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Abstract. Radionuclide migration in clay-rich formations is
typically dominated by diffusion considering the low per-
meability of these formations. An accurate estimation of
radionuclide migration in host rocks using numerical tools
plays a key role in the safety assessment of disposal concepts
for nuclear waste. In the sandy facies of the Opalinus Clay
(SF-OPA), the spatial variability of the pore space network
and compositional heterogeneity at the pore scale (nm to µm)
cause heterogeneous diffusion at the core scale (cm to dm).
Such heterogeneous diffusion patterns affect the migration
of radionuclides in various sedimentary layers even above
the core scale (m). In this work, we study the heterogeneous
diffusion of cations based on a two-dimensional (2D) struc-
tural model at the m-scale. As key parameters for the diffu-
sive transport calculation, the effective diffusion coefficients
in different sedimentary layers are quantified based on our
previous developed up-scaling workflow from pore- to core-
scale simulation combined with the multi-scale digital rock
models. The heterogeneous effective diffusivities are then
implemented into the large-scale structural model for diffu-
sive transport simulation using the FEM-based OpenGeoSys-
6 simulator. The sensitivity analysis focuses on the effects of
the SF-OPA bedding angle and the effect of different layer-
succession layout with different canister emplacement on
the spatio-temporal evolution of radionuclide diffusion front
line. Results show that the moving distance of the diffusion
front is farther away from the canister center, along the direc-
tion with the neighboring layer having lower diffusion coef-
ficient within the total simulation time of 2000 years. When

the bedding angle increases, the diffusion front moves far-
ther in in vertical upward direction direction, which has less
retardation effect for the radionuclide from the ground sur-
face point. For different layer-succession layout with differ-
ent canister emplacement, the smallest migration distance of
the diffusion front line is 1.65 m. Within 2000 years, for the
conceptual model 2B that the canister is emplaced in the
layer with the highest diffusivity coefficient, the diffusion
front can migrate 0.19 m farther along vertical downward di-
rection due to the influence of the neighboring layer. The nu-
merical results provide insight into the effects of rocks het-
erogeneity on diffusion of radionuclides, contributing to en-
hanced long-term predictability of radionuclide migration in
SF-OPA as potential host rock for a deep geological reposi-
tory.

1 Introduction

As a potential host rock for deep geological disposal of nu-
clear wastes, the Opalinus Clay (OPA) formation has been in-
tensively studied in Switzerland and France (Nagra, 2002a).
Radionuclide migration in clay formation is generally domi-
nated by molecular diffusion due to the low permeability of
the clay rocks (Van Loon et al., 2003). The Opalinus Clay
shows a systematic change in mineralogical composition in
Mt Terri as well as in more distant profiles (e.g. Weiach,
120 km away from Mt Terri). This is characterized by a sig-
nificant increase in carbonate and quartz content to upper
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profile sections (Nagra, 2002b). The OPA formation is com-
posed of three major lithological facies types including a
shaly, a sandy, and a carbonate-rich sandy facies (Bossart
and Thury, 2008). Compared to the shaly facies of OPA
that shows a very homogeneous structure dominated by fine-
grained clay mineral aggregates (Bossart and Thury, 2008),
the sandy facies of OPA (SF-OPA) exhibits sedimentary and
diagenetic heterogeneity in the mm–cm range (Houben et al.,
2014; Bollermann et al., 2022), resulting in a spatial vari-
abilities of the pore network at the pore scale (nm to µm).
Such heterogeneities are responsible for the observed het-
erogeneous diffusion patterns at the core scale (Bollermann
et al., 2022). At the core scale, Lauper et al. (2021) quanti-
fied the lithological heterogeneity within OPA from north-
ern Switzerland. They concluded that most of the investi-
gated OPA can be described by five distinctive subfacies
types that are visually and quantitatively distinguishable by
texture and composition. Kulenkampff et al. (2015) studied
the anisotropy and compositional structural heterogeneity in
OPA. They visualized and quantified the diffusion of 22Na+

radiotracer at the cm- to dm-scale using positron-emission-
tomography. Their work shows heterogeneous diffusion pat-
terns due to the preferential diffusion zones. Such hetero-
geneity shown in core scale will ultimately affect the ra-
dionuclide migration in various sedimentary layers of SF-
OPA formation at the field scale.

At the meter scale, Hennig and Kühn (2021b) studied the
differences between sandy and shaly facies of Swiss OPA.
Besides, Hennig and Kühn (2021a) constructed the model
with the total thickness of the low permeable section of
210 m. The uranium migration in homogeneous and hetero-
geneous OPA over six million years has been evaluated and
compared. Their results showed that the mineralogical het-
erogeneity, the partial pressure of carbon dioxide, and the
geochemical gradients are dominant factors affecting ura-
nium migration in the OPA formation. Soler et al. (2008)
compared the two-dimensional (2D) simulation results with
the experimental data in the shaly facies of OPA at the Mont
Terri URL. They pointed out that the anisotropic diffusion
occurs mainly along bedding planes and the tracer concentra-
tions is the result of a natural heterogeneity of the host rock.
Among all different scales, the diffusivity is the key param-
eter for diffusive transport simulation (Yuan et al., 2019; Lu
et al., 2022). Small-scale structural heterogeneities cause the
variabilities in sedimentary and diagenetic facies in SF-OPA
at larger scales. Consequently, it can affect radionuclides mi-
gration in SF-OPA at the larger scale. Improving understand-
ing of the heterogeneous diffusion in SF-OPA will enhance
predictability of radionuclide migration. Therefore, a mean-
ingful study on the influence of sedimentary and diagenetic
heterogeneities on the heterogeneous diffusion at the field
scale requires a comprehensive consideration of pore net-
work variability, compositional heterogeneity and subfacies
variability at the smaller scales (pore- and core-scale) within
an upscaling workflow.

In this study, using the upscaling strategy developed in a
previous work by Yuan and Fischer (2021), the core-scale nu-
merical results of the diffusivities served as input parameters
in a 2D field-scale structural model. In the field-scale model,
sodium is utilized as tracer for diffusive transport. We simu-
late its diffusive transport in heterogeneous SF-OPA forma-
tion over 2000 years. The sensitivity studies are focused on
the effects of bedding angle and the effect of different layer-
succession layout with different canister (tracer source) em-
placement on the heterogeneous diffusion. The 2D structural
model with the input diffusivities upscaled from the core
scale allows us to better predict the radionuclides migration
in heterogeneous SF-OPA formation in the field scale.

2 Methodology

2.1 Mass balance equation

In this study, the Component Transport module in Open-
GeoSys (OGS) software (Kolditz et al., 2012; Bilke et al.,
2019) is utilized for the calculation of radionuclides migra-
tion in SF-OPA at the field scale. The general mass balance
equation for the solute diffusion can be written as: (Van Loon
et al., 2004; Appelo and Wersin, 2007; Bear and Bachmat,
2012; Lu et al., 2022),

∂ (αC)

∂t
−∇ · (De∇C)= 0, (1)

where C (mol m−3) is the concentration of aqueous solute
and De (m2 s−1) is the effective diffusion coefficient tensor.
Assuming linear isotherm sorption (Wersin et al., 2008), the
constant rock capacity α can be calculated by α = φ+ρbdKd
with the porosity φ (–), the bulk dry density ρbd (kg m−3),
and distribution coefficient Kd (m3 kg−1).

2.2 Diffusivity quantification

The three-dimensional (3D) diffusion equation (Eq. 1) is
solved numerically using a previously developed numerical
simulator (Yuan et al., 2019; Yuan and Qin, 2020). By setting
constant concentrations on both inlet and outlet and no flux
at the other boundaries, the effective diffusion coefficient is
calculated by the total mass flux J per unit cross-sectional
area under steady-state conditions (Yuan and Fischer, 2021):

De =
J ×L

Cin−Cout
, (2)

where Cin and Cout are the prescribed concentrations at the
inlet and outlet, respectively. L is the length of the domain.

The effective diffusion coefficients are determined using
an integrated upscaling workflow based on the multiscale
digital rock models including nanometer scale, micrometer
scale, and centimeter scale. At the nanometer scale, the dig-
ital rocks of pore network geometry are reconstructed from
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the image data acquired by focused ion beam scanning elec-
tron microscope (FIB-SEM). At this scale, the electrostatic
diffusion for cations and anions within the diffuse layer is
considered and the Donnan approach is applied to calcu-
late the surface electrostatic potential (Appelo and Wersin,
2007; Parkhurst and Appel, 2013; Yuan and Fischer, 2021).
The calculated effective diffusion coefficients at this scale are
then used as input parameters in the µm-scale model for dif-
fusive transport calculations.

At the µm scale, the digital rocks provide the variability
of the mineral composition. Transport calculations at the nm
scale show the effective diffusivity of the matrix-supported
(MS) texture pores is up to two orders of magnitude higher
than in the grain-supported texture pores (GS) and intragran-
ular pores (IG). Therefore, we consider that the microstruc-
ture of the host rock is composed of the higher permeable
MS and lower permeable non-MS (GS and IG) (for definition
of MS, GS, and IG see Bollermann et al., 2022). According
to the experimental analysis (Bollermann et al., 2022), the
clay laminae consists of 70 % clay mineral aggregates, which
contains 85 % MS. The mixture of clay and sand layers con-
sists of 50 % clay mineral aggregates contaning 20 % MS.
The carbonate lenses are composed of 54 % calcite and 10 %
clay mineral aggregates, giving an GS content of 5 % and an
IG content of 65 %. The effective diffusion coefficient of the
digital rock at the µm scale is finally estimated by solving the
Eqs. (1) and (2). For more details on the upscaling workflow
from nm- to µm scale and digital rock models reconstruc-
tion, the readers are referred to Yuan and Fischer (2021) and
Bollermann et al. (2022).

The calculated effective diffusivities of clay laminae, the
mixture of clay and sand laminae, and carbonate lenses are
used to estimate the effective diffusivity of SF-OPA with
the subfacies compositions at the centimeter scale, which
is quantified using µ-CT segmentation (cf. Fig. 1). At last,
the effective diffusion coefficients of the sedimentary lay-
ers of SF-OPA are implemented into the large-scale struc-
tural model (e.g. Fig. 2) for diffusive transport simulation us-
ing the FEM-based OpenGeoSys-6 simulator (Kolditz et al.,
2012; Bilke et al., 2019).

2.3 Molecular diffusion

In the diffusion process, the movement of molecules is repre-
sented as a molecular random migration from a microscopic
point of view, which can be described by Brownian mo-
tion (Grathwohl, 1998; Berg, 2018). Because the diffusive
spreading of molecules exhibits a Gaussian normal distribu-
tion, the effective diffusion coefficient is linearly correlated
with mean square displacement, which is calculated by the
displacement of the standard deviation of the molecular dis-
tribution, σ (Grathwohl, 1998).

N(x, t)=
N0

2
√
Dtπ

exp
[
−
x2

4Dt

]
(3)

Figure 1. Four structures of SF-OPA with different subfacies com-
positions. The four cases show the different structure types with a
low concentration of carbonate lenses (S1), single layer (S2), and a
high concentration of carbonate lenses (S3 and S4). Figure is mod-
ified after Yuan and Fischer (2022).

where, N(x, t) is the number density of molecules at x after
time t and N0 is the total number of molecules.

According to the Gaussian normal distribution, the mean
square displacement in a 2D system can be described as a
measure for the diffusion distance,

σ 2
= 2Dt (4)

In this study, we consider these molecules fall within
±σ of the mean position, which localizes at 68 % of total
molecules at each diffusion time (Yuan and Fischer, 2022).
The concentration of molecules at the standard deviation, σ ,
is 61 % of the maximum concentration at each diffusion time
(Grathwohl, 1998).

3 Numerical experiment setup

In this study, four representative structures of SF-OPA with
different subfacies compositions (Fig. 1) are selected to rep-
resent various sedimentary layers of SF-OPA formation at
the field scale. As shown in Fig. 1, structure 1 (S1) contains
a low concentration of carbonate lenses distributed separately
in the clay laminae of the shale. Structure 2 (S2) contains a
continuous thin layer of carbonate lenses. The structures 3
(S3) and 4 (S4) contain some large patches of isolated car-
bonate lenses, resulting in a high concentration of carbonate
lenses. The subfacies compositions of S1–S4 and the corre-
sponding effective diffusivities based on the upscaling work-
flow are listed in Table 1.

In the numerical experiment, we simulate the dif-
fusive propagation of the Na+ tracer from a canister
(length= 1.2 m, width= 1.2 m) into a simplified 2D struc-
tural SF-OPA formation (length= 40 m, thickness= 20 m),
as shown in Fig. 2. The simplified 2D formation consists of
four layers with different structures (S1–S4), which have an
identical length of 40 m and an identical thickness of 5 m. We
assume each layer has a homogeneously distributed structure
resulting in a homogeneous diffusivity. The canister is placed
inside of bentonite buffer (length= 2.4 m, width= 2.4 m),
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Table 1. Subfacies compositions and the effective diffusivities of four structures of SF-OPA. The compositions are quantified using µ-CT
segmentation. The effective diffusivities are calculated using an upscaling workflow and digital rock models.

Structure S1 S2 S3 S4

Clay Laminae composition (%) 78.50 67.60 53.80 25.30
Clay+Sand composition (%) 20.00 26.90 36.40 55.00
Carbonate lenses composition (%) 1.50 5.50 9.80 19.70
Effective diffusivity parallel to bedding direction (x direction in Fig. 1) (×10−11 m2 s−1) 2.41 1.77 1.28 0.61
Effective diffusivity perpendicular to bedding (z direction in Fig. 1) (×10−11 m2 s−1) 0.77 0.43 0.43 0.18

Figure 2. 2D structure model of SF-OPA formation consisting of
four different sedimentary layers. The structures of fours layers
(S1–S4) are illustrated in Fig. 1. The canister covered (red color)
with bentonite buffer (orange color) is placed in the center of
layer S3.

which has a porosity and effective diffusion coefficient of
0.36 and 2.01× 10−11 m2 s−1, respectively (Nagra, 2002a).
The initial concentration of the Na+ is 0.3 molL−1. All the
boundaries are no-flux conditions. The total simulation time
is 2000 years.

In the case studies, we first place the canister in the cen-
ter of layer S3. In this case, based on the concentration at
the σ , the displacements of diffusion front in both x− and
z− direction are first calculated at each diffusion time. The
positions of diffusion front are determined based on their σ
values. We then compare the diffusion fronts after 1000 and
2000 years’ diffusion to study the migration of tracer in the
heterogeneous SF-OPA at the field scale.

Next, we study the effect of sedimentary heterogeneity on
the spatial and temporal evolution of heterogeneous diffu-
sion. In this case, we utilize the structural model with the
same dimension and same sedimentary layers as described
above. We consider another five conceptual models besides
the base case, including different layer-succession layout
with different canister emplacement and different orienta-
tions of bedding, as listed in Table 2. In conceptual mod-
els 0, 1A, and 1B, we assume that all the four sedimentary
layers have three different bedding angles of 0, 30 and 50◦,
respectively. In conceptual models 2A, 2B, and 2C, we as-
sume that the combination of canister and bentonite buffer
with the fixed position of z= 0 m is placed in the center of
different sedimentary layer, as shown in Fig. 3. For all the

Table 2. Overview of the conceptual models including the location
of the canister and the orientation of bedding.

Conceptual Layer with the canister in the Bedding angle of
model ID center of sedimentary layer all the layers

0 S3 0
1A S3 30
1B S3 50
2A S2 0
2B S1 0
2C S4 0

conceptual models, we localize the concentration at the σ at
each time step and calculate the spatial and temporal evolu-
tion of diffusion fronts.

4 Results and discussion

4.1 Temporal and spatial evolution of heterogeneous
diffusion

For the base case, the highest concentration value of the
cation (sodium) in the canister decreases from 0.071 to
0.055 mol L−1 between 1000 and 2000 years. The sodium
distribution profile along z direction is plotted in Fig. 4. Af-
ter 1000 years, the sodium (Na+) is diffused around 5.80 m
in z− direction, while it is about 4.76 m in z+ direction.
This is because the neighboring layer in z− direction S2 has
higher diffusivity coefficient than that in z+ direction of the
S4 layer. The difference of such sodium concentration distri-
bution is caused by the heterogeneous layer around the can-
ister.

When looking into the diffusion front that the sodium con-
centration is at the standard deviation, both are located in the
S3 layer after 2000 years as shown in Fig. 4. It is worth noting
that the moving of diffusion front is farther in z+ direction,
which is different from the moving distance of the sodium
diffusion. The sodium can be actually diffused 1.04 m far-
ther in z− direction. Figure 5 illustrates the detailed temporal
evolution of the displacements of diffusion front in z+ and
z− directions. It can be seen that the heterogeneity of the sed-
imentary layer starts to have influence after around 500 years.
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Figure 3. The SF-OPA layer distribution in the conceptual models 2A, 2B and 2C, with the canister emplaced in the S2, S1 and S4 layer,
respectively. The combination of canister and bentonite has the fixed position of 0 m.

Figure 4. Na+ concentration profiles along z direction after 1000 years’ (red line) and 2000 years’ (blue line) diffusion. Subsets show the
concentration distribution in the entire domain after 1000 years’ (a) and 2000 years’ (b) diffusion. Red line (a) and blue line (b) are utilized to
compare the concentration profiles along z direction. The canister center is located in the position: z= 0 m. The white dashed lines represent
boundaries between different layers. Black line represents diffusion front.

Figure 5. The moving of diffusion front along z+ and z− direction
versus diffusion time. The canister center is located in the position:
z= 0 m.

From 500 years, the diffusion front is moving farther in z+
direction. The distance difference reaches 0.07 and 0.3 m af-
ter 1000 and 2000 years, respectively. With the impact of
neighboring layer that has lower diffusivity in z+ direction
(S4), the sodium is hard to diffuse and easy to be accumu-
lated within the layer S3. The diffusion front line here repre-

sents the 61 % of the highest concentration at each diffusion
time, which also depicts the area containing 68 % of the total
sodium mass. Therefore, within 2000 years in this study, the
moving distance of the diffusion front is farther away from
the canister center, along the direction with the neighboring
layer having lower diffusivity property. However, for longer
time scales, diffusion front can proceed more into z− direc-
tion. Then it can be observed that the calculated diffusion
front reaches boundary between layer 3 and layer 4. From
this point, the diffusion front in z+ is limited at the boundary
(=+2.5 m) whereas in z− direction the diffusion front still
migrates.

4.2 The effect of the bedding angle

For real strata at the field scale, the bedding plane of the sed-
imentary SF-OPA is mostly not perpendicular to the z direc-
tion (Leupin et al., 2018). Due to the anisotropic diffusivity
properties of the SF-OPA, different bedding angles will sig-
nificantly affect the encapsulated effect of the radionuclides
in z+ direction from the view of ground surface point. In this
section, the diffusion front line movement in z+ direction for
conceptual models 0, 1A and 1B with the SF-OPA bedding
angle of 0, 30, 50◦ is plotted in Fig. 6.

As shown in Fig. 6, the diffusion front moves farther in
z+ direction, along with the bedding angle increasing. Af-
ter 100 years, the diffusion front is 1.39 m away from the
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Figure 6. The displacements of diffusion front along z+ direction
versus diffusion time under bedding angle of 0, 30 and 50◦.

canister center in z+ direction with the bedding angle of 0◦.
This distance increases to 1.73 and 1.81 m when the bedding
angle increases to 30 and 50◦. The diffusion front line loca-
tion is quite similar between the two conceptual models with
the bedding angle of 30 and 50◦, the difference is account-
ing for 0.08 m. Moreover, both diffusion front line locations
with non-zero bedding angles are farther than that with the
bedding angle of 0◦. This is because the diffusion plumes are
both located in the vicinity of the canister after 100 years,
and the impact of the heterogeneity caused by the neighbor-
ing layer is limited. Thus, the difference of the diffusion front
line displacement is purely caused by the anisotropic diffu-
sivity property under different bedding angles of the SF-OPA
layer.

The condition has been changed when the simulation time
increases to 2000 years. After 2000 years, the diffusion of
the sodium is significantly slowing down by the upper neigh-
boring layer S4 in the perpendicular direction of the bedding
angle. In this case, all diffusion fronts are approaching to the
layer interface in that direction. In z+ direction, the diffu-
sion front is moving 2.37, 2.58, 2.85 m away from the can-
ister center after 2000 years, respectively. The difference be-
tween the conceptual models with bedding angle of 30 and
50◦ is 0.27 m, which is 0.06 m larger than the difference be-
tween the conceptual models with 30 and 0◦. The difference
is almost the same for the three conceptual models due to
the good retardation effect caused by the upper neighboring
layer S4.

4.3 The effect of the different layers where the canister
is emplaced

In the disposal of radioactive waste in the SF-OPA, each sed-
imentary layer can be the potential site to emplace the canis-
ter. However, the heterogeneity of different layers where the
canister is emplaced shows different impact on the radionu-

Figure 7. The diffusion front movement in z direction after 1000
and 2000 years, with the canister emplaced in the layer of S2, S1,
and S4, respectively.

clide diffusion. In order to investigate such influence of dif-
ferent heterogeneities, the conceptual models of 2A, 2B and
2C are simulated in this section. The diffusion front displace-
ment is presented in Fig. 7.

It can be seen from Fig. 7 that the diffusion front after 2000
years is still within the layer where the canister was emplaced
in the conceptual models 2A and 2C. The moving distance is
both smaller than 2.5 m, which is even smaller than 2 m for
the conceptual model 2C. Nevertheless, for the conceptual
model 2B, due to the highest diffusivity coefficient of the S1
layer where the canister is emplaced, the diffusion front can
be moving to 2.60 and 2.79 m along z+ and z− direction,
respectively. The movement along z− direction is farther,
because the neighboring layer S4 has the lowest diffusivity
coefficient and the best retardation effect for the sodium mi-
gration within 2000 years.

It is worth noting that the difference of the diffusion front
moving distance between z+ and z− direction is decreas-
ing for the conceptual model 2B from 1000 to 2000 years,
while it is increasing for the conceptual models 2A and 2C.
Specifically, the difference decreases from 0.327 to 0.193 m
in conceptual model 2B. In the contrast, such difference in-
creases from 0.039 to 0.129 m in conceptual model 2A where
the canister is emplaced in S2 layer, from 0.004 to 0.025 m
in conceptual model 2C with the canister emplaced in S4
layer. This is because the distinctive feature of the concep-
tual model 2B is the neighboring layer in z− direction has
lower diffusivity coefficient than that in z+ direction and the
diffusion front is moving to the neighboring layers after 2000
years. Such effect caused by the m-scale heterogeneity will
become different for longer time spans.

For the conceptual models 2B and 2C, both diffusion front
along z− direction is moving farther than that in z+ direc-
tion. For both two conceptual models, the diffusivity coeffi-
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cient of the neighboring layer in z− direction is lower than
that in the z+ direction, resulting in a very good retardation
effect and sodium accumulation in this direction. As for the
conceptual model 2A, due to a high diffusivity coefficient in
the neighboring layer (S1) in z− direction, the sodium is easy
to be diffused. This leads to the diffusion front nearer to the
canister compared with that in the z+ direction. Overall, al-
though the neighboring layers can reshape the diffusion front
of the radionuclide, the smallest moving distance of the dif-
fusion front occurs in the conceptual model that the canister
is placed in the layer with the lowest diffusivity coefficient.

5 Conclusions

In this work, a series of 2D field-scale heterogeneous mod-
els have been established and simulated for the evaluation
of cation (sodium) migration in SF-OPA formation over
2000 years. The field-scale diffusion coefficients are up-
scaled from the core scale by using the µ-CT segmentation.
The diffusion front line was defined at the concentration con-
tour with 61 % of the maximum concentration at each diffu-
sion time to observe the concentration of molecules at the
standard deviation in the total distribution. The detailed find-
ings are as follows:

– In the base case, the diffusion front line after 2000 years
is still within that layer (S3) in which the canister was
emplaced. The moving distance of the diffusion front is
farther away from the canister center, along the direc-
tion with the neighboring layer having lower diffusion
coefficient.

– When the bedding angle increases, the diffusion front
moves farther in z+ direction, reflecting the increase
in effective diffusivity and higher impact of parallel-to-
bedding diffusion.

– The neighboring layers can slightly reshape the diffu-
sion front line of the radionuclide within 2000 years. For
the conceptual model 2B that the canister is emplaced
in the layer with the highest diffusivity coefficient, the
diffusion front can migrate 0.19 m farther along vertical
downward direction in 2000 years due to the influence
of the neighboring layer. However, the m-scale hetero-
geneity will show a different influence in longer time
spans.

The heterogeneity impact of the SF-OPA formation on the
tracer migration has been evaluated through the 2D structural
model. However, the simulation time in this work is much
shorter than 1 million years, which is largely constrained by
the model geometry and setup. For the real geological-scale
(above km) model, the safety of the deep geological reposi-
tory for the radioactive waste will be assessed with the diffu-
sion front line moving of non-zero radionuclides concentra-
tion over at least 1 million years.
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