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Abstract

One of the major concepts of the geological disposal of high level radioactive
waste is to enclose a metallic container with bentonite buffer which is consi-
dered to be impermeable and chemically stable. Since the average density of
the container is around 6 to 7 and very heavy compared to bentonite, the sce-
nario of container sinking has been evaluated because excess sinking makes
short the pathway of nuclide migration in the bentonite and is detrimental to
the safety of the disposal system. Previous considerations on container sinking
have been made from the viewpoint of mechanical deformation of the bento-
nite. In this paper, a chemical deformation process is presented as another
mechanism of container sinking, which has not been previously considered
for the container sinking in the field of radioactive waste disposal. The chemical
deformation mentioned in this paper is the deformation through the process
of pressure solution of minerals constituting the buffer, transportation by dif-
fusion and precipitation. That such chemical deformation is a ubiquitous phe-
nomenon occurring in various scales in the crust of the earth will be shown
through the review of previous works. Then, some future research topics will
be suggested which would be required in order to evaluate the container
sinking in the safety case for radioactive waste disposal.

Keywords

Safety Case, Buffer Deformation, Pressure Solution, Canister Sinking,
Geological Disposal

1. Introduction

The foremost objective of geological disposal of long lived radioactive wastes is
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to protect humans and the environment both at present and in the future. To
this end, engineered barrier is to be fabricated in a geologically favorable rock at
geologically stable area. Natural and engineered barriers are aimed at limiting
ground water contact with the waste and the subsequent transport of radionuc-
lides to the biosphere. The disposal system needs to be safe for all the relevant
important phenomena which can occur in the disposal system. The endeavors
toward geological disposal presently being made in the world are sharing this
principle to ensure the safety.

But this paper is to present a problem to be solved which has seemingly not
been considered in any of the previous works on geological disposal of radioac-
tive waste. It is the sinking of waste containers in clay bearing buffer through the
deformation of the buffer by pressure solution creep (Chap. 4). Sinking itself has
been evaluated in detail in previous safety assessments but only from the me-
chanical point of view. Another possible phenomenon of sinking through a
chemical process has not been considered. In order to describe the nature of the
problem clearly, a review on the pressure solution is made (Chap. 2), and some
of the societal and technical efforts made so far in the world toward the safe dis-
posal are mentioned beforehand (Chap. 3). Some ideas for future researches are
added, including the advantage of using stable isotopes in Chap. 4.

In this way, this paper points out a new viewpoint which needs to be consi-
dered in safety assessment for geological disposal, suggests preliminary ideas to
solve the problem and thus helps to facilitate future research works to contribute

to the safety of the geological disposal.

2. Pressure Solution

Pressure solution is a phenomenon of enhanced dissolution of solids into aqueous
solution by stresses in the solids, and it often means the resultant deformation
process through dissolution and diffusion. It has been found in geological ob-
servations in as early as 1860s. Sorby has pointed out in 1865 that stylolite and
impressed pebble are formed by pressure solution. Gibbs has formulated the
thermodynamic chemical potential of solid as a function of temperature and
stress on the surface concerning the phase equilibrium in 1877. However, pres-
sure solution was considered as a relatively limited geological phenomenon for a
long time. Referring to Japanese geological dictionaries, the one published from
Shinkokinshoin in 1973 has no entry for pressure solution and suggests the
cause of stylolite as partial melting. But another dictionary published from Hei-
bonsha in 1996 includes pressure solution and explains the cause of stylolite as
pressure solution as with the present understanding. In recent years, researches
have been conducted not only in the field of geology but also in rock engineering
and others.

The following is the review on pressure solution to show that it is an almost
omnipresent phenomenon observed in the wide range of depth of the crust dee-
per than about 90 m, that it is one of the important mechanisms of deformation

of the crust, and so on.
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2.1. Geological Observations

Gratier [1] has observed outcrops of limestone at Rabat, Morocco and estimated
that the volume of the rock mass has decreased by 26% through an examination
of stylolite. Alvalez et al [2] have observed cleavage and folding in a limestone at
Umbria, Italy and pointed out that they have been formed through pressure so-
lution. They also supported the suggestion of Burger [3] that pressure solution
was probably much more important in rock deformation than had generally
been realized. Shimizu [4] has studied the Sambagawa low-grade metamorphic
rock through microstructural examination of radiolarian fossils and others and
pointed out the significance of pressure solution as a deformation mechanism of
the rock. Schwarz et al [5] have observed the microstructure of phyllite and
quartzite from Crete, Greece and revealed that the deformation mechanism is
pressure solution and that clastic quartz grains in the phyllites show no evidence
for crystal plastic deformation, and thus suggested that the effective viscosity in
deep crustal levels (30 km) in forearc settings should be much lower than that
predicted by conventional models based on flow laws for dislocation creep. Da-
vison ef al. [6] have studied the overburden deformation patterns and mechan-
isms of salt diapirs in the Central Graben, North Sea and pointed out that 50% of
the chalk has dissolved due to pressure solution. De Meer et al. [7] have stated
through an extensive literature review that pressure solution is an important
mechanism for; diagenetic compaction in sedimentary rocks; healing, sealing
and strength recovery in active fault zones; deformation under low temperature
metamorphic conditions; and evaporite flow. Ebner et a/ [8] have studied the
morphology of stylolite in limestone from France and suggested that it can be
considered as a quantitative stress gauge. Tada and Siever [9] have suggested
that stylolite can be formed at depth as shallow as 90 m. Wassmann et al [10]
have examined the microstructural record of serpentinites from Western Alps,
using optical and scanning electron microscopy with electron backscatter dif-
fraction (EBSD). They have found that significant deformation and high strain
are not by dislocation creep but by pressure solution and suggested Newtonian
behaviour and a low viscosity for the long-term flow of serpentinites in deeper
levels of subduction zones. Fagereng [11] has studied the Cape Fold Belt, South
Africa and suggested that pressure solution accommodates a significant compo-

nent of horizontal shortening during the Cape Orogeny.

2.2. Laboratory Experiments and Mechanism of Pressure Solution

Sprunt et al. [12] have observed the dissolution rate around a fluid-filled circular
hole in a slab loaded perpendicularly to the axis of the hole. Single crystals of ha-
lite, limestone, dolomite, marble, quartzite and novaculite were used to make the
slabs. From the resultant shape of the hole they have suggested that the dissolu-
tion rate at a point is directly proportional to local stress rather than strain
energy.

Concerning diagenetic compaction, Gratier and Guiget [13] used quartz grain

aggregate, and Zhang and Spiers [14] used limestone aggregate in their pressure
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solution experiments. The experiments by Zhang and Spiers have been con-
ducted at room temperature with varied grain size (1 to 100 micrometer) and
stress (1 to 4 MPa) in saturated CaCO; solution. And they have found that larger
stress and smaller grain size make the deformation rate larger.

Experiments and model studies on stylolite formation have also been reported
by Gratier et al. [15], Ebner ef al [16] and others.

In some experiments light interference fringe technique has been used to
measure the pressure solution induced deformation accurately, where two crys-
tals with shapes of flat and convex lenses are pressed together in a solution.
Some results include that pressure solution is more noticeable between different
kinds of minerals than the same ones and especially clay mineral enhances pres-
sure solution of other minerals [17], that initial fast rate of deformation con-
verges to a small value and this is because the mineral resolved at the contact re-
gion precipitates around like jelly [18], that the deformation rate is depending
on the electric potential between the minerals [19], and so on. Ichikawa et al
[20] have conducted experiments on the effect of pH, temperature and pressure
on pressure solution between two shaped crystals of quartz.

The phenomenon of pressure solution has come to be well recognized but its
mechanism is still not clear in many aspects. Studies on which of the elastic
strain and the plastic strain enhances the dissolution have been reported [21]
[22] [23]. Rutter [24] has studied about the contact structure of adjacent miner-
als undergoing pressure solution; whether they are contacting to each other di-
rectly or indirectly via very thin water layer. Hickman & Evans [17] have re-
ported that there are two locations of pressure solution, one is at the contact re-
gion and the other is at the free surface just around the contact region. Noort
[25] has reported that crystallographic directions of minerals affect pressure so-
lution. Takada & Fujii [26] have paid attention to the Gibbs free energy and ap-

plied molecular dynamics to pressure solution.

2.3. Creep of Rocksalt and Sinking of Rocks in Salt Dome

Since rocksalt is susceptible to creep deformation even under low temperature
and low stress, it exhibits unique geological phenomena such as formation of salt
domes caused by the buoyancy of light salt. Urai et al [27] have reported that
experimental creep data of dry rocksalt is consistent with dislocation creep me-
chanism but cannot explain the deformation phenomena observed in salt dome,
and that experimental creep data of wet rocksalt as in geological formations are
consistent with pressure solution theory and can explain the deformation in salt
dome. Campos [28] has observed extensively the creep deformation of rocksalt
at a potash mine in Spain and analyzed the strain curves €oc¢™t", and con-
cluded that the deformation mechanism of the rocksalt at this mine is not dislo-
cation creep but pressure solution creep. Keken et al [29] numerically calculated
the development of a salt dome using a rheology model which depended on
temperature, pressure and grain size, incorporating both mechanisms of disloca-

tion and pressure solution creeps. And they reported that pressure solution creep
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was dominant in most of the cases, that the effect of temperature gradient was
small and that the effect of grain size was large.

It is known that evaporites and other rocks are often entrained in a salt dome
and carried away from distant original locations. Gansser [30] has suggested that
water content is more important than temperature for the migration of rocks.
Chemia ef al [31] have shown that heavier anhydrite moves up along with a
rocksalt diapir formation and after the decrease of the ascending speed, turns to
sinking, in a series of numerical calculation of Newtonian flow using parameters
from previous experiments. Burchardt et a/ [32] have numerically simulated the
sinking of entrained anhydrite (2.9 g/cm’) in the Gorleben salt diapir and pointed
out that the interaction between the sinking of rocks and salt structure should be

considered in a safety assessment of waste disposal facilities.

2.4. Rock Mechanics, Radwaste Disposal and Fault Strength

Lydzba et al [33] have employed the pressure solution mechanism in a numeri-
cal code for simulating mechanical behavior of Chalk, because previously often
employed suction mechanism has not been successful enough in explaining the
mechanical behaviors of Chalk such as strength reduction and creep deforma-
tion under wet condition.

Yasuhara et al [34] have evaluated the fluctuation of permeability during
10,000 years around a radwaste disposal facility through T-H-M-C coupling si-
mulations taking into account the pressure solution. Parameters have been taken
from quartzite data. The simulation suggested a favorable result for the safety of
geological disposal because the permeability around a disposal tunnel decreased.

Implications of pressure solution on fault creep, strength recovery and per-
meability of fault have come to be studied in recent years. Bos and Spiers [35]
have observed the change of microstructure and mechanical behavior of fault
gouge containing phyllosilicates in a series of shear test, and suggested that
pressure solution is the more plausible mechanism of fault displacement than
the dislocation. Yasuhara et a/ [36] have obtained the relations between strength
recovery and interseismic period in a series of shear experiment on silica par-
ticles of diameter 0.1 mm at normal stress of 5 MPa in the temperature range
from 20 to 65 degree Celsius. They have also simulated the strength recovery
using a numerical code employing pressure solution theory and suggested its
significance in fault activities. Fagereng [37] has pointed out that granular flow,
pressure solution and dislocation creep are the mechanisms of frictional slip de-
formation of a fault, that pressure solution mechanism exists in wide range of
depth and temperature in the crust and that the pressure solution is suggested to
be an important deformation mechanism in fine-grained, fractured, fluid-satu-
rated rocks which are commonly present within fault gouge of the crustal earth-
quake sources. Gratier et al. [38] have observed a power law in pressure solution
indenter experiments and also in post-seismic creep deformation of active faults,
and suggested that monitoring the power law parameters in natural faults could

give access to the characteristic healing time in the fault. Scuderi et al [39] have
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made experiments of stick-slip of fault gouge modeled by glass beads. From the
measured parameters such as stick-slip stress drop, recurrence time, dilatancy of
the gouge and SEM observation of the glass beads after the experiment, they
have suggested that pressure solution dictates stick-slip stress drop and interse-
ismic creep rates and thus play a key role in earthquake nucleation and rupture

propagation.

2.5. Conclusion of the Review

Pressure solution or the process of dissolution, diffusion and precipitation is an
omnipresent phenomenon and one of the important mechanisms that has de-
formed the earth crust. Pressure solution occurs in wide range of temperature
and depth. In laboratory, pressure solution experiments under the stress as low
as around 0.1 MPa have been conducted. And it is considered that many kinds
of rock-forming minerals are susceptible to pressure solution more or less. Pres-

sure solution of metals also has been reported [40].

3. Efforts for Radioactive Waste Disposal

Before discussing the possible effect of pressure solution on the sinking of a ca-
nister in the buffer of geological disposal system, societal background is briefly
described to show the importance of considering the possible effect. Then pre-
vious considerations on canister movement are shortly described as the technical

background.

3.1. Societal Aspect

Countries with nuclear power plants are making efforts for geological disposal of
high level radioactive waste as the responsibility of the present generation. Some
countries in Europe and the US started selecting the disposal site in 1970’s and
1980’s but met with oppositions from the communities and the society. In this
background, ethical principles such as that the same safety level should be ap-
plied to the future generation as ours in managing the disposal of long-lived ra-
dioactive waste, have been internationally confirmed [41]. In 2004, the principle
that the ground of safety of geological disposal should be described objectively
with traceability in a set of documents called safety case was established [42].
IAEA [43] has issued a safety standard on the safety case for the geological dis-
posal and prescribed that every phenomenon and process that could significant-
ly influence the performance of disposal system should be addressed in the as-
sessment. Through these efforts to ensure the safety, public understanding has
begun to be gained and application of construction has been submitted in 2011
in Sweden and 2012 in Finland. In Japan, the submission is not yet made and
efforts are being undertaken [44] [45].

3.2. Technical Aspect—Container Movement

For the assessment of the safety of geological disposal, long-term stability of

geological environment and performance of engineered barrier are the impor-
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tant part of the evaluation. Among various types of engineered barrier, Sweden
and Japan for example have been considering a type in which waste bearing
container is wrapped by a buffer containing low permeability bentonite to sup-
press the contact of the metal container with the underground water. The antic-
ipated functions of the buffer are to prevent the contact of radioactive waste with
underground water for long period by deterring the corrosion of metal contain-
er, to delay the migration of radionuclide solution after the container is dam-
aged, and to suppress the migration of radionuclide by adsorbing it. To ensure
these functions, it is necessary to prevent excessive sinking of the heavy contain-
er in the buffer because too small thickness of the buffer deteriorates the func-
tions. Therefore the sinking of container has been quantitatively evaluated in
those countries from mechanical points of view. In Sweden, the regulatory au-
thority has designated the movement of canister in the buffer as a process that
can affect the performance of a disposal system [46]. SKB, the implementer of
geological disposal in Sweden, has evaluated the sinking through mechanical
considerations onto the buffer, and concluded that the sinking during 100,000
years is very small [47]. In Japan, container movement has been numerically
analyzed using a visco-elasto plastic model for the buffer’s constitutive law, and
the sinking of container has been concluded to be as small as 5 mm after 10,000
years and thus be negligible [44].

From the results mentioned above, it seems worldwide general perception is
that container movement does not pose a serious problem if the engineered bar-
rier is adequately designed. In contrast, a public comment was posted to a Japa-
nese governmental committee on geological disposal in 2013 that sinking of a
container could be significant in a geologically long period. But the discussion
did not go further and virtually no consideration on another possible mechan-
ism of sinking has been made so far.

In the following, the author points out that chemical process (dissolution and
diffusion) exists besides the mechanical process that can cause a container to
sink in the buffer. And he describes the reason that chemical sinking should
never be neglected, by referring to previous works in other fields, although de-
tailed knowledge required for quantitative evaluation of the sinking is nonexis-

tent yet.

4. Sinking of a Container Due to Pressure Solution
4.1. The Process

As a geological phenomenon in the shallow crust, sinking of rocks entrained in a
salt dome is often observed. Dislocation creep and pressure solution creep have
been pointed out as the mechanisms of salt deformation, and the pressure solu-
tion creep is predominant at low temperature and pressure in wet condition.
Although the description of the detailed mechanism of sinking of rocks in a salt
dome has not been found in the review, the conceptual mechanism of sinking of
heavy objects is easily conceived with the notion of pressure solution. At the

undersurface of a heavy object, larger stress on rocksalt enhances the dissolution
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and salt concentration in the pore water increases. The dissolved salt migrates by
diffusion to a less stressed region due to the concentration gradient and precipi-
tates. Through this process of mass transfer, heavy things sink gradually.

This sinking process is conceptually shown in Figure 1 in the case of the
sinking of a container in the buffer. The average density of a container for ver-
tical disposal type is, referring to the design concepts in Sweden and Japan,
around 6.5 g/cm’. Supposing the density of the buffer to be 2 g/cm’, the stress
increments due to the container weight are about 0.1 MPa and 0.2 MPa for the
Japanese and Swedish cases respectively. Since the stress increment is small, the
sinking rate caused by the mechanism shown in Figure 1 may be small, but pre-
sently we do not have a detailed mechanism model and data that would be ne-

cessary for quantitative evaluation of the sinking.

4.2. Sinking Rate

As mentioned above, it is difficult at present to estimate the sinking velocity of a
container. Therefore a rough surmise is made here by referring to previous stu-
dies made from various points of view concerning pressure solution, whether the
sinking rate of a container can be neglected or not. But the author would like to
stress that regardless of the surmise, convincing evaluation should be made in a
safety assessment of a disposal system in the future by clarifying the detailed
mechanism and obtaining relevant data.

In the experiment by Hickman and Evans [17], the minimum convergence
rate of 0.01 um/day has been observed at 8 degree Celsius and contact stress 0.5
MPa, for the pressure solution at a single contact between a halite crystal and a
fused quartz plate. When many contacts are serially superimposed as in the case
of soil or aggregate, the rate will increase accordingly. The experiment of pres-
sure solution at a single contact by Greene et a/. [19] was made for the combina-

tion of mica-mica, quartz-quartz and mica-quartz. The contact stress was 0.2 to
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Figure 1. Conceptual process of container sinking.
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0.3 MPa and temperature was 25 degree Celsius. The convergence rate was the
largest in the case of mica-quartz, 4 nm/min initially and 0.01 nm/min at the sta-
tionary state. In the experiment of diagenetic compaction of calcite aggregate by
Zhang and Spiers [14], strain rate of 8 x 107°/day is read for the stationary state
at stress 1 MPa. Deformation rate of 9.6 x 107" m/day is obtained from the
length of the aggregate specimen 1.2cm. When the length increases, so does the
deformation rate linearly. In the study of horizontal shortening of the Cape Fold
Belt by Fagereng [11], pressure solution-induced strain rate of 107" to 107"°/s
is suggested. This is converted to 0.03 to 0.3/Ma. In numerical calculations of
sinking of anhydrite in a salt dome by Burchardt et a/ [32], the minimum sink-
ing rate is 1600 m/Ma. Seni and Jackson [48] have compiled data on the history
of salt dome development in the East Texas Basin and pointed out that the rate
of upward growth of domes ranges from 150 to 530 m/Ma at the peak stage of
development.

The six evaluations mentioned above are listed in Table 1. These are based on
different kinds of laboratory experiments, geologic observations and simulations
of sinking of a rock in a salt dome. They include deformation rate with the unit
m/Ma and strain rate with the unit 1/Ma. Experimental conditions are also quite
different, and some of the stresses are nominal and others are real contact
stresses. Therefore these data are not quantitatively comparable to each other,
nor valid for quantitative estimation of the sinking velocity of a container in the
buffer. Nevertheless, considering that initial widths of the buffer below the con-
tainer are 0.5 and 0.7 m for Japanese and Swedish designs of engineered barrier
respectively, the data in Table 1 suggest that the sinking velocity of a container
can be significant in a geological time scale comparable to the safety assessment
period. Thus the sinking by the process of chemical deformation or pressure so-
lution of the buffer material needs to be evaluated in detail in a safety case of a

geological disposal.

Table 1. Rate of deformation by pressure solution from various sources.

single contact, 0.5 MPa, 8°C,

Description Rate (unit) remarks

0.01 micro m/day, Fig. 17 A in
>3.65 m/Ma

(halite-fused silica) (Hickman & Evans, 1995)
5 Laboratory Single contact, 0.2 MPa, 25°C, 5 m/Ma 0.01 nm/min, Abstract of
experiment (quartz-mica) (Greene et al., 2009)
3 Aggregate of calcite, 350 m/Ma 0.16%/20 days, L, = 1.2 cm, Fig. 4 in
1 MPa, room temp. (Zhang & Spiers, 2005)
Anhydrite sinking in saltdome case 1:1 of series A, Fig. 11 in
4 . i 1600 m/Ma
(numerical calculation) (Burchardt et al, 2012)
Salt dome
Salt d. devel t,
5 att dome deve (')pmen 150 - 530 m/Ma Abstract in (Seni & Jackson, 1984)
East Texas Basin, US
trai te: 1IE-15to 1E-14 (1/s),
6 Folding Cape fold belt, SA 0.03-0.3 1/Ma strain rate ° (1/5)

Conclution of (Fagereng, 2014)
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4.3. Ideas for Future Evaluation

From the considerations mentioned so far, it can be said that a process of con-
tainer sinking caused by pressure solution certainly exists. In the assessment of
geological disposal, a judgment should be made whether the sinking rate is neg-
ligible for the safety assessment period or not. If it cannot be neglected, some
adjustments to the design of engineered barrier or other measures are required.
But present scientific knowledge is not enough for the present generation to make
a judgment.

Some of the ideas the author thinks important for the evaluation of container
sinking through pressure solution are listed to facilitate the future study.

1) The buffer is considered to be bentonite or the mixture of bentonite and
quartz sand. Bentonite itself contains montmorillonite and fine silica particles. It
has been observed in laboratory experiments and geologic phenomena that clay
minerals enhance the pressure solution of quartz considerably. So the pressure
solution between montmorillonite and quartz is considered to be the first target.

2) Some experiments have shown electrical aspects of pressure solution. This
is plausible because dissolution and precipitation of minerals involve ion trans-
portation. Since containers are made of metal, the movement of electron be-
tween the solution site at the bottom and the precipitation site at the top of a
container is facile and hence the solution may be accelerated. Studies on the de-
tailed process including this viewpoint are desirable.

3) Elastic strain on a mineral surface changes the relative locations of cations
and anions constituting the mineral and causes a change of electric potential on
the surface and affects the dissolution. This may be one of the physical back-
grounds of pressure solution.

4) Since the rate of container sinking will be controlled by the slower process
between dissolution and diffusion, the study on diffusion process will also be
important as on dissolution.

5) It is considered very difficult to measure chemical deformation of the buffer
material directly in experiments because mechanical deformation is considered
to be far larger. Experiments using stable isotopes such as *’Si and *’Si could be
helpful to distinguish chemical deformation from mechanical one.

The process of evaluating the pressure solution facilitated container sinking
includes the following steps: 1) observation/confirmation of the phenomenon; 2)
evaluation of dissolution/diffusion rates; 3) numerical modeling of sinking process
and evaluation of sinking rate. To contribute to these steps; 4) clarification of
physical mechanism of pressure solution, is also important.

Among various methods we may be able to think of for evaluating the pres-
sure solution facilitated container sinking, a primitive experimental idea is pre-
sented here. The buffer material made from montmorillonite and silica powder
should be partially loaded by a rod in a wet condition. The rod may be pene-
trated to the half depth of the buffer specimen. Buffer material containing SiO,
made from Si isotopes is placed on the undersurface of the rod beforehand as a

tracer. In this way the transportation of the dissolved silica can be traced and
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thus the phenomenon can be observed. Some knowledge about the effect of load,
temperature and chemical composition of the pore water will also be obtained.
By comparing the results of experiments using conductive and nonconductive

rods, effects of electric aspects of pressure solution will also be observed.

5. Concluding Remarks

The disposal of existing radioactive waste is the responsibility of the present
generation regardless whether we will rely on nuclear power generation or not.
The international community of nuclear power nations has, with a lesson of in-
cipient failures in site selections for geological disposal in mind, established a
principle that the implementer of geological disposal should present the safety of
the disposal system objectively, transparently and traceably to the society.
Although the problem of container sinking through a chemical process has
been brought up after that, it needs to be dealt with duly in a safety assessment.
But presently the scientific knowledge about it is quite lacking. In order that
geological disposal might progress steadily backed by the public understanding,
that the risk of retrieving the containers after disposal due to the concern of the
problem might be avoided, and that we might not feel shame toward the future
generation for not evaluating an important possible scenario of the evolution of
the disposal system, it is hoped that progress is made in researches on the clari-

fication of the detailed mechanism, acquisition of relevant data, and so on.
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