8.5. In these simulations, we
have set pH to 5.1 for K-concentration <0.45 (mg/L). For other situations, we have used the regression
(but in a simpler form, as shown in Figure I-25(b)).

Figure 1-26 shows the predicted effects of potash treatment on Cs-concentrations in pike when
lake K-concentration was increased in steps from 0.4 to 38.4. The model predicts significant influences
on the Cs-concentrations in pike: the higher the K, the lower the Cs-concentrations in pike. In Figure
I-26(B), we have simulated starting the liming in different months: the upper curve gives the default
conditions (K = 0.4), the next curve the results when a potash treatment increased K from 0.4 to 4 in
month 24 (i.e. December 1987). The following curves give the results for different starting months (18,
15, 12, 10, 8 and 4); and the lowest curve gives the conditions when K is set to 4 for the whole period.
One can again note: the sooner the treatment starts, the better. Similar results can be predicted for any
species of fish.
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FIG. 1-25. (a) The relationship between lake pH and lake K-concentration for the seven VAMP lakes,
(b) Illustration of the use of the regression in (a) in simulations.
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FIG. 1-26. Simulations illustrating the effect of potash treatment on Cs-concentration in pike in Iso
Valkjarvi using the VAMP LAKE model.

1-4.4.3. Fertilization

The most important nutrients in aquatic ecosystems are phosphorus and nitrogen. Total
phosphorus has long been recognized as the nutrient most likely to limit lake primary productivity
[1-37]. Several compilations of models, theories and approaches to the role of phosphorus in lake
eutrophication exist [1-34,1-38,1-39]. Both experimental and comparative studies have been carried
out of whole lake ecosystems to derive loading models for lake management [1-40, 1-41]. A key
element in this development was Vollenweider's identification of the simple relationship between
sedimentation of phosphorus and water turnover in lakes. Water turnover is therefore an important
factor regulating the effect of a given load of nutrient on lakes.

It is important to recognize the difference between chemical variables, like lake total-P, and
meaningful ecological effect variables describing biological and ecological conditions such as algal
biomass. Simple chemical variables may be very useful indicators of ecological effects, but this is only
possible when the quantitative relations between those indicators and the biological or ecological effects
have been established. Because it describes so much of the lake's status, lake total-P could be
considered as a limnological state variable, but it is not an ecological effect variable. Thus, although
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the concentration of total phosphorus in a lake (CTP) is not interesting per se, total-P is interesting
because it can be related to variables of real ecological interest such as hypolimnetic oxygen demand,
mean and maximum primary production, Secchi depth, algal volume, fish yield, and various aspects
of the communities of the bottom fauna, algae, or fish (see [1-31] and Table 1-2).

Figure 1-27 shows the predicted effects on the Cs-concentrations in pike in Iso Valkjarvi when
fertilization changed the primary production (in g C • m'2 • a'1) from 25 in steps to 300: The higher
the lake production, the larger the biomass and the lower the Cs-concentrations in pike. In Figure 1-27,
the fertilization was started in different months. The upper curve gives the default conditions (prim,
prod. = 25), the next curve gives the results when fertilization increased primary production from 25
to 100 in month 8; the following curves give the same results for different starting months (10, 12, 15,
18 and 24); and the lowest curve gives the conditions when primary production is set to 100 for the
entire period. In the VAMP LAKE model, the Cs-concentration in predatory fish is calculated as the
ratio between the amount of Cs in predator and the biomass of the predator. The biomass of the
predator is calculated from equations driven by input data on primary production. So, in this case, the
VAMP LAKE model simulates a very quick response to a fertilization, as indicated by the curves
linking the upper, default curve to the curve for a primary production of 100. It is evident that
fertilization should NOT be used as a practical remedy in eutrophic lakes.

From these simulations, one may conclude that potash treatment ought to be the most effective
method to speed up the recovery in lakes with initial low K-concentrations.

TABLE 1-2. CHARACTERISTIC FEATURES IN LAKES OF DIFFERENT TROPHIC LEVELS [1-31]

Trophic level

Primary prod, (g C m " 2 - a"1)

Secchi depth (m)

Chlorophyll-a (mg/m3)

Algal volume (g/m3)

Total-P (mg/m3)

Total-N (mg/m3)

Dominant fish

Oligotrophic

<30

>5

<2

<0.8

<5

<300

Trout
Whitefish

Mesotrophic

25-60

3-6

2-78

0.5-1.9

5-20

300-500

Whitefish
Perch

Eutrophic

40-200

1-4

6-35

1.2-2.5

20-100

350-600

Perch
Roach

Hypertrophic

130-600

0-2

30-400

2.1-20

>100

>1000

Roach
Bream

1-4.4.4. Conclusions

One and the same load (fallout) may cause different environmental effects (biouptake and
concentration in biota) in ecosystems with different sensitivity. The most important environmental
variables regulating the biouptake of radiocaesium and the duration (retention time) of the substance
in the a lake are the concentration of potassium in the lake water and the lake water retention time.

There are several ecologically acceptable and practically feasible methods to remediate a lake
contaminated by radiocaesium, e.g. liming, potash treatment, and fertilization of low-productive lakes.
The results of simulations agree with results obtained from field experiments: the sooner the treatment
starts, the better. Potash treatment is also likely to be the most effective remedy.
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FIG. 1-27. Simulations illustrating the effect qffertilization on Cs-concentration in pike in Iso Valkjarvi
using the VAMP model.

From the perspective of practical models in radioecology, some very interesting areas of future
research open up, i.e. models based on the ecosystem approach should be developed for target variables
(like Cs-concentration in water and predatory fish in this work) for many other types of environments,
such as forests, agricultural land and urban areas.

There are problems associated with large ecosystem models in predictive contexts, and also
problems with statistical models. The VAMP LAKE model may be considered as a "mixed" model in
the sense that it is based on approaches used both in traditional dynamic models and in statistical,
regression models. In the future, it is possible that such "mixed" models will be developed and used
in many practical and scientific contexts.
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