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Abstract

We studied the influence of tectonic perturbations on the transport of potentially mobilized radionuclides in groundwater from a
deep-mined repository of solid high-level radioactive waste. The study was carried out by the method of mathematical modeling.
Key parameters of the model correspond to the site of a potential federal repository in Russia. The groundwater flow domain is
delimited on one side by a water divide (i.e., boundary of the catchment basin) and on the other side by the river bank. 2D simula-
tions of groundwater flow and radionuclide migration are carried out along a vertical cross-section normal to the water divide. The
groundwater flows through the rock massif, which encloses the repository, and discharges into the adjacent river. It is supposed
that tectonic activity may form a fault which is parallel to the river bank. We analyzed how repository safety depends on the time
of the fault emergence and on the distance between the repository and the fault. The results of our simulations suggest that: (1)
emergence of a fault due to tectonic perturbations is not inevitably associated with a substantial growth of radionuclides released
from the repository to the environment; (2) influence of the fault on the repository safety depends on the distance between the fault
and the repository as well as on the time interval between the repository development and the fault emergence; (3) the influence
of the fault on the repository safety can depend substantially on local elevations of the relief at the repository site.

Keywords Radionuclides - Radioactive waste - Deep-mined repository - Groundwater - Tectonic perturbation - Rock
permeability

This article is part of a Topical Collection in Environmental Earth
Sciences on Deep Geological Disposal, guest edited by Thomas
Nagel, Wolfram Riihaak, Florian Amann, Guido Bracke, Stefan
Buske, Julia Kowalski, Sonke Reiche, Thorsten Schifer, Traugott
Scheytt, Thorsten Stumpf, Holger Volzke, Florian Wellmann.

Dr. A. Liebscher (2) was until 31/12/2020 in BASE (4). Starting
01.01.2021, at BGE (2) and thus no longer involved in the
preparation of the manuscript.

P4 Victor Malkovsky 3 Geotechnical Institute, Technische Universitit Bergakademie

>

malk@igem.ru

Fabien Magri
fabiano.magri @bfe.bund.de

Institute of Geology of Ore Deposits, Petrography,
Mineralogy, and Geochemistry, Russian Academy
of Sciences, Moscow, Russia

Division Repository R&D / Research Planning, BGE, The
Federal Company for Radioactive Waste Disposal, Peine,
Germany

Freiberg, Freiberg, Germany

Division Research / International, BASE, The Federal
Office for the Safety of Nuclear Waste Management, Berlin,
Germany

Institute of Geological Sciences, Hydrogeology Group, Freie
Universitit Berlin, Berlin, Germany

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-022-10635-y&domain=pdf

537 Page2of12

Environmental Earth Sciences (2022) 81:537

Introduction

The estimated annual world production of spent nuclear fuel
(SNF) by atomic power plants is 11,500 t, 5000 t of which are
then subjected to reprocessing at radiochemical enterprises
(Lovasic 2008). Reprocessing of SNF leads to the production
of radioactive waste (RAW) in the form of highly mineralized
aqueous solutions with a substantial content of different radio-
nuclides (RN) including long-lived actinides with a half-life
of hundreds and thousands of years. Since these radionuclides
pose a serious ecological threat, RAW has to be isolated from
the biosphere for at least several thousand years depending on
the RN inventory. From the viewpoint of technical feasibility
and ecological safety, the most effective method for the isola-
tion of RAW for such long periods is the disposal of solidified
RAW in underground repositories at a depth of several hun-
dreds of meters (Krauskopf 1988; Ewing et al. 2016).
National programs of RAW management are based on
projects of so-called mined repositories where canisters with
solidified HLW are disposed in short boreholes drilled in
foot and side walls of long horizontal underground galleries.
Reliability of such isolation of RAW from the biosphere is
provided for by engineered and natural barriers of the reposi-
tory (National Research Council, 2003). The engineered barri-
ers include waste forms, steel canisters for the solidified RAW,
and backfill for holes in rocks where the canisters are disposed.
Half-life of many hazardous radionuclides in RAW is long. The
engineered barriers can fully degrade during the time period
which is comparable to the half-life of these radionuclides. As
a result, the role of the natural barrier in the isolation of these
RAW from the biosphere becomes of key importance. The
main mechanism of radioactive pollution propagation through
the rocks is the transport of RN by groundwater. Protection
properties of the natural barrier are sufficient if concentration
of RN in the groundwater decreases up to an ecologically safe
level due to radioactive decay during migration from the reposi-
tory to the biosphere. The migration time of the radionuclides
depends on groundwater flow velocity which, in turn, is con-
trolled by hydraulic gradients and permeability of the enclosing
rocks. For this reason, it is of paramount importance for the
safety of RAW disposal to select a site where the bulk perme-
ability of the rock massif is low. Since any discontinuities (e.g.,
geological, structural) tend to increase the permeability of rocks
significantly, one of the main requirements for the repository
site is the absence of large-scale faults and zones of fracturing
in the selected massif. However, since the host rocks have to
ensure the isolation of RAW for a very long period, the prob-
ability of tectonic activity development during such time is not
negligibly small, even in tectonically stable regions. Therefore,
it is important to analyze how the location of future tectonic
perturbations and the time interval between RAW disposal and
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the development of tectonic activity affect groundwater flow,
radionuclide migration and the safety of the repository.

We carry out this analysis for rock massifs similar to the
Yeniseiskiy Site (YS, Fig. 1) which is selected for the devel-
opment of a federal deep-mined repository of solid high-
level waste in Russia (Laverov et al. 2016).

Hydrogeological setting and mathematical
model

In general, the groundwater flow within a rock massif in
absence of buoyancy forces is topography-driven, i.e., ground-
water flow patterns extend from the elevated part of the basin
towards the discharge areas (Toth 1963). From a hydrogeologi-
cal point of view, a rock massif for a repository of HLW can
be considered as a drainage basin where the groundwater flow
is topography-driven from the elevated part of the basin to the
discharge zone, e.g., to an open reservoir (Fig. 2). In this case,
the basin is confined from its elevated side by a regional water
divide and by a bank of the reservoir from the opposite side.
The lower boundary of the basin is low permeable tight crys-
talline bedrock. Position of the lower boundary is defined from
the data of geophysical survey and analysis of core samples
obtained at the drilling of exploratory boreholes. The repository
is planned to be constructed at a depth of 500-700 m below
surface.

The YS is a characteristic example of a such drainage
basin. Its eastern boundary is the regional water divide; the
western boundary is the river Yenisei (Fig. 1). The bounda-
ries are near parallel to each other at the site selected for
the repository development. As it follows from data of
geophysical survey, the basin is confined from the bot-
tom by low permeable rocks approximately at a depth of
1500-2000 m. The YS is situated in the northern part of the
Archean granite-gneiss Nizhnekansky massif in the Krasno-
yarsk region (Siberia, Russia) in metamorphic rocks of the
Atamanovskaya group (Laverov et al. 2016). It belongs to a
zone of Neogene—Quaternary post-platform tectonic activ-
ity. Compared to other repository sites in crystalline rocks
that are considered tectonically stable, e.g., in Scandinavia
(Pastina et al. 2006; Boedvarsson et al. 2006) and in China
(Wang et al. 2014), seismic perturbations are potentially rel-
evant in YS. To investigate the influence of potential faults
created during the repository operation time, some assump-
tions regarding their orientation, occurrence and proper-
ties need to be made based on the currently known site
characteristics. For example, old rivers are often adapted
to ancient regional tectonic perturbations, and tectoni-
cally stable regions are characterized by quasi-steady-state
regional stress conditions. Therefore, one can expect that
the orientations of ancient and new tectonic perturbation
zones will be similar. Hence, it is likely that a new tectonic
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Fig. 1 Water table at the Yeniseiskiy site (YS). Legend: a Location of YS; b position of the watertable at YS (1) repository site; (2) isohypses of
the watertable; (3) position of cross-section for 2D modeling; (4) regional water divide

perturbation (fault or large-scale fracture system) at the YS  the groundwater, in this case, is normal to the side bounda-
will be approximately parallel to the river bank. ries of the drainage basin.

The regional water divide can be parallel to the river at Placement of underground galleries of the mined reposi-
the repository site, e.g., at YS (Fig. 1b). The regional flow of ~ tory parallel to the river bank is the most reasonable,
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Fig.2 Diagram of the drainage basin at the site of underground
repository of RAW. Legend: a Diagram of the drainage basin; b 2D
modeling domain /: distance from the river bank; z:elevation above
the bottom boundary; /;,: location of the regional water divide,
Zim: depth of the bottom boundary; [, z; repository co-ordinates.
l; <1<+ 6, is the fault zone parallel to the regional water divide.
In the YS, [j;;,=6000 m, z;;,=2000 m, §,=250 m, z,=1500 m. It is
assumed that 6, ~# 100 m

otherwise the shortest path from the repository to the river
bank will decrease (Fig. 2a).

As a first approximation, groundwater flow and radio-
nuclides migration in such case can be described by a 2-D
model in a vertical cross-section which is normal to the side
boundaries of the drainage basin (Fig. 2). Since the objective
of this numerical example is the simulation of radionuclide
migration, the 2-D profile is located such that it cross-cuts
the repository perpendicularly to the river bank.

We estimate the influence of fault emergence on radio-
nuclides migration with the use of such model at param-
eters corresponding to the YS case.

Let us introduce the Cartesian coordinates /, z in the
cross-section, as it is shown in Fig. 2b: [ is the distance
from the river bank along the cross-section, z is the ele-
vation above the lower boundary of the basin; /;, is the
distance between the river bank and the regional water
divide, z;, is the depth of the bottom boundary; [, z, are
the coordinates of the repository in the cross-section.

Although fluid flow in crystalline rocks is typically
fracture controlled with very low permeability of the rock
matrix itself, we assume that groundwater flow in our
model can be described by Darcy’s law:

@ Springer

k op k (op
=-=—,n=-=(=+
Vi ol V) P (()z pg> (D

where v;, v_ are the components of Darcy velocity, p is the
pressure of water, p and u are the density and the dynamic
viscosity of the fluid, k is the local permeability of the rocks
(k = k; within the fault and k = k, in non-perturbed rocks of
the basin; kf and k, are constant), g is the acceleration due to
gravity. The timing of faulting is designated 7, and therefore
if 1 < 1y, the fault is absent, and the permeability is equal to
k, in the whole modeling domain. Atz > 7, the permeability
in the fault zone (I, <1 <l + &) is equal to k.

We assume in the first approximation that the heat gen-
eration by RAW is weak, and p and u are approximately
constant.

By virtue of the continuity equation, pressure satisfies
the equation (de Marsily 1986)

o(,0p 0 (,0p
= k= (k=) =0
dl< al> * 0z< az> 2)

Boundary conditions for Eq. (2) take the form

[=0, op/ol=0; l=1I,, dp/iol=0;
2=2,(Ds P = Pam ©)
z=0, 0dp/dz+pg=0

where p,,, is the atmospheric pressure, z,,, is the local eleva-
tion of the water table above the lower boundary in the con-
sidered cross-section.

In the YS (Fig. 1b), ;;,, 6.1 km, [, 4.7 km. According
to geophysical survey findings, z;;,, =1.5-2 km. Since it is
planned to dispose RAW at a depth of 500—700 m, it follows
that z, 2 1.5 km.

The migration of radionuclides in the rocks of the drain-
age basin is governed by the equation (de Marsily 1986):

£+—1 v£+v£
o e+pK,(1—p)\ ol " Foz

4)
1 3/ aC\ o (., aC
SN S D—> 2(p2%)\|-,c
(p+p,1<d(1—(p)[al< a1 +0z< Zdz)] d

where ¢ is the time, C is the weight fraction of the consid-
ered radionuclide in the groundwater, K is the coefficient
of the equilibrium distribution of the radionuclide between
the rocks and the groundwater, ¢ and p, are the porosity and
the rock density, D;, D,, are the components of the hydraulic
dispersion, y is the radioactive decay constant (y =1n2/z,
where 1, is the half-life period of the radionuclide).

It follows from Eq. (4), that the mobility of the radionu-
clides in the groundwater-rock system depends substantially
on the value of the distribution coefficient K; which char-
acterizes bulk sorption properties and therefore retardation
potential of the rock with regard to the specific radionuclides.
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The larger K;, the smaller is the ratio of radionuclide migra-
tion velocity to the groundwater flow velocity. However,
radiation monitoring at sites of severe radioactive pollution
showed that the velocity of radionuclides migration was
much higher than it was predicted from known values of K
(Kersting et al. 1999). The reason was that radionuclides can
be carried by the groundwater not only as a dissolved com-
ponent (in ionic form) but also attached to colloidal parti-
cles (radiocolloid). Values of K; are typically measured for
radionuclides in dissolved, ionic form and do not account
for their transport in colloidal form. Because the sorption of
radiocolloids on rocks can be much weaker (which would
correspond to much smaller effective values of K,), the
migration velocity of radionuclides in colloidal form can be
much higher than in ionic form and may even reach a velocity
of the groundwater flow (Honeyman 1999; Malkovsky 2011).
Leaching of vitrified RAW with non-radioactive simulators
of radionuclides showed that the most part of non-radioactive
analogues of actinides are contained in the leaching solu-
tion in a colloidal form (Malkovsky et al. 2018a). Experi-
mental study of filtration of the leaching solution through
a crushed rock sample from the YS from a depth of 2500
mdemonstrated that the velocity of actinide analogues was
almost equal to the velocity of solution flow (Malkovsky
et al. 2018b). This implies that K, for actinides in colloidal
form from leaching products was practically equal to zero.
Since this form of actinide analogues in the leaching solution
prevails, we assume that K;=0 for actinides from RAW in
our modeling. Assuming K, =0 simplifies Eq. (4) to:

£+l v£+v£ =
ot @\ 'ol  Goz)

1[a/,0C\, d(, oC )
5[&(1)15) * 6_z<Dz0_z>] —C

The initial condition for Eq. (2) is uniform:
t=0, C=0 &)

It is expected that the repository will be filled with
groundwater in the post-closure phase. Radionuclides
enter groundwater due to the leaching of RAW. Let C, be
the equilibrium weight fraction of leaching products in the
groundwater in the repository. Then the weight fraction of
the radionuclide in the groundwater within the repository is
C,y exp(—yt) where y is the weight fraction of the radionu-
clide in RAW at the time of emplacement into the repository.
Then, boundary conditions for Eq. (4a) can be written as

z=0, 0C/az=0; z=2z,0), 0oC/on=0;
[=0, 0C/al=0; =1, 0C/ol=0; (6)
I=1,z=2, C=Cyexp(—yxt)

where C, = C,y.

Since 6, /1, << 1, the application of successive over-
relaxation methods or similar techniques for the solution of
Eq. (2) leads to time-consuming calculations. That is why
the boundary-value problem (2)—(3) was solved by the finite
elements method (Zienkiewicz, Morgan 1983). The compo-
nents of the Darcy velocity were calculated from the obtained
solution by Eq. (1) for substitution into Eq. (4a) which was
integrated with respect to time by means of the method of
alternating directions (Roache 1976) taking into account the
initial condition (5) and boundary conditions (6).

Parameters

Based on the dimensions of the rock massif at the YS
(Fig. 1), the following basic parameters of the mode-
ling domain are specified: /;,, = 6000 m, z;;,, =2000 m,
6,=250 m. The location of the repository is
[,=4700-5700 m, z,=1500 m. One of the most hazard-
ous long-lived actinides in RAW, which are produced at
application of PUREX technology for reprocessing of
SNF, is **'Am (Choppin et al. 2013). That is why we
will consider migration of 2*! Am with a half-life period
of 2433 years (y = 0.0016 1/year). It is supposed that
interaction between the groundwater and RAW is estab-
lished immediately after waste emplacement. According
to Bredehoeft and Norton (1990), the typical permeability
of low-fractured igneous rocks varies within the range of
10717-10715 m?. Since the basin is comprised of low-frac-
tured crystalline rocks, we set k, = 1071 m?. A compre-
hensive review of permeability and architecture of fault
zones is presented in Scibek (2020). Permeability of fault
rocks can reach values of 107 m? (Wibberley, Shima-
moto 2003). According to Achtziger-Zupan et al. (2016)
and Vidal and Genter (2018), the thickness of the fault
core usually does not exceed 100 m. The contrast between
k, and k; can be even more significant. As it is indicated
by Rempe et al. (2018), the ratio k;/k, can exceed four
decimal orders. However, as it follows from previous
estimations, if k, satisfies the inequality kféf/(k,L) > 10
(where L is the vertical length of the fault in our case),
a further increase of k; exerts no substantial influence
on the structure and characteristics of fluid flow in the
rock massif which contains the fault (Malkovsky and Pek,
2014). Accordingly, the width of the fault zone in our cal-
culations is set to 100 m and its permeability to 10714 m?.
According to (de Marsily 1986), components of the dis-
persion tensor can be written as
V2 V2
D, = ((xL - aT)jl +azv, D,= ((xL - aT)VZ + arv
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where a;, a; are longitudinal and transverse coefficients of
dispersion.

It is recommended to specify for sedimentary rocks
ar/a; =0.1-0.3 (Freeze, Cherry 1979). However, it is indi-
cated in (deMarsily 1986) that @, and «; can be close to
each other and a;/a; can even exceed 1 insight fractured
rocks. Hence we can suppose in the considered case that
a, =ay = a.

As it is indicated in (deMarsily 1986) dispesion coeffi-
cients in fractured rocks are of the order of 10> m. That is
why the dispersion coefficient of low-fractured crystalline
rocks of 50 m was selected.

Results and discussions
Linear water table
We first consider an ideal case where the surface of

the water table is near-linear and z,,(I) = zj;, + 16,/ -
Stream lines of the groundwater in absence of tectonic

perturbations (i.e., homogeneous permeability of the
rock mass) are shown in Fig. 3. The closer the reposi-
tory is to the regional water divide (right side boundary
of the domain), the longer is the streamline which passes
through the repository. The extent of the contaminant
plume 5000 years after repository loading and closure is
shown in Fig. 4. One can see that descending flow car-
ries the plume downward and westward. The influence
of hydraulic dispersion leads to a diffusion of the plume
as it is carried by the groundwater flow. Containment
properties of rock massif and reliability of RAW isola-
tion in the repository area can be characterized by the
maximum concentration of the considered radionuclide
at z = Zi" Copgx (1) = Maxggy  C(1, 1,z ). At the begin-
ning of the process C,,,, =0. Groundwater carries radio-
nuclides from the pollution source to the surface which
induces an increase of C, . . As a result, C,,, becomes
noticeable after approximately 200 yrs, increases up to
1500-2000 years and then decreases asymptotically to
zero because of radioactive decay (Fig. 5, curve 1).

It follows from an analysis of the streamlines in Fig. 3 that
it is reasonable to develop the repository as close as possible

Fig.3 Groundwater stream- 2000
lines in the cross-section of the
homogeneous drainage basin
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g
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Fig.5 Temporal dependence of the maximum concentration of the
radionuclide at the surface in homogeneous rocks and in presence of
the fault. (1) homogeneous rocks; (2) the fault emerges immediately
after repository loading; (3) time between repository loading and fault
emergence is 500 years; (4) 1000 years

to the water divide. Hence it is likely in this case that the
fault emerges between the river bank and the repository.
Calculated C,,,, (¢) in the case of emergence of the tectonic
fault at /,=5200 m and at different fault appearance 7, are
also presented in Fig. 5 (Curves 2, 3, 4). One can see that the
formation of the fault leads to a decrease of C,,,, (f) under the
considered conditions. The most noticeable decrease takes
place at the emergence of the fault immediately after loading
of the repository (z,=0, Curve 2). If 7, # 0, C,,,, (1) remains
the same as in absence of the fault up to 7 = 7, and deviates
only at ¢ > . The smaller I is (i.e., the sooner the fault
appears), the smaller C,,, (t). The reason becomes clear by
observing the simulated groundwater streamlines in pres-
ence of the fault (Fig. 6). One can see that the fault focuses
the descending flow and draws the contaminant plume down-
ward (Fig. 7).

Multiple simulations show that the influence of the fault
on C,,,. () depends not only on the time of tectonic perturba-
tion, but also on the positions of the fault and the repository,
i.e., on/; and /. However, the function C,,,, (¢) characterizes
the safety of RAW disposal only at certain time ¢. Safety for
the entire time can be characterized by maximum of C,,,,, (¥).

We designate max C,,,(#) as C,. Value of C, in absence
t

Fig.6 Groundwater stream- 2000
lines in presence of the fault at f
l;=5200 m D)
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Fig. 7 Position of the con-
taminant plume 5000 years after C/ CO
repository loading (/,=5700 m, 0,00036
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Fig.8 Dependence of the maximum concentration of the radionu-
clide in the groundwater at the surface on the distance between the
repository and the fault plane (l}") al,;=5700 m; b [,;=5500 m. (1) the
fault emerges immediately after repository loading; (2) in 500 years;
(3) in 1000 years; dashed line denotes C?up, i.e. the maximum concen-
tration in absence of the fault '

of the fault is denoted as Cgup. Plots of C,,
(where lj’}’ =l + 6;/2) at;=5700 m and different 7, are pre-
sented in Fig. 8a. One can see that Cy,, < Cgup for any 7 at
I, - lj’," >400 m. However, the difference Cg,, — Cgup

decreases and tends to zero as [, — l}” increase. The reason

against [, — [

is that vertical component of the pressure gradient in the
near-fault domain decreases with growth of [ — i which

leads to a decrease of groundwater focusing by the fault. It
is worth noticing that the minimum of the curve 1 corre-
sponds to its left end whereas minima of curves 2 and 3 are
shifted to the right. This can be explained by an analysis of
Fig. 6. The interaction of RAW with groundwater leads to
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the formation of a pollution plume that moves due to advec-
tion and expands under the action of hydraulic dispersion.
As a result, the front of the plume reaches the fault zone. If
by this time the fault already exists, the focused stream car-
ries the plume downward to the domain of the longest
streamlines, which leads to an increase in time of radionu-
clide migration and hence to a decrease of radionuclide
concentration in the discharge zone due to radioactive decay.
This case corresponds to curve 1 in Fig. 8a. If the fault does
not exist yet (curves 2 and 3) and the distance between the
repository and the fault is small (400—450 m), the front of
the plume passes through the zone where the fault will even-
tually appear. If the distance between the repository and the
fault is large (=700 m), the time between plume formation
and fault emergence can be insufficient for the passage of
the main part of the plume through the future fault zone. As
a result, the main plume is carried by the focused stream
down the fault to the long travel passes. That is why the
local minima of curves 2 and 3 are shifted to the right. The
same analysis is valid for analogous plots in Fig. 8b at an
increased distance between the repository and the water
divide ([;=5500 m).

Actual water table

The actual water table can differ substantially from its linear
approximation. A representative water table of the YS is
illustrated in Fig. 9. The center of the repository site (con-
taminant source) corresponds to /=~ 4700 m. Streamlines of
the groundwater in the cross-section are shown in Fig. 10.
One can see that the contaminant source is located outside
a domain of active water exchange in a practically stagnant
zone. A special feature of water table position in the cross-
section shown in Fig. 1 is the presence of weak local maxima
and minima of the water table elevations between the reposi-
tory position and the water divide. The role of these het-
erogeneities of the water table in absence of tectonic faults
is not significant. However, they exert a substantial influ-
ence on the streamlines in the presence of a fault (Fig. 11).
This elongated highly permeable structural unit feeds the
groundwater stream which discharges partially into the river
and to a much less extent to the depressions in the water
table between the fault and the water divide. The repository
is located just in the domain of the flow which discharges
to these depressions. As a result, the radionuclides from
the repository can be carried by the groundwater partially
downward into the fault, while the ascending branch of the
flow carries a part of them upward. In this case, the length
of the travel path of the radionuclides to the surface is less
than in absence of the fault. Therefore, radioactive decay
decreases radionuclides concentration in the groundwater
during their migration from the repository to the biosphere
to a much lower extent. As a result, Cy,, can substantially
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increase in presence of the fault (Fig. 12). The shape of the We considered an artesian basin with a thickness of

water table corresponds to the current topography. Hence 1500-2000 m which is confined from the bottom by tight
local depressions of the relief between the repository and the ~ basement rocks. Since a real dimensions of the basin are
water divide can substantially increase the negative influence  substantially larger than its thickness (as, for example, this
of future tectonic activity on the repository safety. takes place at YS), one can expect that the fault, which can

emerge due to tectonic activity, should be steeply dipping.
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Fig. 12 Dependence of the maximum radionuclides concentration in
the groundwater at the surface on the distance between the repository
(Is) and the fault plane (l’f") at the YS [,=4700 m; z,=1500 m. (1) the
fault emerges immediately after repository loading; (2) in 500 years;
(3) in 1000 years; dashed line denotes maximum concentration in
absence of the fault
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Fig. 13 Groundwater streamlines in presence of the fault (/;=5200 m
at z=2000 m; the angle between the fault and the vertical is 10°)

We considered the vertical fault in the model through an
actual fault can be slightly inclined. Nevertheless, the verti-
cal orientation of the fault is a reasonable approximation,
because the inclined fault also focuses descending flow
of the groundwater, and the streamlines in the case of the
slightly inclined fault are similar to streamlines in the case
of the vertical fault (Fig. 13).

We considered fault zones of constant thickness and
permeability. Evolution of an actual fault can induce con-
sequent perturbations of enclosing rocks and extension of
the fault zone. We assumed as a conservative approxima-
tion that the emergence of the fault leads to the immedi-
ate formation of the final fault zone with a thickness of
approximately 100 m according to Achtziger-Zupan et al.
(2016) and Vidal and Genter (2018).

@ Springer

Conclusions

Deep-mined repositories for underground disposal of solid
radioactive waste can be developed in a massif of low-frac-
tured crystalline rocks. The rock massif plays an important
role in the isolation of hazardous radioactive substances from
the biosphere. The main mechanism of propagation of radioac-
tive pollution from the repository through the rocks in case of
radionuclide mobilization and failure of engineered barriers is
the advective transport of radionuclides by groundwater. On
one side, its flow is confined by the regional water divide and,
on the other side, by the coastline of an open reservoir to which
the groundwater discharges. Isolation properties of the rock
massif are sufficient if the concentration of radionuclides in the
groundwater decreases due to radioactive decay during their
migration to the groundwater discharge zone to an ecologi-
cally safe level. Any discontinuities of the rocks can lead to a
substantial acceleration of the groundwater flow and to a cor-
responding increase of radionuclides migration velocity. That
is why sites for repository development should be selected in
tectonically stable regions. However, the rock massif has to
isolate radionuclides from the biosphere for thousands of years
because of very long half-life periods of some actinides in
composition of the waste. One cannot neglect emergence of
tectonic perturbations during such time even in tectonically
stable regions. It is therefore of great importance to estimate
how the influence of the tectonic perturbation depends on the
time between loading of the repository and the emergence of
the fault as well as on the distance between the fault and the
repository. We consider processes of groundwater flow and
radionuclides migration in 2-D approximation in a vertical
cross-section normal to the water divide. We examine a case
where the groundwater discharges into a river, as at the YS
which is selected for the development of a regional repository
of high-level radioactive waste in the Russian Federation. The
tectonic history of the YS suggests that new faults can be paral-
lel to the river bank (and hence normal to the cross-section).
An ideal case is analyzed first where the position of the
water table in the cross-section from the coastline of the res-
ervoir to the water divide is close to its linear approximation
(that is local sloping angle of the water table is close to a
constant). The following conclusions can be made. The influ-
ence of the fault on radionuclides migration can both decrease
and increase repository safety as the time of fault emergence
increases. If the distance between the fault and the reposi-
tory exceeds 500 m, the influence of the fault on isolating
properties of the rock massif is not significant (in our calcu-
lations, the maximum concentration of radionuclides in the
groundwater at the surface in presence of the fault changes
no more than by 40%). Moreover, if the repository is located
close to the water divide (300 m in our calculations), the fault
can exert a positive influence on repository safety because its
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emergence leads to a decrease of maximum concentration of
the radionuclides in the groundwater at the surface.

The role of a realistic water table in the migration of the
radionuclides is also considered. The emergence of the fault
can cause groundwater to discharge to local water table
depressions, in the vicinity of the repository. This local
regional flow accelerates the migration of radionuclides to the
surface. As a result, the maximum concentration of the radio-
nuclides in the groundwater at the surface can increase by 3
orders of magnitude with respect to the case without fault.
However, if the distance between the fault and the repository
exceeds 500 m, the maximum concentration increases only
by one order of magnitude with respect to the case without
fault. Therefore, local depressions of the water table between
the repository and the water divide make the repository
safety sensitive to the development of tectonic perturbations.
It should be taken into account that the position of the water
table often correlates with the topographic surface. Hence it
is worthwhile to fill in the depressions of the relief between
the repository and the water divide with water-retaining rocks
to substantially increase the repository safety. At least, this
should be done after the emergence of the fault. In the YS,
these depressions are relatively shallow, and filling them calls
for moderate amount of earthwork.
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