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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
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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 

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 (Tòth 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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perturbation (fault or large-scale fracture system) at the YS 
will be approximately parallel to the river bank.

The regional water divide can be parallel to the river at 
the repository site, e.g., at YS (Fig. 1b). The regional flow of 

the groundwater, in this case, is normal to the side bounda-
ries of the drainage basin.

Placement of underground galleries of the mined reposi-
tory parallel to the river bank is the most reasonable, 

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
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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 l, z in the 
cross-section, as it is shown in Fig. 2b: l  is the distance 
from the river bank along the cross-section, z is the ele-
vation above the lower boundary of the basin; llim is the 
distance between the river bank and the regional water 
divide, zlim is the depth of the bottom boundary; ls, zs 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:

where vl, vz are the components of Darcy velocity, p is the 
pressure of water, � and � are the density and the dynamic 
viscosity of the fluid, k is the local permeability of the rocks 
( k = kf  within the fault and k = kr in non-perturbed rocks of 
the basin; kf  and kr are constant), g is the acceleration due to 
gravity. The timing of faulting is designated tf  and therefore 
if t < tf  , the fault is absent, and the permeability is equal to 
kr in the whole modeling domain. At t ≥ tf  the permeability 
in the fault zone ( lf < l < lf + 𝛿f  ) is equal to kf .

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

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

Boundary conditions for Eq. (2) take the form

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

In the YS (Fig. 1b), llim ≅ 6.1 km, ls ≅ 4.7 km. According 
to geophysical survey findings, zlim = 1.5–2 km. Since it is 
planned to dispose RAW at a depth of 500–700 m, it follows 
that zs ≅ 1.5 km.

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

where t  is the time, C is the weight fraction of the consid-
ered radionuclide in the groundwater, Kd is the coefficient 
of the equilibrium distribution of the radionuclide between 
the rocks and the groundwater, � and �r are the porosity and 
the rock density, Dl, Dz , are the components of the hydraulic 
dispersion, � is the radioactive decay constant ( � = ln 2∕thl 
where thl 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 Kd which char-
acterizes bulk sorption properties and therefore retardation 
potential of the rock with regard to the specific radionuclides. 
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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 l : distance from the river bank; z:elevation above 
the bottom boundary; llim : location of the regional water divide, 
zlim : depth of the bottom boundary; ls, zs repository co-ordinates. 
lf < l < lf + 𝛿f  is the fault zone parallel to the regional water divide. 
In the YS, llim = 6000 m, zlim = 2000 m, �z = 250 m, zs = 1500 m. It is 
assumed that �f ≈ 100 m
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The larger Kd , 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 Kd 
(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 Kd 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 Kd ), 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 ≅ 500 
mdemonstrated that the velocity of actinide analogues was 
almost equal to the velocity of solution flow (Malkovsky 
et al. 2018b). This implies that Kd 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 Kd = 0 for actinides from RAW in 
our modeling. Assuming Kd = 0 simplifies Eq. (4) to:

The initial condition for Eq. (2) is uniform:

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 Cs 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 
Cs� exp(−� t) where � 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

where C0 = Cs�.
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(5)t = 0, C = 0

(6)
z = 0, �C∕�z = 0; z = zwt(l), �C∕�n = 0;

l = 0, �C∕�l = 0; l = llim, �C∕�l = 0;

l = ls, z = zs, C = C0 exp(−� t)

Since 𝛿f∕llim << 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: llim = 6000 m, zlim = 2000 m, 
�z  = 250  m. The location of the repository is 
ls = 4700–5700 m, zs = 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 241Am (Choppin et al. 2013). That is why we 
will consider migration of 241Am with a half-life period 
of ≅ 433 years ( � ≅ 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 
 10–17–10–15  m2. Since the basin is comprised of low-frac-
tured crystalline rocks, we set kr =  10–16  m2. A compre-
hensive review of permeability and architecture of fault 
zones is presented in Scibek (2020). Permeability of fault 
rocks can reach values of  10–14  m2 (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 
kr and kf  can be even more significant. As it is indicated 
by Rempe et al. (2018), the ratio kf∕kr can exceed four 
decimal orders. However, as it follows from previous 
estimations, if kf  satisfies the inequality kf 𝛿f∕

(

krL
)

> 10 
(where L is the vertical length of the fault in our case), 
a further increase of kf  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  10–14  m2. 
According to (de Marsily 1986), components of the dis-
persion tensor can be written as

Dl =

(

�L − �T

)v2l

v
+ �Tv, Dz =

(

�L − �T

)
v2
z
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where �L, �T are longitudinal and transverse coefficients of 
dispersion.

It is recommended to specify for sedimentary rocks 
�T∕�L = 0.1–0.3 (Freeze, Cherry 1979). However, it is indi-
cated in (deMarsily 1986) that �T and �L can be close to 
each other and �T∕�L can even exceed 1 insight fractured 
rocks. Hence we can suppose in the considered case that 
�L = �T = �.

As it is indicated in (deMarsily 1986) dispesion coeffi-
cients in fractured rocks are of the order of  102 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 zwt(l) = zlim + l�z∕llim . 
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 = zlim : Cmax(t) = max0≤l≤llim C

(

t, l, zlim
)

 . At the begin-
ning of the process Cmax = 0. Groundwater carries radio-
nuclides from the pollution source to the surface which 
induces an increase of Cmax . As a result, Cmax 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-
lines in the cross-section of the 
homogeneous drainage basin

Fig. 4  Position of the radioac-
tive plume 5000 years after 
repository loading ( ls = 5700 m, 
zs = 1500 m) in the homogene-
ous drainage basin
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to the water divide. Hence it is likely in this case that the 
fault emerges between the river bank and the repository. 
Calculated Cmax(t) in the case of emergence of the tectonic 
fault at lf  = 5200 m and at different fault appearance tf  are 
also presented in Fig. 5 (Curves 2, 3, 4). One can see that the 
formation of the fault leads to a decrease of Cmax(t) under the 
considered conditions. The most noticeable decrease takes 
place at the emergence of the fault immediately after loading 
of the repository ( tf  = 0, Curve 2). If tf ≠ 0 , Cmax(t) remains 
the same as in absence of the fault up to t = tf  and deviates 
only at t > tf  . The smaller tf  is (i.e., the sooner the fault 
appears), the smaller Cmax(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 Cmax(t) depends not only on the time of tectonic perturba-
tion, but also on the positions of the fault and the repository, 
i.e., on lf  and ls . However, the function Cmax(t) characterizes 
the safety of RAW disposal only at certain time t . Safety for 
the entire time can be characterized by maximum of Cmax(t) . 
We designate max

t
Cmax(t) as Csup . Value of Csup in absence 

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

Fig. 6  Groundwater stream-
lines in presence of the fault at 
lf  = 5200 m

Fig. 7  Position of the con-
taminant plume 5000 years after 
repository loading ( ls = 5700 m, 
zs = 1500 m, lf  = 5200 m, 
�f  = 100 m)
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of the fault is denoted as C0
sup

 . Plots of Csup against ls − lm
f
 

(where lm
f
= lf + �f∕2 ) at ls = 5700 m and different tf  are pre-

sented in Fig. 8a. One can see that Csup < C0
sup

 for any tf  at 
ls − lm

f
 > 400  m. However, the difference Csup − C0

sup
 

decreases and tends to zero as ls − lm
f

 increase. The reason 
is that vertical component of the pressure gradient in the 
near-fault domain decreases with growth of ls − lm

f
 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 

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 ( ls = 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 ls ≅ 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, Csup can substantially 

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 ( lm

f
 ) a ls = 5700 m; b ls = 5500 m. (1) the 

fault emerges immediately after repository loading; (2) in 500 years; 
(3) in 1000 years; dashed line denotes C0

sup
 , i.e. the maximum concen-

tration in absence of the fault
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increase in presence of the fault (Fig. 12). The shape of the 
water table corresponds to the current topography. Hence 
local depressions of the relief between the repository and the 
water divide can substantially increase the negative influence 
of future tectonic activity on the repository safety.

We considered an artesian basin with a thickness of 
1500–2000 m which is confined from the bottom by tight 
basement rocks. Since a real dimensions of the basin are 
substantially larger than its thickness (as, for example, this 
takes place at YS), one can expect that the fault, which can 
emerge due to tectonic activity, should be steeply dipping. 

Fig. 9  Position of the water 
table at the YS along the cross-
section A–A shown in Fig. 1

Fig. 10  Streamlines in cross-
section at the YS in absence of 
a fault accounting for a realistic 
water table as illustrated in 
Fig. 9

Fig. 11  Streamlines in cross-
section at the YS in presence 
of the fault ( lf  = 4500 m, 
�f  = 100 m)
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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).

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 

Fig. 12  Dependence of the maximum radionuclides concentration in 
the groundwater at the surface on the distance between the repository 
(ls) and the fault plane ( lm

f
 ) at the YS ls = 4700 m; zs = 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

Fig. 13  Groundwater streamlines in presence of the fault ( lf  = 5200 m 
at z = 2000 m; the angle between the fault and the vertical is 10°)
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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.

Acknowledgements We are grateful to the DFG and RFBR for 
funding the project INFRA (NA1528/2-1 and MA4450/5-1), start-
ing the 01st July 2020 and project RFBR (20-55-12009, AAAA-
A20-120012190168-5), starting the 21st February 2020.

Funding TThis research was funded by the DFG and the RFBR: 
DFG: grant numbers NA1528/2-1 and MA4450/5-1, starting 
the 01st July 2020 RFBR: grant number 20-55-12009, AAAA-
A20-120012190168-5, starting the 21st February 2020.

Declarations 

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Achtziger-Zupan P, Loew S, Hiller A (2016) Mariethoz G 3D fluid flow 
in fault zones of crystalline basement rocks Poehla-Tellerhaeuser 

Ore Field Ore Mountains, Germany. Geofluids. https:// doi. org/ 
10. 1111/ gfl. 12192

Boedvarsson R, Lund B, Roberts R, Slunga R, (2006). Earthquake 
activity in Sweden Study in connection with a proposed nuclear 
waste repository in Forsmark or Oskarshamn in SKB-R--06-67. 
Sweden

Bredehoeft JD, Norton DL (1990) Mass and energy transport in a 
deforming Earth’s crust / In “The Role of Fluids in Crustal Pro-
cesses”: Geophysics Study Committee Comission on Geosciences, 
Environment and Resources, National Research Council. National 
Academy Press, Washington, pp 27–41

Choppin G, Liljenzin J-O, Rydberg J, Ekberg C (2013) Radiochemistry 
and nuclear chemistry 4-th edition. Elsevier, p 866

deMarsily G (1986) Quantitative hydrogeology. Academic Press, 
Orlando, Florida, p 440

Ewing RC, Whittleston RA, Yardley BWD (2016) Geological disposal 
of nuclear waste: a primer. Elements. 12:233–237

Freeze RA, Cherry JA (1979) Groundwater. Hemel Hempstead: Pren-
tice-Hall International 604

Honeyman BD (1999) Colloidal culprits in contamination. Nature 
397:23–24

Kersting AB, Efurd DW, Finnegan DL, Rokop DJ, Smith DK, Thomp-
son JL (1999) Migration of plutonium in ground water at the 
Nevada test site. Nature 397:56–59

Krauskopf KB (1988) Geology of high-level nuclear waste disposal. 
Ann Rev Earth Planet Sci 16:173–200

Laverov NP, Yudintsev SV, Kochkin BT, Malkovsky VI (2016) The 
Russian strategy of using crystalline rock as a repository for 
nuclear waste. Elements 12:253–256

Lovasic Z (2008) International Energy Atomic Agency (IAEA) Update 
on Spent Fuel Management Activities with Focus on Reprocessing 
// Proc. Waste Management – 2008 Conference 24–28. Phoenix, 
Arizona. 2008. CD version. Paper 8042

Malkovsky V (2011) Theoretical analysis of colloid-facilitated 
transport of radionuclides by groundwater. In: Kalmykov SN, 
Denecke MA (eds) Actinide nanoparticle research. Springer-
Verlag, Berlin Heidelberg, pp 195–243. https:// doi. org/ 10. 1007/ 
978-3- 642- 11432-8_8

Malkovsky VI, Pek AA (2014) Influence of rupturing perturbations 
on processes of fluid heat- and mass transfer in the Earth crust. 
Moscow: IFZ RAN 120. (in Russian)

Malkovsky VI, Yudintsev SV, Aleksandrova EV (2018) Influence of 
Na-Al-Fe-P glass alteration in hot non-saturated vapor on leaching 
of vitrified radioactive wastes in water. J Nucl Mater 508:212–218

Malkovsky VI, Yudintsev SV, Aleksandrova EV (2018) Leaching of 
radioactive waste surrogates from a glassy matrix and migration 
of leaching products in gneisses. Radiochemistry 60(6):648–656

Pastina B, Hellae P (2006) Expected evolution of a spent nuclear fuel 
repository at Olkiluoto in POSIVA--06–05. Finland

Rempe M, Mitchel Th, Renner J, Smith S, Bistacchi A, Di Toro G (2018) 
The relationship between microfracture damage and the physical 
properties of fault-related rocks: The GoleLarghe Fault Zone, Ital-
ian Southern Alps. J Geophys Res: Solid Earth 123:7661–7687

Roache PJ (1976) Computational fluid dynamics. Hemrosa Publishers, 
Albuquerque, N.M., p 446

Scibek J (2020) Multidisciplinary database of permeability of fault 
zones and surrounding protolith rocks at world-wide sites. Sci 
Data 7:95. https:// doi. org/ 10. 1038/ s41597- 020- 0435-5

Toth J (1963) A theoretical analysis of groundwater flow in small drain-
age basins. J Geophys Res 68:4795–4812

Vidal J, Genter A (2018) Overview of naturally permeable fractured 
reservoirs in the central and southern upper rhine graben: insights 
from geothermal wells. Geothermics 74:57–73

Wang J (2014) On area-specific underground research laboratory for 
geological disposal of high-level radioactive waste in China. J 
Rock Mech Geotech Eng 6(2):99–104

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/gfl.12192
https://doi.org/10.1111/gfl.12192
https://doi.org/10.1007/978-3-642-11432-8_8
https://doi.org/10.1007/978-3-642-11432-8_8
https://doi.org/10.1038/s41597-020-0435-5


 Environmental Earth Sciences (2022) 81:537

1 3

537 Page 12 of 12

Wibberley CAJ, Shimamoto T (2003) Internal structure and perme-
ability of major strike-slip fault zones: the Median Tectonic Linein 
Mie Prefecture, Southwest Japan. Journal of Structural Geology 
25:59–78

Zienkiewicz OC, Morgan K (1983) Finite elements and approximation. 
Wiley, New York, p 328

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Influence of tectonic perturbations on the migration of long-lived radionuclides from an underground repository of radioactive waste
	Abstract
	Introduction
	Hydrogeological setting and mathematical model
	Parameters
	Results and discussions
	Linear water table
	Actual water table

	Conclusions
	Acknowledgements 
	References




