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Introduction

Scientific and technological progress produces dtemand radioactive wastes,
which can get into the environment. Fertilizersstpedes, pharmaceutical products and
hormone residues in combination with pathogenicrociganisms are inserted into the
environment consistently by agricultural activigganic compounds, salt, accidental spill
of toxic trace elements from industrial and muratipraste landfills, particularly in urban
areas, and also radioactive waste generated bgaruglchnology. Being of variable origin,
many of these substances can enter biogeochenyickscof the ecosystems and create
health risks, especially when they enter the fobdirc through the surface and ground
water. Radioactive waste safety issues have be@specially relevant for the countries
with nuclear energy. Solutions of these issues doon the surface repository with the
natural and engineered batrriers.

In recent decades, the soils of unsaturated zomeegyarded as the first natural
barrier to a large extent able to limit the spreddontaminants. Over time, radionuclides
from the radioactive waste storage facilities agygbsitories can reach and contaminate the
ground water aquifer through the unsaturated zone.

In Lithuania, low and intermediate level radioaetwastes, generated by medical,
industrial and research activities, were accumdlate the MaiSiagala radioactive waste
repository. Short lived low and intermediate lekaadioactive wastes, generated during the
operation of the Ignalina Nuclear Power Plant (INBRJ after the dismantling of INPP will
be stored at the repository near the Ignalina NRilowing the studies of the geological
conditions in the territory of Lithuania, the Igim& NPP region has been assessed as the
most appropriate location for the repository camsion. Disposal of radioactive waste is
the last step in the chain of waste management.

In order to assess the possible effects of radi@actontamination on the
groundwater system, and for the prediction of théiaecological impacts, mathematical
modelling studies for the radionuclide migratioarfr the repository through the unsaturated

zone under different scenarios are required.



In the analysis of the flow and transport processdbe soil, numerical methods for
solving various differential equations have startedbe used widely when high speed
computers were created. Mathematical modellingstéolpredict the water and the solute
movement between the ground and the water tablacas are available. However the
problem of the model calibration based on expertaledata often remains unsolved,
especially dealing with scenarios for the planreadlities.

Unsaturated zone is an important part of watemu@@ton cycle and an integral part
of many hydrological and hydrogeological factorsl gsrocesses. Seeking for solutions,
analysis and prediction of the process demand apipte steps.

In this study, the computer program HYDRUS was uaad examined in more
detail. The program allows analyzing soil properte@ engineering materials and their
changes under the influence of rainfall, evapomatieegetation cover, and many other
environmental factors and processes.

The aim of the study

There were two aims of the study: 1) to charactetizo sites of nuclear facilities
with different hydrogeological conditions; 2) tceitify the unsaturated zone soils moisture

and solute transport processes and evaluate #xarmance characteristics.

The object of investigation

Experimental and modelling techniques were appitedtudy the unsaturated zone
processes of the nuclear facility sites, deterngrtime first natural barrier to the ground

water saturation processes and solute transpoddhrunsaturated zone.

The research methods:

The research methods include experimental and wdisamnal studies of the

unsaturated zone and numerical simulations of m@sind solute transport.



The main tasks of doctoral dissertation:

1. Selection and optimization of the unsaturated zexperimental research, monitoring
and modelling methodology.

2. Collection and analysis of undisturbed and distdrbeil samples of the unsaturated
zone.

3. Performing tests and analysis to determine soilsjglay~mechanical properties and
hydraulic conductivity values of the unsaturatedezprofile.

4. Systematic monitoring of ground water level; mowntptecipitation amount; analysis

of the isotopic (tritium, oxygen-18 and deuteriungpmposition of groundwater,

precipitation and the unsaturated zone moisture.

5. Construction of the unsaturated zone models, based situ tests and laboratory

experiments; comparison of the unsaturated zonestorei profiles and radionuclide

composition.

Originality of the results

There have been no long-lasting and detailed uredatlizone experimental research
and numerical analysis in Lithuania. For the finste, the globally widespread radionuclide
tritium (3H) and isotopic tracers rati®'fO andd ?H) distribution features were determined
in precipitation, unsaturated zone soil moisturefigs and groundwater. The transport
processes through the unsaturated zone have bedelledband analyzed by numerical

models.

Positions to be defined

Resulting from global processes, stable isotope tatidm seasonal variation in
precipitation, in the unsaturated zone and espgd¢ragroundwater are averaged over time
and almost disappear; traces of seasonal peakseeognizable only in case of rapid

infiltration occurrence.



Moisture and solutéransport through unsaturated zone is under th&raloof the
soil physical mechanical properties, heterogenaity variation of the hydraulic properties;
the existence of less permeable soil layers evevenf small thicknesses creates natural
barrier, limiting moisture and solute transfer.

Based on complex isotopic studies, it is possibledlibrate the numerical models

through the unsaturated zone and reduce the umtgrtd predicted results.

Extent and structure

The doctoral dissertation includes introduction, n&in chapters, conclusions, and

references. The dissertation comprises 138 pagdgures and 16 tables.
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SHORT CONTENT OF THE DOCTORAL DISSERTATION

1. Literature review

Radioactive waste is produced by nuclear power rgéina during the operation of
nuclear reactors, nuclear fuel production cycleseagch, health care institutions and
industrial companies. The near surface radioacti@ste repositories in many countries are
used for solid and solidified very short lived, l@md intermediate level radioactive waste
disposal. Investigations have shown that this tyfp@aste disposal is a safe waste isolation
option. Well constructed repositories are an edfitiand effective way for safe isolation of
radioactive wastes. Safety assessment plays theaceole in the development of a near
surface repository which has different purposesabus stages of development, operation
and closure of a repository. At an early stageetgahssessments should be used to
determine the feasibility of disposal conceptsdi@ct site investigations and to help in
initial decision making.

Surface water can be contaminated with radionuslitem a disposal facility
thought groundwater discharge to surface runofe Thsaturated zone is the first natural
barrier which could be encountered with radionwedidelease from a disposal facility.
Various analytical solutions can be used to sole &dvection—dispersion transport.
Mathematical models are a tool for studying unsdad zone flow and transport processes.
While certain problems may be solved using relétiv@mple analytical models, other
problems require more sophisticated numerical nsodehat simulate water flow, solute
transport and a range of biogeochemical reactions.

In recent years, the unsaturated zone has beentegde act as a barrier for possible
transport of contaminants to groundwater. Sinceirifitrating water flow depends on the
natural percolation at the site and the performasicengineered barriers, modelling of
unsaturated water flow is required.

Due to natural events and human activities ovettithe, the system characteristics
change according to scenarios. Scenarios considierrah phenomena, i.e. gradual or

sudden change of conditions, which, over time cHact repository safety. Scenario



analysis requires the identification and intergieta of the events that may initiate or
increase the release of radionuclide into the enmrent. During safety assessment period
additional data collection is possible, which foesison certain parameters, which are
necessary to ensure the safety of the repositomy @t al., 2000). Since the beginning of
operation of the Ignalina NPP, radioactive wastesewstored within the plant. The wastes
can not be stored there for long time. They shaelgblaced in the constructed repositories
suitable for storing the waste for an indefiniteipe of time. The location for radioactive
waste repository was approved based on the resuksivironmental impact assessment,
performed geological investigations, favourable imo@nd economic conditions. The
selected site is located in the territory of Vise municipality, namely the Stabatiste,

in close vicinity to the Ignalina NP@Pavirsinio..., 2007).

Moisture transport features in the unsaturated zone

The unsaturated zone is characterized by porousmywhere pore spaces are not
fully saturated with water. Due to capillary effecin pores, water pressure in the
unsaturated zone is less than the atmosphericypseesBhe unsaturated zone provides a
linkage between atmospheric moisture, groundwadex] seepage of groundwater to
streams, lakes, or other surface water bodies.nfdger difference between water flow in
saturated and unsaturated soils is that the caefficof permeability (hydraulic
conductivity), which is conventionally assumed te & constant in saturated soils, is a
function of degree of saturation or matrix suctiorthe unsaturated soils. The pore water
pressure generally has a negative gauge valueeiniribaturated region, whereas the pore
water pressure is positive in the saturated zomsplle the differences, the formulation of
the partial differential flow equation is similam the two cases. With the dependence of
unsaturated hydraulic conductivii(h) on water potential or water content, Darcy’s |aw i

written in the following form (Sposito, 1986), whics called Buckingham-Darcy law:

=—K(h)—— K(h)a(h;’z) K(h)(—+1j 1)
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Isotopic studies of the unsaturated zone and wateyystems

Since 1961, the Global Network of Isotopes in Ryiéaiion (GNIP) has provided the
isotopic observations of precipitation worldwidheTGNIP network is a survey of oxygen
and hydrogen isotope contents in precipitationluiiog oxygen-18'¢0), deuterium 7H)
and tritium ¢H). The entire GNIP database is available to tHaipdor viewing and can be
downloaded from the IAEA website (www.iaea.org/whate

Environmental tracer techniquei( 50 §°H) are being increasingly used to evaluate
flow processes. Variations of stable isotopes itewaan give important information on
unsaturated zone processes such as infiltrati@pakanspiration, mixing and recharge.

Zimmermann et al(1967) worked on observation of the behaviour otapes in
porous materials. This work was extended to unatgdrzone by Munnich et [L980) and
Allison (1982). In the early 1980s, Fontes workedchanges in the isotopic composition of
soil water in deep unsaturated zones in the SaRaraes and Allison (1988) reviewed the
work on the behaviour of isotopes in the unsatdratesne. Maloszewski et g11995) used
80 and’H in rainfall to study percolation through refuse.

In Lithuania, isotopic studies of water bodies Ih@&n done before the construction of
Ignalina NPP, a follow—up was carried out after domstruction and since 1978 isotope
monitoring of the water bodies has been performiédmd on. Also groundwater isotope
studies have been carried out during the researcthé planned Visaginas NPP. Tritium
concentration studies not only in groundwater s an surface water bodies — in rivers
and lakes, the Baltic Sea, Curonian Lagoon — antiramus measurements of precipitation

have been carried out, as well.

Numerical models of unsaturated zone

Mathematical models become indispensable toolsttatying unsaturated zone flow

and transport processes. While certain problems b®ayolved using relatively simple
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analytical models, many problems require more sijmlaited numerical models that
simulate water flow, solute transport and a rarfgaageochemical reactions.

The majority of currently available unsaturated eonodels are based on either the
Richards equation (Richards, 1931) or the kinema#ge equation (Colbeck, 1972; Smith,
1983; Smith, Hebbert, 1983). While the Richardsasign considers flow due to both
capillary and gravity forces, the kinematic waveiatpn neglects capillarity and considers
only gravity. Modelling of unsaturated zone flowopesses, however, is a complex and
computationally demanding task that is often haagled by the lack of data necessary to
characterize the hydraulic properties of the sulsarenvironment.

The finite element method is used as an alternativibe finite difference method,
especially for problems in which the model bounemmre irregular and/or for problems in
which the porous medium is heterogeneous or aniotr Disadvantages of finite element

methods are numerical oscillation, instability, daer computation time.

2. Methods

Unsaturated zone studies were carried out in @iffieregions of Lithuania in terms
of hydrogeological situation: in the MaiSiagalaicadttive waste storage facility area, where
homogeneous sand soil dominates, and in the Sikdmtnear surface repository site for
low and intermediate level short lived radioactwaste, where unsaturated zone profile is
heterogeneous and consists of combination of saml @day soils. The MaiSiagala
radioactive waste storage facility is set up in Beetuskis forest, 7 km from MaiSiagala
town and 40 km from Vilnius. The Quaternary glactposits occur on the top of
sedimentary cover settled by glacier melt water @ntsisting of sand, gravel, pebble, loam
and sandy loam. The thickness of the Quaternamndtion is 100-120 m (Juodkazis,
1979). The aeolian fine grained sands are presgheiregion with the thickness exceeding
10 m.

The Stabatisk near surface repository site is located in théhaege area of the
eastern part of the Baltic artesian basin. It ish territory of Visaginas municipality, in

close vicinity to the Ignalina Nuclear Power PI@IPP). This location was approved based

12



on the results of environmental impact assessmiémt.thickness of Quaternary deposits in
the region varies from 62 to 260 m. The shallowugdwater is located in peat, sand,
gravel, cobbles and pebbles, the fissured uppéerogbdine eroded sandy glacial till, and the
lenses of sand and gravel within the till depao@#tarcinkevicius et al., 1995).

The main experimental and observational tasks decthe collection of undisturbed
and disturbed soil samples; determination of thgsyal properties and the hydraulic
conductivity values of soil samples, moisture ecticmn from the soil sample for isotopic
studies; observation of the groundwater dynamics tteg MaiSiagala piezometer;
groundwater sampling for isotopic analysisl,(5'%0, &H) once in a month; and monthly
precipitation isotopic analysis (Vilnius and Zarasa

Soil density was determined by using a ring of knoelume and upon extraction
the soil core within the ring was dried to deterenthe mass of solids and water present at
the time of sampling.

Gravimetric water content was measured by dryimgpda in an oven at 105° C; the
dry soil sample was then weighed and soil moistorgent was calculated.

Hydraulic conductivity laboratory tests of the sedmples were performed at the
laboratory of Vilnius University by the falling heanethod.

Grain size distribution was determined through ei@nd hydrometric analyses
which were performed by Dr. Saulius Gadeikis angalVaitkevicierg.

To perform pore water extraction for isotopic asaly, a moisture extraction system
was designed to extract water from the unsaturated samples without any isotopic
fractionation. Flask containing soil sample is cected to a vacuum line at the entry of the
extraction system. The moisture traps are cooled26°C using liquid nitrogen. The flask
containing sample is gradually heated at 95°C. 3bi¢ moisture was extracted using
vacuum distillation, the groundwater samples aretipitation samples were analyzes for
the beta decay counting.

The beta decay counting 8f was run for a 12 ml of scintillation cocktail aBdml
of water electrolytically enriched wittH. °H specific activity was determined by the liquid
scintillation counter TRI-CARB 3170TR/SL and Qudngi1220 at the Radioisotope

13



Research Laboratory of Nature Research Centre.hAsektracted moisture from soil
samples only amounted to a few ml, the specifiviagtof the °H was determined by direct
measurement (without enrichment), in which the uaggty can reach 2—4 TU. Since the
monthly precipitation and monthly groundwater sangplolume was 600 ml and sufficient
to perform the enrichment 8H, the specific activity ofH was determined by measuring
electrolytically enriched water witfH; in this case, the uncertainty can reach only-0.2
TU.

80/*°0 andH/™H ratios of water molecules were determined'd® andd’H values
with respect to international standard (VSMOW) (@op 1996). The investigations were
carried out using IRMS DELTA V Advantage and Gasi&ei system or Picarro L2120-i
Cavity Ring-Down Spectrometer. Stable isotopes deggpresented as per mille deviations
from internationally accepted standards with theraducibility of +0.1%. for3'°0 and
+1%o for 5°H. Stable isotopes ratio measurements were pertbratethe Laboratory of
Isotopes Palaeoclimatology at the Institute of Ggplof Tallinn University of Technology,
Estonia.

Both sites were modelled by using unsaturated flamd transport model of
HYDRUS-1D Simunek et al., 2008). HYDRUS-1D is a very flexibt@del to express the
unsaturated zone and provide numerically stabletisols. HYDRUS-1D Simunek et al.,
2008) is a finite element code to simulate the wadelute and heat transport through
unsaturated zone. Since it is capable to considervariety of physical and chemical
conditions and processes, it is widely used in wmated zone hydrology for many
applications including the performance assessnigheavaste disposal areas.

The HYDRUS computer code uses the non-linear Rasharquation to solve
numerically unsaturated water flow in the poroudimeThe soil retention characteristics
and unsaturated hydraulic conductivity under chaggvater content are the basic soil
properties required by HYDRUS. To determine soitltaylic properties, HYDRUS uses
empirical functions which generate parameters, | (which are empirical coefficients),
residual water conteri;), saturated water contefi) and saturated hydraulic conductivity

(Ks). These parameters are variables to determinehgdiaulic behaviour in unsaturated
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conditions. The soil hydraulic properties were egsed analytically in HYDRUS with the
functions of van Genuchten (1980), Brooks and Cét®%4), as well as a set of modified
van Genuchten type functions developed by VogelGisterova (1988).

The solute transport process in HYDRUS can simutatidn equilibrium and non-
equilibrium conditions. Depending on the type o frocess, HYDRUS requires several
transport parameters. For equilibrium conditioms)gitudinal dispersivity and molecular
diffusion coefficient in free water and soil aif,diffusion is considered, are required. For
non-equilibrium conditions, dimensionless fractafradsorption (FRAC) (1 for equilibrium
conditions), immobile water content (O for equilibn conditions), adsorption isotherm
coefficients Kd=0, Nu=0, beta=Q for equilibrium conditions), equilibrium distriian
constant between liquid and gaseous phases, atdafid zero order rate constants for
dissolved and solid phases are required.

HYDRUS-1D requires the meteorological parametens tfee estimation of the
potential evapotranspiration (by Penman-Monteithargfeaves, or Energy Balance
methods), and then estimates the actual evapotratisp based on soil-budget
calculations. The estimation of the potential ewepwspiration requires radiation (short
wave radiation, cloudiness, emissivity), daily e#éions of the minimum and maximum
temperature and humidity, and wind dakYDRUS involves a routine called Rosetta
developed by Schaap et al (2001) to estimate thehgdraulic properties from the grain

size distribution and bulk density.
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3. Experimental research and results

Two unsaturated zone soil profiles were charaadrizy the soil density, moisture
content and hydraulic conductivity. At the MaiSilgaadioactive storage facility site
undisturbed soil samples were taken to a deptt80fc every 20 cm. From a depth of 380
cm to 750 cm disturbed soil samples were collecidte 20 cm soil sample without
destroying its structure was divided and placed equal volume (45.30 éjncylindrical
containers. One container with the sample was dsedletermination of the hydraulic
conductivity, 2 for determination of physical-mealtal properties of the soil sample, and
the remaining material (destroying its structum@) the extraction of the soil moisture for
isotopic analysis.

The unsaturated zone soil profile consists of umfesand with dry soil density
ranging from 1.36 to 1.65 g/éhand natural soil density 1.44—1.68 gfci8oil hydraulic
conductivity under full saturation conditions wastermined at the Vilnius University
laboratory by the falling head method scheme; whiater flows are laminar. The filtration
coefficient values vary from 0.9 to 3.9 m/d. Up4t® m depth soil from the profile is air-
dry, the degree of water saturation is 0.1 — 0.2Mmisture content ranges from 1 to 7%.
From 450 cm soil moisture increases and at a 50@epth the soil is saturated with water.
Groundwater at the storage area (the first fromgtfoeind surface) accumulates in the fine
sand deposits.

Observation and analysis of groundwater level changere performed monthly
from 2010 November till 2012 August. Groundwaterelemonitoring started in October
2010. Groundwater water level at the piezometeinduhe observation period ranged from
460 cm (April) to 530 cm (January, February) frdma surface.

Similar unsaturated zone studies were performedthat Stabatisk site. For
undisturbed structure samples dry soil density earfgppm 1.44 g/cfto 2.10 g/cm, natural
soil density from 1.67 to 2.33 g/éniThe filtration coefficient values vary from 0.GIB
till 0.4 m/d. For the Stabatisksoil profile, the moisture content ranges fromestd 22.06

%. There are several layers with lower moisturet@anat a depth 90-95 cm (6.74%), at a
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depth 170 — 175 cm (5.16%) and at a depth 190 -€t®8.72%). From 310 cm depth soill
is saturated with water.

According to previous studies (Staba#isk., 2009), the groundwater level at the
piezometer close to the unsaturated zone soillprafid groundwater water sampling place

ranged from 215 cm (beginning of April) to 391 cemq of February).

Stable isotope ratio t°0/*°0 and ?H/*H) and tritium ( °H) distribution features in the

precipitation, unsaturated zone soil moisture and gund water

Global Meteoric Water Line (GMWL) is an equationhieh defines the relation
between hydrogen and oxygen isotope compositictmenworldwide precipitation (Craig,
1961b).

5H =850 +10 2)

The deuterium excess (d—excessyoH -80"0 (Dansgaard, 1964), reflects the kinetic
fractionation effect and is a useful tool for idéoation the origin of precipitating
atmospheric moisture. The average value of modeenaess for precipitation is 10.

Periodical measurements ¥, °0/*°0 andH/*H ratios in the water samples have
been performed. Preliminary relationship betwe@H and §°0 for the precipitation
(monthly samples of two years 2010 and 2011 from $ampling sites) in East Lithuania
was determined in term of the Local Meteoric Waiee (LMWL) (Figure 1):

OH = 7800+ 72 (3)
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The isotopic composition of precipitation and thedl average monthly air temperature are
related. The relationship between the isotopic asitipn ¢'°0) of precipitation and local

average monthly air temperature, determined irsthady areas are as follows:

8%0=0.31T-12.42 R=0.56 (Vilnius) (4)

0°0=0.30T-12.85 R-0.64 (Zarasai) (5)

During the summer, the isotopic composition of piation is less negative
compared to the cold period. Monthly precipitatiéffO values range from -20.5%o
(January) to -5.8%o (September) aifth respectively from -154.2%o to -39.4%H exhibits
seasonal variation in precipitation, as well adlstasotopes, and has a similar annual
change trend with maximum values during the warmsse. However, lonrgerm
observations show that, in addition to seasonaatians,*H activity has a downward trend
(for example, from 11.4 TU average in 1999 to Q4taverage in 2012) due to depletion of
the *H originated from thermonuclear explosions. Grouathw stable isotope values were
most negatived®0 = -13.1%0,6°H = -96.1%0) in March and less negatii?Q = -9.1%,

8°H = -65.1%o0) in August. Groundwater isotopic date ecated on the meteoric water line.
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Isotopic composition of the groundwater is closetie annual isotopic composition of
precipitation in Lithuania. Due to slow infiltratigprocesses, the observed annual variations
in isotopic composition of precipitation in grounater mostly (except for cases of fast

infiltration) almost disappear.
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-12
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Fig. 2.5'%0 change in groundwater (MaiSiagala) and precipitafVilnius)

The weighed annual meart?0 and&’H values for atmospheric precipitation are
respectively -9.9%. and -70%. Th&®0 and §°H values in the groundwater vary
respectivelyfrom -12.1 to -9.3 %0 and from -82 to -70%.. The rmdyoof groundwater
samples in diagram (Fig. 2) are situated near tiWE and LMWL indicating
groundwater recharge by modern atmospheric preadigmit.

The 50 ands®H values of moisture in the MaiSiagala unsaturawue profile vary
within wide ranges: from 2.1%o to -9.1%0 and from &% to -70.3%o, respectively. In
terms of water isotopic composition, the upper @rnuch heavier (less negative values)
due to enrichment because of evaporation and meistptake by plant roots. With the
depth of the unsaturated zone profile stable isot@ues become more negative.

At the Stabatisk site unsaturated zone profile, ti&0 and&°H values of soil
moisture ranges from -10.2%o to -18.4%o0, and from6%4 to -135.6%. respectively.
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The®H activity in the groundwater of the study areas ba related witfiH variation
in atmospheric precipitation and in surface watergeoundwater recharge sources. The

mean annuaH activity in atmospheric precipitation is aboutTO.
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Fig. 3.°H concentration in groundwater (MaiSiagala), aretjpitation (Vilnius)

Variations of°H in the groundwater (the average is approachingWp are very
small compared with precipitation, but the sumnmemiqul is characterized by slightly higher
®H concentrations (up to 12 TU) (Fig. 3). Generathe groundwater is characterized by the
spring and autumriH concentrations in precipitation. The pattern tdbte isotopes
seasonal variation occurring in the precipitatiomast disappear in the unsaturated zone
soil moisture and especially in shallow groundwgabert in both sites a slight seasonal peak
traces remain, which at the MaiSiagala site aré enbre recognizable in comparison with
the Stabatisksite due to the shorter transit time at MaiSiagéka

Performance Assessment of the Near Surface Repositsites

Two nuclear waste disposal sites (MaiSiagala, $&éa were modelled by using
unsaturated flow and transport model of HYDRUS-18imunek et al., 2008). The
hydraulic characteristics required for the HYDRUS-<dimulations were estimated based on
the analyzed soil properties. The performancesoth lbepositories were analyzed by the

similar boundary conditions, expressed by simitamsrios representing low, moderate and
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high water inputs. The transport of the contamisant groundwater through unsaturated
zone was simulated for an assigned contaminardrdar to estimate the movement of the
faster arrival to groundwater, the contaminant wssumed stable (no radioactive decay),
and reaction, sorption-desorption and retardatioocgsses were not considerethe
effective rainfall input was characterized by diffiet pressure heads on the top of the
unsaturated zondable 1 summarizes the scenarios. The water wpstgiven in terms of
pressure head above the unsaturated zone. Low \uvgiet was described by +1 cm
pressure head, moderate +10 cm, and high watet ognditions were given by +50 cm

pressure head.

Table 1. Scenarios of water and solute input

Solute Input (100 unit) Water Input (Pressure Head (cm))
Low Moderate High

Instantaneous 1 10 50
Continuous 1 10 50

Since the aim of the study is to identify the ri§khe groundwater contamination, in
case of any leakage from the waste repositories;stmulations were carried out for a
conservative contaminant. Two types of contaminaput functions were assumed in
scenarios, instantaneous and continuous. It isvessuhat the leakage occurs in 1 day for
instantaneous input, and then stops. The leakage ot stop in case of continuous input
and continues as simulation period. The leakagecardmation is assumed as 100

concentration unit (mass or activity per volume).

The Model Setting
The MaiSiagala siteThe unsaturated zone at the MaiSiagala site isdmxliby groundwater
table at an average depth of 5 m. The thickneseeotinsaturated zone was taken as 5 m.

The solil profile in this site is divided into 5 kg by considering the changes in the
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hydraulic conductivity. The estimated unsaturateitlmoperties for the MaiSiagala site are

given in Table 2 for each soil layer.

Table 2. The soil profile layers and their charaste hydraulic conductivity values

Soil [ [} a n Ks I Density
Layer () ) (1/cm) () | mid) | () | (glem)
1 0.00499 0.3187 0.0277 4.1955 230 0.5 1.5
2 0.00386 0.3999 0.045 2.1481 285 0.5 1.4
3 0.0043 0.408 0.0414 2.6113 390 05 1.4
4 0.00345 0.3825 0.0476 1.842 176 0.5 1.4
5 0.00463 0.4292 0.0065 1.6758 90 0.5 1.3

N o1 © 0o Ol

The soil profile should be discretized into fingeements. Due to numerical convergence

problem, the grid should be denser where the presgadient is higher. It is advised to

start denser grid at the top of the unsaturated ndrere water input creates higher gradient.

A total of 751 finite elements was created. Thel gize on the top is about 0.01 cm and

increased to 1 cm downward. Equal sized grid cdeatenvergence problems for the

numerical solution. The grid is shown in Fig. 4eTihitial water content was defined by the

water content measurements in the November of 2ZM® initial water content distribution

is given in Fig. 5. The date of the measuremeass@imed as the beginning of the leakage

through the unsaturated zone.
The top and bottom boundary conditions (BC) for thmsaturated zone 1D were
defined by the specified head BC. The bottom BQegresented by the water table

elevation, whereas the top BC was defined by thghhef the water column above the

ground elevation representing the water accumunagieer the surface of the waste disposal

area. The height of the water column is differemtdach scenario (see Table 1). The bottom

boundary is defined by the water table depth ampd &enstant.
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Fig. 4. The distribution of the soil layers anBigure 5 Initial water content distribution
the grid distribution in the unsaturated zor®ased on the measurements in 2010-11-02

of the MaiSiagala site

The Stabatisk site. The unsaturated zone at the StabatiSike is less permeable
when compared with the MaiSiagala site. The satdr&ydraulic conductivity values are
within the range of 1.3xI0to 0.4 m/d (Table 3). The vertical variability tife hydraulic
conductivity indicated the succession of the lessmgable soils with more permeable
layers. The hydraulic conductivity is lower whehe soil is finer. Th& value decreases to
5x10° m/d at a depth of 40 cm, and then increases Opiten/d at a depth of 190 cm below
the surface. Following a thin less permeable l&agtween 210 to 230 cm deptajncreases
up to 0.4 m/d at a depth of 265 — 285 cm. The aartiariability of theK and the existence
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of the less permeable layers between the high @bimdayers cause slower movement of
the contaminants at the Stabagidkan in the MaiSiagala site.

According to the grain size distribution and th&usasted hydraulic conductivity, the
unsaturated zone at the StabatiSte is divided into 5 soil layers. The hydraulic

characteristics of these layers estimated by thetp@nsfer functions are given in Table 3.

Table 3. Hydraulic characteristics of the unsatdatone at the StabatéSkite

Soil (] [ a n Ks | Density
Layer ) O | (ecm) ) (cm/d) | () | (g/em)
1 0.031 0.298 0.0604 1.3735 20 0.5 1.906
2 0.042 0.294 0.0363 1.1853 0.5 a.5 1.538
3 0.073 0.359 0.0106 1.3436 0.12 Q.5 1.773
4 0.035 0.326 0.0510 1.5297 40 0.5 1.741
5 0.065 0.439 0.0051 1.6626 0.00013 0.5 1.9f72

The unsaturated zone at the Stabatste is divided into 961 finite elements (Fig. A% in

the MaiSiagala site, the thickness of the elementdenser where pressure gradients are
higher. The grid density is higher where the hyticaproperties change rapidly for
numerical convergence. The distribution of the gadd the water content at StabatiSke

is given in Figs 6 and 7.
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the grid distribution in the unsaturated zor®ased on the measurements in 2011-06—-07
of the Stabatisksite

Solute transport

In order to compare the performance of the bothssior nuclear waste disposal,
similar pollution scenarios are modelled in bottesiwith similar input functions. The
contaminant could be any matter located in theadiapsite. The contaminant is assumed to
be conservative and the concentration of the @oilutdoes not change through chemical
reactions or radioactive decay. The transport idetied only by advection and dispersion.
The dispersion coefficient of the medium is notwnoFor comparison, similar dispersivity
coefficients were assigned to both sites. The dsspe is a function of the heterogeneity of

the hydraulic properties. Several sensitivity rwese performed to illustrate the role of the

25



dispersion coefficient. Two types of input functisiere used for the solute transport. The
contaminant could enter to the system either byticoous (leakage has not been
recognized) or instantaneous (leakage has beemmgeed and prevented after 1 day)
injection. Combined with the low-moderate-high ihpeonditions, 6 different solute

transport cases (low-moderate-high water input, fordinstantaneous and continuous

injection of the contaminant) were simulated focteaite.

Model Results

Due to great differences in hydraulic propertidse fadvective movement of the
contaminants in the MaiSiagala site is much fatsten in the Stabatigksite. Therefore, the
time scales of the models are different. The setesimulation time for the MaiSiagala Site
is 10 days and for the StabatiSkite 1000 days.

Soil Properties

In Fig. 8, the hydraulic properties of both sitesterms of the water content as a
function of pressure head in unsaturated zonengpaoed for 5 soil materials or layers (M1
to M5) at both sites. In Fig. 8, M5 correspondghe least permeable soil layers at both
sites.
In Fig. 9, the water content in the soil profildsuasaturated zone is compared in both sites
for the low input functions (pressure head equalsn). The unsaturated zone at the
MaiSiagala site becomes saturated in a few dayl0(tays) even at low input, and the
water content becomes equal to the specific yiekth® soil layers (Table 2). The situation
at the Stabatigksite is different (Table 3). The least permeabiklayer (M5) prevents the
downward movement of the water and creates a bati210 cm below the surface. The
layers above this horizon become saturated, bugrwabves very slowly downward, and

soil layers below this depth remain unsaturatech efeer 1000 days.
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Fig. 9. Initial water content and simulated watentent (t=10 days at the MaiSiagala site,

t=1000 days at the StabatiSke site)

MaiSiagala site In Fig. 10, the concentration distribution at thettom of the unsaturated

zone (water table) for the continuous contaminapui from the surface is given for the

MaiSagala Site. The contaminant arrival time isyvast at this site. It is around 14 hours

for low and moderate water input conditions, andhdfrs for high input conditions. The

100% of the contaminant arrive in less than 24 siounder all water input conditions. Since

the pollutant transport is an advective dominamicess due to high permeability of the

layers, the influence of the dispersivity is ngfrsficant on the concentration time curves.
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Fig. 10. The concentration—time relationship at blo¢tom of the unsaturated zone at the

Masiagala site for continuous injection for low—raoate—high input functions and different

dispersivity =1 cm, andx=5 cm) values

28



Boundary | Dispersivity a=1 cm Dispersivitya=5 cm
Head
Low
100 T 100 T
80 + 80 +
2 6071 T 6071
o o
2 =)
o 407 o 407
20 T \ 204
0 J t t t t | 0
0 1 2 3 4 5 0 1 2 3 4 5
t[d] t[d]
Moderate
100 T ﬁ 100 T
80 + 80 +
T 60t 2 601
o o
s s
(&) 40 T (@] 40 T
20 T \ 20 +
0 t t t + i 0
0 1 2 3 4 5 0 1 2 3 4 5
t[d] t[d]
High
¢ 100 T m 100
80 1 80 4
g 601 2 607
o o
s s
o 401 o 40
20 \ 20
0 J t t { 0
0 1 2 3 4 5 0 1 2 3 4 5
t[d] t[d]

Fig. 11. The concentration—time relationship at blo¢tom of the unsaturated zone at the

MaiSiagala site for instantaneous injection for 4omoderate—high input functions and

different dispersivity =1 cm, andx=5 cm) values

The concentration—time curves for instantaneoustigpnditions are given in Fig. 11 for

the MaiSiagala site. Instantaneous input is siredldlty the injection of the contaminant for
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1 day and then stopped. Since the water and coméamiransport occurs very rapidly at
MaiSiagala site, the pollutant arrival time to wat&ble is similar (12 to 14 hours) to the
continuous input. The contaminant is completely ivealsout from the unsaturated zone to

the water table in 2 to 2.5 days after the injectio

The Stabatisk site. The transport of the water and contaminant at ttade®iSk site is

controlled by the existence of the very low perniedhyer which is located at depths of
210-230 cm and 285-320 cm. The permeability idivell higher above these zones, and
contaminant arrives to these least permeable zehas/ely faster but cannot pass this zone
and arrive to the water table in 1000 days of theuigtion. Therefore, concentration—depth
profiles illustrate the contaminant behaviour lkreti@n the concentration—time relationship
at the bottom of the unsaturated zone. In Fig.ti&,concentration depth profiles for low—
moderate—high input functions and continuous inp@care shown foo=1 cm andu=5 cm.

The colour of the curves represents the conceatratistribution at every 200 days. The
contaminant moves relatively faster till the upjearst—permeable layer which is located at
a depth of 210 to 230 cm, but only very small mortmoves to deeper layers. The travel
time of the contaminant is much lower than in thaid¥agala site due to lower permeability

distribution.
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Fig. 12. The concentration—depth relations at tlad&isSk site for continuous injection and
low—moderate—high input functions and differenpéisivity @=1 cm, andx=5 cm) values
(blue: t=200 d, green: t=400 d, cyan: t=600 d, te800 d, magenta: t=1000 d)

Fig. 13 illustrates the situation at instantaneoysction of the contaminant for 1 day.

Similar to continuous injection, the least permedhaler at 210-230 cm acts as a barrier

and the contaminant does not move deeper.
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Fig. 13. The concentration—depth relations at ttab&iSk site for instantaneous injection
and for low-moderate-high input functions and digf@ dispersivity =1 cm, andx=5 cm)
values (blue: t=200 d, green: t=400 d, cyan: t=60d: t=800 d, magenta: t=1000 d)
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The distribution of concentrations at specific thsp({z=50, 100, 200, 250, 300 cm) as a
function of time for both continuous and instantaune injection of the contaminant is
illustrated in Fig. 14. The 10% of the contamingoes to a depth 50 cm in 2 days, to a
depth of 100 cm in 11 days, and to 200 cm in 336.d80% of the pollutant does not arrive
to 250 cm in 1000 days. None of the contaminanivesrto 300 cm, below the least
permeable zone in 1000 days. The arrival time tecifig depths are similar for both
continuous and instantaneous injections, and tleeofdhe water input rate (low—moderate—

high) is not significant.
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Fig. 14. The concentration time curves at z=50 omagenta), z=100 cm (blue), z=200 cm

(green), z=250 cm (cyan), z=300 cm (red) for cargirs and instantaneous injections

Tritium Transport

In order to validate the representativeness ohfltgaulic parameters, the model was
to estimate the tritium distribution in the unsated zone and compared with the measured
values in November, 2010. The tritum was inseriei the unsaturated zone by the
precipitation. The tritium transport between Ociola909 and the end of December, 2010,
was simulated in order to eliminate the influendéeth@ initial conditions on the tritium

estimation of November, 2010.

Inputs
Basic inputs of the tritium transport simulatiore &he tritium input function and

meteorological variables (precipitation and potEngvapotranspiration). Overland flow
was not taken into account. The model is simuladady. However there is no data
available for tritium of the precipitation and theeteorological variables at a daily basis.
Since the model requires these inputs at a dagyspthe monthly meteorological values
were divided by the number of days of the montthwlie assumption of uniform values in
each day of the month. Monthly tritium values ameeg same for each day, without

dividing by the number of the days, and the tritiimput rate (TU/crfid) is calculated by
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the infiltration rate. The model is simulated bygw@aning that infiltration and tritium input
took place every day. This assumption softens thmti function and does not allow
simulating the influence of the episodic rain egemtcurring on some days of the month in
greater amounts then on other days. The assumptioumd be valid for the
evapotranspiration but smoothing the precipitatiggut does not enable to catch the peak
or lowest values of tritium.

The tritium input function and the meteorologicar@gmeters are given in Fig. 15. The time
scale starts from October 1, 2009. The tritium eohof the rain varies from 6.2 to 17.7 TU.
The maximum potential evapotranspiration was eséchan May, 2010. The rainy period in

2010 occurred between the May and September.
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Fig. 15. The tritium input function and the metdogical parameters data

Initial conditions
The initial water content distribution and the iaitritium concentration was created
by the model (Fig. 16).
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Fig. 16. Initial distributions of the pressure heem tritium in the unsaturated zone given
for October 1, 2009

Since the initial conditions have been generateoharmically, the estimates of the first
months of 2010 could be unrealistic. But the tueraime of the unsaturated system is very

fast, and the influences are eliminated until Nokem2010.

Boundary conditions

The models used the time-variable BC. The simutapieriod is 15 months. Each
month, a changing value of P and PET (PotentialpBrantion) was given to the model.
The bottom of the unsaturated zone is limited i Water Table which is assumed to be
constant throughout the simulation period. Botthaege to the water table and the tritium
values reaching the saturated zone are removed fl@mmunsaturated zone, and no
accumulation of the water and mass (tritium) ocdurs to changing water table level.
The hydraulic parameters are not changed and angiedl with the simulations carried out

for the performance assessment of the repositories.
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Results
As is shown in Fig. 17, the estimated tritium pleis smoother than the measured

profile, where the lowest values at depths couldoeomatched properly.
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Fig. 17. Comparison of simulated tritium profilesttwthe measured tritium values in

unsaturated zone

The tritium value measured at a depth of 290 croissiderably lower (4.7 TU) if
compared with the tritium of the precipitation obh&s in 2009 and 2010. This value could
be either a result of the low tritium input withegipitation occurring in some days of a
month, which is not distinguishable in monthly suon,due to longer turnover time in
considerably less permeable material located dtdbpth interval. The soil material was
examined carefully for permeability measurement aodless permeable material was
recognized. In general, the tritium profile fitte@ll with the observed tritium trend, and the

model represents the transport of the water andmadlides satisfactorily.
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Similar to the tritium profile, the water contentofile is also smoother due to
uniform daily input in each day. The permeabilitydahe flow velocity in the unsaturated
zone are very high, and the water content couldlder to the specific retention values in
days when no rain occurs. However, monthly rairdalla divided equally in each day, and

the estimations are performed with the uniform rates for each day.
The model represents the dynamics of the unsatuzatee properly. The uniformity of the

daily input in each month should be kept in mindha evaluation of the smooth changes of

the tritium profile and water budget elements.

38



Conclusions

According to the two years precipitatiéh’O and3°H studies, a preliminary local
meteoric water line was established, which is ier@éastern part of Lithuania expressed as a
linear equation FH=7.8x3"°0+7.2; R=0.9) and linear relation between the isotopic
composition of precipitation and the local averagmthly air temperature.

The summer period is characterized by less negatigéopic composition of
precipitation if compared with the cold period: rifdg precipitation*®0 values range
from -20.5 %o (January) to -5.8 %. (September) &ftd, respectively from -154.2 %o to -
39.4 %e.

®H concentration fluctuation in groundwater ampléud very small (the average is
approaching 10 TU), compared to precipitation vemes, but the summer period is
characterized by slightly highf concentrations (up to 12 TU).

At the Maisiagala sited'®0, 8°H and ®*H seasonal peak traces are slightly more
contrasting than in the StabatS&ite, because unsaturated zone moisture tramsstare
shorter at the MaiSiagala site, and the measurdrhhiic properties of the unsaturated zone
at the MaiSiagala site is much higher than in ttab&isk site.

There exist a soil layer at the StabatiSke located at a depth of 210-230 cm below
the surface and it acts as a barrier for watercamdaminant transfer. The unsaturated zone
above this zone could be saturated due to pemglatater. However, this barrier radically
prevents the water movement downward. Thereforedméaminant realised at the surface
of the Stabatisk disposal site could reach the water table in & V@ng time (>35 years)
even in case of the continuous injection of thetmmmnant. The StabatiSksite is more
favourable for nuclear waste disposal in termshef contaminant movement through the
unsaturated zone.

The initial conditions of the water content at bettes have been measured, and the
performances of both sites are compared for sonamasios. The transport of the
contaminant is simulated for continuous and insta@bus inputs of the contaminant under

low, moderate and high water input scenarios.
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The measured hydraulic properties of the unsatliiztee for the MaiSiagala site are
much higher than for the StabatiSsite. The percolating water and the contaminaltttimi
the water move very rapidly due to high permeapiltyers at the MaiSiagala site. The
model represents the dynamics of the unsaturateel goperly except the lowest values at
depths 280-300 cm which could not be matched plppath the experimental data.

When moisture turnover time in the unsaturated zsrehort,’H transport model is
sensitive to°H input function. In order to improve combinatiorf simulation and
experimental results, precise daily input data in precipitation close to the objebusd

be used.

Recommendations

Modelling the radionuclide migration through thesaturated zone requires precise
estimation of the hydraulic conductivity profile carthe functional relationship of the
hydraulic conductivity and the soil moisture parsang Several empirical equations (Van
Genuchten, Brooks-Corey, etc) used for the unsi@dirzone hydraulics requires empirical
parameters which could be estimated only by caldmaof the numerical model. Therefore,
the measurement of the spatial and temporal vaniatf the water content or pressure head
in the unsaturated zone is essential. It is recamaiee to create a time series of the pressure
head measured at several depths under differeregonmddgical conditions (wet and dry
seasons). Similarly to the pressure head, the psotomposition of the soil water,
groundwater and the precipitation should be samatedl analyzed at different depths and
periods. Then the numerical model could be caldardietter and the uncertainty in the
estimation of the water and mass fluxes could Haaed.

In the current study, the model has been set omiyvértical direction, and the
horizontal component of water and mass flux was cuwisidered. The extent and the
thickness of the soil layers with the differentmpeability may not be the same everywhere.
Therefore the model should be extended to 2D apdsaible horizontal flow components

should be taken into account.
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The isotope composition of the soil water undeuratconditions is controlled by
external inputs from precipitation and subject vaporation. Therefore the temporal series
of the isotope composition and the rate of atmosphaputs (precipitation, evaporation) in
the studied areas are essential for the modellinthe water and mass transport under
natural conditions. When the model is sufficierdgpable to represent the water and mass
transport under natural conditions, it can be usedoerformance testing under different

scenarios.
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AERACIJOS ZONOS MODELIAI IR T TAIKYMAI RADIOAKTYVI UJU
ATLIEKU KAPINYNO SAUGOS ANALIZEI
REZIUME

Mokslo ir technologij pazangos éka per pastaruosius kelis Simttnes vis didesne
sparta sukuriama daug chemainir radioaktyvijju medziag, kurios neretai patenka
aplinka. Daugelis iS $ medziag gali patekti | ekosistem cheminip elemenig
biogeocheminius ciklus ir kelti paupjsveikatai, yp& kai josisijungiai maisto grandig
per pavirSifir pozemin vandeij.

Valstybése su branduoline energetika ypaktualis tampa radioaktyyju atlieky
tvarkymo saugos klausimai. Sprendziant Siuos khausj didelis dmesys skiriamas
pavirSiniams atliekynams (saugykloms ir kapinynanss) gamtiniais ir inzineriniais
barjerais. Pastaraisiais deSimtiiaés aeracijos zonos gruntai nagjami kaip pirmasis
gamtinis barjeras, gebantis zymiu mastu ribotiiéex$y medziag sklaich. Radioaktywviju
atlieky saugyklose ir kapinynuose esantys radionuklidgaifliui per aeracijos zangali
pasiekti ir uztersti gruntinio vandens sluokberi sukelti pavaj aplinkai ir zmogui.

Lietuvoje anksiau medicinoje, pramafe ir moksliniuose tyrimuose susidariusios
mazo ir vidutinio aktyvumo radioaktyviosios atliek@&iuo metu laikomos MaiSiagalos
radioaktyviju atlieky saugykloje. Sukauptoms eksploatuojant Ignalinos @&E) ir
susidarysiatioms g iSmontuojant trumpaamns mazo ir vidutinio aktyvumo
radioaktyviosioms atliekoms talpinti bus artimiausnetuirengtas kapinynas netoli IAE.
ISnagrirgjus Lietuvos teritorijos geologinealggas IAE regionagvertintas kaip labiausiai
tinkamas kapinynarengimui. Radioaktywjju atlieky laidojimas yra paskutinis zingsnis
radioaktyvijju atlieky tvarkymo grandige. Tam, kad Bty jvertintas galimas
radioaktyviosios tarSos poveikis, atliekami tyrim& sudaromos jvairiy scenarijy
radioekologini padarini prognozs, modeliuojant radionuklidmigracip iS radioaktywviju
atlieky kapinyn; bei j itakojartius procesus. Prognozuojant atliekose &saradionuklidy
poveikio aplinkai magt nagriregjami radionuklidy pernasos inzineriniuose ir gamtiniuose

barjeruose uzdaviniai. Bgmeés pernasSos procesai aeracijos zonoje netolimojeitpj@
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daznai buvo labai supaprastinami arba apskntddyvo nepaisoma, nors aeracijos zonos
procesai bdingi ir papildomairengiamiems inzinerinibarjer sluoksniams.

Nagrirgjant vandens jugimo grunte procesus,vairiy diferencialing lygciu
sprendimui skaitiniai metodai buvo petidplaciausiai naudoti tuomet, kai buvo sukurti
pakankamai dideli greiiu kompiuteriai. Siuo metu gausu matematinio modétiav
priemoniy, leidZiartiy prognozuoti vandens ir jame esanpriemai$, pernag tarp zems ir
gruntinio vandens pavingi Taiau daznai iSlieka modeli kalibravimo eksperimentini
duomem pagrindu klausimas, ypauomet, kai nagriggami prognoziniai scenarijai dar tik
planuojamiems objektams]vairiy sprending radimas, proces analiZ ir prognoz
reikalauja tinkam priemoni;.. Kai kuriy problemy sprendimui reikia palyginus paprast
analitinip ar pusiau analitimi modely, kitos problemos reikalauja sttthgu skaitiniy
modeliy.

Siame darbe detaliau iSnagtia ir panaudota kompiutetinprograma HYDRUS,
kuri leidZia analizuoti grumtbei pasirinkii inZinerinip medZziag savybes,\ kaita, veikiant
krituliams, deégmés iSgaravimui, augal dangai bei daugeliui kit aplinkos veiksnj ir
proces. Taip pat galimavertinti dregmes bei priemaig migracip, esant skirtinggsotinimo
ar pilnai vandeniu prisotintiems gruntams.

Pagrindinis Sio darbo tikslas yraharakterizuoti skirtingose hidrogeologse
salygose esatiuy dvieju branduoling objekiy aikSteliy aeracijos zonos gruntus, pateikti
aeracijos zonos gruntuose vystandrégmes ir priemaif pernasos proces<harakteristikas
ir jvertinti ju ypatumus, taikant kompleksinius eksperimentinyrgrius ir stebjimus bei
atlikti dregmes bei priemaig pernasos skaitirmodeliavim,.

Darbo uzdaviniai: parinkti ir optimizuoti aeracijaonos eksperimentiqityrimy,
stelzjimy ir modeliavimo metodik surinkti aeracijos zonos grunto nesuardytos ir
suardytos sandarasninius; atlikti aeracijos zonos grunto fizikipmechanini savyby ir
hidraulinio laidumo tyrimus; atlikti sistemingus ugttinio vandens lygio stépmus ir
ménesio krituly, gruntinio vandens bei aeracijos zonosgd®is izotopinius (tgio,
deguonies-18 ir deuterio) tyrimus; sudaryti aemcgonos modelius, pagrindziant juos

situ tyrimy ir laboratorinip eksperiment rezultatais, ir palyginti saugos podu

43



reikSmingus d¥gmes ir priemai§ pernasos aeracijos zonoje ypatumus dveanduoling
objekty aikStetse.

Darbo mokslinis naujumas: pignkarta Lietuvoje krituliuose ir aeracijos zonos
grunto profily dregmeje nustatyti globaliai paplitusio radionuklidodio (3H) bei vandens
molekuks izotopini; traseny (3'°0 ir 8H) pasiskirstymo ypatumai. Remiantis izotopini
tyrimy duomenimis, sudaryti branduohiniobjekiy saugos vertinimui svaifls aeracijos
zonos skaitiniai modeliai.

Atlikus eksperimentinius tyrimus ir stgbnus aeracijos zonos tyriupaikSteése ir degmeés
bei priemai§ pernasos skaitimodeliavim gautos Sios iSvados:

Pagal dviej vietoviy dviejy met trukmes krituliy 0 ir §°H tyrimy duomenis buvo
nustatyta preliminari lokali meteorinio vandens ijéin kuri rytinei Lietuvos daliai
iSreiskiama tiesine lygtimi 8fH=7,8x3'°0+7,2; R=0,9), ir tiesinis srySis tarp krituli

izotopires sudties ir ju formavimosi vietogs oro vidutires menesio temperatos.

Siltuoju met, laikotarpiu midingos maziau neigiamos krituliizotopires sudties
verts palyginus su $altuoju laikotarpiuenesio krituliy 5'%0 veres svyruoja nuo -20,5%o
(sausyje) iki -5,8%o (ruggyje), 0 5°H atitinkamai — nuo -154,2%o iki -39,4%o.

Lyginant su krituliams #dingoms ®H variacijoms, gruntiniame vandenyji
svyravimy amplituck labai nedidel (vidurkis ar¢ja prie 10 TV), téiau vasaros laikotarpiui

biudingos Siek tiek didess *H koncentracijos (iki 12 TV) ir gruntiniame vandégy

MaiSiagalos aiksteje 5'%0, 8°H ir °H sezonini smaily pedsakai yra Siek tiek
kontrastiSkesni nei Stabatisk aikStetje, kadangi MaiSiagalos aikstsl aeracijos zonoje
dréegmes tranzito laikas trumpesnis, o hidraulinis laidgndgdesnis, lyginant su StabatiSk

aiksStele.

StabatiSks aikStetje 210-230 cm gylyje yra praktiSkai nelaidus sluogs kuris
funkcionuoja kaip digmes ir priemaig§ pernasos barjeras. Aeracijos zona virs Sio sluoksn
gali bati periodiSkai prisotinta, taau Sis barjeras labai stabdo priemagernag zemyn.

Siuo saugos aspektu StabatSkikstet yra palankestse alygose nei MaiSiagalos aiktel
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Aeracijos zonos skaitiniame modelyje gmnus hipotetines Zeés pavirSiaus
uztvindymo glygas su pastoviu trejopu vandensgah (zemu, vidutiniu ir aukstu), étl
grunto gerokai didesnio laidumo vandeniui irykpalankiy hidrauliniy savybu drégmeés
pernasa ir priemaiSadvekcija MaiSiagalos aiksésl aeracijos zonos profilyje yra daug

greitesr, lyginant su Stabatigk aikStets atveju.

®H pernasos Maisiagalos aik&®l aeracijos zonoje modeliavimo rezultatai
pakankamai gerai atitinkiH eksperimentinj matavim; duomenis, i§skyrus maziawsH
koncentracijos vegt280—-300 cm gylyje. Esant trumpanggimés apykaitos laikui aeracijos
zonoje, ®H pernasos modelis yra labai jautrtid jeities funkcijai. Siekiant geresnio
modeliavimo ir eksperimento rezulasutapimo, galima ity naudoti®H jeities funkcijos
paros duomenis, &&@u tam Hitini labai detais ir tikskis °H koncentracijos krituliuose arti

tiriamo objekto matavimo rezultatai.
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