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Introduction

Topicality of the problem

Nuclear test fallouts and atmospheric deposits after nuclear power plant
accidents (Chernobyl, Fukushima and so on) converted many water bodies all
over the world into a repository of radionuclides. It is known that after the
radioactive impact radionuclides are quickly (for some months) removed from
the lake water and accumulated in the bottom sediments. However, that
radionuclide burial in lake sediments is not terminal. With time, due to
processes of lake self-cleaning, running through lakes turn into a secondary
source of radionuclides for water systems. This problem is very urgent for
Lithuania, which is a laky country where there are almost 6000 lakes and
impoundments. Besides, it is known that in the nearest future Lithuania may
occur in the environment of three nuclear power stations. The one way to tackle
ecological consequences of radionuclide inputs to the open water bodies is a
thorough study of the radionuclide behavior and of mechanisms of lake and
impoundment self-cleaning.

The present work is related to radiocesium (*’Cs) behavior in some
Lithuanian lakes and especially in super warm ones. In making choice of the
water bodies for a study, we followed the lake thermal classification suggested
by K. Kilkus. This classification is related to the processes adjusting
temperatures of the near-bottom water in winter. It defines the lakes with
elevated temperatures (above 4 °C) of the near-bottom water as super warm
ones. Our choice is not occasional. Elevated temperatures of the lake near-
bottom water consider also its elevated mineralization and a somewhat
mechanism of the water enrichment in impurities.

It is known that during the winter in most lakes a near-bottom anaerobic
zone is formed. An appearance of the zone is related to processes of oxygen
consumption in the thermally stratified water column due to bottom sediment
organics decomposition. For many years, it was believed that elevated
mineralization (as well as elevated radiocesium concentrations) of near-bottom
waters in winter were only related to the anaerobic zone formation. However,
some data showed that elevated concentrations of pollutants in the water
column were also possible under aerobic conditions in autumn. Evidently, near-
bottom waters with elevated concentrations of pollutants are the main self-
cleaning potential of the running through water bodies. Thus, during spring and
autumn overturns of dimictic lakes, water pollutants are evenly distributed in
the water column and partially can leave the lake with the flushing waters. It
means that running through super warm lakes can act as a most powerful
secondary source of radiocesium for outflowing rivers.



Object of the research

The main object of the study is a radiocesium behavior in a relationship
with the seasonal variations of standard water parameters in Lithuanian super
warm lakes.

Aim and tasks of the work

The aim of the research is a dynamics of radiocesium in a relationship
with the seasonal variations of hydrophysical parameters in bottom sediments
and water of super warm Lithuanian lakes.

1. To study the seasonal variations of standard water parameters in a
relationship with the water-soluble radiocesium activity concentrations in a
dimictic super warm lake (lake Juodis (54°46'49"N, 25°26'29"E) for the aim
to determine a mechanism of the enrichment in radiocesium of near-bottom
water in winter.

2. To study a radiocesium behavior in a super warm meromictic lake (lake
Lydekinis (54°46'11"N, 25°2723"E) in a relationship with the seasonal
variations of standard water parameters.

3. To study the seasonal variations of the thermal structure in lake Tapeliai
(54°46'28"N, 25°26'45"E).

4. To study the radiocesium behavior in lake Tapeliai for the aim to evaluate
the possibility of the participation of the sediment interstitial liquid
buoyancy mechanism in the near-bottom water enrichment in radiocesium
in winter.

5. Refine of the measurements of the experimental hydrophysical parameters
of water and water and sediment sampling techniques.

Methodology of research includes ion-exchange method using for water
hydrophysical parameter measurement and gamma spectrometry method used
for determination of radiocesium distribution in sediments and water.

Scientific novelty

For the first time, it is shown that a mechanism of the near-bottom water
enrichment in radiocesium in super warm lakes in winter is of the
thermodynamic origin and is related to buoyancy of the sediment interstitial
liquids. It indicates that lake self-cleaning from pollutants is closely related to
the thermal processes occurring in the lake.

For the first time, it is shown that this mechanism starts under aerobic
conditions and becomes one of the causes of the formation of the anaerobic
zone in super warm lakes.



Practical value

Detection of the thermodynamic mechanism of the lake near-bottom water
enrichment in radiocesium allows explaining a super warm lake phenomenon
and their feature as a secondary radiocesium and the other anthropogenic
pollution source for water systems. Investigation results deepen our knowledge
on the processes of lake self-cleaning from anthropogenic pollutants and allow
predicting the terms of super warm lake remediation after radioactive impacts.

Estimating radioecological consequences of the radioactive impact to the
natural water bodies, meromictic lakes are suggested as critical objects.

Defended propositions
1. A thermodynamic mechanism — buoyancy of the sediment interstitial
liquids — is responsible for the near-bottom water enrichment in

radiocesium in super warm lakes in winter. Estimating radioecological
consequences of the radioactive impact to the natural water bodies,
meromictic lakes must be treated as critical objects.

2. This mechanism reveals itself also under aerobic conditions in autumn and
is one of the causes of the anaerobic zone formation in the near-bottom
waters in winter. Buoyancy itself is responsible for surface sediment
mixing and the shifts of the beginning of the temperature gradient in
sediments.

3. The thermal lake classification suggested by Kilkus is quite formal and
must be improved involving a specific category of lakes with the
intermittent thermal regime of the near-bottom water in winter.

The scope of the scientific work

The dissertation consists of an introduction, 5 chapters, general
conclusions and recommendations, list of quoted references, and the author’s
publications on dissertation issues.

The scope of the work is 128 pages, 27 numbered formules used in the
text, 74 figures and 3 tables, used 118 literature sources.

1. Analysis of radiocesium dynamics in lake water and bottom sediment

An analysis of the radiocesium behavior in water bodies (literature data)
shows that this nuclide is presented in a number of different physico-chemical
forms. In a water column, it is known to be in a water-soluble form and
associated with the suspended matter. In water of studied lakes, concentrations
of suspended particles were always below 1 g'm™ and the radiocesium activity
concentrations related to the suspended substances were always below the



detection limit (~0,010 Bq), respectively. Therefore, in our study a radiocesium
water-soluble form was only treated.

In sediments, apart from the very small radiocesium water-soluble
fraction this radionuclide is presented in exchangeable (mobile), potentially
mobile fractions (associated with carbonates, iron and manganese oxides and
organics) and in the residual (associated with the sediment matrix) fraction.
Due to their large accumulation abilities, lake sediments are the main repository
of radiocesium. With time, due to the presence in the sediments of water-
soluble, mobile and potentially mobile radiocesium fractions and the acting
sediment self-cleaning mechanism, lakes turn into the secondary source of this
radionuclide.

2. Water and bottom sediment sampling and methodology of radiocesium
determination

Lake Tapeliai (54°4628"N, 25°26'45"E) (Fig. 1.1) consists of four
sections: a) a southern shallow terrace (depths ~4—5 m); b) a central deepest
part of the lake (depths ~ 7-9 m); c¢) a northern terrace with a gradual bottom
deepening from ~1,5 down to ~6 m depths; d) a small bottom terrace in the
western side of the lake (depths ~5—6 m).

Lake Juodis (54°46'49" N, 25°26"29"E) is located 16 km to the northeast
from Vilnius city in a wooded region (Fig. 1.1). It is a small (~0,1 km?) running
shallow lake in the lake chain connected by a brook. Its banks are rush-grown,
with large marshy zones formed at the brook inflow and outflow areas. The
Lake Juodis basin is of the glacier origin (tunnel valley lake, groove type) and
consists of two parts. The southern part of the lake is wider and deeper (up to
3,5 m deep). The northern one is a shallow bottom terrace (depth ~1,0—1,7 m).

All studied lakes are mainly screened from the wind by the forestry
environment and, as a rule, an only small undulation is possible in Lake
Tapeliai at southern winds.

Water of the small (2,3 ha) humic Lake Lydekinis (54°46'11"N,
25°2723"E) (Fig. 1.1) is highly colored. It was denominated as a Red Lake due
to the distinct reddish color of its sand bottom in the shallow area. It is located
19 km to the northeast of Vilnius in a small depression (~137,4 m above sea
level) surrounded by a pine forest. From the north, west and south its open
water basin (~1 ha) is separated from the banks by marshy zones. The lake
mean and maximum depth amounts to ~1,6 and 4,5 m, respectively.

Vertical profiles of standard water parameters (pH, temperature,
conductivity, oxygen concentration) were episodically measured in the lakes
water. A portable device ProfiLine Multi 197i (WTW) with 10 m cables
allowed carrying out these measurements down to the lake bottom. During a



warm period, measurements were conducted from an inflatable boat, stabilized
by an anchor. In winter, holes were drilled in ice.

The Molchanov type bathometer was used for water samples (~20 1 in
total). In this case, parameters of water samples were averaged over the 40 cm
depth interval of the sampler. After delivery to the laboratory, only the aerobic
water samples were passed through the Filtrak 391 type filters using a vacuum
pump system. Hypolimnetic water samples, where on exposure to air an iron
oxide flock was created, were not filtered. Further, surface water aliquots and
hypolimnetic water samples were evaporated on a water bath to get dry
deposits (further cited as total dissolved solids), which were analyzed for the
radiocesium content.

Fig. 1.1. Location places of lakes

Sediment cores were taken using the Ekman-Birge type sampler. It was
steel tubing with a square cross-section, and had a manually operated spring
bottom shutter. Two versions of this sampler were used: an ordinary one of the
20 cm height and the improved version of the ~40 cm height with cross-
sections of 15x15 cm and 14x14 cm, respectively. The sampling was carried
out with the weight compensation, where an additional float controlled the
depth the sampler sank into the sediments. Sediment samples without the water
layer above the sediment surface were discarded. Sediment cores were sliced
into layers of about 2-2,5 c¢m thickness. Considering that the sampler was not
waterproof, the slicing was conducted in shallow waters near the bank using a
special spoon to fill the plastic bottles of standard volume and gradually
moving the sampler up to the bank. Bottles were held for some time to settle
the sediments, and real sediment volumes were determined. Sediment samples
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were air-dried at room temperature. Their weights as well as weights of dry
deposits (further as total dissolved solids — TDS) of water samples were
determined using scales VLV-100 (former SU device) where samples were
held under thermostatic conditions (in the 40—50 °C temperature interval) up to
constant weight. Measurements showed that dry deposits of water samples were
hygroscopic and could change their weight in ambient air in the range +5%.

Sediment samples were analyzed for "“'Cs using a SILENA y-
spectrometric system with a HPGe detector (42% relative efficiency, resolution
- 1,8 keV/1,33 MeV) according to the gamma line at 661,62 keV of B3TmBa (a
daughter product of '*’Cs). Dry deposits of water samples were analyzed for
7Cs using an ORTEC y-spectrometric system with a HPGe well-type detector
(a sensitive volume of 170 cm’, a relative efficiency of 38%, resolution —
2,05keV/1,33 MeV). Measurement errors of radiocesium activity
concentrations in samples were evaluated by the GAMMAVISION software
program.

3. Analysis of radiocesium behaviour correlation with the seasonal
variations of hydro physical water parameters
3.1. Research of vertical structure of super warm lake Juodis

J. S. Turner (1973) explained the presence of a layered structure in the
water column in some lakes in winter by the specific feature of the transfer of
buoyancy convective motions. He reviewed the theory and results of
experiments on convective motions of fluids in double-diffusive systems of
temperature and salinity. Such systems with positive gradients (with depth) of
those components were considered as a simulation of a stagnant water column
— sediment system. However, those modeling studies dealt with heated solid
surfaces whereas the sediment surface is a porous media. In this study, using
numerous vertical profiles of temperature, conductivity and oxygen in super
warm Lake Juodis, we have attempted to elaborate causes and principles of
thermodynamic processes related to radiocesium behavior during autumn-
winter seasons.

During warm seasons, lake sediments act as a heat accumulator. As a
rule, serious interruptions in sediment heating begin in August after the arrival
of cool air masses. Further, following the onset of permanently cooling weather
in autumn, a positive temperature gradient (with depth) is established in the
sediments (Fig. 3.1). Due to strong cooling, the downward temperature gradient
may be also positioned below the sediment surface. An arrival of warm air
masses (these events are very frequent in autumn in Baltic countries) is
followed by the formation of thermal stratification of the water column. It leads
to a decrease in the heat transfer through the water column (thermal
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diffusivities of water column due convective motions are significantly larger
than molecular ones) and heat accumulation in the sediment surface layer.
According to Turner (1973), a steep temperature gradient in the sediment-
bottom water interface reaching some critical value induces buoyancy of the
sediment interstitial liquid enriched in dissolved materials stimulating upward
convective motions and intrusions of the interstitial liquid to the near-bottom
water. It is known that radiocesium activity concentrations in anaerobic
interstitial water of surface sediments are significantly larger than those in the
near-bottom water. Therefore, intrusions of interstitial liquids to the near-
bottom areas must induce elevated radiocesium concentrations in the respective
waters. It explains elevated radioactivity concentrations (~6,8 Bqm®)
measured in the outflowing brook in autumn (-2 Bq'm™ in summer) (Tarasiuk
et al., 2002).

Transferring consequences of these rather short-term events to the long-
term winter period when the lacustrine system is thermally isolated by its ice
cover, it is easy to see that a rise in dissolved material in the near-bottom waters
allows stable density stratification at temperatures higher than 4 °C.

When the beginning of the temperature gradient is positioned below the
sediment surface in the absence of convective motions in a temperature
stratified water column, a thin overlying layer of sediments becomes also a
significant obstacle to heat flux. This, in turn, must lead to the strengthening of
the temperature gradient followed by buoyancy of the interstitial liquids. In this
case, buoyancy itself inducing upward motions of the pore water increases
thermal diffusivity of the surface sediments and allows the upward movement
of the beginning of the temperature gradient.

According to Turner (1973), consequences of buoyancy effects in a
stagnant water column induce its specific layered structure. This structure in
Lake Juodis was also determined. The data suggest that a stagnant water
column consists of a set of evenly mixed water layers, which always disappear
during last stages of heat redistribution processes.

An analysis of the measurement data shows that intrusions of the sediment
interstitial liquids to the near-bottom water and the formation of the near-
bottom zone with elevated mineralization (elevated radiocesium activity
concentrations) are a precursor of the near-bottom anoxic zone formation.
Thus, the thickness of the overheated near-bottom water layer (a layer of
warmer water below the 4 °C isotherm) and that of anoxic waters in winter (a
cutoff concentration of oxygen at 0,1 mg-1") do not coincide. The depth of the
4 °C isotherm defining the upper water level affected by sediment interstitial
liquid intrusions is, as a rule, above the anoxic zone. This implies that elevated
radiocesium concentrations may also be typical of aerobic water layers up to
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the depth of the 4 °C isotherm. Data on 24 March 2006, where the thickness of
the anaerobic water layer was larger than that of the overheated water, were
atypical. They were measured under conditions of a substantial decrease in the
photosynthetic activity of phytoplankton incited by a thick layer of snow
(~21 cm) and the ice cover (~46 cm). Generally, data presented in Fig. 3.1
imply that the processes of vertical transfer of interstitial liquids through the
water column preceded those of anoxic zone formation and exceeded them in
rate. Therefore, it is highly probable that the anaerobic zone in super warm
lakes in winter is mainly due to the intrusions of sediment pore water with its
elevated concentrations of reduced ions. We succeed estimating the possible
consequences of interstitial liquid intrusions on the radiocesium activity
concentrations in the near-bottom waters under conditions of the oxygenated
water column.
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temperature (b) and conductivity (uS-cm™) (c) measured in the stagnant water column at

station S2 (the bottom depth ~310 cm) on 12 February 2009; (the thickness of ice — 26
cm, snow layer thickness — ~1 cm).
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Water samples from different depths were taken in lake Juodis on 12
February 2009 in the temperature stratified water column under aerobic
conditions induced by extreme photosynthetic activity under a thin layer of
snow and the ice cover (Fig. 3.1 (a—c)). The vertical profile of *’Cs activity
concentrations (Fig. 3.1 (a)) shows a distinct (~28 %) rise corresponding with a
water temperature of 4,6 °C (Fig. 3.1(b)) in the 2,45-2,85 m depth interval. The
7Cs activity concentrations within the 0,6-1,0 and 1,6-2,0 m depth intervals
are about equal (in the 1,5-1,6 Bq-m'3 interval), as are the concentrations of
TDS in those layers (~210 mg-1™"). This may imply that some water layer below
the 4 °C isotherm is metastable and only affected by heat flux without any TDS
rise.

The respective concentration of TDS in the 2,45-2,85 m interval was
equal to ~214 mg-1". Some decrease in conductivity in the near-bottom water
layer (Fig.3.1 (¢)) is often due to the elevated photosynthetic activity of green
algae covering the sediment surface. A vertical profile of oxygen
concentrations due to a sensor cable failure was measured later under worse
oxygenation condition on 15 February 2009. Data showed that all water column
was aerobic.

These data evidenced that the enrichment in radiocesium of the near-
bottom water due to the sediment interstitial liquid intrusions in super warm
lakes in winter precedes the anaerobic zone formation.

3.2. Radiocesium dynamics perculiarity in super warm coloured water of
lake

Seasonal courses of vertical profiles of standard water parameters in Lake
Lydekinis show that the lake is meromictic and belongs to a super warm type. It
consist of two different parts, which do not intermix: the upper monomictic part
of some 300 cm thickness becomes completely aerobic in late autumn due to
the gravitational mixing and an anaerobic stagnant bottom water layer of some
150 cm thickness.

It was determined that global fallout was only responsible for radioactive
contamination of the deepest part of the lake. Radiocesium load of two
sediment cores taken in the lake center was equal to ~370 and ~440 Bq:m?,
respectively, and corresponded to the contamination level of the Lithuanian
territory before the Chernobyl accident. Vertical profiles of radiocesium
activity concentrations in those cores were distinguished for its maximum
activities in the sediment surface layer and limited radiocesium migration to
deeper sediments. The radiocesium contamination of the sediments in the upper
lake part is additionally effected by Chernobyl fallouts and radiocesium load
show a significant (~ 3—4 fold) increase as compared to that measured in the
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deepest area of the lake. Theses sediments are characteristic of the elevated
bioturbation and of the enhanced radiocesium migration.

Measurement data show that radiocesium activity concentrations in the
water column from Lake Lydekinis increase with depth (Fig. 3.2) and follow
the same tendency of the dissolved solid concentration in water samples.

Data in Fig. 3.2 show practically the whole range of variations of these
concentrations in colored water for the whole period of measurements in 2004—
2007. The widest range of variations is related to the colored surface waters:
1,6£0,3 Bq-m > (on 2007.07.24) — 7,9+0,4 Bq-m~ (on 2004.07.22) (not shown
in Fig. 3.2). This range decreases with depth and radiocesium activity
concentrations in the depth interval of 3,1-3,5 m vary from 7,3+0,4 Bq'm"3 (on
2006.03.16) t0 9,9+0,8 Bq-m > (on 2007.07.24).
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Fig. 3.2. Radiocesium concentration in lake water

Data of the measurements carried out on 24 July 2007 are rather different.
Although, radiocesium activity concentration in the water sample taken from
the deepest depth interval (3,5-3,9 m) was the highest (~ 12,5+0,8 Bq-m’3), the
dissolved solid concentration was comparatively low (~286 mg:1"). Low
radiocesium activity concentrations in surface water (1,6+0,3 Bq-m ) may be
explained as effected by a number of factors. Considering a permanent thermal
stratification of the surface waters and bad mixing conditions, the main cause
for that effect may be a large input of the melting water after a rather snowy
2006/2007 winter.

Measurement data show that radiocesium water-soluble concentrations in
the lake are the highest among the other neighboring water bodies. It implies
that radioactive fallouts may induce the formation of the extreme radiological
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situations in limited layers of the water column. It means that evaluating
radiological consequences of radioactive accidents meromictic lakes must be
treated as critical radioecological objects.

3.3. Radiocesium behavior in Lake Tapeliai

Data of the measurements of the vertical profiles of standard water
variables showed that Lake Tapeliai was dimictic. The water column of the lake
becomes totally oxygenated for a very short-term period in spring (in April) at
water temperatures near 4 °C and for a long-term period in autumn (in October

or November) due to cooling processes inducing intense gravitational mixing.
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Fig. 3.3 (a, b, ¢, d). A layered structure of the water column measured on 7 December
2008: vertical profiles of temperature (a), pH (b), oxygen concentrations (c) and
conductivity (d); depth of the bottom — ~905 cm

A classification of lakes based on the thermal regime of near-bottom water

in winter must be related to thermodynamic peculiarities of the possible heat
redistribution between sediments of the deep bottom area of the lake and the
water column during that period. Measurements carried out in Lake Tapeliai
show that depending on the amount of heat accumulated in sediments of the
deep bottom areas of the lake until the beginning of winter, the lake may be
assigned to the super-warm or to the moderately-warm type.
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A shift of the 4 °C isotherm beneath the sediment surface in winter by
some tens of centimeters measured on 7 December 2008 may imply the
consequences the convective motions induced by buoyancy forces in surface
sediments. A layered structure of the water column clearly seen in the vertical
profiles of temperature, pH, oxygen concentration and conductivity (Fig. 3.3
(a—d)) proves the effects of buoyancy forces.

A course of water-soluble radiocesium activity concentrations in surface
waters of Lake Tapeliai for the period of 2000—2010 is presented in Fig. 3.4.
The first eight points represent data of the respective concentration
measurements in water samples taken in the outflowing brook. The latter ones —
in surface water samples taken in the center of the deepest lake part. It is easy
to see that the mean concentration of the water-soluble radiocesium activity in
measured samples for the period of 2009-2010 amounts to only one-third of
that in the outflowing brook in 2000.
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Fig. 3.4. A course of water-soluble radiocesium activity concentrations in lake (0)
and outflowing brook (e) water in 2000—2010

However, the course of the data shows a somewhat irregular rise in those
concentrations in spring and autumn, which may be also related to the
appearance in surface waters of inflows from the swamp brook. Thus, elevated
water-soluble radiocesium activity concentrations in the range 4,0-6,4 Bq:m”
were always measured in brook water during the period of 2006—2010. Data on
the total radiocesium inventory (deposition per unit area — Bq'm?) in all
sediment cores decay-corrected to the date of the measurements of the sediment
samples from the latest core in November 2009 were plotted as a function of
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the bottom depth in Fig. 3.5. The results were subdivided in four groups
according to their sampling areas: the northern, northwestern and southern
terraces, and the deepest lake zone. Radiocesium load is a maximum in a core
taken on the northwestern terrace (~1520 Bq-m™).

Radiocesium inventories in cores taken on the southern terrace are
distributed in a wide range 770-1470 Bq'm™, although, the bottom depth
interval is rather narrow — ~ 4,2—5,4 m. Such distribution may be explained due
to the influence of bottom feeding sources and of their related near-bottom
currents at the southern terrace.
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Fig. 3.5. Distribution of radiocesium inventories (Bq-m™) in the sediment cores
with the bottom depth

A radiocesium inventory in the core taken in the shallow area of the
northern terrace (~1,9 m depth) is rather low (~ 850 Bq-m™). This area is in the
proximity of an outflowing brook and is open to the southern winds.
Resuspension of fine sediments due to wind stirring of the shallow water
increases suspended matter concentrations in the outflowing brook and
decreases the respective radiocesium inventory in sediments. Radiocesium
inventories of the cores from the deepest central zone of the lake are also
comparatively low (below ~1050 Bq'm?) and do not show any “focusing
effect” with depth.

4. Modeling of radionuclides migration in water and bottom sediments

In chapter 4, the transformations in the course of time of the radiocesium
vertical profiles measured in two cores taken in the meromictic super warm
lake and in a water body with the intermittent thermal regime, respectively,
were depicted using a solution of the diffusion equation - the expression (4.1):
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Cx. t)= o exp(—x2/4Dt) “.1

2+ @Dt

Where C (x, t) — radionuclide activity in sediments at a depth x, C, —
radionuclide activity at the sediments surface, D — an effective diffusion
coefficient, t — time.

5. Development of measurements methodology of hydrophysical
parameters of water

Automatic equipment (a complex of echo-sounder, of a ProfiLine Multi
1971 portable device and of a laptop computer) is suggested in carrying out the
measurements of vertical profiles of standard water parameters (vertical
structure of the water body). The equipment is embedded at an inflatable boat.

General conclusions

1.

Fluid buoyancy of the sediment is responsible for the super warm
water lakes bottom enrichment of radiocesium thermodynamic
processes in winter. This process happens under aerobic conditions
and is bottom water anaerobic zone formation predecessor.
Thermodynamic sediment buoyancy causes the liquid surface
sediment mixing process is determined by temperature gradient
beginning downfall deep into the bottom sediments.

Bottom water thermal regime of lake depends on the amount of heat
accumulated during the warm season, the deepest lake of the surface
sediments. For this reason, in some years it bottom water temperature
in winter can be higher or lower than 4 °C.

Cs concentration activity, measured in supper warm shallow lake
under aerobic conditions, shows a significant increase from 1,5 to
2,1 Bq'm™, respectively, the water temperature from 4,6 °C in the
range from 2,45 to 2,85 m depth.

Maximum of radiocesium concentration activities, measured in the
studied lakes, change in 110-190 Bq-kg" and from 4,6 to 8,7 Bq-1"
ranges, respectively. Sediment layer, characterized by the highest
values of radiocesium was always located 6 to 19,5 cm sediment
depth.

Super warm closed humic lake is characterized by increased about 7
times higher compared with the surrounding neighboring lakes, the
content of radiocesium activity. They can be treated as high-risk
radiological facilities.

Flock sedimentation in the deepest places of lake Lydekinis, can form
on the water in the upper aerobic water layer of gravitational mixing
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process. Mid-lake depths (2—4 m) of sedimentation associated with the
lower part of the swamp area death algae.

8. Bottom sediments in the lakes primarily acts as accumulator of
pollutant, and the autumn period is secondary source of pollution.

Recommendations

1. Estimating the super warm Lithuanian lakes as a potentially secondary
source of radioactive pollution for water systems, it is suggested the 4 °C
isotherm depth in winter to consider as one of the most important
parameter. It allows evaluating an amount of lake water with elevated
mineralization enhanced by buoyancy of the sediment interstitial fluids.

2. Meromictic water bodies must be revealed among the other super warm
lakes as critical radioecological objects.

3. In carrying out engineering works in lakes, a comprehensive study must
be performed to prevent them to turn into the meromictic water bodies.
The possible risk must be evaluated.
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RADIOCEZIO IR HIDROFIZINIU PARAMETRU
DINAMIKOS TYRIMAI LIETUVOS EZERUOSE

Problemos formulavimas

Viena svarbiausiy medziagy Zeméje yra vanduo. Zinoma, kad jis paplites
atmosferoje bei sudaro pavirsine ir pozemine Zemés hidrosfera.

Nuo pirmyjy radioaktyviyju atlieky susidarymo momento pradéta
nagrinéti radionuklidy migracija poZeminiuose vandenyse. Visi gamtinio
vandens objektai yra savotiskai unikaliis, taciau didziausia démesj reikéty skirti
ezerams. EZerai yra sudedamoji gamtos istekliy dalis, kuria zmonés linke
naudotis.

Kilkus (2000) ezery termingje klasifikacijoje i$skiria keturis ezery tipus
pagal ju priedugninio vandens temperatiira (T) ziemos laikotarpiu: 1) ypac $ilti
ezerai, kuriy T > 4 °C; 2) §ilti eZerai, T =4 °C; 3) vidutiniskai $ilti ezerai, 3 <T
<4 °C; 4) galti ezerai, T <3 °C.
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Ypaé $ilty ezery atsiradimas, kai priedugninio vandens temperatiiros
ziemos laikotarpiu virSija 4 °C temperatiira, atitinkancia maksimalius vandens
tankius gélavandenéje sistemoje, kelia didziausia mokslini susidoméjima, nes
atsiranda daug klausimy. Visy pirma, termohalininis stabilumas priedugninio
vandens lygyje reikalauja, kad, esant auk$tesnéms nei 4 °C temperatiiroms,
priedugninis vanduo ypac Siltuose ezeruose turi biiti papildomai mineralizuotas,
kad jo tankis biity didesnis nei auks¢iau esanciy termiskai stratifikuoty vandens
sluoksniy. Antra, neaisku, kas sukelia padidinta vandens mineralizacija. Be to,
ypac §ilti ezerai, esant padidintai priedugninio vandens mineralizacijai, turéty
veikti kaip galingi iStekanc¢iy upeliy antrinio uzter§tumo $altiniai.

Darbo aktualumas

Ziema daugelyje ezery formuojasi priedugniné anaerobiné zona. Taip
atsitinka dél istirpusio priedugniniame vandenyje deguonies sunaudojimo
dugno nuosédy organikos irimo proceso metu. Tuo metu priedugniniame
vandenyje redukuotose salygose padidéja NH,", CO5?, Fe'? jony koncentracijos
ir vandens mineralizacija dél karbonatiniy oksidy organikos kompleksy,
esan¢iy dugno nuosédose, suirimo. Zinoma, kad dugno nuosédos vaidina didelj
vaidmenj vandens radioekologijoje, kadangi jos veikia kaip laikina
radionuklidy saugykla. Vienu svarbiausiy radionuklidy radioekologijoje yra
laikomas “’Cs, atsirandantis vandens kiinuose atominés pramonés déka.
Radiocezis taip pat pateko j aplinka su iSkritomis atominio ginklo bandymy
metu. Esantis vandenyje radiocezis, migracijos ar sorbcijos btidu besijungiantis
su suspenduotomis medZziagomis, pateko j dugno nuosédas.

Priedugniné zona su padidintomis terSaly koncentracijomis sudaro
pagrindinj ezero savivalos potenciala, nes dimiktiniuose ezeruose pavasario
laikotarpiu $ie terSalai tolygiai pasiskirsto vandens storyméje ir dalis ju palieka
ezera su iStekanciais upeliais.

Tokiu bidu, ypa¢ Silti ezerai, sukaupe savo dugno nuosédose daug
atropogeniniy terSaly, tampa ilgalaikiu $iy terSaly (tame tarpe ir radionuklidy)
antriniu $altiniy iStekantiems upeliams. Todél $iy procesy désningumy tyrimas
yra labai sunkus ir aktualus.

Tyrimy objektas
Radiocezio dinamikos ir hidrofiziniy vandens parametry sarySis ypac
Siltuose Lietuvos ezeruose.

Darbo tikslas

Ivertinti radiocezio dinamikos ypatumus ypa¢ S$ilty ezery vandenyje,
dugno nuosédose ir vanduo — dugno nuosédos sistemos sandiiroje (nustatant
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galima radiocezio patekimo mechanizma j priedugninj vandenj), juos siejant su
eksperimentiskai gautais standartiniy vandens parametry sezoniniais pokyciais.
Ivertinti radiocezio dinamikos ypatumus nezinomo terminio rezimo Tapeliy
ezere.

Darbo uZdaviniai

1. Atlikti kompleksing ypa¢ §ilto dimiktinio eZzero vertikaliosios struktiiros
sezoniniy poky¢iy bei radiocezio aktyvumo koncentracijy vertikaliyjy
profiliy vandenyje analizg ir nustatyti priedugninio vandens praturtinimo
radioceziu mechanizma rudens ir ziemos laikotarpiais.

2. Nustatyti vidutinio gylio dimiktinio ezero terminj rezima ir jo atitikima
ezery terminei klasifikacijai.

3. lvertinti neZinomo terminio rezimo eZero uztar$os radioceziu ypatumus ir
ju sarysi su eZero terminés struktiiros poky¢iais.

4. Istirti radiocezio elgsenos ypatumus ypac §iltame spalvoto vandens ezere.

5. Patobulinti eksperimenting vandens hidrofiziniy parametry nustatymo ir
vandens ir dugno nuosédy méginiy paémimo metodikas.

Tyrimy metodika

Darbe taikomi jony mainy metodika hidrofiziniy vandens parametry
nustatymui ir gama spektrometrijos metodas radiocezio pasiskirstymo dugno
nuosédose ir vandenyje nustatymui.

Darbo mokslinis naujumas

Rengiant disertacija buvo gauti Sie mokslui nauji rezultatai: atlikti
kompleksiniai radiocezio dinamikos ir hidrofiziniy vandens parametry
sezoniniy pokyc¢iy ypa¢ Siltuose ezeruose tyrimai. Nustatyta, kad ypac¢ Silty
ezery priedugninio vandens praturtinimo radioceziu mechanizmas Zziemos
laikotarpiu yra termodinaminio pobtidzio ir susijes su dugno nuosédy skysciy
plidrumo efektais. Tai reikSminga tuo, kad ypac Silty ezery savivalos nuo
terSaly mechanizmai yra susije su terminiu rezimu ezere. Parodyta, kad Sis
mechanizmas pradeda veikti esant aerobinéms salygoms ir tampa viena i§
priezaséiy priedugninés anaerobinés zonos formavimosi pradzios. Nustatyta,
kad ezero dugniniai 3altiniai mazina sedimentacijos greitj ir atitinkamai mazina
$ios zonos dugno nuosédy uzterstuma radioceziu.

Darbo rezultaty praktiné reik§mé

Atskleistas ypa¢ Silty ezery dugno nuosédy savivalos nuo radiocezio
termodinaminio poblidzio mechanizmas leidzia giliau suprasti $iy ezery
egzistavimo fenomena, susieta su galingomis auks$tai mineralizuoto vandens
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anaerobinémis zonomis. Siy zony formavimosi pasékoje, ypa¢ Silti eZerai,
laikui bégant labai greit po uZterSty atmosferiniy iSkrity, tampa galingais
radionuklidy ir pramoniniy terSaly Saltiniais iStekantiems upeliams. Tyrimai
parode, kad ypac Siltuose uzdaruose meromiktinio tipo ezeruose apatiniame
stagnaciniame vandens sluoksnyje formuojasi deSimteriopai didesnés tarSaly
koncentracijos negu dimiktiniy ezery vandenyse. Todél Sio tipo eZerai turi biiti
laikomi padidintos ekologinés rizikos objektais.

Darbo rezultatai pagilina samprata apie eZzery savivalos nuo terSaly
procesus ir leidzia prognozuoti radiocezio tarSos remediacijos procesus ypac
Siltuose ezeruose.

Ginamieji teiginiai
1. Ypac s$ilty ezery priedugninio vandens praturtinimo radioceziu Ziema
mechanizmas yra termodinaminio pobiidzio ir yra susijes su dugno
nuosédy poringo skys€io plidrumo procesais. Todél uzdari
meromiktiniai ezerai branduoliniy objekty avarijos metu turi bati
laikomi kritiniais radioekologiniais objektais.

2. Termodinaminiai Silumos apykaitos dugno nuosédy poringo skyscio
praturtinto radioceziu plidrumo procesai prasideda dar esant
aerobinéms salygoms ir yra viena i§ priezas¢iy priedugninio vandens
anaerobinés zonos formavimuisi. Jie lemia pavir§iniy dugno nuosédy
maiSymosi procesa ir temperatiirinio gradiento pradzios nuosmukj
gilyn j dugno nuosédas.

3. Esama ezery terminé klasifikacija pagal priedugninge temperatiira
ziema turi biiti patobulinta, nes yra ezery, kurie keicia savo termine
bikle priklausomai nuo Silumos kiekio, sukaupto giliausios ezero
dalies dugno nuosédose.

Darbo apimtis. Disertacija sudaro jvadas, 5 skyriai, bendrosios i§vados ir
rekomendacijos, literatiros saraSas, autoriaus moksliniy publikacijy
disertacijos tema sara3as. Disertacijos apimtis — 128 puslapiai, 27 formulés,
74 paveikslai ir 3 lentelés.

Pirmasis skyrius skirtas mokslinés literatiiros analizei. Jame pateikti ezery
terminés struktlros pokyciai Zziemos laikotarpiu. ApraSytas radiocezio
patekimas ir pasiskirstymas ezery ekosistemoje, taip pat jo migracija vandens
telkinio dugno nuosédose. Pateikiami radiocezio pasiskirstymo Lietuvos
ezeruose tyrimai. Skyriaus pabaigoje formuluojamos iSvados ir tikslinami
disertacijos uzdaviniai. Antrajame skyriuje pateikti vandens ir dugno nuosédy
bandiniy paémimo metodika ir radiocezio aktyvumo nustatymas gama
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spektrometrijos metodu. ApraSomi tiriamieji eZzerai. TreCiajame skyriuje
pateikta radiocezio dinamikos rySio su hidrofiziniy vandens parametry
sezoniniais kitimais analizé. Ketvirtame skyriuje atliktas radionuklidy
migracijos modeliavimas. Pateikti rezultatai ir jy analizé. Penktame skyriuje
apraSomas matavimo metodikos tobulinimas.

Bendrosios isvados

1.

Termodinaminis S$ilumos apykaitos dugno nuosédy poringo skyscio
plidrumas jtakoja ziema vykstancius ypac¢ Silty ezery priedugninio
vandens praturtinimo radioceziu procesus. Sis procesas vyksta dar esant
aerobinéms salygoms rudenj ir yra priedugninio vandens anaerobinés
zonos formavimosi pirmtaku ziema.

Termodinaminis dugno nuosédy skys€io plidrumas lemia paviriniy
dugno nuosédy maiSymosi procesa ir temperatiirinio gradiento pradzios
smukima gilyn j dugno nuosédas.

EZero priedugninio vandens terminis rezimas priklauso nuo S$ilumos
kiekio, sukaupto per $iltajj sezona giliausios ezero dalies pavirSinése
dugno nuosédose. Giliausios ezero dalies dugno nuosédy pavirSiaus
auks$Ciausios temperatiiros pasiekiamos rudenj gravitacinio maiSymosi
metu ir priklauso nuo konkreCios meteorologinés situacijos. Dél Sios
prieZasties kai kuriais metais jo priedugninio vandens temperatiira Ziema
gali buti aukstesné arba Zemesné nei 4 °C.

B7Cs tiriniy aktyvumy vertikalus profilis iSmatuotas ypa& 3iltame
sekliame eZere esant aerobinéms salygoms, rodo kilima nuo 1,5 iki
2,1 Bq~m‘3, kai vandens temperatiira kinta nuo 4,6 °C 2,45-2.85 m gylio
intervale.

Radiocezio savitojo ir thirinio aktyvumy didziausios vertés, iSmatuotos
tirtuose ezeruose, kito atitinkamai 110-190 Bq-kg™’ ir 4,6-8,7 Bq-I"
intervaluose. Dugno nuosédy sluoksnis su didziausiomis radiocezio
koncentracijomis i§sidésto 6—19,5 cm dugno nuosédy gylyje.

EZzero dugniniai $altiniai pastebimai jtakoja radiocezio pasiskirstyma
dugno nuosédose, dvigubai ir daugiau maZzinant savo zonose dugno
nuosédy uzterS§tuma ir sedimentacijos greitj.

Ypa¢ Silto uzdaro humusinio meromiktinio eZzero tiirinis radiocezio
aktyvumas yra apie 7 kartus didesnis, palyginus su kitais ypac $iltais
ezerais. Sie meromiktiniai eZerai gali bati vertinami kaip padidintos
radiologinés rizikos objektai.

Ypa¢ Silto uzdaro humusinio meromiktinio ezero giliausiy viety
sedimentacija susieta su dribsniy, susidariusiy dél §iy vandeny jtraukimo i
vir§utinio aerobinio vandens sluoksnio gravitacinio maiSymosi procesa,
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nusédimu. Vidutiniame eZero gylyje (2-4 m) sedimentacija susieta su
pelkinés zonos apatinés dalies dumbliy nykimu.

Rekomendacijos

1. Vertinant ypa¢ S$iltus Lietuvos eZerus kaip vandens sistemy
potencialius antrinio uZterStumo Saltinius, rekomenduojama 4 °C
izotermés gylj eZere Ziema laikyti vienu svarbiausiu parametru. Sis
parametras leidzia jvertinti priedugninio vandens tarj, kurio
mineralizacija yra padidinta dél dugno nuosédy poringo skys¢io
pladrumo.

2. Vertinant visus Lietuvos eZerus, reikia nustatyti tarp ypac $ilty ezery
meromiktinius vandens telkinius, kaip padidintos radiologinés rizikos
objektus.

3. Atliekant inzinerinius veiksmus su hidrologiniais objektais, reikalingi
iSsamis hidrofiziniy vandens parametry ir terSaly sklaidos tyrimai,
nustatant rizika hidrologiniams objektams tapti meromiktiniais
vandens telkiniais.
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