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Abstract. The strategy of radioactive waste management of Lithuania provides for evaluating the possibilities of disposal
of spent nuclear fuel and long-lived radioactive waste originated from Ignalina NPP in deep geological formations. The
initial studies performed in Lithuania during 2001-2004 focused on screening of all potentially prospective geological
formations as host formations. Since most information is available on crystalline basement, this formation was selected for
the model case studies. Taking into account the assumptions (canister defect scenario proposed by Swedish experts and
evaluated by LEI experts), groundwater flow and radionuclide (iodine-129 as mobile and long-lived one) transport model-
ling using computer code FEFLOW was performed according to geosphere conditions and parameters characteristic of the
southern part of Lithuania (0,8x0,6x0,52 km far-field block). The upward groundwater flow through defected canister lo-
cated in tectonically damaged zone was simulated. The main results of calculations are the following: in the case of up-
ward groundwater flow, the maximum I-129 volumetric activity in single tectonic fracture above defected canister will not
exceed 1 Bg/l, and in the active water exchange zone, it is close to 10 Bg/l. These figures show that doses obtained by
human recipient via aquatic pathway should be below the dose constraint (0,2 mSv/y). More complicated scenarios and
assumptions should be investigated in future studies.

Keywords: spent nuclear fuel, geological repository, crystalline basement, groundwater, numerical modelling, finite ele-

ments.

1. Introduction

During the operation of Ignalina NPP spent nuclear
fuel (SNF) is produced. Since the beginning of Ignalina
NPP operation in 1983, all SNF and operational radioac-
tive waste have been stored at the NPP site. Since May
1999, SNF, after being stored in water ponds inside the
NPP buildings, has been removed from there, loaded into
CASTOR RBMK-1500 or CONSTOR RBMK-1500
casks and transported to an interim storage facility in the
industrial area of the NPP. SNF can be stored in these
casks for at least 50 years. Due to the danger of exposure
arising from long-lived radionuclides to humans and the
environment, SNF is prohibited for disposal in the near-
surface repositories [1, 2].

Several alternatives related to safe management and
disposing of SNF are being analyzed for the future. They
are a possibility of having a deep geological repository
for SNF and long-lived radioactive waste in any SNF-
generating country, the possibilities of constructing a
regional repository by joint efforts of several countries
that generate or do not SNF, the possibilities of disposing
of SNF in other countries, and the possibilities of extend-
ing the storage period in an interim storage for up to 100
and more years.

There is an international consensus that high-level
and long-lived radioactive waste, first of all SNF, is best

disposed of in deep geological repositories using a system
of engineered and natural barriers [3]. It is a common
opinion that there are few environments for which there
exists evidence of stability over hundreds of thousands of
years. Modern technology enables assessing old deep
geological formations as the most obvious candidate en-
vironments.

No geological repository is in operation yet, how-
ever, repository projects in Finland, Sweden and USA
have advanced to a stage at which decisions can be made
to begin their construction [2]. Various types of geologi-
cal formations are well investigated and can act as host
rocks for a SNF repository. Since most information re-
garding deep geological formation in Lithuania is avail-
able on crystalline basement, this formation was selected
for the model case studies [4—6].

On the basis of canister defect scenario evaluated by
LEI experts, groundwater flow and radionuclide (iodine-
129 as mobile and long-lived one) transport modelling,
using computer code FEFLOW, was performed in this
particular study for geosphere conditions prevailing in the
southern part of Lithuania.

2. Outline of the problem of spent nuclear fuel

The expected total amount of SNF produced in Ig-
nalina NPP until 2010 is 21941 fuel assemblies [5]. Each
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fuel assembly contains approximately 111 kg of metal
uranium, so the total mass of SNF that should be dis-
posed of in the repository is about 2436 t. The radionu-
clide inventory in SNF will consist of actinides (uranium,
plutonium isotopes, etc.), fission products (iodine, sele-
nium, etc), and many activation radionuclides (a product
of activation of metallic parts of fuel assembly). Most of
radionuclides lie embedded in the fuel matrix of uranium
dioxide for a very long time. A few fission products are
relatively mobile. One of them is iodine-129 the inven-
tory of which per canister in the model case study is as-
sumed to be the same as in Swedish BWR fuel
(2,31E+09 Bq, '™I half life 1,57E+07 years, decay rate
1,3974E-11 1/s).

Repositories for disposal of SNF and high-level
waste generally rely on a multi-barrier system to isolate
waste from the biosphere. The multi-barrier system usu-
ally comprises a natural geological barrier and engineered
barrier system [7]. The host rock types currently under
investigation are salts (in either salt domes or bedded
formations), granite and similar crystalline rocks, argilla-
ceous rocks, tuff and basalt. The most investigated host
rocks to date are crystalline rocks.

The Finnish government and local population first
have recently approved a preferred site for SNF disposal
in granite at Olkiluoto on the Baltic Coast. Sweden has
focused onto two granite areas. Other countries that have
considered granite-siting options include France, Switzer-
land, Spain and Canada.

The most developed Swedish concept for a deep
geological repository involves encapsulating the fuel in
cooper canisters with cast iron inserts, embedding each
canister vertically or horizontally (two concepts, KBS-3V
and KBS-3H) and surrounding them with bentonite clay
at a depth of about 500 m in the Swedish crystalline
basement. In recent KBS-3H alternative is proposed so-
called super-container, which consists of a perforated
steel cylinder with highly compacted bentonite and one
cooper canister inside [8].

The KBS-3H concept was chosen as a prototype in
modelling case of repository in crystalline basement in
Lithuania [4].

3. Hydrogeological setting

Hydrogeological framework of the southern Lithua-
nian region that includes the study area was outlined on
the basis of the information summarized in recent geos-
cientific generalizations [6, 9—11].

The whole territory of Lithuania belongs to the Bal-
tic artesian basin (BAB) that occurs in the East European
platform. Groundwater of BAB occurs in the sedimentary
cover and in the fractured rocks of the crystalline base-
ment. The groundwater-forming process depends on the
structural geological features as well as climatic condi-
tions, relief and river drainage of the region.

Quaternary deposits (glacial till, various sand and silt)
occur at the ground surface and form the uppermost part of
geological section of the region. The total thickness of these
deposits varies from 83 to 143 m (an average thickness is
119 m). The smallest thickness is characteristic of the nor-

thern part of the region. Quaternary deposits of maximal
thickness occur in the highlands of the region.

There are six aquifers (shallow groundwater layer
and five confined layers) in the Quaternary cover.
Shallow (unconfined) groundwater occurs at 1 m depth in
the lowlands and at more than 10 m depth in sandy eleva-
tions. Confined Quaternary aquifers occur in inter-glacial
sands and gravels. Piezometric level and hydraulic pro-
perties of Quaternary aquifers are different and depend on
the complexity of the geological structure. The
groundwater of Quaternary aquifers is fresh (TDS <1 g/l),
its total hardness varies from 4 to 7 mg-ekv/l, and pH is
about 7,5. Tons of hydrocarbonate and calcium prevail in
the chemical composition of water. For modelling purpo-
se, all Quaternary aquifers are considered as a unified
aquifer system [6].

The Cretaceous aquifer consists of chalk, silt, and
sand. The top of the aquifer dips from an altitude of
61 mas.l to —10mb.s.l. The thickness of the aquifer
varies from 30to 105 m. The hydraulic head of the
aquifer varies between the altitudes of 150 and
155 m a.s.l. The specific yield varies from 0,1 to 21/s,
and permeability — from 1 to 260m%d. Fresh
groundwater prevails in the aquifer except several anoma-
lies in the valley of the Nemunas river.

The Permian aquifer occurs mostly in the northern
and northwestern parts of the region. It consists of fractu-
red limestone and sandstone. The top of the aquifer oc-
curs from a depth of 141 m to a depth of 244 m. It dips to
the west and southwest. The thickness of the aquifer rea-
ches 20-25 m. The hydraulic head occurs between the
altitudes of 160 and 210 m. The specific yield of the
aquifer varies from 0,2 to 2,4 1/s. Permeability varies
between 2 and 366 m*/d. The salinity of groundwater
reaches 50 g/l. Sodium and chloride ions prevail in the
hydrochemical composition of the water.

The Silurian—Upper and Middle Ordovician aquifer
system occurs over the studied region except the sou-
thernmost edge. It consists of limestone and clay. The top
of the aquifer occurs at a depth of 204 to 277 m. The
hydraulic head occurs at an altitude 150 ma.s.l. The
lowest level is characteristic of the northern part and rises
to the southeast. The specific yield of the aquifers varies
from 0,002 to 0,296 1/s, and permeability is less than
44 m?*/d. The salinity value of groundwater is low only
near the boundaries of aquifer and rises up to 50 g/l in the
thicker part.

The Lower Ordovician — Cambrian aquifer system
consists of limestone, clayey limestone and sandstone.
The altitude of the aquifer top is varying from 150 m to
210 m b.s.1. It dips to the west. The hydraulic head varies
between the altitudes of 80 and 150 m a.s.l. The specific
yield of the aquifer varies from 0,035 to 0,25 /s, and
permeability is less than 40 m%d. The salinity of the
groundwater could be from 0,6 g/l near the boundary of
occurrence to more than 50 g/l in the north.

The Lower Cambrian aquitard occurs in the nor-
thern and northeastern part of the region. It consists of
argillite, sandstone and clay. The depth of the layer varies
from 259 to 287 m. The altitudes of occurrence are
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between 140 m (in the south) and 210 m (in the north-
western part of the region).

The Cambrian — Vendian aquifer system consists of
sandstone and argillite. It occurs in the whole area of the
region at a depth between 300 and 450 m. The aquifer is
dipping to the east. Its thickness reaches 100 m in the
eastern part of the studied region. The specific yield of
the aquifer varies between 0,006 and 0,25 1/s, and pe-
rmeability could be from 1 to 35 m%d. The aquifer has a
strong hydraulic connection with the underlying Prothe-
rozoic—Archaean aquifer. Therefore, the hydraulic heads
of these two systems are similar. It is about 20 m a.s.l. in
the southwestern part and more than 110 m a.s.l. in the
northeast. The salinity of the groundwater is low (0,3—
0,5 g/l) where aquifer occurs at a smaller depth and can
reach 100 g/l deeper.

Sediments that were deposited at different stages of
the basin evolution overlie the basement rocks. The crys-
talline rocks were exposed to denudation and weathering
for different time intervals under various climatic condi-
tions. Therefore, the upper part of the basement is
weathered. The composition of the weathered crust varies
significantly, that is related to the composition of the
basement rocks and physical-chemical conditions.

The Proterozoic—Archaean aquifer occurs over the
region. It consists of fractured -crystalline rocks.
Groundwater is accumulated in weathering and tectonic
fractures. The aquifer occurs at a depth from 300 m to
more than 600 m. The permeability of the aquifer could
reach 50 m%/d, and the specific yield could be between
0,25 and 0,35 I/s. The salinity of groundwater is lower
than 1 g/l in the southeast and could reach 100 g/l in deep
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occurrence areas. Sodium and chloride ions prevail in the
hydrochemical composition of groundwater [6].

A typical hydrogeological 2 km long section was
chosen from the South Lithuanian region for assessment
through modelling (Fig 1).

The site-specific for this section and generic parame-
ters are given in Tables 1 and 2.

4. Conceptual model

According to the Swedish KBS-3H concept, variant
MLH (Medium Long Hole) where canisters are proposed
to be deposited in a 150-500 m long deposition hole on
both sides of the transport tunnel, the evolution of one
canister was considered [8]. A copper canister selected as
a prototype for SNF from Ignalina NPP is composed of
two components: an outer corrosion protective shell of
copper and a cast iron insert with channels for the fuel
half-assemblies in order to improve the mechanical
strength. One canister can hold 32 RBMK-1500 fuel half-
assemblies, and for Lithuanian disposal purposes, about
1400 canisters should be employed. A copper canister
with 50 mm wall thickness should be made of oxygen-
free copper with a low phosphorus content. A canister
insert is cast of steel and will have a minimum wall
thickness of 50 mm. Preliminary data for a reference
canister are 1050 mm in diameter and 4070 mm in length.

The chemical evolution of a damaged canister dif-
fers radically from that of an intact canister. Intruding
water to a defected canister gives rise to several important
chemical reactions, namely: corrosion of a cast-iron in-
sert, corrosion of fuel claddings and other metallic parts,
release of radionuclides in these parts, dissolution of the
fuel matrix with release of radionuclides.
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Fig 1. Hydrogeological cross-section: 1 — Quaternary deposits (glacial till, silt and various sands), 2 — Cretaceous
(sandy deposits, silt and chalk), 3 — Permian (limestone and sandstone), 4 — Silurian-Upper-Middle Ordovician
(limestone and clay), 5 — Lower Ordovician-Cambrian (limestone, clayey limestone and sandstone), 6 — Lower
Cambrian (argillite, sandstone and clay), 7 — Cambrian-Vendian (sandstone and argillite), 8 — Proterozoic-Archaen
(crystalline rocks), 9 — groundwater level, 10 — well, 11 — hydraulic head
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Table 1. Averaged hydrogeological parameters selected for simple modelling domain in the southern part of Lithuania

[6, 9-12]
No | Geological Lithologi- Thick- Hydraulic Porosity Den- Henry | Longi- Trans-
formation cal descrip- | ness, m conducti- sity, sorp- tudinal verse
tion vity, 107 kg/m® tion disper- disper-
(prevai- m/s for '°I | sivity, m | sivity, m
ling)
1 Quaternary | Glacial 100 0,12 0,25 2000 2 0,01 0,001
loam
2 Cretaceous Sand 100 0,23 0,35 2300 2,3 5 0,5
3 Permian Anhydrite 50 0,58 0,5 2980 2,98 0 0
4 Silurian- Limestone 20 0,01 0,5 2600 2,6 5 0,5
Ordovician
5 Ordovician- | Sandstone 20 0,58 0,05 2700 2,7 5 0,5
Cambrian
6 Cambrian Clay 20 1,16-10°° 0,13 2600 2,6 0,01 0,001
7 Cambrian- Sandstone 100 0,06 0,05 1800 1,8 5 0,5
Vendian
8 Proterozoic- | Weathered 10 1,16- 1073 0,01 2000 2 0,01 0,001
Archaean rocks
9 Crystalline 100 1,16-107 0,0038 2800 2,8 5 0,5
rocks

Table 2. Parameters of single fracture representing tectonic
fault zone [6]

Parameters Crystalline Sandstone
rocks (PR-AR) | (CM-V)

Thickness, m 1 1

Hydraulic conductivity, 60 5

10 m/s

Porosity 0,3 0,26

Longitudinal dispersi- 0,01 5

vity, m

Transverse dispersi- 0,001 0,5

vity, m

Henry sorption for '“I 2 1,8

Rock density, kg/m’ 2000 1800

Following the results of near-field modelling [5], a
simplified canister evolution is given for a canister defect
scenario:

e One canister out of the total of 1400 will pass
through quality inspection with a penetrating defect
of 1 mm? in size.

e 200000 years were chosen as a reasonable value for
the time when the initial defect grows to a large one.

e After the defect becomes larger, the entire void in
the canister at closure, approximately 0,5 m>, will be
filled with water.

e Radionuclides released during the SNF dissolution
process dissolve in water within the canister.

e If the concentration of radionuclide exceeds its so-
lubility limit, they start to precipitate. Sorption on
the internal parts of the canister is neglected.

e Radionuclides diffuse out through a defect hole.

e The buffer is fully saturated at the time when the re-
lease of radionuclides starts. Thus, radionuclides are
transported through the bentonite buffer by diffusion
mainly.

Radionuclides that reach the boundary of the bento-
nite buffer diffuse into the water flowing in the fracture
intersecting the emplacement tunnel. Thus, radionuclides

are transported to far-field and distributed in the hydro-
geological system.

From several cases considered in detail in SR97 and
referenced in [5], the most conservative case was selected
in this study assuming that SNF is completely dissolved
when a continuous water pathway is created (instant re-
lease fraction of 100 %).

A very simple conceptual model of radionuclide
transport in the repository system, including far-field
aquifers, is presented in Fig 2.

Water extraction
well

Single fracture

: P t
LA A oom 4 1
+ + + + + + | Bentonite
U G S B S B i
o B S N R O O R O R R o

Fig 2. Conceptual model of radionuclide transport (not to
scale) [5]

The simple conceptual model is adapted to the hy-
drogeological conditions of the study area demonstrated
in the hydrogeological section (Fig 1).

It is conservatively taken that the canister is in the
tectonic fault zone of crystalline basement. The ground-
water washing the canister discharges into the upper aqui-
fers. For enhancement of hydrodynamic effect it is taken
that a productive well (yield value is 3000 m’/day) is
installed 363 m from the canister in the Ordovician-
Cambrian aquifer (sand).

The current understanding of solute migration proc-
esses in aquifers involves the following major important
radionuclide migration mechanisms: advection in unsatu-
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rated and saturated zones, molecular diffusion, hydrody-
namic dispersion and retardation [13, 14].

The migration of radionuclides from a repository
toward the geosphere (aquifers) and eventually toward to
the surface (or biosphere) can only start when the canister
containing SNF has been defected and SNF has been
dissolved by water and radionuclides have been trans-
ported away from the container through the engineered
barriers surrounding them. In this study, the time for the
mentioned processes is assumed to be 200 000 years.

An additional component of the transport of ra-
dionuclides is their retardation by interactions with the
solid phase. There are many types of possible interactions
but the most common one is adsorption, particularly in
the case of small particles (silt, clay, etc). Additional
mechanisms may include chemical reactions (acid-base,
redox, precipitation, etc) as well as reactions of a solute
with organic molecules or with mineral colloids naturally
present in groundwater. If radionuclides react with or
absorb on such molecules or particles, they may not in-
teract with the solid (no sorption) and be transported
faster than expected. The issues of “facilitated” transport
are particularly important in solutes with high colloid
concentrations [15-17].

An estimated I-129 release rate through engineered
barriers to far-field was taken from the study [5] as input
function for 3D modelling of radionuclide transport in
far-field (Fig 3).

5. Computer code and numerical model

The continuum approach is a standard to describe
the fundamental processes of flow and transport in porous
media [18]. The assumption of continuum implies that
the main physical properties (velocity, pressure, concen-
tration, etc) are continuously distributed in space and thus
exist for any infinitely small material point.
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Fig 3. I-129 release rate from near-field starting after
200 000 years after repository closure [5]

In most porous-media problems mass, motion and
energy-related quantities can neither be measured nor
solved at a microscopic level due to the geometric com-
plexity of real geologic media. These difficulties are re-
solved by a transformation to the macroscopic level by
averaging over volumes, leading to measurable and solv-

able quantities for which the continuum assumption is
then invoked. The related macroscopic equations are
solved by numerical methods [19, 20]. Popular and pow-
erful strategies are the finite element and finite volume
method. Both methods have the same mathematical basis
with weighted-integral formulation of the governing bal-
ance equations [18].

The finite element modelling has broad applications
in various disciplines, including petroleum engineering
(hydrocarbon-gas injection and recycling in gas-
condensate reservoirs), contaminant hydrogeology and
geochemical engineering (contamination of groundwater
aquifers and radioactive waste management in the subsur-
face).

Evaluation of radionuclide environmental effects on
a long-term scale requires quantifying properly the
hydrogeology of the area under consideration and then
mass transport parameters. Constructing of a numerical
model for groundwater flow permitted an integration of
all the available pieces of site-specific information. How-
ever, mass transport parameters are usually absent for
particular areas. In order to avoid impermissible uncer-
tainties of simulation results a long-lived and very mobile
radionuclide for illustrating the problem of radionuclide
transport should be chosen.

The numerical model used in this study is based on
three-dimensional finite-element code FEFLOW 5.0
which allows modelling groundwater flow and contami-
nant transport in layered three-dimensional system taking
into account fracture phenomenon. The simulation system
based on FEFLOW code models the flow and contami-
nant mass processes as coupled or separate phenomena
[21]. It is based on physical conservation principles for
mass, chemical species, linear momentum and energy in a
transient and three-dimensional (if necessary, two-
dimensional) numerical analysis.

For three-dimensional (3D) and two-dimensional
(2D) — vertical and axisymmetric, respectively — proc-
esses the representative model general equations are as
follows (i,j = 1, 2, 3):

f
oh  9q; 1
0% " axlj =Qp +Cpp(CT): M
f_5f
qu :_Kijfp ﬂi_%ej 5 (2)
axj Po
ngEJrqifE_i Dgg N
ot 8xi 6x,~ 6xj 3)

(Rs+0,)c=0c,

with constitutive equations

p’ =p{;{l+—a (C—Co):l’

(Cs _CO)
f k;ipg 8
p 0
h=T+xi, KU =UT,
Po8 Ko

a:[pf(cs>_pg]/p5,
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which are to be solved for three primary variables (h —
hydraulic head; q,f — Darcy velocity vector of fluid; C —
concentration of chemical component or radionuclide).

! ol — fluid and

The main governing parameters are: p’, pj

reference fluid density, respectively; p®— solid density;
Sy — specific storage coefficient (compressibility); K;; —
tensor of hydraulic conductivity; e; — gravitational unit
vector; fu — constitutive viscosity relation function;

Opp— term of extended Boussinesq approximation;
R — specific retardation factor; R; — derivative term of
retardation; Dj; — tensor of hydrodynamic dispersion;

8;i — Kronecker tensor; v — decay rate (A is most con-

ventional designation for radioactive decay rate); € —
porosity; O, — source/sink function of fluid (x =p) and

contaminant mass (x =C); a - fluid density difference

ratio; ﬂ — fluid expansion coefficient; Cy, T; — reference
values for concentration and temperature, respectively;
C, — maximum concentration; p/ — fluid pressure; g —
gravitational acceleration; k; — tensor of permeability;

uf , ug — dynamic viscosity and its reference value,

respectively, of fluid; { — normalized temperature; » —
mass fraction; D; — molecular diffusion coefficient of

fluid; qu - \/qlf qlf — absolute Darcy fluid flux; B,

Br— longitudinal and transverse dispersiveness, respecti-
vely, of chemical species; x(C ) — concentration-
dependent adsorption function.

The relationships of retardation R and R, respective-

ly, can be summarized for different adsorption laws as
follows [21]:

for Henry isotherm:
R=¢(1-¢)K,R; =e+(1-¢)K, 5)

for Freundlich isotherm:
R=c+(1-e)b,C27 R, =+ (1-e)bb,C*271,  (6)

for Langmuir isotherm:

R=e+(l-&)—— =e+(l-&)—— @)

ky
1+ kzc (1+ kZC)
where K — Henry sorption coefficient; b,, b, — Freundlich
sorption coefficient and exponent, respectively; kj, ky —
Langmuir sorption coefficients.
The Henry sorption coefficient of the radionuclides
is calculated as:

K =kyp, @®)
where k; — distribution coefficient for particular ra-

dionuclide, m’/kg; p* — density of solid, kg/m”.

From general equations, the horizontal model equa-
tions, which differ between confined and unconfined
conditions and convective and divergence forms of con-
taminant transport equations, are derived. The governing
model equations have to be supplemented by initial,
boundary, and constraint conditions. There are many
formulations of initial, boundary, and constraint condi-
tions realized in FEFLOW. For the tensors of conductiv-
ity and transmissivity, anisotropy is to be taken into
account in FEFLOW as well [21].

A comparatively simple and conservative (in terms
of groundwater flow formulation) numerical model was
worked out on the basis of a conceptual model (Table 3).

Table 3. Features of numerical model for the domain of southern Lithuania

Problem class

Combined flow and mass transport model

Vertical exaggeration | 1:1

Time class Transient (unsteady) flow, transient (unsteady) mass trans- | Problem measure 877,67 m
port
Time stepping scheme Fully implicit with constant time steps Number of layers 11
Upwinding Full up winding Number of slices 12
Number of time steps 50 Type Saturated
Length of time step 7.305-10°d Dimension Three-Dimensional
Error tolerance 1-107* applied to Euclidian L, integral (RMS) norm Element type 6-noded triangular prism

Maximum number of itera- 12 Mesh elements 56232

tions per time step

Adaptive mesh error 1-107 Mesh nodes 31884

A posteriori error estimator Onate-Bugeda algorithm Mesh optimization Not done

Velocity approximation Improved consistent velocity approximation (by Frolkovic- | Aquifers Unconfined (phreatic); other
Knabner algorithm) applied to linear elements with local aquifers are unspecified (auto-
smoothing matically adapted)

Form of transport equation Convective Projection None (3D with free surface)

Solver Iterative equation solver

Adsorption law Henry isotherm
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Once calibrated, the model was used to predict ra-
dionuclide transport within groundwater and a potential
effect to the environment. The model is virtually rather
conservative and constructed in such a way as to imitate a
greater migration of radionuclides to aquifers than it
could be possible under the chosen geological conditions.
The defected canister is installed in the top part of the
crystalline basement, though, following the conceptual
design, it should be at a depth of 100 m.

6. Discretization, parameterization, initial, boundary
and constraint conditions

Flow in all the aquifers of the numerical model is at-
tributed to 11 layers and represented by 3D finite-element
grid of 56232 mesh elements as shown in Fig 4.

The vertical discretization of the model and its pa-
rameter values are based on the data presented in Fig 1
and Tables 1 and 2. Vertical discretization of the model in
terms of boundary conditions is shown in Tables 4 and 5.

For a numerical model, the created layers are ad-
justed to the geometry of lithological bodies. In the first
simple model approach parameters are assumed to be
constant within the whole modelling domain, e g each
layer consists of one zone. For a brief illustration of
groundwater flow modelling features, a modelled hydrau-
lic head distribution in modelling layer 9 is given which
corresponds to crystalline rocks (Fig 5).

By collecting additional hydrogeological informa-
tion and during further model calibration, the number and
outline of zones should be increased to minimize the
difference between computed and measured or expected
heads at observation points.

The default initial conditions of the hydraulic head
and contaminant mass (0 Bq/l) are used for this model.

A E B

| |
0 100 200 m

D F C

Fig 4. Finite-element grid used for the model domain of
southern Lithuania (see Table 4)

7. Model calibration and sensitivity analyses

Model calibration by many repeated runs is routine
in numerical simulation [22, 23].

Model calibration as practiced in this study is a
process by which the structure and parameters of a nu-

merical model are progressively changed in an iterative
manner to obtain an acceptable match between observed
or expected and computed hydraulic heads and departing
as little as possible from the original conceptual model. In
addition to fitting hydraulic heads, calibration was based
on the following criteria: computed water levels should
always stand below the topographic surface; estimated
hydraulic conductivities should be consistent with con-
ductivities derived from available hydrogeological data;
spatial patterns of parameters should be consistent with
available geological information. A direct experimental
substantiation of mass transport is impossible because
tracer experiments with long-living mobile radionuclides
(I-129) are hardly validated, and the process of large-
scale radionuclide transport is very long-lasting.

Table 4. Flow boundary conditions for the model domain of
southern Lithuania after model calibration (see Fig 4)

Section
or point Type Value Comment
(layer)
A-B - - Unspecified
(1-11) (impervious)
for all 11
layers
B-C Dirichlet | h;=155m; Pervious
(1-11) (1" kind) | hy=154 m; boundary
h;=153 m; (influx)
h,=152 m;
hs=151 m;
he=150 m;
h=149 m;
hg=148 m;
ho=147 m;
h 102147 m;
h 1= 146 m
C-D - - Unspecified
(1-11) (impervious)
forall 11
layers
D-A Dirichlet h;=130 m; Pervious
(1-11) (1"kind) | hy=131m; boundary
h;=132 m; (outflow)
h,=133 m;
hs=134 m;
he=135 m;
h;=136 m;
hg=137 m;
ho=138 m;
h 1():138 m;
h 1 1=139 m
E-F Dirichlet | h;_;;=147 m Pervious
(7-11) (1* kind) boundary
(influx into
fracture repre-
senting tec-
tonic fault
zone)
G(5) | @kind) | gw_39pg | Pumpingrate
P 3 of single well
m’/d




108

Table 5. Boundary conditions for contaminant mass transport
for the convective form

Point Type Value Comment
(layer) years Bg/l
R Dirichlet | <10000 0 Release
(10 (1*kind); | 10000— 3081 | from reposi-
time- 100000 tory (de-
varying | 100000~ | 308 | fected
function 200000 canister) to
Clx.1)= [200000— | 3,1 | receiving
CcR(r) 300000 cell with
300000- | 1,5 dimensions
400000 of 12x12x
>400000 | O 1,85 m
1
2
3
2 F eF
129 \ \
125
@
0 200 400 m
[— |

Fig 5. Simulated hydraulic head of layer 9 representing
crystalline rocks after 40 000 years: 1 — isoline of hydrau-
lic head, m a.s.1., 2 — repository, 3 — pumping well

The parameters of relevance under far-field flow
conditions routinely include hydraulic conductivity (K),
areal recharge, hydraulic heads (h) specified along
boundaries, dispersivity parameters (f;, Pr). Areal re-
charge was assumed to be uniform throughout the study
area (1,4-10™ m/d).

A sensitivity analysis was performed to (a) quantify
uncertainty in the estimated parameters and that of the
parameters that remained fixed during calibration, and (b)
evaluate the effect of some hypotheses of the conceptual
model (for example, influence of a pumping well). The
sensitivity of the model with respect to a given parameter
was evaluated by performing calibration runs in which
this parameter was assigned a fixed value within a plau-
sible interval, while the rest of the model parameters were
estimated. Sensitivity analyses were carried out using the
final structure of the model, and its sensitivity was tested
for (a) hydraulic conductivities of all the layers and for
(b) dispersivity of all the layers (Figs 6 and 7).

For sensitivity analysis, runs of the model were
made for four sets of hydraulic conductivity: 1 — normal
hydraulic conductivity corresponding to the values of
Table 1; 2 — normal conductivity increased by one order
of magnitude; 3 — normal conductivity increased by two
orders of magnitude; 4 — normal conductivity decreased
by one order of magnitude. The change of volumetric

1-129 activity, Bq/l

1-129 activity, Bq/1

I-129 activity, Bq/l

1-129 activity, B/l
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1L.E-06 +——————r————r—rr e
0.E+00 1.E+05 2.E+05 3.E+05 4.E+05
Time, years
1.LE+01
1.E+00 IPumping well ‘ |
: 1
1.E-01 JINE
1.E-02 15 —
1.E-03 - N
1.E-04 - ¥
——
1.E-05 4 ﬂ\
1.E-06 +r——rr—rrrrrrrrrrrrrr R e
0.E+00 1.E+05 2.E+05 3.E+05 4.E+05
Time, years
Fig 6. Computed temporal distributions of I volumetric
activity in groundwater for different sets of hydraulic
conductivity values (I — normal hydraulic conductivity;
II — normal conductivity increased by one order of magni-
tude; III — normal conductivity increased by two orders of
magnitude; IV — normal conductivity decreased by one
order of magnitude)
1.E+00 Observation point
1.E-02
—1 SN——
l.E'03 1'1' \\
1.E-04 —III N\
—_—1V
1.E-05 —\]
1.E-06 : . :
0.E+00 1.E+05 2.E+05 3.E+05 4.E+05
Time, years
[ | I
1.E+00 Pumping well —_T
1E-01 - '\ —
—_—1v
1.E-02 - & —vV
1E-03 HC——— ™~
\ \
1.E-04 H \V
1.E-05 ~\
1.E-06
0.E+00  1.E+05  2.E+05  3.E+05  4.E+05

Time, years

Fig 7. Computed temporal distributions of '*I volumetric
activity in groundwater for different sets of hydraulic
dispersivity values (I — normal dispersivity; II — normal
dispersivity increased by one order of magnitude;
IIT —normal dispersivity increased by two orders of magni-
tude; IV — normal dispersivity decreased by one order of
magnitude; V — zero dispersivity)



V. Jakimaviciité-Maseliené et a.l. / JOURNAL OF ENVIRONMENTAL ENGINEERING AND LANDSCAPE MANAGEMENT — 2006, Vol XIV, No 2, 101-112 109

activity of 1-129 in groundwater for a period of 0 to 10°
years was reconstructed at an observation point (layer 9 —
crystalline rocks, about 90 m from repository) and in a
pumping well (layer 5 — sandstone, 363 m from a reposi-
tory).

The volumetric activity of I-129 in the groundwater
at an observation point close to the defected canister did
not differ in more than one order of magnitude through-
out the whole modelled period. The highest I-129 volu-
metric activity occurred when the normal conductivity
increased by two orders of magnitude. Peak activity value
in all the cases did not exceed 1 Bg/l. The volumetric
activity of I-129 in the groundwater of a pumping well
more remote to the defected canister did not differ in
more than one order of magnitude throughout the whole
modelled period either. The highest 1-129 volumetric
activity occurred when the normal conductivity decreased
by one order of magnitude. Peak activity value in all the
cases did not exceed 107 Bg/l.

For sensitivity analysis, runs of the model were
made for five sets of longitudinal and transverse disper-
sivity parameters: 1 — normal dispersivity corresponding
to the values of Table 1; 2 — normal dispersivity increased
by one order of magnitude; 3 — normal dispersivity in-
creased by two orders of magnitude; 4 — normal disper-
sivity decreased by one order of magnitude; 5 — zero
dispersivity. The change of volumetric activity of I-129 in
groundwater during the period from 0 to 10° years was
reconstructed at the same observation point (layer 9 —
crystalline rocks, about 90 m from a repository) and in a
pumping well (layer 5 — sandstone, 363 m from a reposi-
tory). The volumetric activity of I-129 in the groundwater
at an observation point close to the defected canister in all
the cases did not differ in more than one order of magni-
tude throughout the whole modelled period. Actually
calculation results are the same in most of the cases ex-
cept higher values when the normal dispersivity increased
by two orders of magnitude. The volumetric activity of
I-129 in the groundwater of a pumping well more remote
to the defected canister did not differ in more than one

order of magnitude throughout the whole modelled period
either except the higher values when the normal dispersiv-
ity increased by two orders of magnitude.

The calibrated model especially in the pumping well
area was very sensitive to changes in dispersivity parame-
ters, namely, in the region of very high dispersivity val-
ues. The calibrated model in closer to a release point zone
was less sensitive to changes in dispersivity parameters.
On the other hand, model results for the two cases were
not very sensitive to small or even large changes in the
hydraulic conductivities. Therefore, the calibrated model
was not very sensitive to errors in the hydraulic conduc-
tivity estimations.

8. Spatial distribution of contamination plume

Computer program FEFLOW enables spatial and
temporal analysis of modelling results in many ways. For
demonstration, we present here the calculation results for
contamination plume at a moment when peak volumetric
activity of I-129 is expected. This is the time approxi-
mately 40000 years after the initial moment of release.
Yet the initial moment of release will occur 200 000
years after the repository closure. Thus, the migration of
the most mobile radionuclide I in groundwater will be
possible only in a very remote future for normal evolution
scenario.

Calculation results in the section show that a con-
tamination plume of 107> Bg/l does not reach furher than
700 m from the defected canister and includes the Cam-
brian-Vendian and weathered Proterozoic-Archaean aqui-
fers (Fig 8).

Imitation of discharge conditions show that the
groundwater containing [-129 with volumetric activity
107°-107* Bg/l is able to reach a productive well or earth
surface.

The areal distribution pattern of volumetric activity
of I-129 in the most highly polluted water of Proterozoic-
Archaean aquifer is given in Fig 9. The highest predicted
value of activity near the defected canister in the zone of

Depth, m
0

0 200 400 m

[& ] [ ]2

500

Activity, Bg/l:

[ w0t ] 1010

;

Fig 8. Contamination plume of '*’I (cross-section): 1 — repository, 2 — pumping well, 3 — tectonic fault
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Fig 9. Contamination plume of '*’I (areal distribution in Preoterozoic-Archaean aquifer):
1 —repository, 2 — observation point, 3 — tectonic fault

tectonic fault is of the order 1 Bg/l. Contamination plume
of 107" Bg/l reaches the observation point, whereas the
groundwater containing 1-129 with possible volumetric
activity of 107 Bg/l discharges outside the model
boundaries in the flow direction.

The highest permissible value of I-129 volumetric
activity corresponding to the 0,2 mSv/years effective
dose for drinking water pathway is 5,5 Bg/l. Yet today,
for example, the global level of I-129 volumetric activity
in the river water is about 107° Bg/l.

The numerical model should be improved in future
and more scenarios of a long-term evolution of reposito-
ry-surrounded media should be worked out.

9. Conclusions

The crystalline basement is the best worldwide in-
vestigated media in connection with disposal of SNF. In
Lithuania, thick sedimentary layers of varying origin and
properties cover the crystalline basement. Complex struc-
tures of overlying layers make performance assessment
significantly more sophisticated and complicated.

Modelling of safety of the most relevant radionu-
clide "I migration for tectonically fractured domain
shows that doses to humans even in such a conservative
case will not exceed the existing dose restrictions. Pre-
dicted volumetric activity of I-129 at 363 m distance from
repository in groundwater of the Ordovician-Cambrian
aquifer, which could be used for water supply, is of the
order 10~ Bg/l.

On the basis of worldwide experience it would in
principle be possible to dispose of SNF and other long-
lived high-level radioactive wastes in a repository built in
the crystalline basement.
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POZEMINIO VANDENS TEKMIU IR RADIONUKLIDU PERNASOS KRISTALINIAME PAMATE

MODELIAVIMAS FEFLOW KODU
V. Jakimavidiité-Maseliené, J. Mazeika, R. PetroSius

Santrauka

Pagal radioaktyviyjy atlieky tvarkymo strategija Lietuvoje yra numatoma galimybé panaudotg branduolinj kurg ir ilgaam-
Zes radioaktyvigsias atliekas, susidarancias Ignalinos AE, laidoti giliose geologinése formacijose. Pradiniai tyrimai
2001-2004 metais buvo skirti atrinkti Siam tikslui tinkamiausias geologines formacijas. Modeliui sudaryti pasirinktas la-
biausiai iStirtas kristalinis pamatas. PoZeminio vandens srauto ir radionuklido (itin mobilaus ir ilgaamZio jodo-129) perna-
$os modelis buvo sudarytas kompiuterine programa FEFLOW, laikantis esminés prielaidos (Svedijos ekspertu pasitilytas
bei Lietuvos energetikos instituto specialisty apskai¢iuotas konteinerio defekto scenarijus) bei pagal Piety Lietuvai biidin-
gas geologines salygas ir vyraujancius parametrus (0,8x0,6x0,52 km tolimojo lauko blokas). Darbo metu buvo modeliuo-
tas poZeminio vandens srautas, kylantis per tektoniSkai suardyta zona, kurioje yra patalpintas paZeistas konteineris.
Pagrindiniai skai&iavimy rezultatai: didZiausias '*’I tirinis aktyvumas, kai poZeminio vandens srautas, kylantis tektoniskai
suardytoje zonoje ¥alia konteinerio, nesieks 1 Bg/l, aktyvioje vandens apytakos zonoje — iki 107 Bq/l. Rezultatai rodo,
kad Zmogaus gaunama dozé, jei jis gerty poZemini vandenj, neturéty siekti ribinés dozés (0,2 mSv/m). Modeliavimo dar-
bai, remiantis sudétingesnémis prielaidomis bei geologinémis salygomis, bus atliekami ateityje.

Prasminiai Zodziai: panaudotas branduolinis kuras, geologiné saugykla, kristalinis pamatas, poZeminis vanduo, skaitme-
ninis modeliavimas, baigtiniai elementai.

MOJAEJIUPOBAHHUE IIOTOKOB IIOA3EMHBIX BOJ W MNEPEHOCA PAJUOHYKJ/IUIOB B
KPUCTAVIMYECKOM ®YHAAMEHTE KOMIIBIOTEPHBIM KOAOM FEFLOW

B. AAxumaBuuiote-Macsiene, M. Ma:keiika, P. [IaTpourioc
Peswowme

Crparerust obparieHusi ¢ pajAHOaKTUBHBIMH OTXo#amMu JIMTBBI B KauecTBE OMHOIN M3 albTepHATHB IPEIyCMATPUBACT
OLICHKY BO3MOJKHOCTEH 3aXOpOHEHHs] OTpabOTaHHOIO SIEPHOTO TOIUIMBA M JOJITOXKHMBYIIMX PaAMOAKTHBHBIX OTXOIOB B
IIyOOKHX reosorndeckux (opmanusax. HauambHas omeHKa MPUTOZHOCTH BCEX MOTEHIMAIBHBIX TEOJIOTHYECKHX (opma-
LU JUTS 3aXOPOHEHNS OTPabOTaHHOTO SJEPHOTO TOIUTMBa Npou3BeaeHa B JIutee B Tedenue 2001-2004 rr. 3-3a 6onbmio-
ro o0beMa CyLIECTBYIOLIEH pa3HOCTOPOHHEH HMH(POPMALMH KPHUCTAIMYECKHH (QyHIaMeHT OblI OTOOpaH B MEPBYIO
ouepe/ib AJ1sl MOJAEIUPOBAHNUS TOTOKOB MOA3EMHBIX BOJ U EPEHOCA PAAUOHYKINIO0B.
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[MpuHnMas Bo BHUMaHUE TVIaBHBIE NMPEANOCHUIKA HOPMAJIBHOTO Pa3BUTHs (IPEIUIOKEHHBIH NIBEACKUMHU SKCIIEPTAMH H
oueHeHHbli 3kcneptamu LEI crieHapuii neekTHOro KaHuCTpa ¢ 0TpabOTaHHBIM SJEPHBIM TOIUIMBOM) U HOJOOpaHHbIE
MapaMeTphl, XapaKTepHbIE ISl KPUCTATIIMYECKOro (yHIaMeHTa U BhILIeIeXallel Tonmu ocagouHbix nopoa KOsxHoil yac-
™ Jluteel  (0,8%0,6x0,52-KWIOMETPOBBI  OJOK JalbHEro TMOJS), MOJCITHPOBAICS MEPEHOC PATUOHYKIHIOB
(#iona-129 kak MOOMABHOTO M JONTOXKHUBYILIETO PAAMOHYKINAA) C TIOTOKOM TOA3EMHBIX BOJ, UCIOJB3YsS KOMITBIOTEPHBIH
kox FEFLOW. Yepe3 nedeKTHbIN KaHUCTP, TUIOTETUYECKH PACIIOI0KEHHBIH B TEKTOHUYECKH HapyLIIEHHOU 30HE, Cpell-
CTBaMH MOJEIMPOBAHNUS OBLT BOCCO3/[aH BOCXOISIINH ITOTOK MOA3EMHBIX BOJI.

I'naBHbIE Pe3yJIbTAThl YUCICHHOIO MOJEIMPOBAHUS JUI OYeHb KOHCEPBATHBHOIO Cllydasi TAKOBBI: IPH BOCXOJISAIIEM I10-
TOKE MO/3EMHBIX BOJ MAaKCUMYyM aKTUBHOCTH [-129 B BoJe TEKTOHHYECKH HApyLIIEHHOH 30HBI PAIOM C Ae(EKTHBIM KaHH-
cTpoM He GyzeT npeBbimaTh 1 BK/7, a B 30He aKTHBHOTO BOZ00OMeHa OH Giu30K K 107> BK/1. Pe3yabTaThl MOKA3BIBAIOT,
9TO TOMTyJaeMbIe YeTOBEKOM 4epe3 MUTHEBYIO BOAY 035! OIKHEI BHITh MEHbIIE OrpaHHYEHHON 10351 (0,2 M/rox).

KunioueBble cioBa: 0TpaboTaHHOE SJIEPHOE TOILIMBO, F€OJIOTMYECKOe XPaHWIMILE, KPUCTAUIMYECKUI (QYHIAMEHT, Moa-
3EMHBIE BOJIbI, YUCICHHOE MOJIEIMPOBAHNE, KOHEYHBIE HJIEMEHTHI.
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