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Introduction

In keeping with Russian regulatory framework 
and international recommendations, deep disposal 
safety should be demonstrated based on predictive 
model calculations covering a time period during 
which the disposed RW remains potentially hazard-
ous. Thus, according to [1], “radioactive waste dis-
posal system, i. e. a complex of natural geological 
formations, structures ... and disposed RW, meets 
safety requirements if, during the entire period 
associated with the potential hazards presented 
by the disposed RW, the radiation impact on the 
population is limited to levels specified in radiation 
safety standards”.

As a natural geological formation, the geosphere 
is characterized by a combination of factors affect-
ing its evolution (of constant or abrupt occurrence) 
during the time period associated with the po-
tential hazards presented by the disposed RW, i. e. 
hundreds of thousands and millions of years.

The article presents the focus areas of research 
required for an adequate demonstration of the re-
pository evolution, namely of the geospheric part 
of the disposal system at the Yeniseiskiy site.

Features, events, processes (FEPs) 
and their classification

Long-term safety demonstration suggests the 
use of a unified concept describing various factors 
potentially contributing to the safety of a disposal 
system: the FEP concept. IAEA recommendations 
[2] provide the following explanation of these 
terms. Features are objects, structures or condi-
tions that can potentially affect the reliability of a 
disposal system. Event is a natural or anthropogen-
ic phenomenon that can significantly affect the re-
liability of the disposal system and manifests itself 
during a time interval that is shorter than the fore-
cast period. Process is a natural or human-induced 
phenomenon that can significantly affect the reli-
ability of a disposal system and is acting during the 
entire forecast period or its sizable part.

A huge amount of work has been done globally to 
evaluate the geological disposal safety and to de-
velop FEPs bases. Some were tailored specifically for 
particular disposal designs or type of bedrock, oth-
ers are generic. Similar work has been implemented 
in Russia. Thus, FEPs are considered in IGEM RAS 
[3—5] and IBRAE RAS [6] publications, in particular, 
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those directly associated with the proposed deep 
disposal facility to be built at the Yeniseiskiy site.

Starting from 1993, OECD NEA’s Radioactive 
Waste Management Commission has been develop-
ing a generic international FEPs catalog. The latest 
(third) edition of this catalog was published in 2019 
and includes 268 items [7]. This catalog is currently 
considered as the most complete one enabling to 
develop FEPs lists tailored for any specific designs 
(Figure 1). It was developed based on factors poten-
tially affecting repository subsystems. The classifi-
cation takes into account all possible interactions, 
direct links and feedback allowing to determine the 
application scope of certain FEPs given specific dis-
posal designs and compare them with the FEPs from 
the generic catalog. The catalog includes 5 groups of 
factors (Figure 1). Geological FEPs are directly indi-
cated under the group of External Factors (subsec-
tion 1.2) and also constitute to a group of Geosphere 
Factors (column 4). Geosphere Conditions are, in 
turn, influenced by Climatic Factors (subsection 1.3) 
and Future Human Actions (subsection 1.4). Internal 
factors (groups 2 and 3) associated with waste matrix 
(radionuclide composition) or the processes occur-
ring in the repository (inside the engineered safety 
barrier system, EBS) will produce certain impact on 
contaminant migration in the geosphere.

FEPs presented in the OECD NEA catalog involve 
those factors that are necessary to fill up the mi-
gration models with specific values, and those that 
are necessary to describe evolutionary changes of 
parameters under the migration models. To some 
extent, such a division corresponds to the provi-
sions of Russian regulatory framework. In particu-
lar, a regulation [1] indicates that: “The final ... lists 
of initiating events taken into account in long-term 
safety assessments of radioactive waste disposal 
systems should be compiled and justified in the de-
signs..." and in the Safety Analysis Report (SAR).

Appendix No. 4 [1] specifies a list of initiating events 
that should be considered during the development 

of scenarios under the long-term safety assessments 
of deep SRW disposal systems, involving:

1. External impacts of natural and man-induced
origin inherent to the repository siting area, in-
cluding changes in the hydrogeological mode, ac-
tivation of tectonic processes, changes in the seis-
mic mode. Evaluation of external impacts should 
involve the consideration of the catastrophic ones, 
including earthquakes above DLE.

2. Inadvertent human intrusion, including drill-
ing and mining operations, various types of indus-
trial activities.

3. Internal impacts including hazardous process-
es occurring in the EBS.

The list of external geological FEPs involves those 
being associated with the geological environment 
that will basically manifest themselves in the far field 
of the underground structure. In some cases, they can 
affect the engineered safety barrier system (Table 1).

Table 1. Geological FEPs contributing to the evolution 
of the disposal system (according to [7])

FEP’s ID number and name
1 External factors

1.2: Geological factors
1.2.1: Tectonic movement
1.2.2: Orogeny
1.2.3: Deformation (elastic, plastic or brittle)
1.2.4: Seismicity
1.2.5: Magmatic and volcanic activity
1.2.6: Metamorphism
1.2.7: Hydrothermal activity
1.2.8: Regional erosion and sedimentation
1.2.9: Diagenesis
1.2.10: Pedogenesis
1.2.11: Salt dissolution
1.2.12: Hydrological/hydrogeological response to geological changes
1.2.13: Geomorphological response to geological changes
1.2.14: Climatic responses to geological changes

Figure 1. Layout of NEA OECD’s FEPs catalogue
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FEPs identification is considered as the initial 
task of their evaluation, namely, the compilation 
of their exhaustive list covering the entire possible 
range of factors considered as potentially important 
in terms of assessing the state of a disposal system 
at a specific site in a long-term perspective. The fol-
lowing step provides for the selection (screening) 
of the most important FEPs that are individually or 
collectively responsible for the long-term reliabil-
ity of a specific DF RW.

During the identification of FEPs that will deter-
mine the scenarios of disposal system evolution 
and being also considered relevant for the Yeni-
seiskiy site, identified are the external FEPs with a 
minor probability of their occurrence in the region 
in the foreseeable future. Thus, already at the stage 
of regional surveys covering the siting area of the 
repository within the Yenisei Ridge [8], scenarios 
of system evolution associated with particularly 
strong earthquakes, volcanism, hydrothermal ac-
tivity, denudation of the overlying rock mass and 
high groundwater inflow rate were practically ex-
cluded. Scenarios describing inadvertent human 
intrusion in search for minerals, terrorist acts, 
military operations, a meteorite fall, etc., require 
special consideration not being related to the geo-
logical factors.

Further evaluations were mainly focused on those 
FEPs that would determine the scenarios associ-
ated with the evolution of geological setting and 
governing radionuclide migration through the geo-
sphere (subsection 1.2) according to the OECD NEA 
classification [7] (see Table 1). Flow driven migra-
tion of radionuclides is recognized as a most likely 
mechanism responsible for radionuclide transfer 
from the underground structures to the biosphere. 
It is that this mechanism was considered as a basis 
for the development of a mathematical model sim-
ulating geosphere transport under predictive dose 
and risk calculations. Uncertainties in the forecasts 
regarding the evolution of each of the individual 
geosphere factors will determine different scenario 
options implemented under such calculations.

The order of FEPs presentation below corre-
sponds to the one of the NEA OECD catalogue [7]. 
The importance of individual FEPs in terms of their 
potential impact on safety was estimated based on 
expert judgments.

External geological factors relevant 
for the Yeniseiskiy site (FEP 1.2)

External geological factors are factors associated 
with long-term processes and events arising from 
the general geological setting and affecting dispos-
al system performance and safety.

At the current stage, the following factors can be 
excluded from consideration: Orogeny (1.2.2), Mag-
matic or volcanic activity (1.2.5), Metamorphism 
(1.2.6), Hydrothermal activity (1.2.7), i. e. processes 
that based on general geological knowledge were 
judged as having minor probability of their occur-
rence at the Yeniseiskiy site. Also excluded from 
consideration were the processes not being rel-
evant for crystalline rock medium found in the sit-
ing region: Diagenesis (1.2.9), Pedogenesis (1.2.10), 
Dissolution of salts (1.2.11).

FEP 1.2.1: Tectonic movements
Movements of lithospheric plates represent-

ing the outermost layer of the Earth are driven by 
convection movement of masses in the underlying 
mantle. These movements give rise to large-scale 
processes lasting millions of years, such as con-
tinental drift, formation of mountains (orogeny) 
or rifts and various crustal deformations, includ-
ing depressions, faults, folds and other geological 
structures.

 Given the scale of the geological regions, pro-
cesses associated with multidirectional vertical 
movements of the earth's crust (elevation/sub-
sidence) impact the local hydrodynamics. These 
changes cause the displacement of recharge and 
discharge area boundaries, as well as vertical dif-
ferentiation of the groundwater level along the area 
(related with FEP 1.2.12). In the regions with recent 
minor post-platform tectonic activation, including 
the Yenisei Ridge, the upheaval of elevated areas is 
accompanied by the subsidence of the conjugated 
lowlands and depressions due to the differentiated 
nature of the neighboring block movements (relat-
ed with FEP 1.2.13).

Vertical movements of the earth's crust are con-
sidered as a constantly acting factor. They are in-
termittent and reversible by their nature; thus, 
their average rate strongly depends on the aver-
aging period. Data on the rates of vertical move-
ments occurring in the repository siting region are 
known and have been repeatedly listed in literature 
[9—11]. Even considering minimal averaging peri-
ods (Holocene), these rates did not exceed 1 mm/
year, whereas, considering periods of millions of 
years, they would amount to 0.08—0.09 mm/year. 
The impact produced by vertical differentiation of 
geological blocks on groundwater migration pa-
rameters depends on the actual rate and direction 
of tectonic movements. An increased discrepancy 
in the groundwater levels between the recharge 
and discharge areas will intensify water exchange, 
which is considered unfavorable in terms of the 
safety assessment. Such a forecast for the Yeniseis-
kiy siting region was provided in [12]. Based on it, 
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the relevance of vertical block differentiation can 
be estimated as average.

In addition to vertical movements, horizontal dis-
placements of the neighboring blocks along the ex-
isting faults can occur. Their potential occurrence 
was also identified in the repository siting region. 
Horizontal displacements can undermine safety 
due to potential EBS deformations. Relevance of 
horizontal block differentiations will depend on 
the actual rate and direction of tectonic movements 
along the fracture zones inside the waste emplace-
ment block. Topographic maps revealed Itatskiy 
(Shumikhinskiy) right shift located at a distance of 
1 km north of the intended site and stretching in 
the northwest direction along the Shumikha river. 
Displacement of watercourses on both sides of it 
(up to 800—900 m over the last 2.5 million years) 
helped to estimate its rate amounting to 0.4—
0.5 mm/year [13]. Short-term instrumental mea-
surements performed in the repository siting area 
(2010—2015) identified cyclic displacements of ob-
servation points on the both sides of the river Yeni-
sei. The data obtained is believed to be insufficient 
to demonstrate that this FEP does not impose any 
risk. Therefore, continuous observations should be 
arranged for [14, 15].

FEP 1.2.3: Rock deformation 
(elastic, ductile or brittle)

Tectonic movements in the earth's crust involve 
various kinds of deformations, mainly occur-
ring along discontinuous disturbances causing no 
abrupt displacements (the so-called creep) and, ac-
cordingly, earthquakes. These active faults particu-
larly suggest that these tectonic processes evolved 
along these discontinuous structures of the earth's 
crust in a recent geological past, are still evolv-
ing and can evolve in the future. Faults that were 
formed or manifested themselves at the latest tec-
tonic stage of the earth's crust development (last 26 
million years) are referred to as "newest". Displace-
ments along active faults may be caused by ancient 
fault rejuvenation or the development of some new 
cracks [16].

The nature of “aseismic” fault activity depends  
on the stability or reversibility of the displacement 
direction, the total amplitude of the displacement 
and fluid permeabilities [17]. Large amplitudes are 
manifested in the landscape deformations (related 
with FEP 1.2.13). Due to creep, mechanical defor-
mations along the active faults build up slowly 
and can potentially cause EBS failure in the future. 
Aseismic faults, continuously considered as loosen 
zones of the earth's crust, are characterized with 
increased hydraulic permeability in comparison 
with the monolithic bedrocks or healed ancient 

faults. In the long run, permeable active faults 
can significantly affect contaminant spread in the 
environment.

Currently, no research findings suggest that the 
availability of active faults within the site boundar-
ies or outside can be unambiguously confirmed or 
ruled out, even though modern movements in the 
area are recorded instrumentally using satellite ge-
odesy and repeated high-precision leveling [11, 14, 
15]. Based on geomorphological research data [8, 13, 
18, 19] some faults available in the region were cat-
egorized as active at the latest tectonic stage.

Relevance of this factor for the waste emplace-
ment block can be estimated as high. Nevertheless, 
the risk of EBS deformations can be reduced signifi-
cantly if the RW packages are disposed of outside 
the increased fracturing areas.

FEP 1.2.4: Seismic activity
Seismicity is associated with the tectonic move-

ments constantly occurring in the earth's crust. The 
energy accumulated in the rocks along the faults 
is sometimes released in the form of earthquakes. 
Seismic events most commonly occur in tectoni-
cally active zones, usually along the boundaries of 
lithospheric plates. Although, intraplate seismicity 
belts are known as well. Seismic events most com-
monly manifest themselves on active faults.

Another mechanism triggering tectonic energy 
release is associated with human actions (induced 
seismicity), for example, by fluid injection into deep 
seated horizons. Induced earthquakes are usually 
relatively weak, can occur both in naturally seismi-
cally active areas and in areas characterized by low 
background seismicity.

In the long run, seismogenic processes triggering 
earthquakes can cause accidental damage to the 
engineered safety barrier system.

The Nizhnekanskiy rock mass region belongs 
to the periphery of an intraplate seismicity belt. 
Implemented studies showed that the lineament 
zones identified within the site and on its periphery 
cannot be considered as sources of seismic activity 
and are able of reflecting the waves coming from 
distant earthquakes. Estimated maximum inten-
sity (MPE) of these seismic impacts amounted to 
7.3 points according to the MSK-64 scale as referred 
to the medium soils. This means that seismic shak-
ings of the underground repository structures will 
be even weaker and will have a limited impact on 
the repository safety. The total level of seismicity 
does not exceed the limits established by current 
regulations [1, 20, 21].

However, in the long term, due to uncertainties 
in seismicity forecast for periods of more than 
10 thousand years, the probability of very strong 
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earthquakes resulting in some new tectonic dis-
placements cannot be ruled out.

FEP 1.2.8: Regional erosion 
(denudation) and sedimentation

Surface denudation (erosion) is a process associ-
ated with elevation. Sediment accumulation occurs 
at the adjoining territories experiencing immersion 
with the destroyed material deposited therein. Both 
processes can cause landscape transformations (re-
lated with FEP 1.2.13).

The intensity of denudation and the associated 
sedimentation in the neighboring depressions also 
depends on the climate (FEP 1.3) and the rock com-
position on the surface (FEP 4.1). Denudation of 
the surface in the repository siting region driven 
by another factor, for example, glacier advancement, 
seems to be unlikely [22].

Considering the proposed repository site located 
within a watershed area, available data on the el-
evation rates [8, 10, 23] shows that significant ero-
sion of the overlapping stratum can be practically 
excluded. Therefore, no significant accumulation 
of deposits (sedimentation) is expected in relevant 
depressions.

Additional studies of these processes are not re-
quired for scenario calculations.

FEP 1.2.12: Hydrological and hydrogeological 
response to geological changes

 Large-scale geological movements (FEP 1.2.1) 
can affect the regional groundwater flow, also via 
groundwater pressure redistribution. Changes in 
hydrogeological setup caused by tectonic move-
ments are usually followed by relevant changes in 
the rock — water system. Purpose studies are re-
quired to enable proper simulation of this process.

FEP 1.2.13: Geomorphological 
response to geological changes

Due to slight vertical differentiation of geologi-
cal blocks in the repository siting region and subtle 
erosion and sedimentation processes, significant 
changes in the regional landscape are not expected. 
Nevertheless, changes in the surface elevations will 
affect the redistribution of water pressure in the 
underground horizons. The impact produced by 
landscape differentiation within the repository sit-
ing area on radionuclide migration was specified in 
a relevant forecast [12]. No additional studies are 
required for scenario calculations.

FEP 1.2.14: Climatic responses to geological changes
It is a common knowledge that over the past 

15 million years, significant climate changes in the 
northern hemisphere were driven by the elevation 

of such mountain belts as the Alps, Tien Shan, Say-
an Mountains and others located south of Europe 
and Siberia. It generally resulted in a drier climate 
and, particularly, the absence of glaciers in the 
southern regions of these territories during the last 
glaciation periods [24, 25]. Safety forecasts show 
that no significant mountain-building processes 
are expected. The climatic response to potential 
geological changes can be considered under pur-
pose-developed regional models.

Tasks for further research

Initial stages of repository post-closure evolu-
tion feature short-term intensive processes re-
sulting from engineering intrusion into natural 
medium: excavation of host rocks, emplacement 
of heat-generating HLW into the excavations and 
installation of engineered barriers, including, in 
particular, the development of excavation dam-
aged zone (EDZ), drainage and subsequent resatu-
ration of the host rocks and other processes oc-
curring in the near field of the repository. These 
processes governing the short-term evolution of 
the repository mainly before its “closure” were 
deliberately excluded from consideration, since 
their evolution can be monitored, controlled or 
confidently predicted (for example, the response 
to host rock heating). In the long run, evolution 
mainly depends on the influence of external con-
ditions, involving geological factors as was shown 
above.

Under the methodology suggesting that FEPs are 
used to plan research required for the long-term 
safety assessment of RW disposal system given a 
particular siting area, firstly, the relevance of par-
ticular FEPs for the given site should be specified, 
secondly, FEP impact (relevance) on repository evo-
lution should be evaluated. Both procedures were 
discussed in the previous section.

Table 2 summarizes the data on geological FEPs 
that can affect the long-term disposal system evo-
lution. If the FEP is specified as the one of low rel-
evance, its study can be crossed out from the pri-
ority research list. Decisions enabling exclusion/
inclusion of particular processes being marked as 
of medium and high relevance are considered am-
biguous and basically depend on the engineering 
and economic setup and the phase of the project, 
regulatory requirements and modeling maturity.

Conclusions 

The following items are proposed to be included 
into the list of the most important research areas 
associated with geosphere FEPs: 
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•• study of tectonic movements, especially horizon-
tal displacements along faults in the repository 
siting region; 

•• study of rock deformations, especially along zones 
of increased fracturing within the disposal block; 

•• seismic regional monitoring.
Studies associated with the indicated FEPs should 

be considered as top-priority ones; some of them 
are already being carried out or are planned to be 
implemented in the near future. Most studies will 
involve long-term observations.
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