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Abstract. A special program and action plan have been developed in Lithuania for the purpose of implement-
ing the European Council Directive 2011/70/Euratom of 19 July 2011, establishing the Community framework
for the responsible and safe management of spent fuel and radioactive waste. An important part of this plan is
related to geological investigations for the site selection, design and construction of deep geological repository
(DGR) for spent nuclear fuel and high-level long-lived radioactive wastes. The main task of geological inves-
tigations is to select a suitable geological environment for DGR, which is closely related to that of the DGR
site. There are several alternative geological formations potentially suitable for DGR in Lithuania. Selection
of the most suitable DGR site should be made and the DGR concept should be developed applying clear meth-
odology. The proposed methodology is based on the safety requirements established by International Atomic
Energy Agency (IAEA), systematic approach and criteria that are widely used worldwide. The suitability
evaluation criteria are divided into 4 groups according to the factors responsible for the stability and safety of
the DGR system. The highest rank of significance is assigned to the group of criteria that are associated with
the factors responsible for the loss of the long-term stability of the system. The criteria associated with the
DGR system confinement are assigned to the second group and are ranked second in significance. The third
group of evaluation criteria could be characterized as a data availability group. It consists of the evaluation
criteria associated with the emergence of uncertainties. Features or processes responsible for the improvement
of formation properties over time are assigned to the fourth group and have the lowest rank of significance. The
application of this methodology allows calculating the suitability score of each potentially suitable geological
formation depending on the level of data detail at any stage of the investigation.
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INTRODUCTION

Since the beginning of the Ignalina Nuclear Power
Plant (INPP) operation in 1983, all spent nuclear fuel
and radioactive waste has been stored at the INPP
site. INPP is located at the North-eastern edge of the
territory of Lithuania. Removal of spent nuclear fuel
from special water ponds where it had been stored, its
loading into CASTOR RBMK-1500 or CONSTOR

RBMK-1500 casks and transportation to an interim
storage facility on the industrial territory of the INPP
have been carried out since May 1999. Spent nuclear
fuel (SNF) can be stored in these casks for 50 years.
Almost half of this period has already passed. This
makes the elaboration of the SNF final disposal op-
tion very important. Direct disposal of SNF, which
is assigned to radioactive waste, is provided for in
Lithuanian legislation. The European Council Di-
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rective 2011/70/Euratom of 19 July 2011 establish-
ing the Community framework for the responsible
and safe management of spent fuel and radioactive
waste (Directive) is in force in all member states of
the European Union. According to this Directive, all
radioactive waste has to be managed and finally dis-
posed of on the territory of the country where it was
generated. For the implementation of this Directive, a
special program and action plan of radioactive waste
management have been developed in Lithuania. In
Lithuania, the design and construction of a deep geo-
logical repository (DGR) for spent nuclear fuel and
high-level long-lived radioactive waste is scheduled
for 2067. In accordance with Safety Standards of the
International Atomic Energy Agency (IAEA), safety
of the DGR should be ensured by a multi barrier sys-
tem, which consists of man-made (engineered) and
natural barriers operating together in a complemen-
tary way to provide isolation and containment of ra-
dioactive waste. The first barrier of the DGR system
is represented by a matrix where radioactive waste
is confined, the second one by a corrosion-resistant
container, the third one by backfill with high sorption
capacity, and the last one is represented by a suitable
geological formation. A comprehensive DGR project
has been carried out by INPP since 2019. A large
part of this project is related to geological investiga-
tions and Lithuanian Geological Survey is responsi-
ble for the implementation of this part of the DGR
project. The aim of the investigations to be pursued
in the coming decade is to select the geological envi-
ronment and several alternative sites suitable for the
DGR installation.

Several geological desktop studies dealing with
the conceptual planning stage of the DGR site selec-
tion were performed during the period 1998-2014.
The main outcome of these studies is the location of
several potentially suitable formations for the DGR
installation in the geological setting of Lithuania.
Lithuanian formations of Proterozoic crystalline base-
ment rocks, lower Cambrian clays, Permian evapor-
ites (rock salt and anhydrite) and lower Triassic clays
were identified as potentially suitable for DGR. Po-
tential suitability was determined according to the
petrological structure and geometry of formations.
Based on the large amount of borehole data stored
in the Lithuanian State geological information system
GEOLIS, the areas of the potentially suitable forma-
tions’ occurrence were determined. Further analysis
of all possible alternatives requires elaborating four
different disposal concepts. For economic and time
saving purposes, it is more reasonable to select one or
two most suitable geological formations in the proc-
ess of the DGR concept development and then to se-
lect several alternative sites for further investigations.
The suitability of the geological formations should be
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evaluated according to the DGR safety and perform-
ance assessment criteria. A clear methodology or
technique is needed to perform such evaluation. The
DGR design and construction is a very long-lasting
process. Therefore, methodology should be simple
enough for the present-day and future political deci-
sion-makers to comprehend.

The proposed methodology relies on the safety re-
quirements and recommendations established by the
IAEA (IAEA 1994, 2011). The systematic approach,
universally applicable criteria (Mallants et al. 2018)
and multiple criteria analysis form the basis of the
proposed methodology.

GENERAL REQUIREMENTS FOR THE DGR
INSTALLATION

DGR is a complex system of surface and under-
ground structures consisting of the geological envi-
ronment and technological installations. Selection of
the geological formation and site for DGR should be
based on principles of radiation protection and re-
sponsibility towards future generations. These prin-
ciples were set by IAEA (IAEA 1981) in the eighth
decade of the last century. According to these princi-
ples, people should be protected throughout the pe-
riod of time during which waste remains potentially
hazardous, and future generations should not have to
bear the costs or suffer harmful consequences of the
applied necessary measures to ensure protection of
man and his environment.

The purpose of the DGR installation is to isolate
radioactive waste from the human environment. The
isolation of radioactive waste and human environ-
ment protection should be achieved by using a multi-
barrier system, which consists of engineered and nat-
ural barriers, complementing each other in fulfilling
safety functions.

The DGR should be installed deep enough and
should not appear near the land surface because of
geological processes during the period of time while
the radioactivity of the waste exceeds the admissible
level. In addition, the geological formation should be
thick enough to provide a sufficient buffer zone be-
tween the DGR and the boundaries of overlying and
underlying strata or tectonic zones. The geological
structure where the DGR is planned to be installed
and the structures surrounding it could be considered
as the DGR system. The system should remain stable
until waste becomes harmless to the human environ-
ment. The walls of underground openings should be
isolated and investigation boreholes should be sealed
to avoid the radionuclide release into the human en-
vironment. To avoid potential mechanical damage to
the DGR system, it should be installed at a site where
the exploration of mineral resources is not expedient.



Table 1 Geological factors related to the main requirements

Requirements for the geological formation

Geological factors

1. Appropriate engineering geological conditions

1) Sufficient depth;
2) physical and mechanical, thermal and other properties of rocks;
3) sufficient thickness of geological formation.

2. Long-term stability of the DGR system

1) Stable tectonic conditions;

2) formation resistance to climate impacts;

3) no recent and future mineral resources exploration;
4) low seismicity in the area;

5) no recent earth crust movements;

6) very low possibility of volcanic activity.

3. Appropriate isolating properties of the DGR
environment

1) No hydraulic connection between land surface and DGR excavations;
2) very slow groundwater or moisture movement;
3) suitable and stable hydro-chemical conditions;
4) retardation of radionuclide migration within the geological formation.

4. Radionuclide retardation possibility due to geo-
logical factors or DGR impact

1) Processes causing lower permeability of rocks (self-sealing of fractures,
rise of new minerals etc.);

2) processes causing higher sorption capacity;

3) processes maintaining reduction conditions.

In order to avoid rapid radionuclide transport from
waste packages to the environment, it is essential that
there would be no groundwater flow in the geological
formation, where the DGR is going to be installed.
Unwanted chemical reactions between radioactive
waste and groundwater as well as retardation of ra-
dionuclides should be anticipated. DGR engineering
constructions should be resistant both to thermal and
radioactive impacts. Geological factors related to
the above-mentioned requirements are presented in
Table 1.

METHODOLOGY OF GEOLOGICAL FOR-
MATION SELECTION

Selecting a geological formation for DGR is the
task of finding some optimal conditions for the lat-
ter. To solve this task, it is necessary to make a de-
cision at each stage of evaluation. In many cases,
decisions could be subjective and could depend on
different opinions of decision-makers. To prevent
possible subjectivity in decision-making, methodol-
ogy for suitability evaluation should be followed. The
suggested methodology is based on principles of the
analytic hierarchy process (AHP) (Saaty 1995; Men-
doza 1997; He et al. 2020) and multicriteria evalua-
tion (MCE) (Hoseini, Kamrani 2018). Each geologi-
cal factor could be characterized by one or several
criteria and one criterion could characterize several
factors. For example, the factor “suitable properties
of rocks” could be characterized by the bulk density,
thermal conductivity, compressive strength and other
parameters used as criteria. On the other hand, the cri-
terion “permeability of rocks” is related to the factors
of the system’s isolating properties and that of the ra-
dionuclide retardation possibility.

Importance of the possible events and processes
for the DGR system performance

When installing the DGR, situations of system in-
stability, fast accidental release of radionuclides from
the repository and unpredictable performance of the
system should be avoided. When caused by geologi-
cal factors, such situations could be referred to as
scenarios of the DGR performance. For example, an
intensive tectonic uplift could cause the emergence
of a geological formation on the land surface. Active
faulting could damage the engineered constructions
or cause the appearance of fractured zones function-
ing as gas and fluid transport pathways within geo-
logical formations.

In terms of DGR constructability and long-term
safety, DGR performance scenarios differ in signifi-
cance. The most significant scenarios are those that
cause mechanical damage to the DGR system or its
collapse. Such scenarios could be evaluated as cata-
strophic. Another group of scenarios includes those
that could cause accidental fast release of radionu-
clides from the DGR system and, therefore, they
could be rated as accidental scenarios. A scenario of
unpredictable consequences is the one that is caused
by a geological factor that has not been sufficiently
investigated yet or the changes it has induced in some
features cannot be predicted for a long period of time.
Such scenarios could be termed scenarios of uncer-
tainties and could be assigned to the third group of
significance. There are several geological factors that
can improve mechanical or hydraulic properties of
geological formations, e.g., self-sealing of fractures.
Scenarios caused by such geological factors fall into
the fourth group of scenarios (Table 2). The rank of
significance assigned to the groups of geological fac-
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tors and criteria corresponds to that of the DGR per-
formance, and is used as a multiplier coefficient with
values ranging from 4 to 1 in the final formula for
suitability evaluation (1).

Criteria for the geological formation selection

Each feature, event or process that is characteris-
tic of a certain geological environment and is impor-
tant to stability and safety of the DGR system could
be used as a criterion for selecting a formation or
site suitable for the DGR installation. According to
IAEA, the criterion is the condition on which a deci-
sion or judgement can be based (IAEA 1994). It may
be qualitative or quantitative and should result from
established principles and standards.

Selection of the geological formation and site for
the DGR installation should be performed accord-
ing to the relevant criteria characteristic of a certain
geological factor and satisfying the above-mentioned
requirements for the DGR constructability and long-
term safety. In accordance with global practice, each
criterion should be obtained from the results of rel-
evant investigations or should be qualitatively evalu-
ated and accepted by several professional experts. It
is possible to compare the suitability of different geo-
logical formations for the DGR installation if each
formation has been evaluated applying the same set
of criteria.

Geological criteria related to important geological
factors and grouped by significance rank are present-
ed in Table 2.

Significance rank is assigned to each criterion
within a group, and when calculating the final suit-
ability score (SS) of the geological formation, the

Table 2 Criteria grouped by DGR performance scenarios

suitability index (SUI) of each criterion will be multi-
plied by 4, 3,2, or 1.

Another task of the geological formations’ suit-
ability evaluation is to determine the importance of
each criterion in relation to other criteria of the same
group, which could be called weighting of criteria
(Ahlroth et al. 2011, Iwaro et al. 2014). There are
several weighting methods described in literature
(Odu 2019). The pair-wise comparison method seems
to be applicable for the proposed methodology. It is
the method where the decision-maker compares each
criterion with the other ones and determines the level
of preferences for each pair of such criteria. The to-
tal weight of all criteria in one group is equated to 1.
The weight of each criterion could be understood as
part or percentage of the total weight of the criterion
group.

The suitability index should be provided for each
value or interval of the parameter (criterion) that is
obtained from the results of investigations or is de-
termined qualitatively. Each value of the first group
criteria is given an index ranging from 5 (very suit-
able) to 0 (unsuitable). Zero suitability, which means
unsuitable and excludes the formation under analy-
sis from further evaluation, could be assigned to the
criteria of the first group. In the case of the DGR
installation, zero suitability will denote the geologi-
cal formation where the catastrophic scenario of per-
formance is highly possible. Indexes ranging from 4
(suitable) to 1 (least suitable) should be given to cri-
teria of the second group, from 3 (suitable) to 1 (least
suitable) — to those of the third group and 2 (suitable)
or 1 (least suitable) — to the fourth group of criteria.
When quantitative values of parameters are available,
suitability indexes should be given to certain inter-

Value of the significance
rank (SR)

Scenario of DGR performance

Criteria for evaluation

4 Mechanical damage of DGR system (catastrophic).

. Sufficient strength.

. Formation dimensions.

. Seismic activity.

. Occurrence of active faults.

. Temperature.

. Tectonic regime.

. Velocity of vertical movement.
. Mineral resources.

cidental).

3 Fast release of radionuclides from DGR system
caused by migration of groundwater or gases (ac-

. Occurrence of waterproof rocks.

. Hydrodynamic regime of the saturated zone.

. Distance from discharge areas.

. Radionuclide solubility in groundwater.

. Occurrence of rocks with high sorption capacity
(above the DGR system).

N A WD~ WU W —

tions (unpredictable).

2 Uncertainties in radionuclides’ migration predic-

1. Structure of groundwater or gas flow.
2. Climate impact on DGR system.
3. Glaciation impact on DGR system.

system (improvement).

1 Radionuclide retardation increase in the DGR

1. Layering of sedimentary cover.
2. Occurrence of basal rocks.
3. Self-sealing of the fractures.
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vals of parameters. For example, quantitative values
of the first group criterion “depth of the formation”
could be easily obtained from the borehole data and,
based on the evaluations performed in various coun-
tries, suitability of intervals could be determined. The
optimum depth in the interval between 500 and 700
meters is evaluated as very suitable (suitability in-
dex 5). The depth interval from 200 to 500 m is rated
as suitable (3), more than 700 m as less suitable (2),
an uninvestigated depth interval as least suitable (1)
and the depth interval less than 200 m is evaluated as
unsuitable (0).

POTENTIALLY SUITABLE FORMATIONS IN
LITHUANIA

The geological structure of Lithuania could be
suitable for the DGR installation. The territory of
Lithuania is located in the North-eastern part of the
East European platform. Crystalline basement occurs
at a depth of 2002300 meters below the land surface.
The sedimentary cover consists of the deposits of all
geological systems. Ediacaran and Cambrian depos-
its are siliciclastic (claystone, clay, gravelstone, sand-
stone, siltstone), Ordovician and Silurian deposits
are carbonate and clayey (limestone, marl, dolomitic
marl, dolomite, claystone, clay), Devonian deposits
are carbonate, sandy and clayey (sandstone, sand,
clay, dolomitic marl, dolomite, etc.), Carboniferous
deposits are sandy and clayey, Permian deposits are
represented, in general, by limestone, anhydrite and
rock-salt, Triassic deposits are clayey, Jurassic de-
posits are represented by clay, siltstone, sandstone,
those of Palacogene and Neogene by sand, silt, clay
and Quaternary deposits are represented by till, sand
and gravel.

From the hydrogeological point of view, the terri-
tory of Lithuania belongs to the Baltic artesian basin
(BAB), which is located in the East European plat-
form. In the North and West, the basin borders on
the Baltic shield. Its eastern boundary runs alongside
lakes Chudo and Pskov towards the centre of Bela-
rusian—Masurian Highlands. The southern boundary
of the basin coincides with the platform edge faults.
Several structural elements, i.e., the Baltic depres-
sion, the slope of the Baltic shield, and the Belaru-
sian—Masurian Anteclise are distinguishable in BAB.
Groundwater of BAB occurs in the sedimentary cov-
er and in fractured rocks of the crystalline basement.
Groundwater forming processes are predetermined by
the above-mentioned structural geological features as
well as by climate conditions, relief and river drain-
age of the region (Kanopiene et al. 2005).

Based on the results of the classical geological in-
vestigations stored in the Lithuanian state geological
information system, recommendations provided in

IAEA publications and best international practices,
several geological formations were evaluated as po-
tentially suitable for the DGR installation. They are
as follows: 1) rocks of Crystalline basement, 2) Low-
er Cambrian clay; 3) Permian evaporites; 4) Lower
Triassic clay.

Rocks of Crystalline basement. In Lithuania, the
Crystalline basement occurs at a depth of 200-2300
meters below the land surface and is represented by
Proterozoic rocks: metamorphosed granulite facies
in Western Lithuania (gneisses, schists, enderbites,
charnokites) and amphibolite facies in the Eastern
part of Lithuanian territory (amphibolites, gneisses,
granites). There are intrusions of basic rocks (gabbro,
diabases) in the Crystalline basement rocks. Only
rocks of the Eastern and South-Eastern parts of the
country were evaluated as potentially suitable for
DGR (Fig. 1), which is because of the great depth of
their occurrence (1500-2300 meters) in the Western
part. Thickness is not an issue for this formation, only
about 50 m thick weathered zone could be detected in
the upper part. The density of crystalline rocks is high
and reaches 2.8 Mg/m?®. The most prospective rock
types are represented by cratonic (anorogenic) grani-
toid intrusions forming rather large massifs in some
places (Kapciamiestis, Kabaliai). These rocks are
least damaged by tectonic activity. Furthermore, li-
thology variations at short distances are minor, which
makes exploration much easier. Yet, other rock types
(gneisses, mafic intrusions, migmatites) form only
weakly fractured blocks, which also may be prospec-
tive for a repository. Judging by very low seismic
activity, southern Lithuania is affected by very low
tectonic stress. The hydrogeological well tests indi-
cate that tectonic zones are water-saturated, whereas
homogeneous blocks are water-proof. Salinity of the
formation water does not exceed 30 g/1 (except some
rare anomalies), which is favourable for engineered
barriers. The water flow field of the basement has not
been well understood yet.

Lower Cambrian clay. The oldest part of Lower
Cambrian—Baltija group — consists of the compact
clay formation. This formation is located in East-
ern Lithuania at a depth of 300—500 and more me-
ters. Clay is very compact and consists of illite (from
60-65 to 85-90%), kaolinite (from 3-5 to 25-30%)
and chlorite (from 3-5 to 10-15%) minerals. There
are some interlayers of sandstone in Lower Cambrian
clay. In the central part of the Lower Cambrian clay-
ey formation distribution area, local sandstone lenses
vary from 2 to 9 m in thickness, and two considerable
sandstone layers in the lower portion of the section
(10-16 m of thickness, increasing up to 25 m in the
very frontier area in the East) could be traced all along
the cross-sections. Sandstone interlayers are poten-
tially highly permeable transport pathways; in such a
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Fig. 1 Potentially suitable geological formations for DGR in Lithuania (Kanopiene et al. 2005)

case the clay barrier thickness would be about 40 m.
The Lower Cambrian Clayey Formation is rather
poorly investigated, and only data on more than 100
wells are available. Sediments are also rather poorly
studied in terms of mechanical properties, and only
a few parameters are available (density of the rock
equals to 2.22-2.25 g/cm?, magnetic susceptibility is
0.08-0.14 y*10?).

Permian evaporites. The entire layer of anhydrite,
which is 40-60 m thick, occurs in the Southern and
South-western part of Lithuania, in the area of more
than 12 000 km? This layer lies at a depth of 150—
790 m. The major part of these deposits (70-80%)
consists of anhydrite. The 5-8 m thick layer of Per-
mian gypsum occurs above the anhydrite layer, and
the 3—5 m thick layer of gypsum lies below the layer
of anhydrite. The exploration of anhydrite was car-
ried out at the Pagiriai site in Kaunas district and its
resources thereat were estimated at 81.5 million tons.
The project for the exploitation of anhydrite applying
underground mining was prepared. According to this
project, the empty underground cavities remaining
after the exploitation of anhydrite could be used for
the DGR construction (Kadtinas 1993). On the other
hand, such a concept should be ruled out because of
the probable human intrusion in the future.

The Upper Permian rock-salt basin covers almost
the whole Kaliningrad region (Russian Federation).
Only the Northern edge of this basin is detected in the
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south-western part of Lithuania. This territory was
investigated applying seismic methods. According to
the obtained seismic data, salt is expected to occur in
the form of single domes. The supposed salt bed was
determined using electric log diagrams in oil pros-
pecting boreholes. The prospecting and evaluation of
the Usénai rock-salt deposit was carried out in Silute
district. There were two deep boreholes drilled and
rock was lifted in the Usénai deposit. According to
the drilling and seismic data, the area of the salt dome
is 2.5 x 3.0 km. The evaluated thickness of the rock-
salt in the central part of the deposit is 56.5-69—.0 m,
and the implied thickness is about 75 m.

Lower Triassic Clay. The Lower Triassic de-
posits occur in the Western and South-western part
of Lithuania at a depth of 250-350 m and are more
than 200 m thick. In general, the sequence consists of
dense clay. The most important compounds of the clay
are the minerals of illite and smectite groups. There
are many siltstone and some sandstone interlayers in
the sequence of Lower Triassic deposits (Kanopiené,
Marcinkevic¢ius 2000). The void ratio of claystone is
0.299-0.565, the bulk density of the sediments varies
from 1.96 to 2.29 Mg/m?, the density of solid par-
ticles reaches up to 2.65-2.82 Mg/m’. The index of
plasticity of sediments exceeds 0.08 (reaching 0.12—
0.29 for the most favourable layers). The maximal
moisture content is within the range 11.2—15.8%, the
natural moisture content — 0.1-0.178, and permeabi-
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lity values vary from 10-'"'to 10'* m/s (Kanopiené et
al. 2005).

Calculation of geological formation suitability

The first part of the final suitability evaluation ma-
trix in the suggested methodology is devoted to the
grouping of criteria according to the DGR perform-
ance scenarios (Table 3). The value of significance
rank SR is assigned to each group. After grouping all
the criteria, weighting of a single criterion within the
group should be performed and the weighting value
W should be determined. Then, quantitative values or
qualitative evaluations of parameters characterizing
the criteria should be analysed. Suitability indexes
SUI should be assigned to the values of parameters or
to the qualitative evaluations. Finally, the suitability
score SS of the geological formation could be calcu-
lated according to the formula

SS=2" SR xW,xSUI; (1)

where i is the number of each criterion;
n is the total quantity of the criteria evaluated.

The set of 23 geological criteria used in the matrix
is not finite and amendments could be made if more
investigation data are available. As an example of for-
mula (1) application, the suitability score of the Low-
er Triassic clayey formation and that of the crystalline
basement were calculated, using indexes presented in
table 3 and all the data available on potentially suit-
able formations in Lithuania. The suitability score of
the lower Triassic is 32.5 and that of the Crystalline
basement is 26.35, which implies that the lower Tri-
assic formation is more suitable for the DGR siting
than the formation of crystalline basement.

CONCLUSIONS

Methodology for selecting a geological formation
for the DGR installation was prepared in accordance
with IAEA safety requirements and recommendations.
The proposed methodology is based on the principles
of analytic hierarchy process and multi-criteria evalu-
ation. A set of 23 geological criteria have been used
to calculate the formation suitability for the DGR in-
stallation. The advantage of the discussed methodol-
ogy is the possibility to use qualitative evaluations to-
gether with quantitative investigation results. If used
in combination with GIS technology, this methodol-
ogy can be applied for selecting not only a suitable
geological formation but also a suitable site for the
DGR installation. The scores of the formation suit-
ability calculated employing the proposed methodol-
ogy show that in Lithuania, the Lower Triassic for-
mation is more suitable for the DGR system than that
of the Crystalline basement.
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