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Abstract

A database for diffusivity for a data setting of effective diffusion coefficients in rock
matrices in the second progress report, was developed. In this database, 3 kinds of diffusion
coefficients: effective diffusion coefficient (De), apparent diffusion coefficient (Da) and free
water diffusion coefficient (Do) were treated. The database, based on literatures published
between 1980 and 1998, was developed considering the following points.

ey Since Japanese geological environment is focused in the second progress report, data
for diffusion are collected focused on Japanese major rocks.

(2)  Although 22 elements are considered to be important in performance assessment for
geological disposal, all elements and aquatic tracers are treated in this database
development considering general purpose.

(3)  Since limestone, which belongs to sedimentary rock, can become one of the natural
resources and is inappropriate as a host rock, it is omifted in this database
development.

Rock was categorized into 4 kinds of rocks; acid crystalline rock, alkaline crystalline rock,
sedimentary rock (argillaceous/tuffaceous rock} and sedimentary rock (psammitic rock/sandy
stone) from the viewpoint of geology and mass transport. In addition, rocks around neutrality
among crystalline rock were categorized into the alkaline crystalline rock in this database. The
database is composed of sub-databases for 4 kinds of rocks. Furthermore, the sub-databases
for 4 kinds of the rocks are composed of databases to individual elements, in which totally, 24
items such as species, rock name, diffusion coefficients (De, Da, Do), obtained conditions
(method, porewater, pH, Eh, temperature, atmosphere, etc.), etc. are input.

As aresult of literature survey, for De values for acid crystalline rock, totally, 207 data for
18 elements and one tracer {(hydrocarbon) have béen reported and all data were for granitic
rocks such as granite, granodiorite and biotitic granite. For alkaline crystalline rock, totally, 32
De data for 6 elements have been reported for basalt, andesite and schist. For sedimentary
rock (argillaceous/tuffaceous rock), totally, 54 De data for 8 elements have been reported for
mudstone, pelitic schist and tuff, and for sedimentary rock (psammitic rock/sandy stone), 11
De data for 1 element have been reported for siliceous sedimentary rock. As is clear, much De
data are found in granitic rocks. Whilst, De data for psammitic rocks are short comparing to
those for the other kinds of rocks.

Correlativities have been approximately found between De values and rock porosities for
all kinds of the rocks, but significant porosity dependencies have not been found for Da values.
In addition, correlations between various parameters such as that between formation factors
and rock porosities, that between geometric factors and rock porosities, that between De
values and ionic charge, that between De values and Do values, and that between De values
and element, were also discussed.

' Radiochemistry Group, Waste Isolation Research Division, Waste Management and Fuel
Cycle Research Center, Tokai Works, Japan Nuclear Cycle Development Institute
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Chapter 1 General Introduction

1.1 Introduction

The diffusion of nuclides in rock matrix is considered to be important for performance assessment
of the geological disposal of high-level radioactive waste (HLW). Effective diffusion coefficient
(De) is particularly listed up as one of the essential parameters to evaluate flux, which expresses
the amount of nuclides passed per unit area and unit time, and the release rates of nuclides [e.g.
Sato, 1998].

For diffusion in rock matrix, nuclides are considered to migrate by a conbination of concentration
gradient, electric field gradient and the Brownian motion of molecular in grain-boundaries, micro
fissures and cleavages, sorbing on minerals composing the rock matrix and occuring electro-
physical interactions with the rock surfaces. It has been clarified by a natural analogue study for
28 series disequilibrium at the Kamaishi In Situ Test Site, Iwate, Japan that matrix diffusion
actually had occurred from a fracture surface into the matrix part [Ota et al., 1998].

Repository site for HLW in Japan has not been decided including candidate site yet. The kind of
host rock has not been also therefore fixed. From this matter, the diffusion of nuclides in major
rocks found in Japan must be evaluated in performance assessment. It is known that De values of
nuclides in rock matrix generally depend on diffusion species [e.g. Sato and Shibutani, 1994]. 1t is
therefore ideal that De is determined every species, but De values of nuclides in rock matrix
obtained considered repository releavant conditions are quite limited.

Effective diffusion coefficients of nuclides in rock matrix were simply. determined based on the
formation factors (FF) of the rock matrices, which were derived from De values of HTO [Umeki
et al., 1986] obtained by through-diffusion method [e.g Eriksen et al, 1981; Lever, 1986;
Muurinen et al., 1987; Cheung and Gray, 1989; Muurinen et al., 1989; Kita et al., 1989;
Nishiy ama et al., 1990; Park et al., 1991; Sato et al., 1992a; Yamaguchi et al., 1993], De values of
K* [Conca and Wright, 1992; Conca et al, 1993] obtained from electrical conductivity
measurements [e.g. Conca et al., 1991, 1993; Conca and wright, 1992; Okamoto et al., 1994, 1995;
Nakazawa et al., 1997] and free water diffusion coefficients of nuclides (Do) in the first progress
report for performance assessment, what is called, H-3 report [PNC, 1992]. In the H-3 report, 4
kinds of rocks; granite, basalt, mudstone and tuff, were treated as host rocks. In that model, FF of
rock matrix was assumed to be constant for all elements (totally 22 elements! [e.g. PNC, 1991;
Tochiyama et al., 1998]) to the same kind of rock, and De values were determined from the
product between FF and Do values of nuclides [Sato et al., 1992a]. The FF was determined every

1Key elements for performance assessment: Sn, Zr, Ni, Pd, Tc, Se, Sm, Nb, Sb, Cs, Cm, Am, Pu,
Np, U, Th, Pa, Ac, Ra, Bi, Po, Pb
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kind of rock. However, De and FF values have not been arranged as a database so far, FF values
of individual rocks were determined from a small number of data. Thus the development of
database for diffusion has been initiated after the H-3 report.

The effect of temperature on De was also evaluated for 25 and 60°C in the H-3 report, and De
values were corrected based on the activation energy of Do [Sato et al., 1992a]. The De values of
individual nuclides are however actually different depending on diffusion species, which
individual nuclides take in the porewater. Some studies indicate that De is affected by surface
diffusion of cationic species such as Cs* and Sr** [e.g Skagius and Neretnieks, 1982a; Yamaguchi
et al., 1992, 1993]. However, anion exclusion of anionic species in rock matrix has not been
discussed. The probable reason is due to anionic species such as I and CI” are generally used as a
reference or a standard to evaluate the surface diffusion [e.g. Skagius and Neretnieks, 1982a],
because they are non-sorptive onto bentonite and rocks. For anion exclusion of anionic species in
rock matrix, Kumpulainen et al. [1991] have discussed to be caused by the change in the thickness
of electric double layer near the mineral surface composing the rock matrix from the results of
through-diffusion experiments of CI” conducted as a function of the ionic strength of porewater
" (porewater was adjusted by NaCl concentration).

According to the Long-Term Program for Research, Development and Utilization of Atomic
Energy issued on 24th, June in 1994 by the Atomic Energy Commission, it is planned that the
second progress report for performance assessment of the geological disposal of HLW is
published and submitted to the government before the year 2000 [Atomic Energy Commission,
1994]. For the sake of that, various studies and reportings concernirig performance assessment
have been carried out based on this schedule. In addition, implementing body will be also
established around the year 2000.

The primary purpose of this report is to develop a database for matrix diffusion of nuclides in
Japanese major rocks for the second progress report in performance assessment of geological
disposal. Since the geological disposal is focused on Japanese geological environment, the database
was developed focused on data obtained for Japanese major rocks.

This report introduces data integrated based on literature survey for matrix diffusion of nuclides
in domestic major rocks, which were individually categorized.

1.2 Theoretical Background for Mass Transport
1.2.1 Mass transport theory

Before introduction and dlscussmn for this database, theoretical background for mass transport
and some difinitions are explained here. Diffusion equation for three-dimensional non-steady state
for a nuclide including advection, dispersion, sorption and decay is generally given by the
following equation based on Fickian second law [e.g. RWMC, 1990].
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BC J Dax .— A -l--i Da oC +i Daz-—a—c—
9t X % ) oY\ Y oy 1T 5z 27

1 aC aC ac (2D
~—-| Ux.=—=+Uy.-—+Uz. Ag-C
R [ X oY az} d
Where
C = concentration of an element (a nuclide) per unit volume on the (X, Y, Z) axis at an
arbitrary time
t =time

Dax = apparent diffusion coefficient of an element (a nuclide) in the direction of the X axis
Day = apparent diffusion coefficient of an element (a nuclide) in the direction of the Y axis
Daz = apparent diffusion coefficient of an element (a nuclide) in the direction of the Z axis
X = distance in the direction of the X axis

Y = distance in the direction of the Y axis

Z = distance in the direction of the Z axis

R = retardation factor

Ad = decay constant

Ux = flow velocity of the porewater in the direction of the X axis

Uy = flow velocity of the porewater in the direction of the Y axis

Uz = flow velocity of the porewater in the direction of the Z axis

If the diffusion coefficients Dax, Day and Daz are mdependent of distance X, Y and Z, equation
(1.2.1-1) is rewritten as follows.

2
ac Dax_azc+D azc+D 7 C
at x> aY? 97
(1.2.1-2)
L. Ux. 29—+U ac+Uz 9C —A-C
- R D¢ oY EYA

If the apparent diffusion coefficients Dax, Day and Daz are all the same and the flow velocities of
porewater Ux, Uy and Uz are also all the same, equation (1.2.1-2) is rewitten as follows.

(1.2.1-3)

aC Da_azc+azc+alc U ac+ac+ac i
En X2 9Y? 07*) R \9X 9Y oz ¢

Where
Da = apparent diffusion coefficient of an element (a nuclide) (Da=Dax=Day=Daz)
U = flow velocity of the porewater (U=Ux=Uy=Uz)

In performance assessment, mass transport in bentonite and in rock matrixis generally treated as
diffusion without advection (U=0), because their hydraulic conductivities are quite low [e.g. Sato
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et al., 1993]. In this case, equation (1.2.1-3) is rewritten as follows.

dC #C C &FC

2% _Da. LA —A..C 1.2.1-4
gt (ax2 ov:  azr) (1219
Expressing equation (1.2.1-4) using Laplacian v? , we have the following equation.
£=Da-V2C—ld-C | (1.2.1-5)
dt

Whei'e

V2=Laplacian ( V2=div grad = P/0X2+3%0Y*%0Z?)

Diffusive problem is generally treated in one-dimension. Retardation factor (R) is defined as
follows [e.g. Sato et al. 1992b]. :

R = ¢+ p-Kd =1+p-Kd
¢ ¢

(1.2.1-6)

Where
¢ = porosity
Kd = distribution coefficient
p = dry bulk density

Equation (1.2.1-5) is therefore rewritten as the following equation using equation (1.2.1-6).

(6+p-KD)- 52 =9-Dp- V2 C— 1y (94 p-Kd)-C

=De-V’C—4,-(¢+p-Kd).C

(1.2.1-7)

Where _
Dp = diffusion coefficient of an element (a nuclide) in the porewater
De = effective diffusion coefficient of an element (a nuclide)

The Da is disintegrated into some parameters as follows [e.g. Muurinen, 1994].

Da=_2Dp___ De ' (1.2.1-8)
p+p-Kd ¢+p-Kd

The R is also derived from equations (1.2.1-6) and (1.2.1-8) as follows.
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R=PP ' (1.2.1-9)
Da

The Da is further modelled as the following equation taking into account both pore diffusion and
surface diffusion [e.g. Muurinen et al., 1985a, 1985b, 1987; Muurinen, 1994; Olin, 1994].

. ¢-Dp +,o-Kd-Ds;
¢o+p-Kd ¢+p-Kd

(1.2.1-10)

Where
Ds = surface diffusion coefficient of an element (a nuclide)

For instance, equation (1.2.1-10) is used to estimate Ds values for cations such as Cs* and Sr**
[Eriksen and Jacobsson, 1996). From equations (1.2.1-8) and (1.2.1-10), De is therefore expressed
by the following equation [e.g. Muurinen, 1994; Olin, 1994].

De = ¢-Dp+ p-Kd-Ds - (1.2.1-11)

The relational equation between concentration of an element (a nuclide) in the porewater Cp and
concentration per unit volume C is given by the following equation.

C C
p=—r" =L - 1.2.1-12
P=9ipKd « ( )

Where
Cp = concentration of an element (a nuclide) in the porewater
o = rock capacity factor

The De is the parameter to directly affect flux, which expresses the amount of an element (a
nuclide) passed per unit area and unit time. For instance, the flux is expressed by the following
equation using De based on Fickian first law [Crank, 1975].

J=-De-VCp ‘ (1.2.1-13)

Where
V = nabla(V = grad = i*0Cp/dX+j*0Cp/dY+k=3Cp/9Z)

i, j, k= unit vectors in the directions of the X, Y and Z axes, respectively
25 _

J' = mass flux vector of an element (a nuclide)

Though equation (1.2.1-13) shows the flux for three-dimensions, diffusive problem is often
treated for homogeneous media and is generally solved in one-dimension. The flux in one-
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dimensional diffusion equation is given by the following equation [Crank, 1975].

2Cp
J=-De- 1.2.1-14
o[ 22] (121-14)

Where
J = mass flux of an element (a nuclide) in the direction of one-dimension

As shown in equations (1.2.1-13) and (1.2.1-14), flux directly depends on De. The De is therefore
regarded as an important parameter to affect the release rates of nuclides from repository.

The De is also generally affected by some parameters such as the charge number of species and
Do of diffusion species [e.g. Sato and Shibutani, 1994]. It is known from existing results that
cations and anions respectively show high and low De values compared with neutral species such
as HTO [e.g Sato and Shibutani, 1994]. Moreover, it is generally said that surface diffusion
occurs for cations [Muurinen et al., 1985a, 1985b, 1987; Cheung and Gray, 1989; Yamaguchi et
al., 1993; Olin, 1994] in the porewater of compacted bentonite and rock matrix, and to the
contrary, that anions are retarded by ion exclusion (in this case anion exclusion)]McKinley and
Hadermann, 1984], since the surface of bentonite and rock matrix is totally negatively charged
around pH8~9 which is generally said to take in the porewater of compacted bentonite [e.g.
Sasaki et al., 1995] and rock matrix.

1.2.2 Relations between diffusion coefficients and parameters
expressing the pore structure of geological material

Though how to express De is not necessarily united, De is generally expressed by the following
equation [e.g. Skagius and Neretnieks, 1982a, 1982b; Yui et al.,, 1994; Olin, 1994; Muurinen,
1994].

De=¢.Dp=¢.[f_2J.DO (1.2.2-1)
Where

¢ = porosity

& = constrictivity

7 = tortuosity (tis also called so)

Do = free water diffusion coefficient of a species

Where the porosity ¢ should be diffusion or transport porosity actually contributed, what is
called, effective porosity [e.g. Brandberg and Skagius, 19911, but it is quite difficult to estimate
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porosity actually contributing for diffusion, because the diffusion or transport porosity actually

depends on diffusion species. Based on equation (1.2.1-8), the porosity actually contributed for
diffusion can be however estimated by using non-sorbing and non-interactive nuclide.

In equation (1.2.1-8), if Kd=0, it becomes that Da=Dp. The pore is categorized into diffusion or

transport pore, isolated pore and dead-end pore, and total porosity is expressed by the following
equation.

Orotal = Pgifr + Piso + Pdead

(1.2.2-2)
Where

{total = total porositjr

¢diff = diffusion or transport porosity

diso = isolated porosity

¢dead = dead-end porosity

The porosity is generally treated as ¢=¢total. Figure 1.2.2-1 shows an illustration for a
categorization of the pores.

Dead-end pore

Ridioactiventiclides

\Isolated pore

Figure 1.2.2-1 [Illustration for a categorization of pores

Diffusion or transport pore: pores contributing for diffusion or transport and
' interconnected pores.
Isolated pore: pores existing independent of the other pores and not connected with
any pores.
Dead-end pore: blind pores and also called storage pores [e.g. Brandberg and Skagius,

1991] because the pores don’t directly contribute for transport, but
can keep some amount of nuclides in them.
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In equation (1.2.2-1), ¢»8/7* connecting De and Do is called a formation factor, and is expressed

by the following equation [e.g. Skagius and Neretnieks, 1982a, 1982b; Albinsson and Engkvist,
1991; Yui et al., 1994; Olin, 1994; Muurinen, 1994].

FF=E=¢-(—57J=¢-Gf (1.2.2-3)
Do T
Where

FF = formation factor
Gf = geometric factor (or also called tortuosity factor)

The Gf is here a physical parameter expressing the pore structure of geological material and is
independent of porosity. The Gf is defined by the following equation [e.g. Olin, 1994; Muurinen,
1994]. '

Gf = —[E (1.2.2-4)
Do

The parameters ¢, 8, 2, FF and Gf described above are generally all phy sical parameters, and can
not explain well that De values of elements (nuclides) depend on the charge of species such as
surface diffusion or ion exclusion. The & expresses the effect of the change in pore form on
diffusion and is originally characterized by the ratio of the minimum cross section to the
maximum one [Van Brakel and Heertjets, 1974]. This definition is however for soil which has
relatively large pore sizes and is considered to be inappropriate for highly compacted bentonite
with ultra narrow pores which sizes are nearly ionic size level. Electrostatic interaction of species
with the surface of bentonite can not be ignored in such case. The & therefore expresses not only
physical effect, but also includes the effect of electrostatic interaction. Sato et al. [Sato and
Shibutani, 1994; Sato et al., 1995; Sato, 1997, 1998] and Ochs et al. [Ochs et al.,, 1998] have
modelled this parameter based on electric double layer theory. Moreover, Kato et al. [Kato et al,,
1995] have modelled Dp based on the same theory. Though both models were originally
developed to explain De values of nuclides in compacted bentonite, the availability and
applicability are presently under discussion. Therefore, these models have not been applied for
actual performance assessment.

Whilst the 1 stands for the tortuous degree of pores and is expressed by the following equation
[e.g. Nakano, 1991; Shackelford and Daniel, 1991].

- Le
= 1.2.2-5
T ( )
Where

Le = length of effective diffusion path
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L = length of straight path (corresponding to the thickness of sample)

Figure 1.2.2-2 shows an image of the tortuosity. Nuclides can generally not go straight in sample
as shown in Figure 1.2.2-2. The tortuosity is the factor to express this degree.

Transport path Soil patticle
LX)
f =/
Pore
L_e..
Q O
%@ 2oy
« -

Figure 1.2.2-2 Image of tortuosity

1.2.3 Free water diffusion coefficient (Do)

By the way, it is well known that Do generally depends on species. The Do is calculated by the
following Nernst-Einstein equation (Nernst expression)[e.g. Robinson and Stokes, 1959; Daniel
and Shackelford, 1988; Shackelford and Daniel, 1991].

R-T-Ao -
Do=— 7 (12.3-1)

Where
R = gas constant (8.314 J/mol/K)
T = absolute temperature
Ao = limiting ionic equivalent conductivity
F = Faraday constant (F=e*N)(96,493 Coulomb/mol)
N = Avogadro number (6.02E23/mol)
e = elementary charge
|Z| = absolute value of the ionic charge
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For an uncharged particle, Do can be also calculated by the following Einstein-Stokes formula
[Robinson and Stokes, 1959; Olin, 1994; Otaki, 1990].

Do= L - R-T (1.2.3-2)
6r-n-r 6m-Mm-r-N
Where
k = Boltzmann’s constant (k=R/N=1.3803E-23 J/K)
1 = viscosity of the porewater
r = radius of the particle

The Do is often taken conservatively as 2.0E-9 m?/s for all species in performance assessment
[e.g Brandberg and Skagius, 1991]. A variation of more than one order of magnitude is however
actually found depending on the nature of the chemical species [Sato et al., 1996]. For example,
Do of Th*" at 18°C is 1.53E-10 m?s [Brandberg and Skagius, 1991] and that of Cs* is 1.77E-9
m%s [Li and Gregory, 1974]. The highest Do of those reported to the present is self-diffusion
coefficient of water, which Do is 2.14E-9 m%/s at 25 °C [Chemical Handbook, 1975].

With respect to a dual electrolyte such as NaCl, Do is given by the Nernst-Hartley expression
[Tamamushi, 1974].

Do BT _{[v++v_]_[A+.A_ ]} (1233)
Foolv,[z]) LA +A | | |

Where
v+, V- = activitities for cations and anions respectively
|Z+| = absolute value of the charge number of cation
A+, A- = limiting ionic equivalent conductivities for cations and anions respectively

The Do of dual electrolyte can be also calculated by the following equation [Matsuo, 1990].

Do= (|Z+| + |Z"D 'D0+ ‘Do_
_ |Z+|-D0+ +lz_ Do_

(1.2.3-4)

Where
Do = free water diffusion coefficient of the electrolyte
|Z+|, |Z-| = absolute values of the charge numbers of cations and anions respectively
Do+, Do- = free water diffusion coefficients for cations and anions respectively
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1.2.4 Porosity of geological material

The porosity is an important parameter as described in detail before and is given as the ratio of
pore volume to total sample volume [Monicard, 1980]. The porosity of the sample is generally
calculated by the following equation [e.g. Sato et al., 1993].

P
b=1- (1.2.4-1
plh ' )

‘Where
p = dry bulk density
pth = pure density of the sample (theoretical density)

The porosity in this case means the total porosity and does not mean transport porosity.
However, it is difficult to measure actual transport porosity and the total porosity is generally
used. '

The pure density of a bentonite, Kunigel-V1®? is given to be 2.7 Mg/m® from the pure density
measurements and an estimation from molecular structure and molecular weight [Suzuki et al.,
1992]. The pure densities of both Na-bentonites M X-80®2 and Kunipia-F® are also estimated to
be both 2.7 Mg/m® [Suzuki et al., 1992].

The porosity calculated by equation (1.2.4-1) makes good for engineered barrier such as bentonite,
but it is not generally used for natural rocks, because the porosity can not be theoretically
calculated. The porosity besides depends on the kind of rock. Therefore, the porosity of rock is
directly measured in general. The porosity is defined by the following equation [Monicard, 1980].

Vp Vs—Va
=& = 1.2.4-2
¢ Vs Vs ( )
Where

Vp = pore volume of the sample

? Kunigel-V1 is a product of the Kunimine Industries Co. Ltd. The mineralogy of the bentonite is
described in detail in the literatures of Ito et al. [Ito et al., 1993, 1994]. Major constituent clay
mineral is Na-montmorillonite, which mode is 46~49 wt%, and chalcedony, quartz, plagioclase,
calcite, dolomite, analcite and pyrite are contained in the bentonite as impurities. .

3 MX-80 is a product of the American Colloid Company. The constituent content of Na-
montmorillonite is 75 wt% [Miiller and Kahr, 1983].

4 Kunipia-F is a product of the Kunimine Industries Co. Ltd. This bentonite is the purified one
which mode of Na-montmoriilonite is over 99 wt% [Sato et al., 1992b; Kunimine Industries Co.
Ltd., Private communication)].
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Vs = total sample volume
Vth = pure solid volume of the sample

The porosity is generally determined by ligquid intrusion method (e.g water saturation method,
mercury intrusion method, kerosine intrusion method, etc.) and gas intrusion method (e.g. helium
intrusion). These are the methods to measure porosity by compensating sample pores with fluid.
Moreover, the porosity can be also determined by a leaching method, in which method the
porosity is estimated from an equiliblium concentration of a non-sorbing tracer leached out from a
sample saturated with the tracer in advance [Skagius and Neretnieks, 1985]. Then the porosity is
determined by the following equation.

p=LoVs=Cp-¥r _Co Vr (12.4-3)
Cp: Vs Cp Vs

Where
Co = initial concentration of the non-sorbing tracer contained per unit sample volume
Cp = concentration of the non-sorbing tracer in the reservoir at the equiliblium
Vs = total sample volume
Vr = solution volume in the reservoir

1.3 Methodology for Diffusivity Data Acquisition

This section mainIy explains 6 methods for diffusivity data acquisition including the theoretical
derivation of diffusivity.

1.3.1 In-diffusion method

From this method, Da can be basically obtained [e.g. Eriksen et al., 1981; Torstenfelt et al., 19823,
1982b; Nowak, 1983; Muurinen et al., 1983; Torstenfelt and Allard, 1986; Lever, 1986;
Christiansen and Torstenfelt, 1988; Sharma and Oscarson, 1989; Idemitsu et al., 1990; Sato et al.,
1991, 1992a, 1992b; Ota and Yoshida, 1994]. Figure 1.3.1-1 shows an illustration of a diffusion
experiment by the in-diffusion method. The end of a cylindrical sample contacts with a solution
containing tracer for certain time period, allowing the tracer to diffuse into the sample. Then the
concentration distribution (concentration profile) of the tracer in the sample is analysed after the
sample was sliced or scraped, and Da is obtained based on Fickian second law from the
concentration profile. The Da can be estimated from the following equation [Crank, 1975].

Initial condition

C=0, t=0, |X]=0

Boundary condition

C=Co, t>0, X=0
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- C=0, >0, [Xj=co

C=Co-e7fc[%]={l—erf[;—%—;}} (1.3.1-1)

erfC(W)=1—erf(W)=1—%Iexp(—n2)dn
N

o]
0

Where
C = concentration of the tracer per unit sample volume

Co = concentration of the tracer per unit sample volume at the end of the sample which the
tracer solution contacted

X = distance from the source

t = time

Sample

Diffusion
A

Reservoir of a solution
containing tracer

Concentration profile
after some time

= 1) 1 11
1T B

Figure 1.3.1-1 Tllustration of a diffusion experirment by in-diffusion method

This is a popular method for relatively soft rocks such as tuff [Kosaka et al., 1984; Ota and
Yoshida, 1994](though few studies have been reported for crystalline rock, some studies are
found for crystalline rock such as granite [e.g. Tsukamoto and Ohe, 1988]) and for bentonite [e.g
Eriksen et al, 1981; Torstenfelt et al., 1982a, 1982b; Nowak, 1983; Muurinen et al., 1983;
Torstenfelt and Allard, 1986; Lever, 1986; Christiansen and Torstenfelt, 1988; Sharma and
Oscarson, 1989; Sato et al.,, 1991, 1992a, 1992b; 1993, 1995; Sato and Shibutani, 1994], being
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adopted in many studies. The concentration of the tracer solution contacting with sample must be
maintained constant during the experiment. The concentration profile of the tracer in the sample
must be also obtained to determine Da. As described above, this method is popular for diffusion
of nuclides in bentonite, but not so many studies have been reported for rocks, because it is
generally alittle difficult to carry out slicing or scraping depending on the kind of rock. It is listed
up as one of the reasons that crystalline rocks such as granitic rocks and basalt are generally too
hard to slice and to scrape.

Not only Da, but also rock capacity factor can be obtained from this method. In this method, the

concentration of tracer in the reservoir is kept constant during the experiment. The concentration N

- at the end of the sample, which contacted with the tracer solution is also obtained from
concentration profile. From both concentrations, the rock capacity factor can be estimated from
the following relation.

a=¢+p-Kd=¢+p,h-(1—¢)-Kd=C£ (1.3.1-2)

X=0

Where
o =rock capacity factor
¢ = porosity of the sample
p = dry bulk density of the sample
pth = pure density of the sample (theoretical density)
Kd = distribution coefficient
C = concentration of the tracer element per unit sample volume at the end of the sample
where the tracer solution contacted
Cp = concentration of the tracer element in the porewater at the end of the sample
which the tracer solution contacted

In this case, Cp at the end of the sample, which contacted with the tracer solution (X=0) is equal
to the concentration of tracer in the reservoir.

1.3.2 Through-diffusion method

From this method, De can be basically obtained [e.g. Eriksen etal., 1981; Lever, 1986; Muurinen
et al,, 1987; Cheung and Gray, 1989; Muurinen et al., 1989; Kita et al., 1989; Park et al., 1991;
Ishida et al., 1991; Sato et al., 1992a, 1994, 1997; Sato, 1996; Yamaguchi et al., 1993, 1997].
Figure 1.3.2-1 shows an illustration of a diffusion experiment by the through-diffusion method.
A sample of rock is sandwiched between two reservoirs, of which one contains tracer (tracer cell
or reservoir cell) and tracer free porewater is injected into the other cell (measurement cell or low
concentration reservoir). The tracer diffuses into and through the rock sample. The concentration
of the tracer in the tracer cell initially remains much higher than that in the measurement cell,
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where the concentration is monitored. The De can be obtained from the change in concentration of
the tracer in the measurement cell as a function of time in steady state.

Sample
[ ——— p—
High-concentration Low-concentration
reservoir \ reservoir
Diffusion
N\
| . .

Concentration profile | S| | Concentration profile
after a short time - with steady-state

Figure 1.3.2-1 [Illustration of a diffusion experiment by through-diffusion
method

The concentration of the tracer in the measurement cell at an arbitrary time based on initial and
boundary conditions, is written as follows [Crank, 1975]:

Initial condition

Cp=0, t=0, 0<X<L

Boundary condition

Cp=Co, t>0, X=0

Cp=0, t>0, X=L

- y kol — n » 2. 2'
Ct =M€.{2§.t_ﬁ_2_a {ug__exp[_MJH_ (1.3.2-1)
V.

m

Where
Ct = concentration of the tracer in the measurement cell at an arbitrary time
A = cross-section area of the sample
L = thickness of the sample
Co = concentration of the tracer in the tracer cell
Vm = solution volume in the measurement cell
De = effective diffusion coefficient
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t = time
o = rock capacity factor

At long time such as steady state, the exponentials fall away to zero. Therefore, equation (1.3.2-
1) is approximately written for steady state as follows [Crank, 1975]:

Ct

_A:-L-Co -[De t “) (1.3.2-2)

v, (2 6)
The De can be estimated from the slope of Ct as a function of time in steady state based on
equation (1.3.2-2). Furthermore, Da can be also derived by the time-lag method [e.g. Muurinen et

al., 1987]. The Da is derived from an intercept on the t-axis on the basis of equation (1.3.2-2), the
so-called time-lag method [e.g. Muurinen et al., 1987}:

(1.3.2-3)

Where
Tint = intercept on the t-axis

This method is popular to directly obtain De, but there are not so many reports comparing with
those in in-diffusion method. It is relatively difficult ro carry out, because the chemical conditions
of solutions. in both cells must be basically maintained constant during the experiment. If both
sides of & sample are sandwiched by filters, the correction of De for tracer in the filters is needed,
because concentration gradient is formed in the filters. For bentonite, sintered metal filter is
generally used between bentonite and solution to restrain the swelling pressure. However, filter is
not generally used for rock. '

Figure 1.3.2-2 shows an image of the concentration profiles in the bentonite and filters. The
concentration gradients in the filters depends on tracer. The true concentration gradient in such
case is (Cp1—Cp2)/L. Since Cp1 and Cp2 are not directly obtained, De is corrected as follows.

Since all fluxes through filters and bentonite are the same, the following simultaneous equations
make good.

_ 3

J= Def-(Co Cp, ' (1.3.2-4)
. Lf J
\

J=De. (M (1.3.2-5)
L J
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J= Def-(Cpi_ Ct) (1.3.2-6)

f

Where
J = mass flux of the tracer
Def = effective diffusion coefficient in the filter
Co = concentration of the tracer in the tracer cell
Cp1, Cp2 = concentration of the tracer in the porewater at the border between bentonite and
filter
Lf= thickness of the filter
Ct = concentration of the tracer in the measurement cell

Filter Bentonite _Filter

Co

Ct

Lf L Lf
<P Pg—p>

Figure 1.3.2-2 Image of concentration profiles in bentonite and filters
In this case, since Ct is quité lower than Co, it can be regarded as zero, Solving these simultaneous
equations, De is finally corrected as follows.

_ 2De,-L;-J-Co
JL

De

(1.3.2-7)

In actual experiment, it seems that this correlation is generally not carried out.
Through-diffusion method is of use, because De, Da and o can be simultaneously obtained, but it
is inappropriate and inpractical for elements which are high sorptive onto geological materials. It

takes long times for breakthrough curve to reach steady state for such high sorptive elements.

If concentration profile in the sample can be obtained, both Da and a can be directly calculated.
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The o can be obtained by equation (1.3.1-2) from the concentration at the end of the sample,
which contacted with tracer solution in the tracer cell and the concentration of the tracer in the
tracer cell. The Da can be estimated by the following equation from the slope in concentration
distribution of the tracer in the sample and the flux, which can be obtained from the change in
concentration of the tracer in the measurement cell in steady state.

AC
J fDa . [—L—] (1.3.2-8)

Where
J = mass flux of the tracer

AC = average concentration gradient of the tracer in the sample per unit volume
L = thickness (length) of the sample

1.3.3 Back-to-back method

From this method, Da can be obtained fe.g. Miyahara et al., 1991; Kozaki et al., 1996; Sato and
Yui, 1997]. Figure 1.3.3-1 shows an illustration of a diffusion experiment by the back-to-back
method. A thin layer of sample such as filter penetrated a solution containing a tracer is
sandwiched between two cylindrical samples. A small amount of tracer is sometimes pipetted on
the surface of the cylindrical sample instead of the thin layer of sample [e.g. Sato et al., 1992b].
After a certain time period, the concentration profile of the tracer in the sample is measured. From
this profile, Da is obtained based on Fickian second law. For bentonite, the concentration profile
is obtained by slicing the bentonite and measureing the concentration of the tracer in each slice.
For hard material such as rock, the concentration profile is obtained by scraping the rock and -
measuring the concentration of the tracer in each scraped material.
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Original plane source (a thin layer
of sample or a filter penetrated a

tarcer solution)

O T

Sample
Diffu sion '

OO O AR A

=

Figure 1.3.3-1 Illustration of a diffusion experiment by back-to-back method

B

Concentration profile
after some time

This method is basically the same as in-diffusion method. The difference between both methods
is only boundary condition. The later (in-diffusion method) keeps a constant concentration at the
boundary. Whilst the concentration of the tracer gradually decreases in the former (back-to-back
method), and the tracer acts as a planer source. The Da can be obtained by the following equation
in this case. '

Initial condition

C=0, t=0, [X}=0

Boundary condition

C=0, t>0, [X|=e

0 oo o
dex+ICdx=2J.Cdx

M:J'c'd_x=
—a —0 0 0

CH—M—-— exp| — X (1.3.3-1)
2A+mDa -t 4Da -t . o

Where

C = concentration of the tracer per unit sample volume

M = total quantity of the tracer initially penetrated as a source

A = cross-section area of the sample

t =time

X = distance from the source



JNC TN3400 99—065

As described above, this method is the same as in-diffusion method from the viewpoint of
experimental process. It is sometimes inappropriate to distinct between boundary conditions in
both experiments. For example, if precipitation of tracer is formed on the surface of sample after
the tracer was pipetted, the boundary condition is controlled by the solubility of the tracer. In
this case, boundary condition becomes constant, Da can not be simply estimated by equation
(1.3.3-1). The Da should be estimated by equation (1.3.1-1) in such case, and it is considered to
be rather appropriate to regard that the Da was obtained by in-diffusion method than back-to-
back method in this case. Thus it is considered to be nonsense to distinguish between in-diffusion
method and back-to-back method. Since the tracer also diffuses into the sample from the outside
in the back-to-back method, it is considered that the back-to-back method may be included in the
in-diffusion method. ‘

A variant of this method has been also reported. Figure 1.3.3-2 shows an illustration of a
diffusion experiment by a variant of the back-to-back method. In both in-diffusion and back-to-
back method, a solution containing a tracer as a source or a thin layer of sample containing a tracer
(sometimes a samall amount of tracer) is used. However, rock and clay uniformly loaded with a
tracer is used as a source in the variant of the back-to-back method. Two samples are firstly
prepared. One of the samples is uniformly loaded with a tracer in advance, and the other sample

is free of the tracer. When both samples are connected, the diffusion experiment starts. The tracer

in the sample containing the tracer gradually diffuses into the other sample and a concentration
profile is formed after a certain time period.

Sample (rock or clay)

initially loaded with Sample (rock or clay)
tracer initially without tracer

% 0 OO EE RO A 5I|]]]

A, A

S

¢ » Concentratign profile
0 X after some time

Figure 1.3.3-2 Illustration of a diffusion experiment by a variant of back-to-
back method
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The Da of the tracer can be estimated by the following equations from the concentration profile in
the connected samples [Crank, 1975].

Imitial condition

C=Co, t=0, X<0

C=0, t=0, X>0

Boundary condition

C=0, t>0, X=c

The concentration of the tracer at a distance of € from a source with a thickness of de is expressed
as follows:

Cs = M . exp[_.

2+/nDa -t

Therefore, the concentration distribution is calculated as follows.

el mal
24— {-[ [ DE2 t]dﬁ-([exf’[_mi-t)dg}

Hence, the concentration distribution is finally derived as follows.

1., X 1 X
==Co. — = |=2Co.{1- 1.3.3-4
C 5 0 erfc[2 ’—Da-tJ 5 0 { erf[2 ’—Da-tJ} - . ) ( >

Where
Ce = concentration of the tracer at a distance of & from the source with a thickness of de
C = concentration of the tracer per unit samplé volutne
Co = initial concentration of the tracer in the sample containing the tracer
X = distance from the connected plane of the samples
t = time

. : 1.3.3-2
4Da -tJ ' ( )

(133-3)

This is useful for soft materials such as bentonite and clay, but it is difficult to carry out for hard
rocks such as granite, because it is too hard to slice or to scrape to obtain concentration profile.
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1.3.4 Out-diffusion method

Sample initially loaded
with tracer

Diffusion <

A A

Reservoir of a solution @gﬂw Concentration profile
contaming tracer after some time -

Figure 1.3.4-1 Iliustration of a diffusion experiment by out-diffusion method

From this method, Da can be obtained. Figure 1.3.4-1 shows an illustration of a diffusion
experiment by the out-diffusion method. This is basically the inverse technique to in-diffusion
method [Lever, 1986]. A cylindrical core of sample, which is uniformly loaded with tracer, is
contacted with a reservoir of water, which is free of the tracer. The tracer then diffuses out of the
sample, and the concentration of the tracer in the reservoir gradually increases with increasing
elapsed time. A breakthrough curve can be obtained by monitoring the concentration of the tracer

in the reservoir as a function of time.

If the sample is effectively infinite, then the concentration of the tracer in the reservoir at an

arbitrary time is expressed by the following equation.

Co A?.De-q¢-t A’.De.a-t
Ct=—-i1—-exp| ———— |-erfc} J————~
a { p[ e J f{ Vit ]}

_Co e A’.De-a-t A—ers Ar.De-a-t
a P Vr? Vr?

Where
Ct = concentration of the tracer in the reservoir af an arbitrary time
Co = initial concentration of the tracer contained per unit sample volume
A = cross-section area of the sample
t = time
Vr = solution volume in the reservoir

(1.3.4-1)
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When the concentration in the reservoir at short times is still small (i.e. AZDesctst/Vr’«1),
equation (1.3.4-1) is approximately expressed by the following equation.

_Co | [ [A*De.a-t]l _Co A’.De-q-t
{1 erff{ e AP

--------- (1.3.4-2)
A’.De-a-t
= e GF i
By the way,
erfe(w)y=1-—erf(w)=1 ——-Z—Jexp(—rf)dn. (1.3.4-3)
Nex
The erflw) is expressed as follows from Maclaurin’s expansion [e.g. Sato, 1997]:
PR | N ) I (13.4-4)
erf(w)=— W 3.4-
vz =](2n-1)-(n-1)
Where
_ A’.De-a-t
\% %

From equation (1.3.4-4), the erf{w) is approximately calculated as follows:

2 2 /Az-De-a-t )
erf(w)—\/; w \/E [ Vi ] (1.3.4-5)

Hence, at A%Desast/Vr*«l, equation (1.3.4-1) is approximately expressed by the following
equation by substituting equation (1.3.4-5) into equation (1.3.4-2).

Ct=2CO'A-[ De-t]=2Co-A.( /Da-t] (1.3.4-6)
Vr na Vr i1

From equation (1.3.4-6), Da can be estimated. At long times, the concentration of the tracer in the _
reservoir Ct as a function of time depends on De and a or Da.

At long times, equiliblium is reached between the tracer in the water in both reservoirs and the
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sample and the tracer sorbed to the sample. Then the value of ¢ can be estimated by the following
equation. ‘

g=C0Ve=Cp:-Vr_Co Vr _ (13.4-7)
Cp-Vs Cp Vs

‘Where
Cp = concentration of the tracer in the reservoir at the equiliblium
Vs = total sample volume

This is a minor method. In the preparation of initial sample, if the tracer is highly sorptive onto
the sample, it takes long times for the preparation of sample.

1.3.5 Reservoir-depletion method

This method is basically similar to in-diffusion method. Figure 1.3.5-1 shows an illustration of a
diffusion experiment by the reservoir-depletion method. A reservoir of water containing a tracer
contacts with one end of a cylindrical core of sample. The other sides are sealed. The tracer
diffuses into the sample, and the quantity in the reservoir decreases as a function of time. This
decrease is monitored as a function of time.

Sample

Concentration profile
after some time

-
Diffusion
Reservoir of a solution
containing tracer
\. W,

Figure 1.3.5-1 Tllustration of a diffusion experiment by reservoir-
depletion method
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If the length of the cylindrical core of the sample is effectively infinite, then the concentration of
the tracer in the reservoir satisfies the following equation [Lever, 1986].

2 2
Ct:Co.exp(————A .]\)[eza tJ.eI:fc[ ——A Dez.a.tJ
iy

Vr
(1.3.5-1)
"AY.De-q-t A?.De.g-t
=Coexp| 222 F | ) _gpp| JADE @t
xp[ Ve H -J{ V2 ]}
Where

Ct = concentration of the tracer in the reservoir at an arbitrary time
Co = initial concentration of the tracer in the reservoir

A = cross-section area of the sample

t =time

Vr = solution volume in the reservoir

In this case, the change in concentration of the tracer depends on the product Desct. This is
because the distance which it has diffused into the sample is proportional to (De=t/ct)*5, and the
quantity of the tracer in the sample is related to ¢ times as this, i.e. it is determined by (De-qi=t)">.
If the cylindrical core of the sample is not effectively infinite, then the solution is more
complicated. If the sorption is linear, a Laplace transform method can be used. In this case, the
solution doesn’t just depend on the product De+c. [Lever, 1986].

The concentration of the tracer doesn’t continue to decrease indefinitely, and at long times
equiliblium is reached between the tracer in the water in both reservoir and sample and the tracer
sorbed to the sample. Then the value of & can be estimated by the following equation from this
equiliblium.

q=(Co=Cp)-Vr_(Co .| Vr (1.3.5-2)
Cp-Vs Cp Vs
Where

Cp = concentration of the tracer in the reservoir at the equiliblium
Vs = total sample volume ‘

From this method, although neither De nor Da can be directly obtained, De and Da can be
analytically estimated from equations (1.3.5-1) and (1.3.5-2).
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1.3.6 Electrical conductivity method

From this method, De can be basically obtained. Figure 1.3.6-1 shows an illustration of a
diffusion experiment by the electrical conductivity method. A core of sample or a block of sample
is firstly saturated with an electrolyte solution such as NaCl, of which electrolyte concentration is
known. Then the electrical conductivity between two opposite planes (electrodes) in the sample
is measured. For this measurement, the Wheatstone bridge circuit is generally used. When the
Wheatstone bridge circuit gives the smallest capacitance and the smallest electric current, the
relation between resistances is given by the following equation.

B—zﬁ (1.3.6-1)
R, R
Where;

R = resistance of the conductance cell
R1, R2, R3 =resistances in the bridge circuit

From the measured resistance, the electrical conductivity is calculated by dividing the cell
‘constant by the measured resistance. The equivalent conductivity is calculated from the obtained
electrical conductivity, and then De can be estimated by the Nernst expression [Robinson and
Stokes, 1959]. In this case, De is also called a simple diffusion coefficient {Dsi)[e.g. Conca et al.,
1991]. If the porosity ¢ is 100%, De (or Dsi) is equal to Do. The De in this method is estimated
by the following equation [e.g. Conca and Wright, 1990]. :

_R-T-K-t,
- Pz

De (1.3.6-2)

Where
R = gas constant
K = specific conductance
tni = transport or transference number of the i-th ton
|Zi} = absolute value of the charge number of the i-th ion in the electrolyte
Ci = molar concentration of the i-th ion in the electrolyte

The specific conductance K is disintegrated as follows.

K=0-G ' e (1.3.6-3)

Where
6 = cell constant for the conductivity sample holder
G = measured conductance on the conductivity bridge



JNC TNB400 99—065

Therefore, finally, equation (1.3.6-2) is expressed as follows from equation (1.3.6-3).

_RT-0:G-t, ]
.De— Pl (1.3.6-4)

There is an activity correction factor that corrects for solution nonideality at higher ionic
strengths. The De in this case is corrected by the following equation [e.g Conca and Wright,
1990].

De = Deo- (1 4 in aJ (1.2.6-5)

Where
' Deo = effective diffusion coefficient at infinite dilution
a = mean molar activity coefficient
C = solute concentration

This correction factor is also calculated for simple electrolytes from data given in standard
references. For example, for a 0.1M KCl solution, the activity coefficient was 0.76 using the
extended Debye-Hiickel approximation [Conca and Wright, 1990], giving a correction factor of
approximately 1.12 based on equation (1.2.6-5), which is applied to the diffusion coefficients
caleulated from equation (1.3.6-4). For a 0.01M KCI solution, the correction factor is calculated
1.04 [Conca and Wright, 1990]. |
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Sample saturated with
_an electrolyte solution

Filter paper

Electrode

Wheatstone bridge
N

Figure 1.3.6-1 [llustration of a diffusion experiment by electrical conductivity
method |

1.4 Basic Concept for Data Extraction for Performance
. Assessment
1.4.1 Categorization of rock

Rock has been mainly categorized into 4 kinds of rocks; acid crystalline rock, alkaline cry stalline
rock, sedimentary rock (argillaceous/tuffaceous rock) and sedimentary rock (psammitic
rock/sandy stone) from the viewpoints of geology, hydrogeology [PNC, 1998] and mass
transport. The crystalline rock is generally regarded as fractured media and the sedimentary rock
is generally regarded as porous media. Furthermore, the sedimentary rock has been separated into
two ages; rocks before paleogene and those after neogene, because their phy sical properties such
as porosity and the degree of consolidation significantly depend on age, which those rocks were
formed. However, in actual separation for the sedimentary rock, it is difficult to distinctly
distinguish between both ages, because few reports describe detailed information for the age of the
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rock sample used in the experiment, and it is too short in information to judge. Therefore, the
distinction of age in the sedimentary rock is not carried out in this report.

For categorized rocks, granite, granodiorite, rhyolite, etc. are included in acid crystalline rock.
Basalt, andesite, schist, diorite, gabbro, etc. are included in alkaline crystalline rock. Mudstone,
tuff, pelitic schist, shale, etc. are included in sedimentary rock (argillaceous/tuffaceous rock), and
sandstone, siliceous sedimentary rock, etc. are included in sedimentary rock (psammitic
rock/sandy stone) in this report.

Limestone is also included in sedimentary rock, but it is omitted from the development of
diffusivity database, because limestone can become one of the natural resources and is
inappropriate as a host rock.

1.4.2 Basic concept for data extraction

(D) Since geological disposal is focused on Japanese geological envirohment, data for
diffusion are collected focused on Japanese major rocks.

2) Not only 22 elements which are considered to be important in performance assessment
of the geological disposal of HLW, but also all elements and aquatic tracers are treated in
the development of database considering general purpose, because it is considered that
rock pore sizes are quite large compared with ionic sizes and that electrostatic interaction
of diffusion species with the rock surfaces is small. In this case, De strongly depends on
Do of species and the formation factor of rock, which quantitatively expresses geometric
pore structure.

3) Since it is difficult to distinguish between rocks before paleogene and those after neogene
for sedimentary rock, in which matrix diffusion data have been reported, the distinction
of age is not carried out. Therefore, the development of database is basically focused on 4
kinds of rocks; acid crystalline rock, alkaline crystalline rock, sedimentary rock
(argillaceous/tuffaceous rock) and sedimentary rock (psammitic rock/sandy stone).

4) Since limestone which belongs to sedimentary rock can become one of the natural

resources and is inappropriate as a host rock, it is omitted in the development of
database.

1.4.3 Basic structure of database

Figure 1.4.3-1 shows the basic structure of the database for diffusion coefficient. The whole
database is composed of sub-databases of 4 kinds of rocks. Furthermore, the sub-databases of 4



JNC TN8400 99—065

kinds of the rocks are composed of databases to individual elements, in which each datum,
literature information, remarks and so on are input. Totally, 24 parameters (or items) such as

element, species, rock name, diffusion coefficients (De, Da, Do) and obtained conditions (method,
porewater, pH, Eh, temperature, atmosphere, etc.) are input.

| | | _|
Acid crystalline rock| Alkaline crystalline Sedimentary rock Sedimentary rock
rock (psammitic rock/ (argillaceous rock/
sandy stone) tuffaceous rock)
18 elements and 1 | 6 elements ] | 1 elements | I 9 elements |
hydrocarbon
I
24 input data | 24 input data I | 24 input data | l 24 input data |
[ | I |
Literature list and Literature list and Literature list and Literature list and
rem arks remarks remarks remarks
Database

Figure 1.4.3—1 Basic structure of database for diffusion coefficient

1.4.4 Literature survey

Data regarding diffusion (De, Da, obtained conditions, etc.) in domestic rocks were collected
based on literature survey. A review of literatures was carried out focused on literatures such as

journals (domestic and international), proceedings (domestic and international) and technical
reports (such as JAERI, PNC, etc.) already published between 1980 and 1998.
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Chapter 2 Diffusivity Data of Nuclides
in Matrix Part of Domestic
Major Rocks

2.1 Sedimentary Rock: argillaceous/tuffaceous rock

Totally, 54 De and 40 Da data have been found for argillaceous or tuffaceous rock among
sedimentary rock to date based on a review of literatures. Nine elements® have been totally
discussed for argillaceous and tuffaceous rock. In this section, data regarding matrix diffusion
obtained for individual elements are introduced, as well as are discussed.

2.1.1 Chlorine (CI)

The De values for Cl (CI') in sedomentary rock have been reported for mudstone [Sato and
Yui, 1992; Sato et al., 1992; PNC, 1996; Sato et al., 1997], pelitic schist [Sato, 1991] and tuff
[Sato, 1996]. All measurements have been carried out using non-radioactive tarcer. Chlorine is
not directly included in important elements for performance assessment of the geological
disposal of HLW, but it is generelly regarded as a non-sorbing element, Chlorine (*°Cl) is
accounted as one of the important elements for performance assessment in low-level
radioactive waste (LLW). The Da values have been also derived based on the time-lag method .
[e.g. Muurinen et al., 1987] or based on De and rock capacity factor.

For mudstone, tuff and pelitic schist, totally, 13 De values, obtained by through-diffusion
experiments, have been reported up to the present. All measurements have been carried out
under aerobic conditions, because Cl is not redox sensitive. The porewater initially ‘saturated is
all distilled water. All measurements have been performed at room temperature or 25 °C. No
study for systematic temperature dependency on De has been reported. The reported
porewater pH was in a range of 5.5 to 9.54. Since Cl simply takes chloride ion in a wide pH
range, the change of the porewater pH is not directly cencerned with chemical behaviour.

Figures 2.1.1-1 and 2.1.1-2 show histograms for De and Da values of CI” in sedimentary
rock reported to date, respectively. Totally, 13 De data have been reported for mudstone, tuff
and pelitic schist. Relatively a wide range of variation is found in De. This is considered to be
due to the difference of porosity. The De was in the order from highest to lowest, tuff, pelitic
schist and mudstone. For Da, 7 data have been reported in total. A wide range of variation is
not found for Da different from De. This is presumed to be due to the difference of sorptivity
onto rocks.

19 elements to be introduced: Cl, Cs, T, K, Na, Ni, Se, Sm and U.
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Figures 2.1.1-3 and 2.1.1-4 show plots of De and Da values of CI” as a function of rock
porosity for sedimentary rock, respectively. The correlations were plotted only for data
reported both porosity and De or Da. For De, 12 plots have been totally reported and 6 plots
have been totally reported for Da. The De clearly shows a tendency to increase with
increasing rock porosity. While significant porosity dependence is not found for Da, but it
seems that the lower porosity is, the lower Da is.

The Do of CI” is estimated to be 2.0x107 m?s at 25 "C by the Nernst-Einstein equation (it is
also called the Nernst expression)[Robinson and Stokes, 1959; Li and Gregory, 1974;
Chemical Handbook, 1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991;
Marcus, 1997). Formation factor (FF) was calculated based on the equation: FF=De/Do.
Moreover, geometric factor (Gf) was also calculated based on the equation:
Gf=Dp/Do=De/(¢=D0o)=FF/¢. Where Dp is the porewater diffusion coefficient, and ¢ is the
porosity. Porosity dependencies for FF and Gf will be discussed in more detail summarizing
in section 2.1.10.

Sedimentary rock: argillaceous/tuffacecus

rock (mudstone/tuff/pelitic schist)
10 HE M B A M LR R R

Frequency

0 H H _ i :
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Figure 2.1.1-1 Histogram for De values of CI” ion in sedimentary rock (mudstone, tuff,
pelitic schist)

The average De of Cl” in sedimentary rock was estimated to be 2.92x10™*> m%s. Though a

wide range of variation is found in De, this is considered to be due to a wide porosity range in

the rock. '

40—
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Sedimentary rock: argillaceous/tuffaceous
10 rock (mudstone/tuff/pelitic schist)
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Figure 2.1.1-2 Histogram for Da values of CI” ion in sedimentary rock (mudstone, tuff,

pelitic schist)
The average Da of CI” in sedimentary rock was estimated to be 1.34x107"! m?/s.

Sedimentary rock: argillaceous/tuffaceous rock
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Figure 2.1.1-3 De values of CI” ion as a function of rock porosity for sedimentary rock
(mudstone, tuff, pelitic schist)

The correlations were plotted only for data reported both porosity and De. Totally, 12 plots

have been reported for CI. The De shows a tendency to increase with increasing rock

porosity.
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Sedimentary rock: argillaceous/tuffaceous rock
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Figure 2.1.1-4 Da values of Cl” ion as a function of rock porosity for sedimentary rock
(mudstone, tuff, pelitic schist)

The correlations were plotted only for data reported both porosity and Da, Totally 6 plots

have been reported for CI'. No significant porosity dependency is found for Da, but it seems

that the lower porosity is, the lower Da is.
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2.1.2  Cesium (Cs)

The De values for Cs (Cs™) in sedimentary rock have been reported only for mudstone [PNC,
1996; Sato, 1997]1. Since Cs is not redox sensitive, all measurements have been carried out
under aerobic conditions. Cesium is one of the important elements for performance assessment
of the geologjcal disposal of HLW. In the performance assessment, *°Cs is especially regarded
as an important nuclide (B~ decay property, half-life: 2.0x10°y) because of its long half-life
[PNC, 1992]. This is produced as one of the fission products. Much *’Cs is initially included
in HLW, but this is rapidly decayed because of its short half-life (B~ decay property, half-life:
30.17 y)* [PNC, 1992]. Cesium is soluble in solution and it is presumed that the chemical
behaviour doesn’t also change in reducing conditions.

The De data have been based on the time-lag method [e.g. Muurinen et al., 1987] or based on
De and rock capacity factor. The porewater initially saturated is all distilled water and no
experiment carried out as a parameter for the ionic strength of porewater is found. All
measurements have been performed at 25 °C and no measurement for temperature dependence
on De has been also especially carried out. The reported porewater pH was 6 for all
measurements.

Figures 2.1.2-1 and 2.1.2-2 show histograms for De and Da values of Cs* in sedimentary
rock reported to date, respectively. The De values of Cs™ in sedimentary rock have been
reported only for mudstone. Totally, 2 De data have been reported. Also for Da, totally, 2
data have been reported for mudstone.

Figures 2.1.2-3 and 2.1.2-4 show plots of De and Da values as a function of rock porosity
for sedimentary rock, respectively. The correlations were plotted only for data reported both
porosity and De or Da. Only one plot has been totally reported for both De and Da. Porosity
dependency for diffusion can not be therefore discussed here.

The Do of Cs* is estimated to be 2.1x10 m%s at 25 °C by the Nernst-Einstein equation (it is

also called the Nernst expression)[Robinson and Stokes, 1959; Li and Gregory, 1974; Chemical”
Handbook, 1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991; Marcus, 1997].

Formation factor (FF) and geometric factor (Gf) were calculated based on Do, De and porosity

in the same way as Cl. Porosity dependencies for FF and Gf will be discussed in more detail

sumimarizing in section 2.1.10.

2 Cesium-137 itself is 2 B~ decay nuclide (energy: 0.512 MeV), but the daugther, *"™Ba emits
v-ray by nuclear isomer transfer (IT), which has a strong energy of 0.662 MeV. Namely,
137Cs is generally called v emitter.
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Figure 2.1.2-1 Histogram for De values of Cs* ion in sedimentary rock (mudstone)
The average De of Cs" in sedimentary rock was estimated to be 4.80x107"% m?/s.
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Figure 2,1.2-2 Histogram for Da values of Cs" ion in sedimentary rock (mudstone)
The average Da of Cs” in sedimentary rock was estimated to be 3.90x107% m%/s.
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Figure 2.1.2-3 De values of Cs" ion as a function of rock porosity for sedimentary rock
' (mudstone) -
Totally, only one plot has been reported for Cs*. Porosity dependency for De can not be

therefore discussed.
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Figure 2.1.2-4 Da values of Cs* ion as a function of rock porosity for sedimentary rock
(mudstone)

Totally, only one plot has been reported for Cs"™. Porosity dependency for Da can not be

therefore discussed.
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2.1.3 Todine (I)

The De values for I (I") in sedimentary rock have been reported for tuff [Nishiyama et al.,
1990; Kita et al., 1989]. Since I (iodine) is not redox sensitive, all measurements have been
carried out under aerobic conditions. lodine is not directly included in important elements for
performance assessment of the geological disposal of HLW, but it (:*°I) is accounted as one of
the important elements in LLW. It is generally regarded that I (iodine) is a non-sorbing element,
because it forms anionic specis such as I” and 105~ in solution. Though the dominant species of
I depends on redox and pH conditions, I” is predominant under aerobic conditions [Brookins,
1988]. The chemical behaviour of I doesn’t also change in reducing conditions.

The De data have been obtained by through-diffusion method and Da data have been derived
based on the time-lag method [Muurinen et al., 1987] or based on De and rock capacity factor.
The porewater initially saturated is distilled water or deionized water and no experiment
carried out as a parameter for the ionic strength of the porewater is found. All measurements
have been performed at room temperature and temperature is not particularly reported. No
measurement for temperature dependence on De has been carried out. The pH of the
porewater is not reported.

Figures 2.1.3—-1 and 2.1.3-2 show histograms for De and Da values of I” in sedimentary rock
reported up to the present, respectively. The De values of I in sedimentary rock have been
reported only for tuff. Four De data have been totally reported for tuff. For Da, 4 data have
been reported in total for tuff,

Figures 2.1.3-3 and 2.1.3-4 show plots of De and Da values of I” as a function of rock
porosity for sedimentary rock, respectively. The correlations were plotted only for data
reported both porosity and De or Da. Four plots have been totally reported for both De and
Da, Since rock porosity is relatively high (reported porosity: about 25 %), both De and Da
values are also high. Data enough to be able to discuss porosity dependency for diffusion are
not reported.

The Do of I" is estimated to be 2.0x10™ m%s at 25 "C by the Nernst-Einstein equation (it is
also called the Nernst expression)[Robinson and Stokes, 1959; Li and Gregory, 1974; Chemical
Handbook, 1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991; Marcus, 1997).
Formation factor (FF) and geometric factor (Gf) were also calculated based on Do, De and
porosity in the same way as Cl and Cs. Porosity dependencies for FF and Gf will be discussed
in more detail summarizing in section 2.1.10.
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Figure 2.1.3-1 Histogram for De values of I” ion in sedimentary rock (tuff)
The average De of I in sedimentary rock was estimated to be 7.01x10™"! m?/s.
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Figure 2.1.3-2  Histogram for Da values of I” ion in sedimentary rock (tuff)
The average Da of I" in sedimentary rock was estimated to be 2.73x107'% m?/s.
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Figare 2.1.3-3 De values of I" ion as a function of rock porosity for sedimentary rock (tuff)
The correlations were plotted only for data reported both porosity and De. Totally, 4 plots
have been reported for I". Since data eough to be able to evaluate porosity dependency for De
are not reported, it can not be discussed.
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Figure 2.1.3-4 Da values of [” ion as a function of rock porosity for sedimentary rock (tuff)
The correlations were plotted only for data reported both porosity and Da. Totally, 4 plots
have been reported for I". Data enough to be able to discuss porosity dependency for Da are

not reported.
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2.1.4 Potassium (K)

The De values for K (K*) in sedimentary rock have been reported for both mudstone and tuff
[Concaet al., 1993; Conca and Wright, 1992](In these papers, De is called a sunple diffusion
coefficient). Since K is not redox sensitive, all measurements have been carried out under
aerobic conditions. Potassium is not especially regarded as an important element in
performance assessment of the geological disposal of HLW, but it is presumed that K shows
similar behaviour to that of Cs in solution. The chemical behaviour is not affected by redox
condition, so it does not also change in reducing conditions.

All De data have been obtained by electrical conductivity method. Apparent diffusion
coefficient can not be obtained by this method. Therefore, no Da has been reported. Rock
samples were initially saturated witha 0.1 M KCl solution, and then electrical conductivities
were measured. The De values were determined by the Nernst-Einstein equation [Robinson
and Stokes, 1959]. The principle of these measurements is as described in more detail in
section 1.3.6. The porewater and tracer are therefore the same. All measurements have been
performed at room temperature. The pH of the porewater is not reported.

Figure 2.1.4-1 shows a histogram for De values of K in sedimentary rock reported up to the
present. Ten De data have been totally reported for mudstone and tuff. No Da has been
reported. The De was in the order of tuff and mudstone from highest to lowest. This is
presumed to be due to the difference of porosity. The porosity of tuff is about 56 % and that
of mudstone is 0.74 %.

Figure 2.1.4-2 shows a plot of De values of K* as a function of rock porosity for
sedimentary rock. Totally, 10 plots have been reported together with porosity for De. The De
clearly shows a tendency to increase with increasing rock porosity.

The Do of K* is estimated to be 2.0x10~° m%/s at 25 °C by the Nermnst-Einstein equation (it is
also called the Nemnst expression)[Robinson and Stokes, 1959; Li and Gregory, 1974; Chemical
Handbook, 1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991; Marcus, 1997].
Formation factor (FF) and geometric factor (Gf) were also calculated based on Do, De and
porosity. Porosity dependencies for FF and Gf will be discussed in more detail summarizing in
section 2.1.10.
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Figure 2.1.4-1 Histogram for De values of K* ion in sedimentary rock (mudstone, tuff)

The average De of K™ in sedimentary rock was estimated to be 1.75x107! m¥s. In this
histogram, the difference of porosity is not considered. Actually, the porosity of tuff (56 %) is
quite larger than that of mudstone (0.74 %).
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Figure 2.1.4-2 De valves of K* ion as a function of rock porosity for sedimentary rock
(mudstone, tuff)

The correlations were plotted only for data reported both porosity and De. Totally, 10 plots

have been reported for K*. The De clearly shows a tendency to increase with increasing rock

porosity.
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2.1.5 Sodium (Na)

The De values for Na (Na") in sedimentary rock have been reported for mudstone [Sato et al.,
1997] and tuff [Sato, 1996]. Since Na is not redox sensitive, all measurements have been
carried out under acrobic conditions. Sodium is not included in important elements for
performance assessment of the geological disposal of HLW, but it is considered that Na shows
similar chemical behaviour to those of Cs and X in solution. The chermcal behaviour doesn’t
also change in reducing conditions.

The De data for Na have been obtained by through-diffusion method and Da data have been
derived based on the time-lag method [Muurinen et al., 1987] or based on De and rock
capacity factor. The porewater initially saturated is distilled water for all measurements. All
measurements have been performed at 25 °C. The reported porewater pH was in a range of 5.5
to 9.54. Sodium chloride (NaCl) was used as a tracer solution for the measurements.

Figures 2.1.5-1 and 2.1.5-2 show histograms for De and Da values of Na" in sedimentary
rock reported up to the present, respectively. The De values of Na™ in sedimentary rock have
been reported for mudstone and tuff, and Da values have been reported only for tuff. Totally,

- 5 Deand 3 Da data have been reported for Na. The De was in the order of tuff and mudstone
from highest to lowest. Relatively a wide range of variation is found in De. This is presumed
to be due to the difference of porosity, because the porosity of tuff is much larger than that of

. mudstone, Those of tuff and mudstone are 1.8 % and 37.4 %, respectively, being quite
different.

Figures 2.1.5-3 and 2.1.5—4 show plots of De and Da values of Na' as a function of rock
porosity for sedimentary rock, respectively. Totally, 5 and 3 plots have been reported for De
and Da, respectively. The De shows a tendency to increase with increasing rock porosity.
Data enough to be able to evaluate porosity dependency are not reported for Da.

The Do of Na" is estimated to be 1.3x10™ m%s at 25 °C by the Nernst-Einstein equation (it is
also called the Nernst expression)[Robinson and Stokes, 1959; Li and Gregory, 1974; Chemical
Handbook, 1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991; M arcus, 1997].
Formation factor (FF) and geometric factor (Gf) were also calculated based on Do, De and
porosity. Porosity dependencies for FF and Gf will be discussed in more detail summarizing in
section 2.1.10.
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Figure 2.1.5-1 Histogram for De values of Na* ion in sedimentary rock (mudstone, tuff)
The average De of Na* in sedimentary rock was estimated to be 2.48x107'? m?%s. In this
histogram, the difference of porosity is not considered. However, the porosity is quite
different between tuff and mudstone.
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Figure 2.1.5-2 Histogram for Da values of Na* ion in sedimentary rock (tuff)
The average Da of Na* in sedimentary rock was estimated to be 6.07x107'! m%s.
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Figure 2.1.5-3 De values of Na” ion as a function of rock porosity for sedimentary rock
(mudstone, tuff)

The correlations were plotted only for data reported both porosity and De. Totally, 5 plots

have been reported for Na*, The De clearly shows a tendency to increase with increasing

porosity.
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Figure 2.1.5-4 Da values of Na" ion as a function of rock porosity for sedimentary rock
(tuff)

Totally, 3 plots have been reported for Na'. Data enough to be able to discuss porosity

dependency for Da are not reported. :
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2.1.6 Nickel (Ni)

The De values for Ni (Ni#*) in sedimentary rock have been reported for mudstone [PNC,
1996; Sato et al., 1997]. Since Ni is not redox sensitive, all measurements have been carried out
under aerobic conditions. Nickel is accounted as one of the important elements for
performance assessment of the geological disposal of HLW. Nickel-59 has been especially
regarded as an important nuclide (B* decay property, half-life: 7.5%10* y) because of its long
half-life [PNC, 1991; Sato and Yui, 1997]. This is produced by activation of the corrosion
products in a power reactor and is included in waste liquid in the process of reprocessing,
Nickel is soluble in solution and it is presumed that the chemical behaviour does not also
change in reducing conditions. Nickel chemically takes Ni(Il), independent of redox condition,
and Ni** is predominant in 2 pH range of < 9, Ni(OH), predominant between 9 and 11, and
HNiO;™ predominant in a pH range of > 11 in the system of Ni-O-H-S (activities: 107° and 10~
? for Ni and S, respectively)[Brookins, 1988].

The De data have been obtained by through-diffusion method and Da values have been derived
based on the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock capacity
factor from breakthrough curves in the through-diffusion experiments. All measurements have
been carried out in a distilled water sy stem. All experiemts have been performed at 25 °C. The
reported porewater pH was 6 for all measurements. The species of Ni in the porewater in this
condition is considered to be Ni** from the pH of the porewater and redox condition.

Figures 2.1.6-1 and 2.1.6-2 show histograms for De and Da values of Ni#* in sedimentary
rock reported up to the present, respectively. The De values of NiZ* in sedimentary rock have
been reported only for mudstone. Two De data have been reported in total. Also for Da, 2
data have been totally reported for mudstone.

Figures 2.1.6-3 and 2.1.6-4 show plots of De and Da values of Ni** as a function of rock
porosity for sedimentary rock, respectively. Since the correlations were plotted only for data
reported both porosity and De or Da, only one plot has been totally reported for both De and
Da. Porosity dependency for diffusion can not be therefore discussed here.

The Do of Ni?* is estimated to be 6.6x107'° m?/s at 25 °C by the Nernst-Einstein equation (it
is also called the Nernst expression)[Robinson and Stokes, 1959; Li and Gregory, 1974;
Chemical Handbook, 1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991;
Marcus, 1997]. Formation factor (FF) and geometric factor (Gf) were also calculated based on
Do, De and porosity. Porosity dependencies for FF and Gf will be discussed in more detail
summarizing in section 2.1.10.
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Figure 2.1.6-1 Histogram for De values of Ni** jon in sedimentary rock (mudstone)
'The average De of Ni** in sedimentary rock was estimated to be 1.0x107% m?s.
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Figure 2.1.6-2 Histogram for Da values of Ni** ion in sedimentary rock (mudstone)
The average Da of Ni2* in sedimentary rock was estimated to be 2.95x107* m?s.
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Figure 2.1.6-3 De values of Ni?* ion as a function of rock porosity for sedimentary rock
(mudstone)

The correlation was plotted only for data reported both porosity and De. Totally, only one

plot has been reported for Ni*”. Therefore, porosity dependency for De cannot be evaluated.
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Figure 2.1.6-4 Da values of Ni** jon as a function of rock porosity for sedimentary rock
(mudstone)

The correlation was plotted for data reported both porosity and Da. One plot has been

reported for Ni**. Data enough to be able to discuss porosity dependency for Da are not

reported. :
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2.1.7 Selenium (Se)

The De values for Se in sedimentary rock have been reported for tuff [Sato and Shibutani,
1996; PNC, 1996; Tachi et al., 1988]. Totally, 16 De data have been reported for Se. Also for
Da, 16 data have been totally reported for the same kind of rock. Selentum is redox sensitive
and it is well known that the valence changes depending on redox condition. Therefore, all
experiments have been carried out in an N-atmosphere glove-box, in which the concentration
of oxygen was kept less than Ippm. Selenium can chemically take Se(-II), (0), (II), (IV) and
(VI), but since Se(II) is unstable, it doesn’t normally exist. It is presumed that SeQs®" species
(selenite) is predominant in solution under anaerobic conditions [Ticknor et al. 1988; Brookins,
1988]. 1t is also well known that HSe™ species (hydroselenide) is predominant in solution
under reducing conditions [Ticknor et al. 1988; Brookins, 1988]. Moreover, Se exists as
anionic species when it forms an ion in solution. It is therefore known that Se is generally
weak sorptive onto bentonite and rocks, but Se relatively sorbs onto iron minerals such as
pyrite, goethite, biotite and chlorite in the pH range less than their ZPC values (zero point of
charge)[Shibutani et al., 1994a; 1994b]. Selenium is accounted as one of the important elements
for performance assessment of the geological disposal of HLW. Selenium-79 has been
especially regarded as an important nuclide (B~ decay property, half-life: 6.5x10* y) because of
its long half-life [PNC, 1992; Sato, 1997]. This is produced as one of the fission products in a
power reactor and is included in HLW liquid.

All De data have been obtained by through-diffusion method and Da values have been derived
based on the time-lag method [Muurinen et al., 1987] or based on De and rock capacity factor
from breakthrough curves in the through-diffusion experiments. All measurements have been
carried out in a 0.1 M NaCl system to make the ionic strength of porewater in both sides of
cells the same. The experiements have been performed at 22 °C or temperature in glove-box.
The reported porewater pH was in a range of 7.7 to 11.

Figures 2.4.7-1 and 2.1.7-2 show histograms for De and Da values of SeO5>" in sediemntary
rock reported up to the present, respectively. The De values of SeO;> in sedimentary rock
have been reported only for tuff. Also for Da, data for tuff have been reported. Sixteen data
have been reported in total for both De and Da in tuff. The width of variation in De and Da is
also small. This is presumed to be due to the width of variation in rock porosity was also
small.

Figures 2.1.7-3 and 2.1.7—4 show plots of De and Da values of SeO5> as a function of rock
porosity for sedimentary rock. Totally, 16 data have been plotted for both De and Da, but
porosity dependency for diffusion could not be obtained, because the variation in porosity
was too small as described above, the sorptivity of SeQ5?~ onto rocks is generally small. Since
the porosity of tuff was relatively high (about 37 %), it is presumed that both De and Da
values were also relatively high. '

The Do of Se03> is estimated to be 8.1x107% m%s at 25 °C by the Nemst-Einstein equation
(it is also called the Nernst expression)[Marcus, 1997]. Formation factor (FF) and geometric
factor (Gf) were also calculated based on Do, De and porosity. Porosity dependencies for FF
and Gf will be discussed in more detail summarizing in section 2.1.10.
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The average De of Se05> in sedimentary rock was estimated to be 5.90x107'2 m%s. Almost all
measured values are in good producibility within one order of magnitude in a deviation.
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Figure 2.1.7-3 De values of SeO5* ion as a function of rock porosity for sedimentary rock
(tuff)

Totally, 16 De plots have been reported for SeO5%". However, since the width of variation in

porosity was too small, porosity dependency for De could not be evaluated.
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Totally, 16 Da plots have been reported for SeO5*". However, since the width of variation in
porosity was also too small, porosity dependency for Da could not be evaluated.
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2.1.8 Samarium (Sm)

The De values for Sm in sedimentary rock have been reported for tuff [PNC, 1996; Sato et al.,
1997]. Totally, 2 data have been reported for both De and Da. Samarium is accounted as one
of the important elements for performance assessment of the geological disposal of HLW.
Samarium-151 has been especially regarded as an important nuclide (B~ decay property, half-
life: 93 y). Though Sm-151 relatively has a short half-life, it has a high activity in the initial
condition after the closure of repository. This is produced as one of the fission products in a
power reactor. Samarium is not redox sensitive. Therefore, all measurements have been carried
out under aerobic conditions. However, the chemical behaviour of Sm is sensitive to the
concentration of carbonate in solution. Since carbonate is supplied by the dissolution of calcite
contained as one of the impurities or constituent minerals in bentonite or rock, it is considered
that carbonate constantly exists in porewater. Samarium can chemically take Sm(II) and (III),
but it takes Sm(III) in solution in a wide pH range [Brookins, 1988]. It has been clarified by
Shibutani et al. [Shibutani et al., 1995a, 1995b; Shibutani, 1996] that the species of Sm changes
as a function of pH and that three dominant species are predicted in a pH range lower than 6,
around 8 and in a pH range higher than 10 under aerobic conditions. In this case, the dominant
species are predicted to be Snr’”, SmCO;" and Sm(CO;),” in a pH range lower than 6, around 8
and in a pH range higher than 10, respectively. If no carbonate exists in solution, the dominant
species of Smin a high pH range is different from samarium carbonates, samarium hy droxides
such as SmOH*, Sm(OH),” and Sm(OH);(aq) become predominant [Shibutani et al. 1995¢].
Although Sm is one of the lanthanides, it is generally considered that the chemical behaviour of
Sm is similar to those of elements, which take trivalent elements such as Ac, Am and Cm,
which are actinides [e.g Sato, 1997; Sato, 1998a, 1998b]. Therefore, Sm was used as a
representative of trivalent elements.

The De data have been obtained by through-diffusion method and Da values have been derived
based on the time-lag method [Muurinen et al., 1987] or based on De and rock capacity factor.
All measurements have been carried out in a distilled water sy stem. In addition, all experiments
have been performed at 25 "C. The reported porewater pH was 6 for all measurements. The
species of Sm in the porewater in this condition is considered to be Sm>".

Figures 2.1.8-1 and 2.1.8-2 show histograms for De and Da values of Sm®* in sedimentary
rock reported up to the present, respectively. The De and Da values of Sm® have been
repotrted only for mudstone. Two De data have been reported in total. Also for Da, 2 data
have been reported.

Figures 2.1.8-3 and 2.1.8—4 show plots of De and Da values of Sm®" as a function of rock
porosity for sedimentary rock, respectively. Since the correlations were plotted only for data
reported both porosity and De or Da, only one plot has been totally reported for both De and
Da. Therefore, porosity dependency for diffusion cannot be discussed here.

The Do of Sm** is estimated to be 6.1x107'° m%s at 25 °C by the Nernst-Einstein equation (it
is also called the Nernst expression)[Marcus, 1997). Formation factor (FF) and geometric
factor (Gf) were also calculated based on Do, De and porosity. Porosity dependencies for FF
and Gf will be discussed in more detail summarizing in section 2.1.10.
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Figure 2.1.8-1 Histogram for De values of Sm** ion in sedimentary rock (mudstone)

The average De of Sm** in sedimentary rock was estimated to be 5.30x10™ m%s.
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Figure 2.1.8-2 Histogram for Da values of Sm*" ion in sedimentary rock (mudstone)
The average Da of Sm** in sedimentary rock was estimated to be 2.62x10™ m?/s.
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The correlation was plotted only for data reported both porosity and De. Totally, only one
plot has been reported for Sm’®*, Therefore, porosity dependency for De cannot be evaluated
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plot has been reported for Sm’*. Therefore, porosity dependency for Da cannot be evaluated
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2.1.9 Uranium (U)

The Da values for U(VI) in sedimentary rock have been reported for tuff [Kosaka et al., 1984]
and tuffaceous sandstone [Ota and Yoshida, 1994], but no De has been reported. Totally, 4 Da
data have been reported for U. Uranium is accounted as one of the important elements for
performance assessment of the geological disposal of HLW, Uranium-233, 234, 235, 236 and
238 have been particularly regarded as important nuclides (*°U: o decay property, half-life
1.592x10° y; 2*U: o decay property, half-life 2.446x10° y; *°U: « decay property, half-life
7.038x10% y; 2°U: « decay property, half-life 2.342x107 y; 28U: o decay property, half-life
4.468x10° y) because of their long half-lives [PNC, 1991; Sato, 1997, 1998]. These nuclides
are produced as decay chain nuclides. Uranium is redox sensitive and it is known that the
valence changes depending on redox condition. Uranjum can chemically take U(IID), (IV), (V)
and (VI) in solution, but U(VI) and U(IV) are predominant in solution under aerobic and
reducing conditions, respectively . The chemical species also depends on the porewater pH and
the concentration of carbonate dissolving in solution.

All Da data have been obtained by in-diffusion method (this method is also called back-to-back
method. See sections 1.3.1 and 1.3.3 for the difference between in-diffusion and back-to-back
method.). The measurements for tuff and tuffaceous sandstone have been carried out in a
deionized water and a groundwater system, respectively. The experiments for tuff and
tuffaceous sandstone have been performed in a range of 20 to 50 °C and at room temperature,
respectively. However, no activation energy for diffusion is reported for tuff. The porewater
pH is not reported for all measurements, All measurements have been carried out under aerobic
conditions. In this case, the valence of U is considered to be hexavalent. The dominant
chemical species of U in the porewater in this case is considered to be UO,(CO3);* from the
chemical and redox conditions, but the speciation of U is not reported.

Figure 2.1.9—1 shows a histogram for Da values of UO,(CO5);* in sedimentary rock reported
up to the present. Since no datum for rock porosity is reported, porosity dependency for Da
cannot be discussed. The width of variation in Da is over two orders of magnitude even though
almost all measurements have been carried out in similar chemical conditions. It is considered
that temperature conditions and poré structural factors such as porosity affected diffusion
behaviour.

The Do of UO,(CO3);* has not been directly measured and no datum is existing, but it has
been estimated to be 7.2x107'% m%s at 25 °C based on the Stokes equation [Robinson and
Stokes, 1959] by the ionic radius calculated from the molecular structure [Yamaguchi, 1996].
Since neither De nor porosity is reported, porosity dependencies for formation factor (FF) and
geometric factor (Gf) cannot be estimated.
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Figure 2.1.9-1 Histogram for Da values of U0,(COs);* ion in sedimentary rock (tuff,
tuffaceous sandstone)

The average Da of UO,(CO5);* in sedimentary rock was estimated to be 3.94x1072 m%s. Since

no datum was reported for both porosity and Da, porosity dependency for Da cannot be

discussed here.
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2.1.10 Summary for diffusivity data in argillaceous and tuffaceous
rock

The De and Da values for totally 9 elements were discussed in sections 2.1.1~2.1.9. Figure
2.1.10-1 shows a histogram of De values in argillaceous and tuffaceous rock of sedimentary
rock for 8 elements® reported in each section. Totally, 9 elements were discussed for
sedimentary rock, but no De only for U has been reported. Though the average De of all
elements in sedimentary rock was estimated to be 2.55x107'% m?s, relatively a wide range of
variation is found in De. The width of variation in De is approximately 5 orders of magnitude.
This attributes to the variation in rock porosity. In these rocks, the porosity of tuff was
between 25 and 56 %, and that of mudstone was between 0.74 and 1.8 %. That of pelitic
schist was 1.0%. As is clear from this, rock porosity is quite different depending on the kind
of rock. Therefore, De should be discussed together with rock porosity.

Sedimentary rock: argillaceous/tuffaceous
rock (mudstone/pelitic schist/tuff)
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Figure 2.1.10-1 Histogram for De values in sedimentary rock for 8 elements (mudstone,
pelitic schist, tuff)

The average De of all elements in sedimentary rock was estimated to be 2.55x107"* m%s. Since

the variation in rock porosity is not considered in the histogram, relatively a wide range of

variation is found in De.

3 8 elements: Cl, Cs, I, K, Na, Ni, Se and Sm.
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Figure 2.1.10-2 shows a histogram of Da values in sedimentary rock for 8 elements (no Da
has been reported only for K) discussed in sections 2.1.1~2.1.9. The average Da of all elements
in sedimentary rock was estimated to be 7.28x107'2 m?%s and a variation of approximately
three orders of magnitude is found in Da. The Da includes sorption onto minerals composing
rock, so the difference in Da can not be simply explained only by porosity and pore structure.
The Da is affected by both sorption and De. Since De depends on the pore structure of rock,
and sorption also depends on the kind of rock and chemical conditions, it is presumed that the
variation in Da was mainly caused by the differences of constituent minerals and pore
structure by the difference of the kind of rock.

Sedimentary rock: argillaceous/tuffaceous rock
(mudstone/pelitic schist/tuff/tuffaceous

sandstone)
10 ! 1 b I 7 | o ' l
| N=40
log Da=—11.138+0.903
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8 elements :
9
2 6r 4
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o
o L _
= 4
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-16 -15 -14 -13 -12 -11 -10 -9 -8
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Figure 2.1.10-2 Histogram for Da values in sedimentary rock for § elements (mudstone,
pelitic schist, tuff, tuffaceous sandstone)

The average value of Da in sedimentary rock (argillaceous/tuffaceous rock) was estimated to be

7.28x107'* m%s. The width of variation in Da is approximately three orders of magnitude. This

is mainly considered to attribute to the differences and sorptivity onto rock.
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Figure 2.1.10-3 shows a porosity dependency of De values for 8 elements discussed in
sections 2.1.1-2.1.9 (no De has been reported only for U). Totally, 50 plots have been
reported for De together with porosity. The De clearly shows a tendency to increase with
increasing rock porosity, although some variation is found.

Sedimentary rock: argillaceous/tuffaceous rock
_7 (mudstone/pelitic schist/tuff)
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Figure 2.1.10-3 De values for 8 elements as a function of porosity for sedimentary rock
(mudstone, pelitic schist, tuff)
No De only for U in sedimentary rock (argillaceous and tuufaceous rock) has been reported.

Though some variation is found, De clearly shows a tendency to increase with increasing rock
porosity.
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Figure 2.1.10—4 shows a least squares fitting curve for De values as a function of rock
porosity. In the derivation of empirical equation, De data for all elements (8 elements except
U) were taken into account without distinguishing the kind of element. Consequently, the
empirical equation: De=(10712870159,41.3980.127 w25 derived, where f is the porosity in % and
the errors stand for the standard deviations.

log De=m1+m2*log{M0Q)
- . MO: porosity (%)
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Figure 2.1.104 Empiﬁcal 'e.quation for De values as a function of rock porosity for
sedimentary rock (mudstone, pelitic schist, tuff)
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Figure 2.1.10-5 shows a width of variation in De values as a function of rock porosity. Two
lines were drawn to be parallel to the empirical equation of De values as a function of rock
porosity, which is shown in Figure 2.1.10—4 and to pass on the maximum and minimum
values of plotted De values. This width of variation does not have statistical meaning, merely
showing measured maximum and minimum values.

Sedimentary rock: pelitic/tuffaceous rock
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Figure 2.1.10-5 A width of variation in De values as a function of porosity for sedimentary
rock (mudstone, pelitic schist, tuff)

_"[8_



JNC TN8400 99—065

Figure 2.1.10-6 shows a least squares fitting curve for Da values as a function of rock
porosity. Though Da shows a slight tendency to increase with increasing rock porosity, clear
trend is not found. A wide range of variation is found in Da, even similar porosity.

log Da=m1+m2*log{M0)
MO: porosity (%)
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Figure 2.1.10-6 Da values as a function of rock porosity for sedimentary rock (mudstone,
- pelitic schist, tuff, tuffaceous sandstone)
A wide range of variation is found in Da, even similar rock porosity.
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Figure 2.1.10-7 shows a correlation of De values as a function of charge number of species.
No systematic trend is particularly found. Since porosity actually depends on the kind of rock,
it is presumed that such a wide range of variation in De was caused by the difference of rock
porosity.

Sedimentary rock: argillaceous/tuffaceous rock

107 (mudstone/pelitic schist/tuff)
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Figure 2.1.160-7 De values as a function of éharge number of species
A wide range of De values is found even though the charge number is the same.
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Figure 2.1.10-8 shows a correlation of formation factors (FF) as a function of rock porosity.
Similarly to De values, FF clearly shows a tendency to increase with increasing rock porosity.

100_ e —
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Figure 2.1.10-8 FF values as a function of rock porosity (mudstone, tuff, pelitic schist)
The FF clearly shows a tendency to increase with increasing rock porosity.
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Figure 2.1.10-9 shows a correlation of geometric factors (Gf) as a function of rock porosity.
As shown in Figure 2.1.10-9, Gf shows a slight tendency to increase with increasing rock
porosity. Since FF clearly increased with increasing rock porosity, that Gf depended on rock
porosity indicates that FF strongly depends on both Gf and porosity.

Geometric factor /Gf

Sedimentary rock: argillaceous/tuffaceous rock

1 (mudstone/tuff/pelitic schist)
10"
10° _
107! , ......................................................
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1074 .. .................................................................................
10° " |

0.1 1 10! 102
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Figure 2.1.10-9 - Gf values as a function of rock porosity (mudstone, tuff, pelitic schist)
The Gf shows a slight tendency to increase with increasing rock porosity.
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Figure 2.1.10-10 shows a plot of De values for individual elements. No particular tendency
between De values and elements is found, Even the same element has a wide range of De
values (for example, Cl, K, Na). However, the variation in rock porosity is also included in the
variation in De. As described in each section, De values for Cl, K and Na increased with
increasing rock porosity. Therefore, such wide variation in De is considered to be due to the
variation of porosity.

Sedimentary rock: argillaceous/tuffaceous rock

10°8 (mudstone/tuff/pelitic schist)
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Figure 2.1.10-10 A plot of De values for individual elements in sedimentary rock (mudstone,
tuff, pelitic schist)
No tendency between De values and elements is particularly found.
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Figure 2.1.10-11 shows a correlation of De values to Do values for sedimentary rock
(argillaceous/tuffaceous rock). A wide range of variation in De is found at the same Do and no
particular correlation seems not to be found between De and Do. This reason may be because
rock porosity is variable.

Sedimentary rock (argillaceous/
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Figure 2.1.10-11 A correlation of De values to Do values for sedimentary rock (mudstone,
tuff, pelitic schist)
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2.2 Sedimentary Rock: psammitic rock/sandy stone

Eleven De and 11 Da values have been totally reported for psammitic rock or sandy stone
among sedimentary rock to date based on a review of literatures. Only one element has been
discussed for sedimentary rock (psammitic rock/sandy stone). In this section, data regarding
matrix diffusion obtained to date (in this case, I (iodine)) are introduced, as well as are
discussed.

2.2.1 Iodine (I)

The De values for I (I") in sedimentary rock (psammitic rock/sandy stone) have been reported
for siliceous sedimentary rock [Nishiyama et al., 1990]. All experiements for acquisition have
been carried out under aerobic conditions. The chemical behaviour and treatment in
performance assessment of the geological disposal of HL'W are as described in section 2.1.3(1).

The De data have been obtained by through-diffusion method and Da data have been calculated
from De values and rock capacity factors reported in literature. The porewater initially
saturated is all deionized water. All measurements have been performed at room temperature
and no information for temperature is particularly described. The pH of the porewater is also
not reported.

Figures 2.2.1-1 and 2.2.1-2 show histograms for De and Da values of I" in sedimentary rock
(psammitic rock/sandy stone) reported up to the present, respectively. Both diffusive
parameters (De and Da) of I” in sedimentary rock (psammitic rock/sandy stone) have been
reported only for siliceous sedimentary rock. Totally, 11 De and 11 Da data have been
reported.

Figures 2.2.1-3 and 2.2.1-4 show plots of De and Da values of I” as a function of rock
porosity, respectively. The De clearly shows a tendency to increase with increasing rock
porosity. Whilst, significant porosity dependency is not found for Da. However, it seems that
the lower porosity is, the lower Da is.

The Do of I” is estimated to be 2.0x10” m%s at 25 °C by the Nernst-Einstein equation
fRobinson and Stokes, 1959; Li and Gregory, 1974; Chemical Handbook, 1975; Daniel and
Shackelford, 1988; Shackelford and Daniel, 1991; Marcus, 1997]. Formation factor (FF) and
geometric factor (Gf) were also calculated based on Do, De and porosity in the same way as
section 2.1. Porosity dependencies for FF and Gf will be also discussed in more detail in next
section.



JNC TN8400 99—065

Sedimentary rock: psammitic rock/
sandy stone (siliceous sedimentary rock)
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Figure 2.2.1-1 Histogram for De values of I” ion in sedimentary rock (siliceous sedimentary
rock)

The average De of I” in sedimentary rock (psammitic rock/sandy stone) was estimated to be

6.08x107!! m?s.

Sedimentary rock: psammitic rock/
1 sandy stone (silicecus sedimentary rock)
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Figure 2.2.1-2 Histogram for Da values of I” ion in sediméntm'y rock (siliceous sedimentary
rock)

The average value of Da in sedimentary rock (psammitic rock/sandy stone) was estimated to

be 2.12x107"° m?%s.
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Sedimentary rock: psammitic rock/

:@ 7 sandy stone (siliceous sedimentary rock)
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Figure 2.2.1-3 De values of I” ion as a function of rock porosity for sediemmntary rock
(siliceous sedimentary rock)

Totally, 11 plots have been reported for I". The De clearly shows a tendency to increase with

increasing rock porosity.
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Figure 2.2.1-4 Da values of I” ion as a function of rock porosity for sedimentary rock
' (siliceous sedimentary rock)

Totally, 11 plots have been reported for I". No significant porosity dependency is found for

Da, but it seems that the lower porosity is, the lower Da is.
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2.2.2 Summary for diffusivity data in psammitic rock/sandy stone

Totally, 1 element was discussed in section 2.2.1. Figure 2.2.2-1 shows a histogram of De
values in psammitic rock or sandy stone of sedimentary rock for 1 element (I) reported in
section 2.2.1(T). Though the average De of all data in sedimentary rock (psammitic rock/sandy
stone) was estimated to be 6.08x107!! m%/s, not so wide range of variation is found in De. The
width of variation in De is within two orders of magnitude. This atributes to the variation of
rock porosity. In these rocks, the porosity of siliceous sedimentary rock had a range from 4.3
to 47.5 %, showing a wide range of porosity. Therefore, De should be discussed together with
rock porosity.

Sedimentary rock: psammitic rock/
sandy stone (siliceous sedimentary rock)
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Figure 2.2.2-1 Histogram for De values in sedimentary rock for one element (for I)
(siliceous sedimentary rock)
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Figure 2.2.2-2 shows a histogram of Da values in sedimentary rock (psammitic rock/sandy
stone) for 1 element discussed in section 2.2.1(I). The average value of Da for siliceous
sedimentary rock in sedimentary rock was estimated to be 2.12x107'% m?%/s and the width of
variation in Da is within one order of magnitude. The Da also includes sorption onto minerals
composing rock, so the difference in Da can not be simply explained only by porosity and
pore structure. The Da is mainly affected by both sorption and De. Since De depends on the
pore structure of rock, and sorption also depends on the kind of rock and chemical conditions,
it is presumed that the variation in Da was caused by the differences of constituent minerals
and pore structure by the difference of the kind of rock.

Sedimentary rock: psammitic rock/
sandy stone (siliceous sedimentary rock)
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Figure 2.2.2-2 Histogram for Da values in sedimentary rock for one element (for I)
(siliceous sedimentary rock)

The average value of Da in sedimentary rock (psammitic rock/sandy stone) was estimated to be
2.12x107'% m%/s, The width of variation in Da is within one order of magnitude.
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Figure 2.2.2-3 shows a porosity dependence of De values discussed in section 2.2.1(I).
Totally, 11 data have been reported for De together with porosity. The De clearly shows a
tendency to increase with increasing rock porosity.

Sedimentary rock: psammitic rock/sandy stone
7 (siliceous sed1mentary rock)

NEIO e
T 10—8 [ O I:De(m’/s) |'
.§ 107 .. ........................................................ ..
= F -
& 00 %@ 3
g 10 o Y :
= 1ol | :
B 107 L € T |
'z O
- 1l . S
= | :
B 1073 Lo ]
§ 3
3:1'10‘14 1 N B R | 1 "I N B AR W
= 10! 10°
Porosity (%)

Figure 2.2.2-3 De values of I” ion as a function of porosity for sedimentary rock (siliceous
sedimentary rock)

The De data for siliceous sedimentary rock in sedimentary rock have been rep orted only for I.

De clearly shows a tendency to increase with increasing rock porosity.
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Figure 2.2.2—4 shows a least squares fitting curve for De values as a function of porosity. The
De is calculated to be 6.5x107% m%s at a porosity of 100 % (in this De is equivalent to Do),
being near 2.0x10” m?s at 25 °C which is the Do of I". From this fitting, the experimental
equation; (107124340278)41.6240.198 g derived, where f is the porosity in % and the errors
stand for the standard deviations.
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Figure 2.2.2-4 Empirical equation for De values as a function of rock porosity for
sedimentary rock (siliceous sedimentary rock)
Good correlativity is found between De and porosity.
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Figure 2.2.2-5 shows a width of variation in De values as a function of rock porosity. Two
lines were drawn to be parallel to the empirical equation of De values as a function of porosity
and to pass on the maximum and minimum values of plotted De values. Since good
correlativity is originally found between De and porosity, the width of variation in De is small,

as shown in Figure 2.2,2-5,

Figure 2.2.2-5 A width of variation in De values as a function of porosity for sedimentary
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rock (siliceous sedimentary rock)

Since good correlativity is found between De and porosity, the width of variation in De is

small.
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Figure 2.2.2-6 shows a least squares fitting curve for Da values as a function of rock porosity.
Though Da shows a slight tendency to increase with increasing rock porosity, clear trend is
not found than the case of De. Not so wide range of variation is found in Da.
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Figure 2.2.2-6 Da values as a function of rock porosity for sedimentary rock (siliceous
sedimentary rock) '

Though Da shows a slight tendency to increase with increasing rock porosity, it is not clear

than the case of De.
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Figure 2.2.2-7 shows a correlation of De values as a function of charge number of species. In
this case, since all data are for I', it can not be discussed for the effect of ionic charge of species
here. Though some variation is found in De, this is considered to-be due to the difference in
rock porosity. ‘

Sedimentary rock: psammitic rock/sandy stone

- _ (siliceous sedimentary rock)
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Figure 2.2.2-7 De values as a function of charge number of species
Though some variation is found in De, this may be due to the variation of tock porosity.
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Figure 2.2,2-8 shows a correlation of formation factors (FF) as a function of rock porosity.
Similarly to De values, FF clearly shows a tendency to increase with increasing rock porosity.

Sedimentary rock: psammitic rock/sandy stone
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Figure 2.2.2-8 FF values as a function of rock porosity for sedimentary rock (siliceous
sedimentary rock) '

The FF also clearly shows a tendency to increase with increasing rock porosity, similarly to

De.
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Figure 2.2.2-9 shows a correlation of geometric factors (Gf) as a function of rock porosity.
The Gf shows a slight tendency to increase with increasing rock porosity. Since FF clearly
increased with increasing rock porosity, that Gf depended on rock porosity indicates that FF
strongly depends on both Gf and porosity.

Sedimentary rock: psammitic rock/sandy stone
; (siliceous sedimentary rock)
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Figure 2.2.2-9 Gf values as a function of rock porosity for sedimentary rock (siliceous
sedimentary rock) :

The Gf shows a slight tendency to increase with increasing rock porosity. Even though the

variation in porosity is relatively wide to be from 4.3 to 47.5 %, the range of Gf is within one

order of magnitude.
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Figure 2.2.2-10 shows a plot of De values for individual elements. In this case, since reported
De data are only for I, no systematic tendency can not be discussed here. As described in
Figure 2.2.2-10, the variation in De is about 2 orders of magnitude. This may be due to the
variation of porosity.

Sedimentary rock: psammitic rock/sandy stone
10°8 (siliceous sedimentary rock)
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Figure 2.2.2-10 A plot of De values for individual elements in sedimentary rock (siliceous
sedimentary rock)
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Figure 2.2.2-11 shows a correlation of De values to Do values for sedimentary rock
(psammitic rock/sandy stone). For this kind of rock, since data only for I (iodine) have been
reported, no variation in Do exists. However, some variation in De is found. This variation is
considered to be due to the variety of rock porosity, because this kind of rock has a porosity
range of 4.3 to 47.5 %. Therefore, correlation between De and Do can not be simply discussed
here.

In comparison between sedimentary rock (argillaceous/tuffaceous rock) and sedimentary rock
(psammitic rock/sandy stone), similar De values are found for similar porosity. From this
matter, it is considered that diffusion behaviour to determine De is similar for both
sedimentary rocks.

Sedimentary rock (psammitic rock/
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Figure 2.2.2-11 A correlation of De values to Do values for sedimentary rock (siliceous
sedimentary rock)

Though some variation is found in De even though Do is the same, this may be due to the

variation of rock porosity.
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2.3 Alkaline Crystalline Rock

Totally, 32 De and 14 Da data have been reported for alkaline crystalline rock based on a
review of literatures. Six elements' have been totally discussed for alkaline crystalline rock. In
this section, data regarding matrix diffusion obtained for individual elements are introduced, as
well as are discussed.

2.3.1 Chlorine (Cl)

The De values for Cl (CI") in alkaline crystalline rock have been reported for basalt [Sato et al.,
1992, 1997; Sato and Yui, 1992; PNC, 1996]. The chemical behaviour and treatment in

performance assessment of the geological disposal of HLW are as described in section
2.1.1(C)).

For basalt, totally, 11 De values, obtained by through-diffusion method, have been reported
up to the present. All measurements have been carried out under aerobic conditions. The
porewater initially saturated is all distilled water. All measurements have been performed at
room temperature or 25 "C. The reported porewater pH was in a range of 5.5 to 7.1.

Figures 2.3.1-1 and 2.3.1-2 show histograms for De and Da values of CI” in alkaline
crystalline rock reported to date, respectively. Totally, 11 De data have been reported for
basalt. The width of variation in De is within one order of magnitude, but the degree of data is
lower than that in acid crystalline rock. For Da, 2 data have been reported in total.

Figures 2.3.1-3 and 2.3.1-4 show plots of De and Da values of CI” as a function of rock
porosity, respectively. The correlations were plotted only for data reported both porosity and
De or Da. For De, 10 plots have been totally reported here and 1 plot has been totally
reported for Da. Since all De values were obtained for similar porosities, porosity dependency
for De can not be discussed here. However, it seems that the higher porosity is, the higher De
is. Since Da is only 1 plot, porosity dependency for Da can not be discussed here.

The Do of CI', FF and Gf were estimated in the same way as section 2.1.1(Cl).

16 elements to be introduced: Cl, Cs, I, K, Na and Ni.
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Figure 2.3.1-1 Histogram for De values of CI” ion in alkaline crystalline rock (basalt)
The average value of De of CI” in alkaline crystalline rock was estimated to be 1.06x10~'* m%/s.
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Figure 2.3.1-2 Histogram for Da values of CI” ion in alkaline crystalline rock (basalt)
The average value of Da of CI in alkaline crystalline rock was estimated to be 7.5x107™ m?s.
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Figure 2.3.1-3 De values of CI” ion as a function of rock porosity for alkaline crystalline
rock (basalt)

Since all De values are plotted on similar porosities, porosity dependency for De can not be

discussed here.
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Figure 2.3.1-4 Da values of CI” ion as a function of rock porosity for alkaline crystalline
rock (basalt) '
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2.3.2 Cesium (Cs)

The De values for Cs (Cs™) in alkaline crystalline rock have been reported for basalt [PNC,
1996; Sato, 1997]. Since Cs is not redox sensitive, all measurements have been carried out
under aerobic conditions. Cesium is one of the important elements for performance assessment
of the geological disposal of HLW. The chemical behaviour and treatment in performance
assessment of the geological disposal of HLW are as described in section 2.1.2(Cs).

The De data have been obtained by through-diffusion method and Da values have been derived
based on the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock capacity
factor. The porewater initially saturated is all distilled water. All measurements have been
performed at 25 °C and no measurement for temperture dependence on De has been especillay
carried out. The reported porewater pH was 7.1 for all measurements.

Figures 2.3.2-1 and 2.3.2-2 show histograms for De and Da values of Cs™ in alkaline
cry stalline rock reported to date, respectively. Totally, 2 De data have been reported only for
basalt. Also for Da, totally, 2 data have been reported for basalt.

Figures 2.3.2-3 and 2.3.2-4 show plots of De and Da values as a function of rock porosity
for alkaline cry stalline rock, respectively. The correlations were plotted only for data reported
both porosity and De or Da. Only one plot has been reported for both De and Da. Porosity
dependency for diffusion can not be therefore discussed here.

The Do of Cs*, FF and Gf were estimated in the same way as section 2.1.2(Cs). Porosity
dependencies for FF and Gf will be discussed in more detail summarizing in section 2.3.7.
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Figure 2.3.2-1 Histogram for De values of Cs” ion in alkaline crystalline rock (basalt)
The average value of De of Cs” in basalt was estimated to be 1.50x107"3 m%s.
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Figure 2.3.2-2 Histogram for Da values of Cs" ion in alkaline crystalline rock (basalt)
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Figure 2.3.2-3 De values of Cs" ion as a function of rock porosity for alkaline crystalline
rock (basalt)

The correlation was plotted only for data reported both porosity and De. Totally, only one

plot has been reported for Cs*. Porosity dependency for De can not be therefore discussed

here.
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Figure 2.3.2-4 Da values of Cs” ion as a function of rock porosity for alkaline crystalline
rock (basalt)

The correlation was plotted only for data reported both porosity and Da. Totally, only one

plot has been reported for Cs™, Porosity dependency for Da can not be therefore discussed

here.
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2.3.3 Jodine (I)

The De values for I (I") in alkaline crystalline rock have been reported for andesite and schist
[Nishiy ama et al., 1990]. Since I is not redox sensitive, all measurements have been carried out
under aerobic conditions. Iodine is not directly included in important elements for performance
assessment of the geological disposal of HLW. The chemical behaviour and treatment in
performance assessment of the geological disposal of HLW are as described in section 2.1.3().

The De data have been obtained by through-diffusion method and Da data have been derived
based on the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock capacity
factor. The porewater initially saturated is all distilled water. All measurements have been
performed at room temperature. The pH of the porewater is not reported.

Figures 2.3.3-1 and 2.3.3-2 show histograms for De and Da values of I” in alkaline crystalline
rock reported up to the present, respectively. The De values of I” in alkaline crystalline rock
have been totally reported for andesite and schist. Eight De data have been totally reported for
both rocks (6 data for andesite and 2 data for schist). Also for Da, 8 data have been reported in
total for both rocks.

Figures 2.3,.3-3 and 2.3.3—4 show plots of De and Da values of I” as a function of rock
porosity for alkaline crystalline rock, respectively. The correlations were plotted only for data
reported both porosity and De or Da. Eight plots have been totally reported for both De and
Da. Both De and Da show a tendency to increase with increasing rock porosity . However, the
width of variation in both diffusive parameters is large, as shown in figures.

The Do of I, FF and Gf were estimated in the same way as section 2.1.3. Porosity
dependencies for FF and Gf will be discussed in more detail summarizing in section 2.3.7.
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Figure 2.3.3-1 Histogram for De values of I” ion in alkaline crystalline rock (andesite, schist)
The average value of De of I” in alkaline crystalline rock (andesite and schist) was estimated to
be 1.50x107"° m?s.
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Figure 2.3.3-2 Histogram for Da values of I ion in alkaline crystalline rock (andesite, schist)
The average value of Da of I” in alkaline crystalline (andesite and schist) rock was estimated to
be 2.73x1071% m%/s. The range of Da, wide, is over 3 orders of magnitude.
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- Figure 2.3.3-3 De values of I ion as a function of rock porosity for alkaline crystalline rock
(andesite, schist)
The correlations were plotted only for data reported both porosity and De. Totally, 8 plots
have been reported for I". The De ahows a tendency to increase with increasing rock porosity,
but it is not clear, showing a wide range of variation in De.
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Figure 2.3.3—4 Da values of [ ion as a function of rock porosity for alkaline crystalline rock
(andesite, schist)

The correlations were plotted only for data reported both porosity and Da. Totally, 8 plots

have been reported for I". The Da shows a tendency to increase with increasing rock porosity,

but it is also unclear, showing a wide range of variation in Da.
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2.3.4 Potassium (K)

The De values for K (K*) in alkaline crystalline rock have been reported for basalt [Conca et
al., 1993; Conca and Wright, 1992]. Since K is not redox sensitive, all measurements have been
carried out under acrobic conditions. Potassium is not especially regarded as an important
element in performance assessment of the geological disposal of HLW, but it is presumed that
K shows similar behaviour to Cs in solution. The chemical behaviour is not affected by redox
condition, so its behaviour does not also change in reducing conditions. '

The De data have been obtained by electrical conductivity method. The Da can not be obtained
by this method. Rock samples were initially saturated with a 0.1 M KCI solution and then
electrical conductivities were measured. The De values were determined by the Nernst-
Einstein equation [Robinson and Stokes, 1959]. The principle of this method is as described in
section 1.3.6. The porewater and tracer are therefore the same. All measurements have been
performed at room temperature. The pH of the porewater is not reported.

Figure 2.3.4-1 shows a histogram for De values of K" in alkaline crystalline rock reported up
to the present. Six De data have been totally reported for basait. But, no Da has been reported.

Figure 2.3.4-2 shows a plot of De values of K™ as a function of rock porosity for alkaline
cry stalline rock. Totally, 6 plots have been reported for De. However, since all porosities are

the same, porosity dependence for De can not be discussed here.

The Do of K*, FF and Gf were estimated in the same way as section 2.1.4(K). Porosity
dependencies for FF and Gf will be discussed in more detail summarizing in section 2.3.7.
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Figure 2.3.4-1 Histogram for De values of K* ion in alkaline crystalline rock (basalt)
The average value of De of K* in alkaline cry stalline rock was estimated to be 1.25x10712 m?/s.
The width of variation in De is within one order of magnitude.
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Figure 2.3.4-2 De values of K ion as a function of rock porosity for alkaline crystalline
rock (basalt) _

The correlations were plotted only for data reported both porosity and De. Totally, 6 plots

have been reported for K*. Since all porosities are the same, porosity dependency for De can

not be evaluated.
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2.3.5 Sodinum (Na)

The De values for Na (Na*) in alkaline crystalline rock have been reported for basalt [Sato et
al., 1997]. All measruements have been carried out under aerobic conditions. Sodium is not
included in important elements for performance assessment of the geological disposal of HLW.
However, Na chemically shows similar behaviour to alkaline metals such as Cs*. The chemical
behaviour and treatment in performance assessment of the geological disposal of HLW are as
described in section 2.1.5(Na).

The De data for Na have been obtained by through-diffusion method, but no Da datum has
been reported, because all experiments were originally carried out to derive FF values from De
values and Do. The porewater initially saturated is distilled water for all measurements. All
measurements have been performed at 25 °C. The reported porewater pH was all 5.5. Sodium
chloride (10 % NaCl) was used as a tracer solution for the measurements. '

Figure 2.3.5-1 shows a histogram for De values of Na' in alkaline crystalline rock reported
up to the present. The De values of Na' in alkaline crystalline rock have been reported for
basalt. Totally, 3 De data have been reported for Na. All De values were approximately the
same.

Figure 2.3.5-2 shows a plot of De values of Na“ as a function of rock porosity for alkaline
crystalline rock. Totally, 3 plots have been reported for De. However, no datum has been
reported for Da and Da can not be also estimated from De and rock capacity factor, because no
rock capacity factor has been reported. Data enough to be able to evaluate porosity
dependency are not reported for De. :

The Do of Na’, FF and Gf were estimated in the same way as section 2.1.5(Na). Porosity
dependencies for FF and Gf will be discussed in more detail summarizing in section 2.3.7.
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Figure 2.3.5-1 Histogram for De values of Na* ion in alkaline crystalline rock (basalt)
The average value of De of Na* in alkaline crystalline rock was estimated to be 2.06x107* m?s.
Three De values were approximately the same.
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Figure 2.3.5-2 De values of Na* ion as a function of rock porosity for alkaline crystalline
rock (basalt)

The correlations were plotted only for data reported both porosity and De. Totally, 3 plots

have been reported for Na*. Porosity dependency for De can not be discussed here, because all

De data were obtained for similar porosities.
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2.3.6 Nickel (Ni)

The De values for Ni (Ni**) in alkaline crystalline rock have been reported for basalt [PNC,
1996; Sato et al.,, 1997]. All measurements have been carried out under aerobic conditions,
because Ni is not sensitive to redox condition. Nickel is accounted one of the important
elements for performance assessment of the geological disposal of HLW. The chemical

behaviour and treatment in performance assessment of the geological disposal of HLW are as
described in section 2.1.6(Ni).

The De data have been obtained by through-diffusion method and Da values have been derived
based on the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock capacity
factor. All measurements have been carried out in a distilled water system. All experiments
have been performed at 25 °C. The reported porewater pH was 7.1 for all measurements. The
species of Ni in the porewater in this condition is considered to be Ni**. The species of Ni is
rather affected by the pH of the porewater, as described in section 2.1.6.

Figures 2.3.6-1 and 2.3.6-2 show histograms for De and Da values of Ni** in alkaline
crystalline rock reported up to the present, respectively. The De values of Ni** have been
reported only for basalt. Two De data have been reported in total. Also for Da, 2 data have
been totally reported for basalt. '

Figures 2.3.6-3 and 2.3.6-4 show plots of De and Da values of Ni** as a function of rock

. porosity for alkaline cry stalline rock, respectively. Since the correlations were plotted only for
data reported both porosity and De or Da, only one plot has been reported for both De and
Da. Porosity dependency for diffusion can not be therefore discussed here.

The Do of Ni?*, FF and Gf were estimated in the same Way as section 2.1.6(Ni). Porosity
dependencies for FF and Gf will be discussed in more detail summarizing in section 2.3.7.
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Figure 2.3.6-1 Histogram for De values of Ni*" ion in alkaline crystalline rock (basalt)
The average value of De of Ni** in alkaline crystalline rock was estiamted to be 2.8x107* m?/s.
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Figure 2.3.6-2 Histogram for Da values of Ni*" ion in alkaline crystalline rock (basalt)
The average value of Da of Ni** in alkaline crystalline rock was estimated to be 1.3x10™ m?s.
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Figure 2.3.6-~3 De values of Ni** ion as a function rock porosity for alkaline crystalline rock

(basalt)

The correlation was plotted only for data reported both porosity and De. Only one plot has
been reported for Ni?*. Therefore, porosity dependency for De can not be evaluated here.
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- Figure 2.3.6~4 Da values of Ni** ion as a function of rock porosity for alkaline crystalline
rock (basalt) |

The correlation was plotted only for data reported both porosity and Da. Only one plot has
been reported for Ni’*. Data enough to be able to discuss porosity dependency are not

reported.
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2.3.7 Summary for diffusivity data in alkaline crystalline rock

Totally, 6 elements were discussed in sections 2.3.1~2.3.6. Figure 2.3.7-1 shows a histogram
of De values in alkaline cry stalline rock for 6 elements? reported in each section. Although the
average value of De for all elements in alkaline crystalline rock was estimated to be 9.35x10714
m’/s, relatively a wide range of variation is found in De. The width of variation in De is over
one order of magnitude. This is considered to attribute to the variation of porosity, but the
variation in porosity is not so large, being in a range of 0.5 to 14.5 %. Besides the porosity
also depends on the kind of rock. The porosity of basalt was between 2.08 and 2.8 %. That of
andesite was between 3.0 and 14.5 % and that of schist was 0.5 %. As is clear, rock porosity
is quite different depending on the kind of rock. Even though so, the width of variation in De is
quite large, compared with that in sedimentary rock. This is considered to be due to porosity
and difference in pore structure such as tortuosity. In these rocks, De values in basalt show a
tendency lower than those in andesite and schist. This difference in tortuosity is considered to
be caused by the differences of particle sizes and the shapes of minerals composing rock.

Alkaline crystalline rock (basalt/andesite/schist)
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Figure 2.3.7-1 Histogram for De values in alkaline crystalline rock for 6 elements (basalt,
andesite, schist)

The average value of De for all elements in alkaline crystalline rock was estimated to be

9.35x107"* m%s. Since the differences in porosity and pore structure are not considered in the

histogram, relatively a wide range of variation is found in De.

2 6 elements: Cl, Cs, I, K, Na and Ni.
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Figure 2.3.7-2 shows a histogram of Da values in alkaline crystalline rock for 6 elements (no
Dahas been reported for K and Na) treated in sections 2.3.1~2.3.6. The average value of Da
for all elements in alkaline crystalline rock was estimated to be 9.51x10°* m%s and a variation
of two orders of magnitude was found in Da. The Da also includes sorption onto minerals
composing rock, so the difference in Da can not be simply explained by porosity and pore
structure. The Da is affected by both sorption and De. Since De depends on the pore structure
of rock and sorption also depends on the kind of rock, it is presumed that the variation of Da

was caused by the differences of constituent minerals and pore structure by the difference of
the kind of rock.

Alkaline crystalline rock
(basalt/andesite/schist)
W=7
N4
log Da=—12.022+1.4025 : :

4 elements

Frequency

-16 -15 -14 -13 -12 -11 -10 -9 -8
log Da

Figure 2.3.7-2 Histogram for Da values in alkaline crystalline rock (basalt, andesite, schist)
The average value of Da in alkaline crystalline rock was estimated to be 9.51x107% m%s. The
width of variation in Da is quite large.
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Figure 2.3.7-3 shows a porosity dependency of De values for 6 elements discussed in
sections 2.3.1~2.3.6. Totally, 28 plots have been reported for De together with porosity. The
De shows a tendency to increase with increasing rock porosity. However, the width of
variation in De is quite larger than that of sedimentary rock. No significant tendency by the

difference of the Kind of element on De is also particularly found. It is considered that De is
strongly affected by pore structure.
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Figure 2.3.6-3 De values for 6 elements as a fl_lnction of rock porosity for alkaline
crystalline rock (basalt, andesite. schist)
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Figure 2.3.7-4 shows a least squares fitting curve for De values as a function of porosity. In
the derivation of empirical equation, De data for all elements (6 elements) were taken into
account without distinguishing the kind of element. From the fitting, the empirical equation:
De=(10713-620321y,1 248058 vy a5 derived, where ¢ is the porosity in % and the errors stand for
the standard deviations.

log De=m1-+m2*log(M0)

— MO: porosity (%)
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Figure 2.3.7-4 Empirical equation for De values as a function of rock porosity for alkaline
crystalline rock (basalt, andesite, achist)
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Figure 2.3.7-5 shows a width of variation in De values as a function of rock porosity. Two
lines were drawn to be parallel to the empirical equation of De values as a function of rock
porosity, which is shown in Figure 2.3.7—4 and to pass on the maximum and minimum values
of plotted De values. The width of variation in De is approximately 3 orders of magnitude for
the same porosity, being large. The upper and lower lines do not have statistical meaning,
merely showing measured maximum and minimum values.
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Figure 2.3.7-5 A width of variation in De values as a function of rock porosity for alkaline
crystalline rock (basalt, andesite, schist)
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Figure 2.3.7-6 shows a least squares fitting curve for Da values as a function of rock porosity.
Though Da shows a tendency to increase with increasing rock porosity, clear trend is not
found. The width of variation in Da is quite large. This is considered to be due to the effects of
rock porosity and pore structural factor by the difference of the kind of rock and the effect of
sorption by the differences of the kinds of rock and element. For Da, a width of variation of
approximately 4 orders of magnitude is in maximum found for the same porosity.
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Figure 2.3.7-6 Da values as a function of rock porosity for alkaline crystalline rock (basalt,
andesite, schist)
The width of variation in Da is approximately 4 orders of magnitude in maximum for the same
porosity, being very large.
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Figure 2.3.7-7 shows a correlation of De values as a function of charge number of species. No
systematic trend is particularly found. The width of variation in De is approximately 3 orders
of magnitude, being very large, although the charge of species is the same. Since porosity and
pore structural factors actually depend on the kind of rock and Do is also different depending
on Do for each species, it is presumed that such a wide range of variation in De was caused by
the differences of them.

Alkaline crystalline rock (basalt/andesite/schist)
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Figure 2.3.7-7 De values as a function of charge number of species

The widthe of variation in De is approximatelt 3 orders of magnitude, being large, although the
charge of species is the same. This is not only because of the variation of porosity, but also
because of the difference in Do for each species.
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Figure 2.3.7-8 shows a correlation of formation factors (FF) as a function of rock porosity.
Similarly to De values, FF also shows a tendency to increase with increasing porosity.
However, a wide range of variation is found in FF, although rock porosity is the same. This
may be caused by the differences of tortuosity by the differences between grain sizes of
individual rocks. In the porosity dependency for FF, FF values of basalt seem to be lower than
those of the other rocks.

100 Alkaline crystalline rock (basalt/andesite/schist)

LML AMLARLIL ALY T LRI ALY

.t t21ll

S :
3] - ?
L8
= : O
£ 10*L -
106 L b . i)
0.1 1 10 107

Porosity(%)

Figure 2.3.7-8 FF values as a function of rock porosity (basalt, andesite, schist)
A wide range of variation in FF is found even though it is the same porosity. The FF values for
basalt seem to be Jower than those for the other rocks (andesite and schist).
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Figure 2.3.7-9 shows a correlation of geometric factors (Gf) as a function of rock porosity.
As shown in Figure 2.3.7-9, no siginificant porosity dependency is found for Gf. Among
rock samples used for diffusion experiments, Gf values for basalt showed a tendency lower
than those for the other rocks (andesite and schist). This is considered to ascribe to grain sizes
of minerals composing the rock. The grain sizes of minerals of basalt are smaller than those of
the other rocks. '

, Alkaline crystalline rock (basalt/andesite/schist)
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Figure 2.3.7-9 Gf values as a function of rock porosity (basalt, andesite, schist)
No porosity dependency is found for Gf. Among rock samples used for diffusion experiements,
Gf values for basalt show a tendency lower than those for the other rocks (andesite and schist).
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Figure 2.3.7-10 shows a plot of De values for individual elements in alkaline crystalline rock.
No tendency between De values and elements is particularly found. Even the same element has
a wide range of De values (for example, I). However, the variation in rock porosity is also
included in the variation in De. Furthermore;, the tortuosity of rock is also different depending -
on the kind of rock, because the grain sizes are different depending on the kind of rock. Among
these elements, a wide range of variation is found for De of I. This may be due to the variation
of porosity. As described in section 2.3.3, De values for I increased with increasing rock
porosity.

8 Alkaline crystalline rock (basalt/andesite/schist)
/AN N VO A R A R B

10

TITE==TTIT Iy

U BRI

toasvexl

o

10’"143
10~1sfi§§%§§%%

Figure 2.3.7-10 A plot of De values for individual elements in alkaline crystalline rock
(basalt, andesite, schist)

No particular tendency between De values and elements is found, showinga wide range of De

values even though the same element.
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Figure 2.3.7-11 shows a correlation of De values to Do values for alkaline crystalline rock.
No particular correlation is found between De and Do. A wide range of variation in De is
found near Do=2x10"" m%s (25 *C). This reason may be because the width of variation in rock
porosity is large and pore structural factors are also different depending on the rock porosity.

The elements which take near Do=2x10" m%s (25 °C) are Cl, Cs and L. This wide variation in
De may be due to the differences of rock porosity and of pore structural factors by the
difference of the kind of rock. '
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Figure 2.3.7-11 A correlation of De values to Do values for alkaline crystalline rock (basalt,
andesite, schist) '
No systematic tendency is found between De and Do.
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2.4 Acid Crystalline Rock

Totally, 207 De and 159 Da data have been reported for acid crystalline rock to date based on
areview of literatures. Eighteen clements and one tracer’ have been totally discussed for acid
ctystalline rock. Almost all data were for granitic rocks. In this section, data regarding matrix
diffusion obtained for individual elements for acid crystalline rock are introduced, as well as are
discussed.

2.4.1 Barium (Ba)

The De values for Ba (Ba®*) in acid crystalline rock have been reported for granite sampled
from Inada, Ibaraki, Japan [Yamaguchi et al, 1993]. Barium is not directly included in
important elements for performance assessment of the geological disposal of HLW, but it is
considered to chemically show similar behaviour to those of Ni?*, Sr** and Ra®' in solution,
being able to be treated as one of the elements which take a charge of +2. Since Ba is one of the
alkaline earth metals, it is considered that elements which belong to the same group show
similar behaviour in solution. Barium(II} is predominant in a wide pH range and is not
sensitive to redox condition. ' '

All measurements have been carried out under aerobic conditions, because it is not redox
sensitive. The De data have been obtained by through-diffusion method for all cases. A
solution of 0.1 M KCl was used as porewater for all measurements. All measurements have
been performed at 25 "C. The reported porewater pH was 4 for all measurements. Besides all
measurements have been carried out using a mixed solution of Ba(NO3),, BeSQ4, CoCl,, MgCl,,
NiCl; and Sr(NO3),, what is called a multi-tracer or a cocktail tracer.

Figure 2.4.1-1 shows a histogram for De values of Ba®" in acid crystalline rock reported to
date. Totally, 6 De data have been reported for granite. Not so large variation in De is found.
This is presumed to be due to the same porosity for granite. For Da, no datum has been
reported. Since rock capacity factor has not been also reported, Da can not be estimated.

Figure 2.4.1-2 shows plots of De values of Ba®* as a function of rock porosity. The
correlations were plotted only for data reported both porosity and De. Totally, 6 plots have
been reported for De. All plots are similar and the width of variation in De is quite small. Since
all De data are plotted on the same porosity, the effect of porosity on De of Ba** can not be
discussed here.

The Do of Ba®" is estimated to be 8.5x107'° m%s at 25 °C [Marcus, 1997] by the Nernst-
Einstein equation [Robinson and Stokes, 1959; Li and Gregory, 1974; Chemical Handbook,
1975; Daniel and Shackelford,  1988; Shackelford and Daniel, 1991]. The FF of granite was
calculated based on the equation: FF=De/Do and Gf was also calculated based on the equation:

118 elements and one tracer: Ba, Be, Cl, Co, Cs, HTO, I, K, Mg, NaNi, Np, Pu, Se, Sm, Sr,
Te, U and Uranie.
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Gf=Dp/Do=De/(¢*Do)=FF/¢. Where Dp is the porewater diffusion coefficient and ¢ is the

porosity. Porosity dependencies for FF and Gf will be discussed in more detail summarizing in
section 2.4.20.
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0 Acid crystalline rock (granite)
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Figure 2.4.1-1 Histogram for De values of Ba?" ion in acid crystalline rock (granite)
The average value of De of Ba?* in acid crystalline rock was estimated to be 2.59x107"* m%/s.
No variation in De is found.
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Figure 2.4.1-2 De values of Ba** ion as a function of rock porosity for acid crystalline rock
(granite)

The correlations were plotted only for data reported both porosity and De. All plots are

similar and the width of variation in De is small. All De data are plotted on the same porosity

and the effect of porosity on De can not be discussed here.
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2.4.2 Beryllium (Be) -

The De values for Be (Be™) in acid crystalline rock have been reported for granite sampled
from Inada, Ibaraki, Japan [Yamaguchi et al, 1993]. Beryllium is also not included in
important elements for performance assessment of the geological disposal of HLW, but it is
also presumed to be able to be treated in the same as Ba®*, Ni**, $** and Ra®" in solution.
Since Be is also one of the alkaline earth metals, it is presumed that elements which belong to
the same group chemically show similar behaviour in solution. Beryllium takes Be(Il) in
solution [Brookins, 1988] and it is not redox sensitive. All measurements have been carried out
in the same way as that of Ba (see 2.4.1(Ba)).

Figure 2.4.2-1 shows a histogram for De values of Be?** in acid crystalline rock reported to
date. Totally, 2 De data have been reported for granite. Both De values are matually similar.
No Da datum has been reported here. Since rock capacity factor has not been reported, Da can
not be estimated.

Figure 2.4.2-2 shows a plot of De values of Be’* as a function of rock porosity. The
correlations were plotted only for data reported both porosity and De. Totally, 2 plots have
been reported for De. Here, since all reported porosities are the same, porosity dependency
for De can not be discussed.

The Do of Be** is estimated to be 6.0x107'° m?s at 25 °C [Marcus, 1997] by the same theory
as Ba as described in section 2.4.1(Ba). The FF¥ and Gf were also calculated by the same
theory as those of Ba. Detailed discussion for correlation between porosity and De will be
made summarizing in section 2.4.20.
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5 Acid crystalline rock (granite)
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Figure 2.4.2-1 Histogram for De values of Be** ion in acid crystalline rock (granite)
The average value of De of Be?” in granite was estimated to be 3.18x1073 m?/s.
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Figure 2.4.2-2 De values of Be** jon as a function of rock porosity for acid crystalline rock
(granite)

The correlations were plotted only for data reported both porosity and De. Since all De data

have been obtained for the same porosity for granite, the effect of porosity on De can not be

discussed here.
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2.4.3 Chlorine (Cl)

The De values for Cl (CI') in acid cry stalline rock have been reported for granodiorite [Sato et

al., 1992, 1993, 1997a, 1997b, 1997c; Sato and Shibutani, 1996; PNC, 1996], granite [Sato and

Yui, 1992], altered granodiorite [Sato et al., 1997b, 1997c; Sato and Shibutani, 1996; PNC,

1996] and fracture fillings {Sato et al., 1997b, 1997¢; Sato and Shibutani, 1996; PNC, 1996].

Though the fracture fillings are not included in acid crystalline rock, since a series of
experiments have been carried out as a link in the chain of nuclide migration study in fractured

crystalline rocks being composed of granodiorite as a host rock, these minerals were also

regarded as one of the acid crystalline rocks here. The difference between granodiorite and
altered granodiorite is the content of constitutent chlorite. The content of constitutent chlorite

in the altered granodiorite is a little higher than that in the unaltered granodiorite, The content of
biotite in the unaltered is a little higher instead of chlorite. But, the difference is quite small.

The chemical behaviour and treatment of Cl in performance assessment of the geological

disposal of HLW are as described in section 2.1.1(CI).

Totally, 32 De values, obtained by through-diffusion method, have been reported for granite,
granodiorite and altered granodiorite up to the present. The Da data have been also estimated,
based on the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock capacity
factor. All measurements have been carried out under aerobic conditions. In situ groundwater
or distilled water was used as porewater in the experiments. The measurements have been

performed at 25 °C or room temperature. The reported porewater pH was in arange of 5.5 to
8.92. :

Figures 2.4.3—1 and 2.4.3-2 show histograms for De and Da values of CI” in acid crystalline
rock reported to date, respectively. Totally, 32 De data have been reported. Some variation is
found in De. The width of variation in De is nearly equal to two orders of magnitude. This is
presumed to be because of the variation of rock porosity which range is between 0.88 and
5.6 %. Whilst, for Da, 20 data have been reported in total for granodiorite and altered
granodiorite. The width of variation in Da was approximately one order of magnitude, being
not so large.

Figures 2.4.3-3 and 2.4.3—4 show plots of De and Da values of CI” as a function of rock
porosity, respectively. For De, totally, 31 data have been reported together with rock
porosity. The De clearly shows a tendency to increase with increasing rock porosity. Whilst,
for Da, 19 data have been reported for granodiorite and altered granodiorite. Significant
porosity dependency for Da is not found. Almost all Da values are around 107! m%s in a
porosity range of 1 to 5.6 %.

The Do of CTI', FF and Gf were estimated in the same way as section 2.1.1(Cl). For FF and Gf
will be discussed in more detail in section 2.4.20.
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Figure 2.4.3-1 Histogram for De values of CI” ion in acid crystalline rock (granite,
granodiorite, altered granodiorite)

The width of variation in De is nearly equal to two orders of magnitudes. This may be due to

the variation of porosity which range is between 0.88 and 5.6 %.
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Figure 2.4.3-2 Histogram for Da values of CI” ion in acid crystalline rock (granodiorite,

altered granodiorite)
Not so large variation is found in Da.

—136-



INC TN8400 99-065

Acid crystalline rock
(granite/granodiorite/altered granodiorite) 2
3 L3 + IIIIIIF T T llllll! T T |lilf1-

F N=31 | :
10710 , _ _10

Effective diffusion coefficient lDe(mzls)
S

=)
. i j+]
11 ?
10-12 ;_ N -':"12
10713 R = J-13
10-14: T R ad 14
0.1 1 10! 0*

Porosity (%)

Figure 2.4.3-3 De values of CI” jon as a function of rock porosity for acid crystalline rock
' (granite, granodiorite, altered granodiorite)
The De of CI” clearly shows a tendency to increase with increasing rock porosity.
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Figure 2.4.3—4 Da values of CI” ion as a function of rock porosity for acid crystalline rock
(granodiorite, altered granodiorite)

Significant porosity dependency for Da is not found. Almost all Da values are around 107!

m?/s in a porosity range of 1 to 5.6 %.
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2.4.4 Cobalt (Co)

The De values for Co (Co®") in acid crystalline rock have been reported for granite sampled
from Inada, Ibaraki, Japan [Idemitsu et al., 1992; Yamaguchi et al., 1993]. Cobalt is not
directly included in important elements for performance assessment of the geological disposal
of HLW, but it is considered to be able to be treated in the same as Ba?*, Mg?*, Ni*, Sr**,
Ra™" and Be?*, because they chemically show similar behaviour if they have the same chemical
form in solution. Cobalt can chemically take Co(II) and (IIT) in solution [Brookins, 1988], but
Co(l) stably exists in wide pH and Eh conditions, and it is not sensitive to redox condition.
The predominant species in solution is Co** < around pH 8, CoCO; between 8 and 11,
Co(OH); between 11 and 12, and HCoO,™ > 12 in the system Co-S-C-O-H. Under relatively
high oxidizing conditions, Co0;0, is predominant in a pH range < around 6. Besides CoS is
predominant in a pH range > around 5 under strongly reducing conditions.

Cobalt-60 is regarded as an important nuclide in low-level radioactive waste (LLW)(half-life:
5271 y B~ decay property: 0.31 MeV, y decay property: 1.17 and 1.33 MeV). All
measurements have been carried out under aerobic conditions, because it is not redox sensitive.

The De data have been obtained by through-diffusion method. Whilst, Da values have been
obtained by in-diffusion method. A solution of 0.1 M KCI was used as porewater in the
through-diffusion experiments to keep the jonic strength of porewater. On the other hand,
deionized water was used as porewater in in-diffusion experiments. All measurements for De
have been performed at 25 °C and those for Da have been performed at 30 °C. The reported
porewater pH was 4 in the through-diffusion experiments for De, but it ranged from 4.3 to 9.4
in the in-diffusion experiments for Da. Besides all through-diffusion experirments for De have
been carried out using a mixed solution of Ba(NO3),, BeSO,, CoCly, MgCly, NiCl, and Sr(NO;)
2, What is called a multi-tracer or a cocktail tracer. All in-diffusion experiments for Da have
been carried out using a mixture solution of Cs-134, Sr-85 and Co-60.

Figures 2.4.4-1 and 2.4.4-2 show histograms for De and Da values of Co®* in acid cry stalline
rock reported to date, respectively. Totally, 8 De data have been reported for granite. The
width of variation in De is narrow. This is presumed to be due to the same porosity for granite,
For Da, totally, 4 data have been reported. The width of variation in Da is approximately one
order of magnitude even though rock porosity is the same. This is presumed to be due to
various pH of the porewater.

Figures 2.4.4-3 and 2.4.4-4 show plots of De and Da values of Co®" as a function of rock
porosity reported to date, respectively. Totally, 8 plots have been reported for De. Since all
De data are plotted on the same porosity, porosity dependency for De can not be discussed
here. For Da, totally, 4 plots have been reported. As described above, though rock porosity is
the same and De values are approximately the same, a variation of approximately one order of
magnitude is found in Da. Since the pore structural factors of granite were almost the same, it
is presumed that Kd of Co®* on granite changed depending on the pH of the porewater. Since
all Da data are also plotted on the same porosity, the effect of porosity on Da can not be
discussed.
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The Do of Co** is estimated to be 7.3x107'® m’s at 25 °C [Marcus, 1997] by the Nernst-
Einstein equation [Robinson and Stokes, 1959; Li and Gregory, 1974; Chemical Handbook,
1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991]. The FF and Gf of granite
were calculated in the same way as Ba, Be, Cl, etc. Porosity dependencies for FF and Gf will
be discussed in more detail summarizing in section 2.4.20.
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Figure 2.4.4-1 Histogram for De values of Co?* ion in acid crystalline rock (granite)
The average value of De of Co** in granite was estimated to be 2.55x10™" m?s. The width of
variation in De is small. This is considered to be due to the same porosity.
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Figure 2.4.4-2 Histogram for Da values of Co?* ion in acid crystalline rock (granite)

The average value of Da of Co®" in acid crystalline rock was estimated to be 1.12x10™"! m%s. A

variation of approximately one order of magnitude is found in Da even though rock poros1ty is
the same. This is presumed to be due to various pH of the porewater.
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Figure 2.4.4-3 De values of Co?* ion as a function of rock porosity for acid crystalline rock

(granite)
Al De values are approximately the same.
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Figure 2.4.4-4 Da values of Co** ion as a function of rock porosity for acid crystalline rock
(granite)

A variation of approximately one order of magnitude is found in Da even though rock porosity

is the same. However, the pH of the porewater was various in diffusion experiements. This

various pH of the porewater may have caused this variation in Da.
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2.4.5 Cesium (Cs)

The De values for Cs (Cs") in acid crystalline rock have been reported for granodiorite [Sato et
al., 1993, 1997a, 1997b, 1997c; Sato and Shibutani, 1994, 1996; PNC, 1994, 1996], altered
granodiorite {Sato et al., 1997b, 1997c; Sato and Shibutani, 1996; PNC, 1996] and fracture
fillings [Sato et al., 1997b, 1997¢; Sato and Shibutani, 1996; PNC, 1996]. The reason which the
fracture fillings are included in acid crystalline rock is as described in section 2.4.3(Cl). Since
Cs is not redox sensitive, all measurements have been carried out under aerobic conditions.

For Cs, *°Cs is regarded as one of the important elements for performance assessment of the
geological disposal of HLW. The chemical behaviour, decay property and treatment in
performance assessment of the geological disposal of HLW are as described in section
2.1.2(Cs).

All De data have been obtained by through-diffusion method. The Da data have been obtained
from the time-lag method fe.g. Muurinen et al., 1987] in the through-diffusion experiments, in-
diffusion experiments and an advection diffusion experiment. In the measurements by the
time-lag method, Da values for granodiorite [Sato et al., 1997a, 1997b, 1997¢; Sato and
Shibutani, 1994, 1996; PNC, 1994, 1996], aitered granodiorite [Sato et al., 1993, 1997b, 1997c;
Sato and Shibutani, 1996; PNC, 1996] and fracture fillings [Sato et al., 1997b, 1997c; Sato and
Shibutani, 1996; PNC, 1996] have been reported. In the advection diffusion experiment, Da for
granite [Mukai et al., 1998} has been reported. In the measurements by in-diffusion method,
Da values for biotitic granite [Tsukamoto and Ohe, 1988] and granite [Idemitsu et al., 1992]
have been reported. In situ groundwater, distilled water and deionized water were used -as
porewater in the experiments. All through-diffusion experiments have been performed at 25 °C
(only one experiment has been done at 20 °C) and advection diffusion experiment has been
done at room temperature. In-diffusion experiments have been carried out in a temperature
range of 30 to 70 °C. The pH of the porewater ranged from 4.2 to 9.4.

Figares 2.4.5-1 and 2.4.5-2 show histograms for De and Da values of Cs" in acid crystalline
rock reported to date, respectively. Totally, 22 De data have been reported for granodiorite
and altered granodiorite (including fracture fillings). The width of variation in De is
approximately one order of magnitude, being not so large. Whilst, for Da, totally, 30 data have
been reported for granite, granodiorite, altered granodiorite and biotitic granite. The variation in
Da is also narrow except only one datum. Only one datum was extremely low. This low Da
datum was obtained from advection diffusion experiment which is one of the dynamic
diffusion methods.

Figures 2.4.5-3 and 2.4.5-4 show plots of De and Da values of Cs* as a function of rock
porosity for acid crystalline rock, respectively. The correlations were plotted only for data
reported both porosity and De or Da. For De, 21 plots have been reported in total. The De
clearly shows a tendency to increase with increasing rock porosity. Whilst, 28 Da plots have
been totally reported. The Da, different from De, does not change as a function of rock
porosity. The Da approximately shows 107! m%s in a porosity range of 0.374 to 5.6 %. The
sorptivity of Cs is generally said to be depended on the ionic strength of porewater and cation
exchange capacity (CEC), but the ionic strength of porewater in this case is not various.
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However, temperature and the pH of the porewater were various. Besides CEC is in the order
of fracture fillings > altered granodiorite = granodiorite [Sato et al., 1997b]. Therefore, a
variation of these parameters may have caused the change in sorption.

The Do of Cs*, FF and Gf were estimated in the same way as section 2.1.2(Cs). Porosity
dependencies for FF and Gf will be discussed in detail in section 2.4.20.
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Figure 2.4.5-1 Histogram for De values of Cs* ion in acid crystalline rock (granodiorite,

altered granodiorite)
The width of variation in De is approximately one order of magnitude, being not so large.
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Figure 2.4.5-2 Histogram for Da values of Cs® ion in acid crystalline rock (granite,
granodiorite, altered granodiorite, biotitic granite)
The variation in Da is also narrow except only one extremely low datum. The datum was
obtained from advection diffusion experiement which is one of the dynamic diffusion methods.
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Figure 2.4.5-3 De values of Cs" ion as a function of rock porosity for acid crystalline rock
(granodiorite, altered granodiorite)
The De clearly shows a tendency to increase with increasing rock porosity.
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Figure 2.4.5-4 Davalues of Cs" ion as a function of rock porosity for acid crystalline rock
(granite, granodiorite, altered granodiorite, biotitic granite)

The Da does not change as a function of rock porosity, showing approximately 107" m*sin a
porosity range of 0.374 to 5.6 %.
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2.4.6 Tritiated water (HTO)

The De values for tritiated water (HTO) in acid crystalline rock have been reported for
granodiorite [PNC, 1996; Sato and Shibutani, 1994; Sato et al, 1997a, 1997b], altered
granodiorite [PNC, 1996; Sato and Shibutani, 1994; Sato et al., 1997a, 1997b] and fracture
fillings [Sato et al., 1997a, 1997b]. The reason which the fracture fillings are included in acid
crystalline rock is as described in section 2.4.3(Cl). Tritiated water (half-life: 12.3 y, B~ decay
property) is not directly included in important nuclides for performance assessment of the
geological disposal of HLW, but it is generally regarded as a non-sorbing nuclide. Therefore, it
is generally used as basic data to estimate pore structural factors such as FF and Gf. Since
HTO is not concerned with redox condition, all measurements have been carried out under
aerobic conditions. Since HTO is one which part of water molecule was labelled by *H, which
is a radiocactive hy drogen, it is considered to be a neutral species in solution and does not occur
interaction with the surface of minerals composing rock.

All De data have been obtained by through-diffusion method. The Da data heve been derived
by the time-lag method [e.g. Muurinen et al., 1987] from breakthrough curves in the through-
diffusion experiments. In situ groundwater was used as porewater for all measurements. All
measurements have been performed at 23 °C. The pH of the porewater ranged from 8.7 to 8.92,
but the pH of the porewater doesn’t influence on HTO behaviour.

Figures 2.4.6-1 and 2.4.6-2 show histograms for De and Da values of HTO in acid crystalline
rock reported to the present, respectively. Totally, 16 De data have been reported for
granodiorite and altered granodiorite (including fracture fillings). The width of variation in De
of HTO is small, being within one order of magnitude. Whilst, for Da, 16 data have been
totally reported for granodiorite and altered granodiorite. The width of variation in Da of HTO
is also small in the same as that in De, being within one order of magnitude,

Figures 2.4.6-3 and 2.4.6—4 show plots of De and Da values of HTO as a function of rock
porosity for acid crystalline rock, respectively. Totally, 16 De plots have been reported. The
De shows a tendency to increase with increasing rock porosity. Also for Da, totally, 16 plots
have been reported. However, Da does not clearly show porosity dependency, being
approximately constant between 107'® and 10 m?s. This Da level is higher than values
obtained under the same conditions by one to two orders of magnitudes. The Da values are
generally below 10~ m¥s,

Though Do of HTO has not been directly reported, for heavy water, a temperature
dependency of Do values has been reported [Chemical Handbook, 1975]. If Do of heavy water
is equal to that of HTO, that of HTO is estimated to be 2.14x10° m%s at 25 "C. The FF and
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Gf values of individual rocks were calculated in the same way as Ba, Be, Cl, etc. Porosity
- dependencies for FF and Gf will be discussed in detail in section 2.4.20.
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Figure 2.4.6-1 Histogram for De values of HTO in acid crystalline rock (granodiorite,

altered granodiorite)
The width of variation in De of HTO is small, being within one order of magnitude.
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Figure 2.4.6-2 Histogram for Da values of HTO in acid crystalline rock (granodiorite,

altered granodiorite)
The width of variation in Da of HTO is also small in the same as that in De, being within one

order of magnitude.
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Figure 2.4.6-3 De values of HTO as a function of rock porosity for acid crystalline rock
(granodiorite, altered granodiorite) '
The De clearly shows a tendency to increase with increasing rock porosity as reported

generally.
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Figure 2.4.6-4 Da values of HTO as a function of rock porosity for acid crystalline rock

(granodiorite, altered granodiorite)

No significant porosity dependency is found for Da in a porosity range of 2.3 to 5.6 %.
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2.4.7 Todine (I)

The De values for I (I") in acid crystalline rock have been reported for granite [Kita et al.,
1989; Nishiyama et al.,, 1990; Yamaguchi et al., 1997]. All data (De and Da) have been
obtained under aerobic conditions, because I (iodine) is not sensitive to redox condition. Iodine
is not included in important elements for performance assessment of the geological disposal of
HLW, but it (especially *°I) is regarded as one of the important elements for performance
assessment in LLW. The chemical behaviour and treatment in performance assessment of the
geological disposal of HLW are as described in section 2.1.3(T).

The De data have been obtained by through-diffusion method and Da data have been derived
by the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock capacity factor.
Distilled water, deionized water and in situ groundwater were used as porewater in the
through-diffusion experiments. All measurements have been performed at room temperature.
The pH of the porewater is not reported. The porosities of rocks used in the measurements
ranged between 0.4 and 0.8 %. -

Figures 2.4.7-1 and 2.4.7-2 show histograms for De and Da values of I” in acid crystalline
rock reported to date, respectively. Totally, 5 De data have been reported for granite. For Da,
totally, 5 data have been reported for granite. For both diffusion coefficients, a variation of
approximately one order of magpitude is found, though the width of variation in porosity is
small to be 0.4~0.8 %. The probable reason is the change in pore structural factor caused by
the change in porosity. Since I (iodine) is generally regarded as a non-sorbing clement, both
diffusion coefficients are considered to have depended on rock porosity.

Figures 2.4.7-3 and 2.4.7-4 show plots of De and Da values of I” as a function of rock
porosity for acid crystalline rock reported to date, respectively. Five plots have been totally
reported for both De and Da. Both De and Da show a tendency to increase with increasing
rock porosity. The De generally depends on porosity, but Da does not depend on porosity
from the past examples. Whether Da values of I” in this case depends on'porosity or not is
difficult to discuss, because the number of data is too short.

The Do of I (2.0x107 m?/s at 25 °C), FF and Gf were estimated in the same as section 2.1.3(I).
Porosity dependencies for FF and Gf will be discussed in detail in section 2.4.20.

—-153-



JNC TN8400 99—065

Acid crystalline rock (granite)
10 llli‘lllllllIIlIlII]IIIIlllllllllllllll

[ ms..,_g ....... S S .
Average logDe -11794 :

8 Lo ....,Avemge o 161x10”m/s"’§”' _—
g 6} : H -
QL
=
)
& 4

2

0 i i i Bl g i i

-16 -15 -14 -13 -12 -11 -10 9 -8

log De

Figure 2.4.7-1 Histogram for De values of I” ion in acid crystalline rock (granite)
A variation of approximately one order of magnitude is found in De, though the width of
variation in porosity is small to be 0.4~0.8 %.
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Figure 2.4.7-2 Histogram for Da values of I” ion in acid crystalline rock (granite)

A variation of approximately one order of magnitude is found in Da, though the width of
variation in porosity is small to be 0.4~0.8 %.

—154-—



INC TN8400 99—065

=z 08 Acid crystalline rock (granite) 8
g N
5 N=5 ]
2 107 e — 3-9
=
= 1010
g 10 L J-10
5 5
S 10! [ S S J-11 98
= o
S @ *®
210 12 .12
- o |
g 10713 L do s s 1-13
2 ]
= ) [ ) PPV RV SR I V|
=01 1 10" 10

Porosity (%)
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The Da also shows a tendency to increase with increasing rock porosity in the same as De.
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2.4.8 Potassium (K)

The De values for K (K*) in acid crystalline rock have been reported for granite [Conca et al.,
1992; Conca and Wright, 1993]. Potassium is not sensitive to redox condition. Therefore, all
measurements have been carried out under aerobic conditions. Potassium is not particularly
regarded as an important element in performance assessment of the geological disposal of
HLW, but K chemically shows similar behaviour to alkaline metals such as Na and Cs in
solution. The chemical behaviour and treatment in performance assessment of the geological
disposal of HL'W are as described in section 2.1.4(K).

All De data have been obtained by electrical conductivity method. However, Da can not be
obtained from this method. Therefore, no Da for K has been reported. In the measurements,
rock samples were initially saturated with a 0.1 M KCl solution and then electrical
conductivities were measured. The De values were determined by the Nernst-Einstein equation
[Robinson and Stokes, 1959]. The principle of these measurements is as described in more
detail in section 1.3.6. In these measurements, since an electrolyte solution which
concentration is known is used instead of tracer such as KCl, the porewater and tracer are the
same. Although it is not described, it seems that all measurements have been performed at
room temperature. The pH of the porewater is not reported.

Figure 2.4.8-1 shows a histogram for De values of K in acid crystalline rock reported to date.
Totally, 6 De data have been reported for granite. No Da has been reported. The width of
variation in De is within one order of magnitude. This may be because rock porosities for all
samples are the same. ‘

Figure 2.4.8-2 shows a plot of De values of K* as a function of rock porosity for acid
cry stalline rock. Since all De data were obtained for samples with the same porosity, porosity

dependencies for De can not be discussed here.

The Do of K¥, FF and Gf were estimated in the same way as section 2.1.4(K). Porosity
dependency for FF and Gf will be also discussed in more detail summarizing in section 2.4.20.
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Since rock porosities for all samples are the same, porosity dependency for De can not be

discussed here.
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2.4.9 Magnesium (Mg)

The De values for Mg (Mg in acid crystalline rock have been reported for granite
[Yamaguchi et al., 1993]. Since Mg is not sensitive to redox condition, all measurements have
been carried out under aerobic conditions. M agnesium is not accounted as one of the important
elements for performance assessment of the geological disposal of HLW. Since M g is also one
of the alkaline earth metals, it is presumed that elements which belong to the same group
chemically show similar behaviour in solution. Furthermore, Mg®* is considered to be able to
be treated in the same as Ba®", Be?", Ni*', Sr*', Co?" and Ra®* if they take such chemical forms
in solution.

All De values have been obtained by through-diffusion method, but no Da has been reported.
Since rock capacity factor has not been also reported, Da can not be estimated. All
measurements have been carried out in a 0.1 M KCl porewater system to keep the ionic
strength of porewater in both cells. All experiments have been performed at 25 °C. Besides the
reported porewater pH was 4 for all experiments. All measurements have been carried out
using a mixed solution of Ba(NO;),, BeSO,, CoCl,, M gCl,, NiCl, and Sr(NO3),, what is called
a multi-tracer or a cocktail tracer. '

Figure 2.4.9—1 shows a histogram for De values of Mg®* in acid crystalline rock reported to
date. Totally, 8 data have been reported for De of Mg in granite. The width of variation in
De was small to be within one order of magpnitude. This is because all rock porosities are the
same. As described above, no datum for Da has been reported.

Figure 2.4.9-2 shows a plot of De values of Mg?* as a function of rock porosity for acid
crystalline rock. Although the correlations were plotted for data reported both porosity and
De, 8 plots have been totally reported. Since the reported porosities were all 0.68 %, porosity
dependency for De can not be discussed. The reported De values were all in the order of 1078
m%/s and the width of variation in De was quite small to be within a factor of 2 in a deviation.

The Do of Mg** is estimated to be 7.1x107*® m?s at 25 °C [Marcus, 1997] by the Nernst-
Einstein equation [Robinson and Stokes, 1959; Li and Gregory, 1974; Chemical Handbook,
1975; Daniel and Shackelford, 1988; Shackelford and Daniel, 1991]. The FF and Gf values
were also calculated based on De, Do and porosity. For porosity dependency for FF and Gf
will be discussed summarizing in section 2.4.20. '
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The width of variation in rock porosity is small to be within one order of magnitude. This may
be because all rock porosities are the same.

) Acid crystalli ck (granite)
(o puim )
T f N8 !

1072 Lo e ] -9
3 e
B 10710 Lo -10
g 5
SR T Rkl S DN S -11 9%
= g
Elo_u .............................................................. 112
=
2 10713 Lo 6 ................................................................ -13
§ H
S0 i i g
=01 1 10! 102

Porosity (%)

Figure 2.4.9-2 De values of Mg”* ion as a function of rock porosity for acid crystalline rock
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The width of variation in De is quite small to be within a factor of 2 in a deviation.
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2.4.10 Sodium (Na)

The De values for Na (Na") in acid cry stalline rock have been reported for granodiorite [Sato et
al., 1997a, 1997b, 1997¢c; PNC, 1996; Sato and Shibutani, 1996], altered granodiorite [Sato et
al., 1997b, 1997c; PNC, 1996; Sato and Shibutani, 1996] and fracture fillings [Sato et al,,
1997b, 1997c; PNC, 1996; Sato and Shibutani, 1996]. All measurements have been carried out
under acrobic conditions. Sodium is not considered as one of the important elements for
performance assessment of the geological disposal of HLW. As described in sections 2.1.5 and
2.3.5(Na), Na chemically shows similar behaviour to alkaline metals such as Cs* and K* in

- solution. Therefore, it is considered that even no datum for Cs which is one 'of the important
elements for performance assessment is existing, these data for Na and K can be used as
supplimentary data. The chemical behaviour and basic treatment in performance assessment of
the geological disposal of HLW are the same as section 2.1.5(Na).

All De values for Na have been obtained by through-diffusion method and Da values were
derived based on the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock
capacity factor. The porewater initially saturated is distilled water for measurements for
granodiorite [Sato et al, 1997a] and in-situ groundwater for those for granodiorite, altered
granodiorite and fracture fillings {Sato et al., 1997b, 1997c; PNC, 1996; Sato and Shibutani,
1996]. All measurements have been performed at 25 °C. The reported porewater pH was in a
range of 5.5 to 8.92 and NaCl was used as a tracer solution for the measurements. The
concentration of the tracer is also various from 0.05 M to 10 %. For experimental period,
although for all measurements are not reported, almost all measurements are 30 days.

Figures 2.4.10-1 and 2.4.10-2 show histograms for De and Da values of Na* for acid

crystalline rock reported to date, respectively. Totally, 20 De and 16 Da data have been

reported for granodiorite and altered granodiorite (for fracture fillings are also included). For De,

the width of variation is approximately 2 orders of magnitude. For Da, the width of variation
* is narrower than that for De, being within 2 orders of magnitude.

Figures 2.4.10-3 and 2.4.10~4 show plots of De and Da values of Na" as a function of rock
porosity for acid crystalline rock, respectively. The De clearly shows a tendency to increase
with increasing rock porosity. On the other hand, no significant tendency is found for Da.
Although the same porosity, the width of variation in Da is about one order of magnitude.
This may be due to the variation in sorptivity onto these rocks.

The Do of Na', FF and Gf were estimated in the same way as section 2.1.5(Na). Porosity
dependencies for FF and Gf will be described in detail in section 2.4.20.
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Figure 2.4.10-1 Histogram for De values of Na* ion in acid crystalline rock (granodiorite,
altered granodiorite)

The De values have a width of variation of 2 orders of magnitude and the average value of De

was estimated to be 5.20x107% m%s.
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Figure 2.4.10-2 Histogram for Da values of Na* ion in acid crystalline rock (granodiorite,
altered granodiorite)
For Da, the width of variation is smaller than that for De, being within 2 orders of magnitude.
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The De clearly depends on rock porosity as shown in figure, increasing with increasing

porosity.
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- No significant tendency is found between Da and rock porosity and the width of variation in

Da is about one order of magnitude although the same porosity.
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2.4.11 Nickel (Ni)

The De values for Ni (Ni*") in acid crystalline rock have been reported for granite [Yamaguchi
et al., 1993] and granodiorite [Sato et al., 1993; Sato and Shibutani, 1994; PNC, 1994, 1996].
All measurments have been carried out under aerobic conditions. Nickel is considered as one of
the important elements for performance assessment of the geological disposal of HLW,
because Ni-59 is produced as an activation product of the corrosion products in a power
reactor. The chemical behaviour and basic treatment in performance assessment of the
geological disposal of HLW are as described in section 2.1.6(Ni).

All De data have been obtained by through-diffusion method and Da values have been derived
based on the time-lag method [e.g. Muurinen et al., 1987] or based on De and rock capacity
factor. The measurements have been carried out in a distilled water system [Sato et al., 1993;
Sato and Shibutani, 1994; PNC, 1994, 1996] and in a 0.1 M KCl solution system [Yamaguchi
et al., 1993]. All measurements have been performed at 25 °C. Moreover, the pH of the
porewater used was between 4 and 6 in the measurements. A nickel dichloride (NiCl,) solution
was used as a tracer in all measurements. For some measurements, a mixed solution of
Ba(NO;);, BeSO,, CoCly, MgCl,, NiCl; and Sr(NO,),, what is called a multi-tracer or cocktail
tracer was used[Yamaguchi et al., 1993]. The species of Ni in the porewater in this solution
condition is considered to be NiZ* from the pH of the porewater and redox condition.

Figures 2.4.11-1 and 2.4.11-2 show histograms for De and Da values of Ni** in acid
cry stalline rock, respectively. Totally, 13 De and 5 Da data have been reported for granite and
granodiorite. The width of variation in De is small to be within one order of magnitude. This
may be because the variation of rock porosity is small to be 0.68 to 1.2 %. For Da, the
variation is smaller than that for De. For Da, the variation of rock porosity is sma]ler than that
for De, being between 0.88 and 1 %.

Figures 2.4.11-3 and 2.4.11—4 show pIots of De and Da values of Ni** as a function of rock
porosity for acid crystalline rock, respectively. Totally, 12 De plots have been reported to
date. Although De seems to show a tendency to increase with increasing rock porosity,
whether De depends on rock porosity or not is difficult to judge because the porosity range is
narrow. For Da, 4 plots have been totally reported up to the present. For Da, no porosity
dependency is found although it is unclear because the rock porosity is too narrow to discuss
for porosity dependency.

The Do of Ni**, FF and Gf were estimated in the same way as section 2.1.6(Ni). Porosity
dependencies for FF and Gf will be described in detail in section 2.4.20.
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Figure 2.4.11-1 Histogram for De values of Ni** ion in acid crystalline rock (granite,
granodiorite) .

The width of variation in De is within one order of magmtude being small. This may be

because the variation of rock porosity is small to be in a range of 0.68 to 1.2 %,
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Figure 2.4.11-2 Histogram for Da values of Ni** ion in acid crystalline rock for acid

crystalline rock (granite, granodiorite)
For Da, the variation of rock porosity is smaller than that for De, being between 0.88 to 1.0 %.
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Figure 2.4.11-3 De values of Ni** ion as a function of rock porosity for acid crystalline rock
(granite, granodiorite)
Although De seems to show a tendency to increase with increasing rock porosity, it is difficult
to judge whether De depends on rock porosity or not, because the porosity range is narrow,
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Figure 2.4.11-4 Da values of Ni** ion as a function of rock porosity for acid cry stalline rock
(granite, granodiorite)
For Da, no porosity dependency is found. However, since the porosity range is narrow, it is
difficult to judge whether there is porosity dependency in Da or not.

-169~



JNC TNB400 99—065

References

Muurinen, A., Penttild-Hiltunen, P. and Rantanen, J. (1987): Diffusion Mechanisms of
Strontium and Cesium in Compacted Sodium Bentonite, Materials Research Society

Symposium Proceedings on the Scientific Basis for Nuclear Waste Management X
(Bates, J. K. and Seefeldt, W. B. eds.), Vol.84, pp.803~811.

Power Reactor and Nuclear Fuel Dvelopment Corporation (PNC) (1994): Current Status for
Research and Development of Geological Disposal -FY1993-, PNC Technical Report,
PNC TN1410 94-094, pp.131~133 [In Japanese].

Power Reactor and Nuclear Fuel Dvelopment Corporation (PNC) (1996): Current Status for
Research and Development of Geological Disposal -FY1996-, PNC Technical Report,
PNC TN1410 96-071, pp.202~204 [In Japanese].

Sato, H., Shibutani, T., Yoshikawa, H. and Yui, M. (1993): A Study on Diffusion M echanism
for Cs, Ni and Sm in Granodiorite, 1993 Fall Meeting of the Atomic Energy Society of
Japan, M29, p.667 [In Japanese].

Sato, H. and Shibutani, T. (1994): Study on Adsorption and Diffusion of Nuclides in Buffer
Material and Geosphere, PNC Technical Review, No.91, PNC TN8410 94-284,
pp.71~89 [In Japanese]. '

Sato, H., Shibutani, T. and Yui, M. (1997): Experimental and Modelling Studies on Diffusion
of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone, Journal of Contaminant
Hydrology, 26, pp.119~133, Elsevier Science.

Yamaguchi, T., Sakamoto, Y. and Senoco, M. (1993): Consideration on Effective Diffusivity of
Strontium in Granite, Journal of Nuclear Science and Technology, 30 (8), pp.796~803.

-170-



JNC TN8400 99—065

2.4.12 Neptunium (Np)

The De values of Np (NpO,") in acid crystalline rock have been reported for granite
[Yamaguchi et al., 1997, 1998; Kumata et al., 1990]. Since Np takes Np(III), (IV), (V), (VI)
and (VII) in solution and is sensitive to redox condition, some measurements have been carried
out under reducing conditions [Yamaguchi et al, 1998]. Neptunium generally takes Np(V)
under aerobic conditions. Neptunium is regarded as one of the important elements for
performance assessment of the geological disposal of HLW and Np-237 (decay property: o,
half-life: 2.14E6 y) and Np-239 (decay property: B, half-life: 2.355 d) are accounted for
performance assessment. In this case, both nuclides are included in decay chain nuclides. The
half-life of Np-239 is quite short, but this is one of the decay chain nuclides, constantly
continuing to exist as a daughter nuclide. Therefore, this nuclide is also included as an
important element for performance assessment,

The species of Np in solution is affected by not only redox condition, but also is affected by
the pH of the solution and the concentrations of carbonates in the solution. For example,
NpO," (neptunyl) is dominant in a relatively low pH region under aerobic conditions, but
carbonate complexes such as NpO,CO;™ become predominant in a high pH region. To FRHP
(Fresh-Reducing-High pH) porewater and SRHP (Saline-Reducing-High pH) porewater,
Np(OH)4(aq) and Np(OH),(CO3),>, and Np(OH),(aq) have been predicted to be predominant,
respectively [JNC, 1999]. :

All De values have been obtained by through-diffusion method and Da values have been
derived based on the time-lag method [e.g. Muurinen et al., 1987] or De and rock capacity
factor. The measurements have been carried out in a natural groundwater system [Kumata et
al., 1990; Yamaguchi et al., 1997] and in a 1M NaHCO; solution system [Yamaguchi et al.,
1998]. Besides the measurements have been performed at room temperature [Kumata et al.,
1990; Yamaguchi et al., 1997] and at 26+1 °C [Yamaguchi et al., 1998]. The through-diffusion
experiments have been carried out in a pH range of 7.4 to 8.6. The measurements have been
performed under aerobic -condtions [Kumata et al.,, 1990; Yamaguchi et al., 1997] and under
reducing conditions (Eh vs. SHE: —500 ~ —400 mV)[Yamaguchi et al., 1998]. The valences of
Np in this case are considered to be V and IV for the former and later, respectively,

Figures 2.4.12-1 and 2.4.12-2 show histograms for De and Da values of Np in acid
crystalline rock reported, respectively. Totally, 7 De and 7 Da values have been reported for
granite. In these studies, all granite samples were sampled from Inada, Ibaraki, Japan. The
variation in De is small to be about a half order of magnitude. Whilst, the variation in Da is 2
orders of magnitude, although the variation of rock porosity is small to be from 0.49 to 0.74 %.
Since all experimental conditions are not the same, comparison can not be simply made. In
particular, Da is affected by chemical and redox conditions, because this parameter includes
sorption property. Since the width of variation in De was small, such wide variation in Da is
considered to be due to the variation of sorption property.

Figures 2.4.12-3 and 2.4.12—4 show plots of De and Da values of NpO," as a function of-

rock porosity for acid crystalline rock, respectively. Since the width of variation in porosity
was small, clear porosity dependency for Da is not found. For Da, a variation of
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approximately one order of magnitude is found. This is considered to be due to the variation of
sorption property.

The Do of NpO," is estimated to be 1.2x10™ m%s at 25 °C by the Nernst-Einstein equation

[e.g Marcus, 1997]. The FF and Gf values were also calculated for NpO,". Porosity
dependencies for FF and Gf will be discussed in detail in section 2.4.20. '
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Figure 2.4.12-1 Histogram for De values of Np in acid crystalline rock (granite)
The width of variation in De is small to be about a half order of magnitude.
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Figure 2.4.12-2 Histogram for Da values of Np in acid crystalline rock (granite)

The width of variation in Da is near 2 orders of magnitude. Since all experimental conditions
are not the same, it is considered that the variation of Da was also wide, because Da includes
sorption property and is affected by chemical and redox conditions.
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Figure 2.4.12-4 Da values of Np as a function of rock porosity for acid crystalline rock

(granite)

The variation in Da is large, even though the variation of rock porosity is small.
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2.4,13 Plutonium (Pu)

The De values of Pu in acid crystalline rock have been reported for granite [ Yamaguchi, 1996].
Plutonium takes Pu(IIlI), (VI), (V), (VI) and (VII) in solution and Pu(IV) is the most stable in
solution. Plutonium is accounted as one of the important elements for performance assessment
of the geological disposal of HLW, and Pu-238 (decay property: o, halh-life: 87.7 y), Pu-239
(decay property: a, half-life: 2.41E4 y), Pu-240 (decay property: ¢, half-life: 6550 y), Pu-241
(decay property: B, half-life: 14.4 y) and Pu-242 (decay property: o, half-life: 3.76E5 y) are
taken into account for performance assessment. All nuclides are included in decay chain
nuclides in this case. The half-life of Pu-238 is short, but this is one of the decay chain
nuclides, constantly continuing to exist as a ddughter nuclide.

The species of Pu in solution is affected by redox condition, the pH of the solution and the

concentrations of dissolved carbonates in the solution. To FRHP (Fresh-Reducing-High pH)

porewater, Pu(OH),(CO;),%, Pu(CO4),~, Pu(CO,):> and PuCO;" have been predicted to be

predominant, but to SRHP (Saline-Reducing-High pH) porewater, PuOH?", PuCO;" and
Pu(OH)," have been predicted to be predominant [JNC, 1999]. To porewater due to reaction
between concrete supports (low alkaline cement) and FRHP groundwater, Pu(COs),",

Pu(OH),(COs),”” and Pu(COs3);> have been predicted to be predominant [INC, 1999].

According to Brookins [Brookins, 1988], in the sy stem Pu-(C)-O-H, under relatively oxidizing
conditions, PuO,(OH),C0O;> is predominant in a wide pH range. In the system Pu-O-H-C,
Pu(OH);~ is predominant in a pH range of < around 6 under both aerobic and reducing
conditions. But, for both systems, in a low pH reageon, Pu®* is predominant.

All De values have been obtained by through-diffusion method, but no Da has been reported.
The measurements have been carried out in a mixture solution of NaHCO; and NaNO,, in
which total concentrations of CO3;> and NO, are 0.1 and 0.01 M, respectively. All
measurements have been performed at 25 "C and the pH of the porewater was 9.3. Although
Pu is redox sensitive, all measurements have been carried out under aerobic conditions. The
dominant chemical species of Pu in the solution was estimated to be Pu(OH),(CQ1),>" in the
literature from the pH and chemical conditions of the porewater [Yamaguchi, 1996].

Figure 2.4.13-13 shows a histogram for De values of Pu in acid crystalline rock reported so
far. Totally, 3 De data have been reported for granite. It is reported that the error of De values
was evaluated to be 5.142.2x107'* m?/s [Yamaguchi, 1996]. No directly obtained Da has been
reported. Besides, since no rock capacity factor is reported, Da can not be calculated. No
porosity is also reported, porosity dependency for De can not be discussed here.

The Do for Pu carbonate complex is not reported. The Do for Pu is reported only for PuO,**

(7.9x1071% m%s at 25 “C)[Marcus, 1997]. Since Do of carbonate complex can not be estimated,
neither FF nor Gf can be discussed here.
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Figure 2.4.13-1 Histogram for De values of Pu in acid crystalline rock (granite)
Totally, 3 De data have been reported for granite. For porosity dep endency, since no porosity
is reported, it can not be calculated.
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2.4.14 Selenium (Se)

The De values of Se (SeQ;*, Se042) in acid crystalline rock have been reported for
granodiorite [Sato and Shibutani, 1996; Sato et al., 1997a, 1997b; PNC, 1996; Mukai et al.,
1998], altered granodiorite {Sato and Shibutani, 1996; Sato et al., 1997a, 1997b; PNC, 1996]
and fracture fillings [Sato et al., 1997a, 1997b]. The fracture fillings are also included in acid
crystalline rock here as described in section 2.4.3(CI). Totally, 14 De and 16 Da data have
been reported for Se. Among these, 6 De and 7 Da data for granodiorite, 5 De and 6 Da data
for altered granodiorite, and 3 De and 3 Da data for fracture fillings have been reported. Since

~Se is sensitive to redox condition, the chemical species in solution and the valence change
depending on redox condition. Selenium can chemically take Se(-II), (0), (II), (IV) and (VI), but
since Se(Il) is unstable, it does not normally exist as described in section 2.1.7(Se). The
chemical behaviour of Se in solution and general sorptivity are as described in section
2.1.7(Se). Selenium is accounted as one of the important elements for performance assessment
of the geological disposal of HLW. Under reducing conditions which is considered to be deep
geological environment, the dominant species of Se is predicted to be HS¢™ (hydroselenide).
Also to FRHP and SRHP porewater in the second progress report [JNC, 1999], the dominant
species of Se is HSe™. The chemical behaviour and treatment of Se in performance assessment
of the geological disposal of HLW are as described in section 2.1.7(Se).

The De data have been obtained by through-diffusion method and advection diffusion
experiment, and Da values have been derived from De and rock capacity factor or from
analysis by the time-lag method. The measurements have been carried out in a distilled water
system [Mukai et al., 1998] and in a groundwater system [Sato and Shibutani, 1996; Sato et al.,
1997a, 1997b; PNC, 1996]. The measurements have been carried out under anaerobic
conditions [Sato and Shibutani, 1996; Sato et al., 1997a, 1997b; PNC, 1996] and under aerobic
conditions [Mukai et al., 1998]. For the measurements conducted under anaerobic conditions,
all experiments were performed in an N,-atmosphere glove-box, in which the concentration of
oxygen was kept less than lppm. Whilst, for that conducted under aerobic conditions, the -
experiment was carried out in the outside of the glove-box. In this case, the species of Se in the
porewater is predicted to be SeO;2” (selenite) for measurements in the glove-box and SeO,>
(selenate) for that in the outside of the glove-box. All measurements have been carried out at
22 °C or room temperature. Besides, the measurements have been carried out in a pH range of
8.70 to 8.92.

Figures 2.4.14-1 and 2.4.14-2 show histograms for De and Da values of Se in acid crystalline
rock reported to date, respectively. For De, 14 data have been totally reported for SeQ;> so
far, The width of variation in De is approximately one order of magnitude, being relatively
small. The variation of porosity is also between 2.3 and 5.6 %, being not so large. Besides
obtained conditions are also similar. Thus it is considered that those De data are similar, For
Da, 15 and 1 data have been totally reported for Se0;> and SeQ,4%, respectively. For Se03>,
all measurements have been carried out under anaerobic conditions, but for SeO4*, the
measurement has been performed under aerobic conditions. The width of variation in Da is
over 2 orders of magnitude, being relatively wide. This may be because of the differences of
porosity and redox condition.
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Figures 2.4.14-3 and 2.4.14-4 show plots of De and Da values of Se04> as a function of
rock porosity for acid crystalline rock. Since no datum for porosity has been reported for
Se04%, all plots are for SeO5*". Totally, 14 De and 15 Da data have been reported together
with porosity. The De of Se0,%” shows a tendency to decrease with decreasing rock porosity.
On the other hand, Da shows similar values between 107'% and 107! m%s, and porosity
dependency is not found.

The Do values of SeQ;> and Se0,*" are estimated to be 8.1x107'® and 1.0x107° m%s at 25 °C,
respectively by the Nernst-Einstein equation [Marcus, 1997]. The FF and Gf were also
estimated in the same way as section 2.1.7(Se). The discussion of these parameters will be-
done in detail in section 2.4.20,
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The width of variation in De is approximately one order of magnitude, being small.
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Figure 2.4.14-2 Histogram for Da values of SeO3>~ or SeO4Z ion in acid crystalline rock

(granodiorite, altered granodiorite)
The width of variation in Da is over 2 orders of magnitude, being relatively wide. This may be
because of the differences of porosity and redox condition.
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Figure 2.4.14-3 De values of SeOs* ion as a function of rock porosity for acid crystalline
rock (granodiorite, altered granodiorite) :
The De shows a tendency to decrease with decreasing rock porosity between 2.3 and 5.6 %.
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Figure 2.4.144 Da values of SeOs> ion as a function of rock porosity for acid cry stalline
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Porosity dependency for Da is not found for SeO5*".
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2.4.15 Samarium (Sm)

The De values of Sm (Sm*") in acid crystalline rock have been reported for granodiorite [Sato
et al., 1993, 1997; PNC, 1994, 1996; Sato and Shibutani, 1994]. Totally, 5 De and 5 Da data
have been reported for granodiorite. Samarium is one of the important elements for
performance assessment of the geological disposal of HLW, and the chemical behaviour, decay
property and treatment in performance assessment are described in section 2.1.8(Sm). Since
Sm is not sensitive to redox condition, all measurements have been carried out under aerobic
conditions.

In the second progress report, to FRHP (Fresh-Reducing-High pH) porewater, Sm(CO3),",
Sm(COs);*~ and SmCO;" have been predicted to be predominant, and to SRHP (Saline-
Reducing-High pH) porewater, SmOH*, SmCO;" and Sm(OH)," have been predicted to be
predominant [JNC, 1999]. To porewater due to reaction between concrete supports (low
alkaline concrete) and FRHP groundwater, the same species as those to FRHP porewater have
been predicted.

All De data have been obtained by through-diffusion method and Da values have been derived
from De and rock capacity factor by the time-lag method. The measurements have been carried
out in a distilled water system. The experiments have been carried out at 20°C [Sato et al.,
1993; Sato and Shibutani, 1994; PNC, 1994] and 25 °C [PNC, 1996; Sato et al., 1997]. The
reported porewater pH was between 5.8 and 6. The species Sm in the porewater in this pH
condition is considered to be Sm’*. In addition, a mixture solution of 0.1 M-CsCl, NiCl, and
SmCl; was used as a tracer.

Figures 2.4.15-1 and 2.4.15-2 show histograms for De and Da values of Sm®" in acid
crystalline rock reported to date, respectively. For De, 5 data have been reported for Sm**.
The width of variation in De is quite small. For Da, 5 data have been reported in total, Also for

Da, no variation is found. This reason is considered to be because of a small porosity range
(0.88to 1.2 %).

Figures 2.4.15-3 and 2.4.15-4 show plots of De and Da values of Sm®" as a function of rock
porosity for acid crystalline rock. Totally, 4 data have been reported together with porosity
for De. No porosity dependency for De is found because the range of porosity is small to be
0.88 to 1.2 %. Also for Da, 4 data have been totally reported and no porosity dependency is
found. ' :

For Sm, De and Da data have been also reported for mudstone, which belongs to sedimentary
rock (argillaceous/tuffaceous rock). The obtained porosity condition is also similar to that of
granodiorite. Comparing with data for mudstone, both De and Da data for granodiorite are
approximately one order of magnitude higher than those for mudstone.

The Do of Sm*" is 6.1x107'° m%s at 25 °C as described in section 2.1.8(Sm). The FF and Gf

were also estimated in the same way as section 2.1.8(Sm). The discussion of these parameters
will be done in section 2.4.20.
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Figure 2.4.15-1 Histogram for De vatues of Sm** ion in acid crystalline rock (granodiorite)

The vaiation of De is quite small. This is considered to be becanse the variation of porosity is
quite small.
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Figure 2.4.152 Histogram for Da values of Sm>* ion in acid crystalline rock (granodiorite)
The variation of Da is also small similarly to that of De.
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Figure 2.4.15-3 De values of Sm®" ion as a function of rock porosity for acid cry stalline
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No porosity dependency for De is formed. This is considered to be because the range of
- porosity is small.
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No porosity dependency is found for Da similarly to that for De.
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Japan, M29, p.667 [In Japanese].
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pp.71~89 [In Japanese].
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Hydrology, 26, pp.119~133, Elsevier Science.,

2.4.16 Strontium (Sr)

The De values for Sr (Sr**) in acid crystalline rock have been reported for granite sampled from
Inada, Tbaraki, Japan [Yamaguchi et al., 1992, 1993, 1997; Yamaguchi, 1997; Yamaguchi and
Nakayam, 1997]. The Da values have been also reported for granite [Yamaguchi et al., 1992,
1993, 1997; Yamaguchi and Nakayam, 1997; Idemitsu et al., 1992]. Althoufg Sr-90 (decay
property: B, half-life: 28.8 y) is initially much included as one of the fission products in
vitrified waste, Sr is not included in important elements for performance assessment of the
geological disposal of HLW, because its half-life, 28.8 y, is short. However, the chemical
behaviour of Sr in solution is well familiar, and much reports and papers for sorption and
diffusion have been reported so far. For matrix diffusion in acid crystalline rock, totally, 6
literatures have been reported listed up above. Strontium is not redox sensitive and takes Sr**
in a wide pH range, but SrSO, and SrCO; are formed with increasing pH [Brookins, 1988].
Since Sr is one of the alkaline earth metals, it is considered that elements which belong to the
same group such as Be**, Mg?" and Ba?* show similar behaviour in solution. It is presumed
that Co™ and Ni** also show similar diffusion behaviour. Though Sr is possible to receive the
effect of porewater chemistry such as [CO5%] and [SO,>"] [Brookins, 1988], it is not sensitive
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to redox condition. Therefore, all measurements have been carried out under aerobic conditions.
The De values have been obtained by through-diffusion method. Whilst, Da values have been
obtained by in-diffusion method. If rock capacity factor was also reported in experiments by
the through-diffusion method, Da was calculated. As porewater in the through-diffusion
experiments, 0.1M KCI [Yamaguchi et al., 1992, 1993, 1997; Yamaguchi, 19961, deionized
water [Yamaguchi et al., 1992, 1993; Yamaguchi, 1996] and groundwater [Yamaguchi and
Nakay ama, 1997] were used. On the other hand, deionized water was used as porewater in the
in-diffusion experiments [Idemitsu et al., 1992]. All measurements for De have been performed
at 25 °C or room temperature and those for Da have been reported at 30 °C. The pH of the
porewater was in a range of 4 to 5.5 for through-diffusion experiments, but it ranged from 4.3
to 9.4 for in-diffusion experiments. In through-diffusion experiments, a mixture solution of
Ba(NOj);, BeSO,, CoCl,, MgCly, NiCl, and Sr(NO3);, what is called a multi-tracer or a
cocktail tracer, a St(NOQs), solution and a SrI? solution were used as a tracer solution. All in-
diffusion experiments for Da have been carried out using a mixture solution of Cs-134, Sr-85
and Co-60.

Figures 2.4.16-1 and 2.4.16-2 show histograms for De and Da values of Sr*" in acid
crystalline rock reported to date, respectively. Totally, 23 De and 18 Da data have been
reported for granite. The width of variation in De is two orders of magnitude, even though the
rock porosities are approximately the same (0.4~0.7 %). This is presumed to be due to various
pH of the solution and the ionic strength of the porewater. The width of variation in Da is also
approximately two orders of magnitude similarly to De. Since Da also includes the effect of
sorption, such wide variation is considered to be due to the change in sorption caused by
various porewater conditions (pH, iomic strength).

Figures 2.4.16-3 and 2.4.16—4 show plots of De and Da values of Sr** ion as a function of
rock porosity reported to date, respectively. Totally, 17 De and 15 Da plots have been
reported together with porosity. For De, since all porosities are similar, porosity dependency
for De can not be discussed here. Also for Da, porosity dependency can not be discussed from
the same reason as De. However, the widths of variation in both diffusion coefficients are
approximately 2 orders of magnitude,

The Do of Sr** is estimated to be 7.9x1071° m%s at 25 °C [Marcus, 1997] by the Nernst-

Einstein equation. The FF and Gf of granite were calculated in the same way as Ba, Be, Cl etc.
Porosity dependencies for FF and Gf will be discussed in more detail in section 2.4.20.
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Figure 2.4.16-1 Histogram for De values of St** ion in acid crystalline rock (granite)
The width of variation in De is approximately 2 orders of magnitude.
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Figare 2.4.16-2 Histogram for Da values of Sr** ion in acid crystalline rock (granite)
The width of variation in Da is also approximately 2 orders of magnitude.
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Figure 2;4.16—4 Da values of Sr** jon as a function of rock porosity for acid cry stalline rock
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Similarly to De, the width of variation in Da is also approximately 2 orders of magnitude, even

though the rock porosities are similar.
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2.4.17 Technetium (Tc)

The De values for Te (TcO4) in acid crystalline rock have been reported for granite [PNC,
1991; Sato, 1991]. The Da has been also reported for granite [Sato, 1991]. Technetium,
particularly, Tc-99 is accounted as one of the important elements for performance assessment
of the geological disposal of HLW [JNC, 19991, because Tc¢-99, included in HLW as one of the
fission products, has a long falf-life of 2.14E5 y (decay property: B7). Technetium is an
artificial element which does not exist in nature and its stable isotope does not also exist.
Technetium is redox sensitive and it is known that the valence depends on redox condition.
Technetium can chemically take Tc(0), (II), (IIT), (IV), (VI)(?) and (VII), but generally takes
Te(VII) in a wide pH range in solution under aerobic conditions [Brookins, 1988].
Pertechnetate (TcO4") predominantly exists under aerobic conditions [Brookins, 1988]. In the
Second Progress Report, to FRHP porewater, TcO(OH);(aq) has been predicted to be
predominant, and also to SRHP porewater, the same species as that to FRHP has been
predicted to be predominant [JNC, 1999].

All De data have been obtained by through-diffusion method and Da has been derived from De
and rock caapacity factor. All measurements have been carried out in a distilled water system
and aerobic conditions. There is no datum obtained under reducing conditions. Therefore, the
predominant species of Tc in distilled water under aerobic conditions is considered to be
TecO4". The measurements have been performed at 23 °C or room temperature. The reported
porewater pH range is between 8.55 and 8.6. '

Figures 2,4.17-1 and 2.4.17-2 show histograms for De and Da values of TcO4 in acid
crystalline rock reported to date, respectively. For De, 2 data have been reported for TcO4 .
For Da, only one datum has been reported.

Figures 2.4.17-3 and 2.4.17—4 show plots of De and Da values of TcO4™ as a function of rock

porosity for acid cry stalline rock. Totally, only one De datum has been reported together with

porosity and one Da datum has been reported. Originally, 2 De data have been reported

together with porosity, but since rock porosity for one datum was too much high for common
. granite, the porosity was not adopted to plot. '

The Do of TcO4 is estimated to be 2.0x107 m¥s at 25 °C [Sato et al.,, 1996] by the Nermnst-
Einstein equation. Whilst, the ionic radius of pertechnetate (TcO,") is also reported to be 1.4
A (model radius) [Marcus, 1997] and the Do of TcO," is calculated to be 1.8x107° m¥s at 25
"C based on the Einstein-Stokes formula [e.g. Robinson and Stokes, 1959]. Here, the former
value, 2.0x107 m%s, was adopted for the calculations of FF and Gf, because the former was
directly measured. The FF and Gf of granite were calculated in the same way as Ba, Be, Cl etc.
Porosity dependencies for FF and Gf will be discussed in more detail in section 2.4.20.
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2.4.18 Uranium (U)

The De values for U (U0, UO5(CO3):") in acid crystalline rock have been reported for
granite [ Yamaguchi et al., 1993; Yamaguchi, 1996] and biotitic granite [ Yamaguchi et al., 1997].
The Da values for UO,?* have been also reported for both granite and biotitic granite
[Yamaguchi et al., 1993, 1997; Idemitsu et al., 1992, 1993]. Totally, 9 De and 10 Da data have
been reported so far. Uranium is accounted as one of the important elements for performance
assessment of the geological disposal of HLW, particularly, U-233, 234, 235, 236 and 238
have been regarded as important nuclides. These decay properties and half-lives are as
described in section 2.1.9(U). These nuclides are all produced as decay chain nuclides. Uranium
is sensitive to redox condition and can chemically take U(III), (IV), (V).and (VI) in solution,
but U(VI) and U(IV) are predominant in solution under aerobic and reducing conditions,
respectively. The chemical species also depends on the porewater pH and the concentration of
carbonate in the porewater. In the presence of carbonate in the porewater, U0,*", U0,C0,°,
UO0,(CO5),* and UO,(CO4);* are predominant in the pH ranges, < around 4, between around
4 and 6, between around 6 and 9, and > 9, respectively [Brookins, 1988] under aerobic
conditions. Under reducing conditions, USiO4 < around pH7 and U(OH)s™ = around pH7 are
predominant in the presence of Si [Brookins, 1988]. Under the borders of pH for each species
are variable depending on the concentrations of U and carbonate and on competing ion. To

~194-



JNC TNB400 99—065

FRHP porewater, in the Second Progress Report, U(OH)»(CO4),”” and U(OH),(ag) have been
predicted to be predominant [INC, 1999]. Whilst, to SRHP porewater, U(OH)4(aq) has been
predicted to be predominant [JN C, 1999].

The De values have been obtained by through-diffusion method and Da values have been
obtained by both through-diffusion and in-diffusion (back-to-back) methods, and have been
derived from De and rock capacity factor or derived from analysis by the time-lag method for
sime data. The through-diffusion measurements have been carried out in a 0.1M K.Cl solution
system [Yamaguchi et al.,, 1993, 1997] and in a mixture system of NaHCO; and NaNO,
[ Yamaguchi, 1996]. All in-diffusion measurements for Da have been carried out in a deionized
water system [Idemitsu et al., 1992, 1993]. All measurements for both through-diffusion and
in-diffusion experiments have been carried out at 20~30 °C or at room temperature under
aerobic conditions. In this case, the valence of U is considered to be hexavalent. The porewater
pH was 4, 9.3 and 5 for the KCl, NaHCO;-NaNO, and deionized water systems, respectively,

Figures 2.4.18-1 and 2.4.18-2 show histograms for De and Da values of UQ,(CO;);* and
UO,*, and UO,*" in acid crystalline rock reported to date, respectively. The widths of
variation in De and Da are approximately one order of magnitude, being not so large, although
obtained chemical condition is different.

Figures 2.4.18-3 and 2.4.18-4 show plots of De and Da values of UO,(CO;);* and U0,
and UO,*" as a function of rock porosity for acid crystalline rock reported to date,
respectively. Totally, 6 De and 10 Da data have been reported together with porosity. Since
the widths of variation in porosities are quite small (0.7~0.8 %), porosity dependency for De
and.Da can not be dicussed.

The Do of UO,** is estimated to be 4.3x1071° m?/s at 25 °C [Marcus, 1997]. However, the Do
of UO4(CO0;);* has not been directly measured to date.The Do of this species, estimated to be
7.2x1071% m¥s at 25 °C based on the Stokes equation [Robinson and Stokes, 1959] by the ionic
radius calculated from the molecular structure [Yamaguchi, 1996], was adopted. The FF and
Gf values of granite and biotitic granite were also calculated based on these Do values.
Porosity dependencies for FF and Gf will be discussed in section 2.4.20.
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Figure 2.4.18-1 Histogram for De values of UQ,*" and UQ,(CO5);* ions in acid crystalline
rock (granite, biotitic granite)
The width of variation in De of U is relatively small to be 1074 m*s order.
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Figure 2.4.18-2 Histogram for Da values of UQ,*" ion in acid crystalline rock (granite,
biotitic granite)
The width of variation in Da is also small approximately one order of magnitude.
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Figure 2.4.18-3 De values of UO,* and U0,(CO4)s* ions as a function of rock porosity
~ for acid crystalline rock (granite, biotitic granite)
The variation in De is small, although chemical species is different.
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Figure 2.4.18-4 Da values of UO,*" ion as a function of rock porosity for acid cry stalline
rock (granite, biotitic granite)

The variation in Da is also not so large, being approximately one order of nagnitnde. This is

presumed to be due to the effect of porewater pH and the porewater chemistry.
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2.4.19 Uranine (Sodium Fluorescein: C;yH;OsNa,)

The De values for uranine (C;oH;05Nay: Sodium fluorescein) in acid crystalline rock have
been reported for granite {Kumata et al., 1990; Yamaguchi et al., 1997]. The Da values have
been also reported for the same rock. Totally, 6 data have been reported for both parameters
~ so far. Different from specific element and species described so far, uranine is one of the
~ hydrocarbons. Uranine is not accounted as one of the important elements for performance
assessment of the geological disposal of HLW. Uranine is an aromatic organic compound,
CaH1OsNa,, with a molecular weight of 376.28 and its molecules are only slightly hydrated
in water, because they are large size and low charged [Yamaguchi et al., 1997]. Besides, the
radius of uranine molecule in water is estimated to be 0.5~0.6 nm based on the C—C bonding
length (0.139 nm). Therefore, uranine was used as a non-sorbing tracer.

The De values have been all obtained by through-diffusion method and Da values have been
also obtained analytically from the same method. The details of porewater chemistry is not
reported for all cases, but distilled water has been used in some cases reported [Kumata et al.,
1990]. All measurements have been carried out at room temperature under aerobic conditions.
No information of porewater pH has been reported.

Figures 2.4.19-1 and 2.4.19-2 show histograms for De and Da values of uranine in acid
crystalline rock reported to date, respectively. Since the width of variation in porosity
(0.7~0.74 %) is very small, the width of variation in De also seems to be small. Althogh Da
includes sorption property, since uranine 1s non-sorbing, the width of variation also seems to
be small.

Figures 2.4.19-3 and 2.4.19—4 show plots of De and Da values of uranine as a function of
rock porosity. As described above, since there is no variation in porosity, porosity
dependencies for De and Da can not be here discussed.

The Do of uranine, not directly measured, has been estimated to be 4.5x107% m%/s at 25 °C
based on the Hyduk-Landie equation {Skagius and Neretnieks, 1985]. The same Do has been
estimated based on the Stokes equation by the ionic radius calculated from the molecular
structure [Yamaguchi et al., 1997]. The FF and Gf values of granite were also calculated based
on this Do. Porosity dependencies for FF and Gf will be discussed in section 2.4.20.
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2.4.20 Summary for diffusivity data in acid crystalline rock

Totally, 18 elements and one tracer (hydrocarbon) were discussed in sections 2.4.1~2.4.19.
Figure 2.4,20-1 shows a histogram of De values in acid crystalline rock for 18 elements and
one hydrocarbon reported in each section. Although the average value of De for all elements
and and one hydrocarbon in acid crystalline rock was estimated to be 1.18x107"? m?s,
relatively a wide range of variation is found in De. The width of variation in De is over 3
orders of magnitude. This is considered to attribute to the variation of porosity, but the
variation in porosity is not so large, being in a range of 0.4 to 5.6 %. Even though so, the width
of variation in De is quite large, compared with that in sedimentary rock. This is considered to
be due to porosity and difference in pore structure such as tortuosity.

Acid crystalline rock (granite/granodiorite/
altered granodiorite/biotitic granite)
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Figure 2.4.20-1 Histogram for De values in acid crystalline rock for 18 elements and one
hydrocarbon (granite, granodiorite, biotitic granite)
~ The average value of De for all elements and one hydrocarbon in acid crystalline rock was
estimated to be 1.18x10712 m?/s. Since the differences in porosity and pore structure are not
considered in the hidtogram, relatively a wide range of variation is found in De.

~203~



INC TN8400 99—065

Figure 2.4.20-2 shows a histogram of Da values in acid crystalline rock for 13 elements and
one hydrocarbon (no Da has been reported for Ba, Be, K Mg and Pu) treated in sections
2.4.1~2.4.19. The average value of Da in acid crystalline rock was estimated to be 1.26x10™"!
m?/s and a variation of 3 orders of magnitude was found in Da. The Da also includes sorption
onto minerals composing rock, so the difference in Da can not be simply explained by
porosity and pore structure. The Da is affected by both sorption and De. Since De depends on
the pore structure of rock and sorption also depends on the kind of rock, it is presumed that
the variation of Da was caused by the differences of constituent minerals and pore structure
by the difference of the kind of rock.
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Figure 2.4.20-2 Histogram for Da values in acid crystalline rock (granite, granodiorite,
biotitic granite)

The average value of Da in acid crystalline rock was estimated to be 1.26x107'" m%s. The

width of variation in Da is quite large.

-204-



INC TNSL00 99 =065

Figure 2.4.20-3 shows a porosity dependency of De values for 17 elements and one
hydrocarbon (uranine) discussed in sections 2.4.1~2.4.19. Totally. 188 plots have been
reported for De together with porosity. The De shows a tendency to increase with increasing
rock porosity. However, the width of variation in De is quite large than that of sedimentary
rock. No significant tendency by the difference of the kind of element on De is also
particularly found. [t is considered that De is strongly affected by pore structure.
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Figure 2.4.20-3 De values for 17 elements and one tracer (hvdrocarbon) as a function of
rock porosity for acid crystalline rock (granite. granodiorite. biotitic granite)
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Figure 2.4.20~4 shows a least squares fitting curve for De values as a function of porosity. In
the derivation of empirical equation, De data for all elements (17 elements and one
hydrocarbon) were taken into account without distinguishing the kind of element. From the
fitting, the empirical equation: De=(107"22%0033)s202009 \y55 derived, where ¢ is the porosity
in % and the errors stand for the standard deviations.

log De= m1+m2*log(M0)
MO: porosity (%)
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Figure 2.4.20-4 Empirical equation for De values as a function of rock porosity for acid
crystalline rock (granite, granodiorite, biotitic granite)
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Figure 2.4.20-5 shows a width of variation in De values as a function of rock porosity. Two
lines were drawn to be parallel to the empirical equation of De values as a function of rock
porosity, which is shown in Figure 2.4.20~4 and to pass on the maximum and minimum values
of plotted De values. Although some plots are out of the lines, those data are all conservative
in performance assessment. The width of variation in De is approximately 2 orders of
magnitude for the same porosity. The lower and lower lines do not have statlsucal meaning,
merely showing measured maximum and minimum values.
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Figure 2.4.20-5 A width of variation in De values as a function of rock porosity for acid
crystalline rock (granite, granodiorite, altered granodiorite, biotitic granite)
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2,4.20-6 shows a least squares fitting curve for Da values as a function of rock porosity.
Although Da shows a tendency to increase with increasing rock porosity, clear trend is not
found. The width of variation in Da is quite large. This is considered to be due to the effect of
rock porosity and pore structural factor by the difference of the kind of rock and the effect of
sorption by the differences of the kinds of rock and element. For Da, a width of variation of
approximately 3 orders of magnitude is in maximum found for the same porosity.
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Figure 2.4.206 Da values as a function of rock porosity for acid crystalline rock (granite,

granodiorite, altered granodiorite, biotitic

-208-

granite)



JNC TN8400 99065

Figure 2.4.20-7 shows a correlation of De values as a function of charge number of species.
No clearly systematic trend is particularly found. The width of variation in De is
approximately 3 orders of magnitude, being very large, although the charge of species is the
same. Since porosity and pore structural factors actually depend on the kind of rock and Do is
also different depending on the kind of species, it is presumed that such a wide range of
variation in De was caused by the differences of their factors. However, it seems that the
higher the absolute value of the charge of species becomes, the lower Do becomes.
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Figure 2.4.20-7 De values as a function of charge number of species
The widthe of variation in De is approximatelt 3 orders of magnitude, being large, although the

charge number of species is the same. This would be not only because of the variation of
porosity, but also because of the difference in Do for each species.
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Figure 2.4.20-8 shows a correlation of formation factors (FF) as a function of rock porosity.
Similarly to De values, FF also shows a tendency to increase with increasing rock porosity.
However, relatively a wide range of variation is also found in FF, although rock porosity is the
same. This may be due to the differences of tortuosity by the differences between mineral
grain sizes composing individual rocks.
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Figure 2.4.20-8 FF values as a function of rock porosity for acid crystalline rock (granite,
granodiorite, altered granodiorite, biotitic granite)
Relatively a wide range of variation in FF is found even though it is the same porosity.

-210-—



JNC TN8400 99—065

Figure 2.4.20-9 shows a correlation of geometric factors (Gf) as a function of rock porosity.
As shown'in Figure 2.4.20-9, no siginificant porosity dependency is found for Gf. ThlS is
considered to ascribe to the grain sizes of minerals composing the rock.

Acid crystalline rock (granite/granodiorite
1 01 altered granodiorite/biotitic granite)

Geometric factor /Gf

11 i EUUON U R
0.1. 1 10! 102
Porosity(%)

Figure 2.4.20-9 Gf values as a function of rock porosn:y for acid crystalline rock (gramte
granodiorite, altered granodiorite, biotitic granite)
No porosity dependency is found for Gf.
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Figure 2.4.20-10 shows a plot of De values for individual elements in acid crystalline rock.
No tendency between De values and elements is particularly found. Even the same element has
a wide range of De values (for example, Cl, Na, Sr). However, the variation in rock porosity is
also included in the variation of De. Furthermore, the tortuosity of rock is also different
depending on the kind of rock, because the grain sizes are different depending on the kind of
rock. Among these elements, a wide range of variation is found particularly for De values of Cl,
Na and Sr. This may be due to the variation of porosity.

Acid crystalline rock (granite/granodiorite/altered
_g granodiorite/biotitic granite)
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Figure 2.4.20-10 A plot of De values for individual elements in acid crystalline rock (granite,
granodiorite, altered granodiorite, biotitic granite) '

No particular tendency between De values and individual elements is found, showing a wide

range of De values even though the same element.
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Figure 2.4.20-11 shows a correlation between De values and Do values for acid crystalline
rock. It semms that De also increases with increasing Do. However, no clear correlation is
found. A wide range of variation in De is found from around Do=8x10"'° to 2x107® m¥s (25
°C). This reason may be because the width of variation in rock porosity is large and pore
structural factors are also different depending on the rock porosity.

The elements which take near Do=2x10"° m%s (25 °C) are Cl, Cs and I. This wide variation in

De may be due to the differences of rock porosity and of pore structural factors by the
difference of the kind of rock.
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Figure 2.4.20-11 A correlation between De values and Do values for acid crystalline rock
(granite, granodiorite, altered granodiorite, biotitic granite)
No systematic tendency is found between De and Do.
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Chapter 3 Conclusions

3.1 Summary

A database for diffusivity for a data setting of De values in rock matrices in the second
progress report, was develped. In this database, 3 kinds of diffusion coefficients: De, Da and
Do were treated. The conclusion is summarized as follows.

In Chapter 1, theoretical background for mass transport, methodology for diffusivity data
acquisition and the basic structure of the database were explained.

In Chapter 2, rock to be treated in this database was categorized into 4 kinds of rocks: acid
crystalline rock, alkaline crystalline rock, sedimentary rock (argillaceous/tuffaceous rock) and
sedimentary rock (psammitic rock/sandy stone) from the viewpoint of geology and mass
transport, and De and Da data reported between 1980 and 1998 were explained for each
element, including also experimental conditions, method for diffusivity data acquisition and
discussion for correlations between various parameters.

The database was developed considering the following points.

(1) Since Japanese geological environment is focused in the second progress report, data for
diffusion are collected focused on Japanese major rocks.

(2) Although 22 elements are considered to be important in performance assessment for
geological disposal, all elements and "aquatic tracers are treated in this database
development considering general purpose.

(3) Since limestone, which belongs to sedimentary rock, can become one of the natural
resources and is inapropriate as a host rock, it is omitted in this database development.

Rock was categorized into 4 kinds of rocks, as described above. In addition, rocks around
neutrality among crystalline rock were categorized into the alkaline crystalline rock in this
database. The database is composed of sub-databases for 4 kinds of rocks. Furthermore, the
sub-databases for 4 kinds of the rocks are composed of databases to individual element, in
which totally, 24 items: element (nuclide), element No., species, charge, solid (rock name), dry
density (p), porosity (¢), De, log De, Do, formation factor (FF), geometric factor (Gf), rock
capacity factor (), Da, log Da, literature No., method, porewater, pH, tracer, contact time,
temperature, Eh, and others, are input.

As aresult of literature survey, for De values for acid crystalline rock, totally, 207 data for 18
elements and one tracer (hydrocarbon: uranine) have been reported and all data were for
granitic rocks such as granite, granodiorite and biotitic granite. For alkaline crystalline rock,
totally, 32 De data for 6 elements have been reported for basalt, andesite and schist. For
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sedimentary rock (argillaceous/tuffaceous rock), totally, 54 De data for 8 elements have been
reported for mudstone, pelitic schist and tuff, and for sedimentary rock (psammitic rock/sandy
stone), 11 De data for 1 element have been reported for siliceous sedimentary rock. As is clear,
much De data are found in granitic rocks. Whilst, De data for psammitic rocks are short
comparing to those for the other kinds of rocks. Table 3.1-1 shows a summary of De and Da
values for each element and each kind of rock treated in this database. The De values for
totally 18 elements and one aquatic tracer (uranine) and Da values for totally 14 elements have
been reported for acid crystalline rock. The De values for totally 6 elements and Da values for
totally 4 elements have been reported for alkaline crystalline rock. The De and Da values for
one element (I) have been reported for sedimentary rock (psammitic rock/sandy stone). The
De and Da values for totally 8 elements have been reported for sedimentary rock
(argillaceous/tuffaceous rock).

Correlativities have been approximately found between De values and rock porosities for all
kinds of the rocks, but significant porosity dependencies have not been found for Da values. In
addition, correlations between various parameters such as that between formation factors and
rock porosities, that between geometric factors and rock porosities, that between De values
and ionic charge, that between De values and Do values, and that between De values and
element, were also discussed. '

3.2 Future Work

In this database, only domestic rocks have been treated, and data for rocks of foreign countries
are not included. And since data collected in this database are based on literatures published
between 1980 and 1998, much diffusivity data reported after this petiod are not included yet.
This database will be periodically renewed incorporating new data. And diffusivity data for
rocks of foreign countries will be also included in the database.
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Table 3.1-1 Summary of De and Da values for each element and each kind
of rock treated in this database '

Element Acid crystalline] Alkaline Sedimentary Sedimentary
(tracer) rock crystalline rock | rock(psammitic | rock(argillaceous
rock/sandy /tuffaceous rock)
stone)

De Da | De Da| De Da | De Da
Ba O
Be O
Cl O O |0 O O O
Co O O
Cs O O |0 O O o
HTO O O
I O 010 OO0 o110 O
K O O O
Mg 1O
Na O OO O O
Ni O | 0|0 O O O
Np O O
Pu O
Se O O Q O
Sm O O O O
Sr O O
Te O O
U O O O
Uranine O O
Number of O| 19 14 | 6 4 1 1 8 8
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Chapter 4 Data Sheet

In Chapter 4, data concerning diffusion, collected based on literature survey, are shown in
data sheet. In addition, the footnotes and references are also shown.

4.1 Data Sheet for Sedimentary Rock (argillaceous/tuffaceous
rock)

The diffusivity data for Cl, Cs, I, K, Na, Ni, Se, Sm and U in sedimentary rock
(argillaceous/tuffaceous rock) are shown in turn.
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AP #1 - "ER/BEEDe/Da(Cl)data”

Element{nuclide) | Element No. | Specles | Charge Solid Dry density{g/cm3} | Porosity(%) CI:DB(III.Z/S) Clilog De_ Do(m2/s) 10) | Formatlon factor(FF) 11) | Geomteric factor(GF} 12) | Rock capacity factor
ofc 1]cl- -1.0 [ Mudstone 1) 2.78 1.80 3.206-14 -13.495 2,00e-09 1.608-05 0.000890
1la 1| cI- -1.0 | Mudstone 1) 2.78 1.80 8.80e-14 -13.018 2.00e-09 4.80e-05 0.00270
2lg 1| cl- -1.0 | Mudstone 1) 278 1.80 8.90a-14 -13.051 2.00e-09 4.50e-05 0.00250 0.100
21l 1[Cl- -1.0 | pelitic schist 1.00 1.500-13 -12.924 2.00e-09 7.50e-05 0.00750
41 1i¢l- -1.0| pPelitic schist 1.00 6.308-13 -12204 2,00e-09 0.000320 0320
53¢l 1tc)- -1.0 | Mudstone 0.740 3.20e-14 13,495 2.00e-09 1.60e-05 0.60220
slct 1 cl- 1.0 [ Mudstone 0.740 0.60e-14 13.018 2.000-00 4.808-05 0.00650
7)o 1) c- -1.0 | Mudstone 8.90e-14 -13.051 2.00e-09 0.100
8l 1| cl- 1.0 | Mudstone 0.740 3.200-14 -13.485 2,00a-09 1.60e-05 0.00220
olc 1]¢l- 1.0 | Mudstane 0.740 0.800-14 13.018 2.00e-09 4.80e-05 0.00850
10| 1lcl- -1.0| Tuff 8) 1.53 374 0.60e-12 -11.018 2.00e-03 0.00480 0.0130 0.0690
| 1lcl- -1.0 | Tuff 8) 153 374 1.600-11 -18,796 2.802-09 0.00800 0.0210 0.09590
i21c 1| cI- -1.0| Tuff B) 1.53 374 3.40e-11 -10.469 2.00e-09 D.0170 0.0450 0.374
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=¥ #2 - “RR/AEEDe/Da(Cl)data”

Cl:Da{m2/s) | Cllog Da Literature No. Method Porewater pH Tracer Contact time | Temperature('C) | Eh{mv) QOthers
L 1 Through-diffuslon | Distifled water 550 | 10%NaCl 25.0 aerobic 3)
1 1 Through-diffusion | Distied water 5.50 | 10%NaCt 25.0 gerchic 3)
2 B.80a-13 -12.056 | 1 Through-diffusion | Distilled. water 6.00] 0.6M CI 2) 596days 25.0 aercbic 3)
3 2.50e-11 -10.585 | 2 Through-diffusion | Distifled water NaCl 4) 11days room aerobic 5)
4 3.80e-11 -10420 2 Through-diffusion | Distiled water NaCl 4) 11days room aerchic 5)
5 3 Through-diffusion | Distilled water 5.50 | 50000ppmCI aeroblc 6)
6 3 Through-diffusion | Distilled water 5.50 | 60000ppmCl aerchic §)
7 8.80e-13 -12.056 | 4 Through-diffusion | Distilled water 6.00} 0.6M C 2) | 596days 25.0 aerobic
8 s Through-diffusion | Bistllled water 60000ppmC! | 90days room aetabie 7)
2 5 Through-diffusion | Distlled water 60000ppCl | 90days rogm aerobic 7)
10 2.60e-11 -10.585 1 g Through-diffusion | Distilled water 9.48| 0.1M Nall 18days 25.0 geroblc 9)
1 4.308-11 -10.367 | g Through-diffusion | Distilled water 8.54 | 0,1M Natl 18days 25.0 aarobic 9)
12 9.10e-11 -10.041} Through-diffusion | Distilled water 9.27 | 0,1M NaCi 18days 25.0 aerobic 9)
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=2 #1 - “ER/ZEKEDe/Da(Cl)data”
REFERENCE AND FOOTNOTE

Reference:

1 Sato H., Shibutani, T., Yui, M.: Expenmenta] and Modelling Studies on
lefuswn of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997).

2 EEAR SRV RUEAPTORBEOHLY - WET~F RUTORBIE. BIREWH
B TEEEMER ST IE AT RS RAE] . PNC TN1410 91-079. pp.275-286.
EIREEEEE(1991.10)(1991).

H. Sato: PNC Technical Report "Report of Informatlon Exchange Meeting
on the Performance Assessment Research", PNC TN1410 91-079, pp.275
-286, Power Reactor and Nuclear Fuel Development Corporation (1991.
10)(1991). ‘

3EEEARR. AN BHPOA T O EFREORNE, AXREFHES1992
FEFDRE, F15, p.323(1992). |
~Sato, H., Yui, M.: Measurement of lonic Diffusion Coefficients in Rocks,
1992 Fall Meeting of the Atomic Energy Society of Japan, F15, p.323.
(1992). _

4 BB - BN OMREARROIIN(TERSER). B¥kArER. PNCTN1410
96-071. pp.202-204, BHREHM(1996. 12)(1996). .
Power Reactor and Nuclear Fuel Development Corporatlon Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12){1996).

5 @Ak, BHEN. BMNEA  SAOHMEBECET A WE-SR0OHME
B & UNaClZ A /=Through- dlffuswn(ﬁﬁéﬁiﬁﬁ)‘é‘ﬁﬁkcl:%I’a‘iﬁﬁ?@ﬁl%—
BB WTETE, PNC TN8410 92-222, SIS %M (1992. 8)(1992). :
Sato, H., Yui, M., Ishikawa, H.: A Study on Pore Structure of Rocks,PNC
Technica[ Report PNC TN8410 92-222, Power Reactor and Nuclear
Fuel Development Corporation (1992. 8)(1992).

6 Sato, H.: Through-Diffusion Experiments on NaCl through Tuff
-Measurement of Tortuosity-, PNC Technical Report, PNC TN8410 96-
111, Power Reactor and Nuclear Fuel Corrporation (1996. 7)(1996).

Footnote:

1) The mudstone sample was sampled from Tome-gun, Miyagi-ken, Japan.
This sample is approximately equivalent to a standard sample in the
chemical composition of Japanese mudstone in the Geological Survey
of Japan.

2) The tracer was used as a mixture of CsCl, NiCl and SmCi3. Each
reagent was dissolved to produce 0.1 M in distilled water. The
concentration of Cl- was estimated as a counter ion of Cs+, Ni2+ and
Sm3+ in the tracer. Since the concentration of each cation was 0.1 M,
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=% #2 - “RE/BK#EDe/Da(Chdata”
the concentration of Cl- is estimated to be 0.6 M.

3) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry, Pore-size
distribution was' also determined by mercury porosimetry. The
porosity and density shown are average values of respective measured
values. .

The De values were originally obtained to derive formatlon factor and
tortuosity of the rock.

4) The concentration of NaCI is not repdrted in the literature.

5) The De values were originally obtained to derlve formation factor and
tortuosity of the rock.

6) The porosity was determined by water saturation method (water
intrusion method). The porosity shown is an average value of the
measured ones. o

The De values were originally obtained to derive formation factor and
tortuosity of the rock, because Cl- ion is non-sorbing.

7) The porosity was determined by two kinds of water saturation methods
(water intrusion methods) and the porosity shown is an average value
of the measured ones.

The De values were originally obtained to derive formation factor and
tortuosity of the rock, because Cl- ion is non-sorbing.

8) The tuff sample was sampled from 72.3m deep (AN-4 bore hole), Tono
mine, Toki-shi, Gifu-ken, Japan.

9) The porosity and density were determined by mercury porosimetry.
The De values were originally obtained to derive formation factor and
tortuosity of the rock, because CI- ion is non-sorbing.

10) The Do of Cl- is estimated Z.Oe—9 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A., p.169 (1997).].

11) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient
and diffusion coefficient in free water, respectively.

12) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/ .
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor
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~N=3 # - “ER/BREDe/Da(Cs)data”

Element{nuclide) | Element Mo. | Species | Charge Solid Dry density(g/cm3) | Porosity(%) | Cs:De(m2/5}| Cs:log De } Do{m2/s} 4) | Formation factor(FF} 5) | Geometric factor(Gf) 6) | Rock capacity factor
I 2] Cs+ 1.0 | Mudstone 1) 2,78 T80 4.80e-13 12,319 2.100-09 0.000230 0.0130 1.23
1]Cs 2| cst 1.0 Mudstone 1} 4.80e-13 -12.318 2.102-00 0.000230 0.0130 1.23
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A= #2 - "FEW/TR¥De/Da(Cs)data”

Cs:Da(m2/s) | Cs:og ba Literature . No. Method Porewater P Tracer Contact time | Temparature{T) | Eh{mVv) Others
[1] 3.90e-13 =12409 | 1 Through-diffusion | Distilled water 6.00 | 0.1M CsCl 2} 25.0 aerohic 3}
1 3.900-13 -12.409 | 2 Through-diffusion | Distilled water 8.00 [ 3.1M CsCi 2) 25.0 aeroblc
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N—=T#1 - “EE/ ﬁm%De/Da(Cslqata”
REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997). S

2 BIMAEERR - BN REROR N (ERSEE). BIMKMER. PNCTN1410
96-071, pp.202-204. BHASEZEM(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(19296).

Footnote:

1) The mudstone sample was sampled from Tome-gun, Miyagi-ken, Japan.
This sample is approximately equivalent to a standard sample in the
chemical composition of Japanese mudstone in the Geological Survey
of Japan.

2) The tracer was used as a mixture of CsCI,‘ NiCl2 and SmCI3. Each
reagent was dissolved to produce 0.1 M in distilled water.

3) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. The

- porosity and density shown are average values of respective measured
values,

The De values for Cl- which is a counter ion of Cs+ were originally
obtained to derive formation factor and tortuosity of the rock.

4) The Do of Cs+ is estimated 2.1e-9 m2/s at 25C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A., p.168 (1997).].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
@ is the porosity and FF is the formation factor.
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Element(nuclide) ] ElementiNo. | Species | Charge Solid Dry density(g/cm3) | Porosity(%) | LDe{m2/s) | ilog De | Dofm2/s) 4) | Formation factor(FF) 5) | Geometric factor(GF) 6)| Rock capacity factor [ 1:Da(m2/s)
[ 3[(1- .0 Tulf 1) T 74.6 53De-11| -10.276 2.000-09 0.0270 0.110 0.20 2.660-10
1 3[- ~1.0{ Tuff 1) 24.6 9.30e-11| -10.032 2.006-08 0.0470 0.190 0.33 2.82e-10
21t 31 =1.01 Tuff 1) 24.6 5.30e-11 -10.276 2.00s-08 0.0270 0.110 - 0.20 2.65e-10
3 3()- =100 Tuff 1) 246 9.30e-11 -10.032 2.000-09 0.0470 0.190 0.33 2.826-10
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A~ #2 - "RW/HEEDe/Da(l)data”

klog Da | Literature No, Method Porewater Tracer Contact time | Temperature(c) | Eh{mV) Others

O} 857701 Through-diffusion | Pelanized water 1M(1:127000ppm)K! room aeroblc 2)
1§ -8.5800 04 Through-diffuston | Delonlzed water 1M{1:127000ppm)KI room aerobic 2}

2f 85770 2 Through-diffusion | Distilled water 1M{I:127000ppm)K! room aerobic 3)
3] -95500( 2 Through-diffusfon | Distilled water 1M{1:127C00ppm)KI room gerobic 3)
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NR—2 #1 - "EH/BKEDe/Da()data”
REFERENCE AND FOOTNOTE

Reference:

1 mELBER, FIRE. SHER, AHE  SAEBXKROA T OHnBFES S
BIMOMEHE. ShL#hE, 40 (5). 323~336(1990).
Nishiyama, K., Nakashima, S., Tada, R., Uchida, T.: Diffusion of an
lon in Rock Pore Water and Its Relatron to Pore Characterlstlcs,
Mining Geology, 40 (5), pp.323-336 (1990).

EZAZ. BHES, PRE : TEASIURKERRBAKPOA X OE
ﬁiﬁmﬁﬂi ERA%E. 30(2). 26~32(1989). ’
Kita, H., lwai, T., Nakashima, S.. Diffusion Coefficient Measurement
of an lon in Pore Water of Granite and Tuff, Journal of the Japan
Society of Engineering Geology, 30-2, pp.26-32 (1989).

Footnote:
1) The tuff sample was sampled from lzu, Shizuoka-ken, Japan.

2) The rock porosity was measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry to
discuss effective porosity.

The Da values were calulated from De values and rock capac:ty
factors.

3) The rock porosity was determined by water saturation method
(water intrusion method). The error of the porosity is evaluated
to be 24+0.3% in the literature.

The Da values were calulated from De values and rock capacity
factors. '

4) The Do of I- is estimated 2.0e-8 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, inc., New York, U. S. A., p.169 (1997).].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(¢ :Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.
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R— # - “BR/GHREDe/Da(K)data”

Element{nuclide)

Element No, | Species | Charge Solid Dry density(g/cm3) | Porosity(%) | K:De(m2/s) | Kilog De| Do(m2/s) 6) | Formation factor(FF) 7) | Geometsic factor(Gf) 8) | Rock capacity factor | KiDa(mz/s)
DIk 4| K+ 1.0 Mudstane 1) 272 0.740 4.30e-13 =12.367 2.00e-09 0.000220 0.0290
1k ars 1.0 | Mudstone 1) 2372 0.740 6.80e-13] -12260 2.006-09 0.000280 0.0370
2|k 4| Ke 1.0 [ Tuft 2) 1.34 £5.9 5.80e-10]| -9.2370 2.00e-09 0,230 0.520
3k 4| K+ 1.0 [ Tuff 2) 1.34 55.8 750e-10| -9.1250 2,00e-09 0.380 0.670
a|x 4l ks 1.0 | Mudstona 1} 272 0.740 431e-13| -12.368 2.60e-09 0.000220 0.0200
5K 4| K4 1.0 Mudstone 1} 2.72 0.740 4228-13 ~12.374 2.00e-08 0.000210 0.0250
3 M ars 1.0 | Mudstone 1) 272 0740 6.54e-13| -12.266 2,006-09 0.000280 0.0370
7lk ra 1.0 Tuff 2) 1.34 55.0 7ABe-10| -0.1260 2,00e-09 0,370 0.670
8|k ars 1.0] Tutt 2) 1.34 56.0 6.17e-10] -5.2100 2.002-00 0.310 0.550
9K 4| K+ 1.0 | Tuff 2) 1.34 65.8 5.77e-10] -9.2380 2.00e-09 0.290 0.820
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A= #2 - “ER/GREDe/Da(K)data”

K:log Da| Uterature No, Method Porewater Tracer Contact time | Temperature(T) | Eh(mV) Others

0 1 conductivity 3) | 0.1M KCl 4) 0.1M KCI 4) room aerobic 5)
1 1 conductivity 3) | DM KCI 4) 0.1M KCI 4) room aerobic 5}
2 1 conductivity 3) | 0.1M K€l 4) 0.1M KCI 4) ‘room aerobic 5)
__3 1 conductivity 3) | 0.1M KCl 4) 0.1M KCl 4) room aeroblic 5)
4 2 conductivity 3) | 0.1M KCI 4) 0.1M KCl 4) room aerobic 5)
§ 2 conductivity 3) | 0.1M KCi 4) 0.1M KCi 4) room aerobic 5)
6 2 conductivity 3) | 0.1M KCi 4) 0,1M KCI 4) room aerobic 5)
7 2 conductivity 3) | Q.1M KCE 4) 0.1M KCI 4) room aerobic 5)
8 2 conductivity 3) | 0.1M KCi 4) 0.1M KCI 4) room aerobie 5)
8 2 conductivity 3) | 0.1M KCi 4) 0.1M KCi 4) TO0M aerobic 5)
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N—D #1 - “RE/EFKEDe/Da(K)data”
REFERENCE AND FOOTNOTE

Reference:

1 Conca, J. L., Apted, M. J., Arthur, R. C.: Direct Determinations of
Transport Parameters in Repository Materials, Scientific Basis for
Nuclear Waste Management XVI (Interrante, C. G. and Pabalan, R. T.,
eds.), Materials Research Society Symposium Proceedings, Vol. 294,
pp.839-844, Materials Research Society, Pittsburgh, Pennsyivania
(1993).

2 Conca, J. L., Wright, J.: Direct Determinations of Unsaturated Flow
and Transport, Proceedings of the Twelfth Annual American
Geophysical Union Hydrology Days Meeting, Fort Co[llns March 1992,
pp.103-116 (1992).

Footnote:"

1) The mudstone sample was sampled from Tome-gun, Miyagi-ken,
Japan. This sample is approximately equivalent to a standard
sample in the chemical composition of Japanese mudstone in the
Geological Survey of Japan. What described above is not shown in
the literature, but PNC supplied this sample and simultaneously
measured the physical properties [H. Sato and T. Shibutani: PNC
Technical Report, PNC TN8410 94-284, 71-89 (1994).].

2) The tuff sample was sampled from Tono mine, Toki-shi, Gifu-ken,
Japan. The physical properties except for density are not reported
in the literature, but PNC supplied this sample and simultaneously
measured them [H. Sato and T. Shibutani: PNC Technical Report, PNC
TN8410 94-284, 71-89 (1994).].

3) The De values were determined by electrical conductivity
measurements, based on the Nernst-Einstein equation. The De
values were determined using the unsaturated flow apparatus (UFA).
Hydraulic conductivity can also be determined by this method.

4) The rock sample was firstly saturated with a 0.1 M KCl sclution and

then electrical conductivity was measured. The porewater and tracer
are therefore the same.

5) Apparent diffusion coefficient -(Da) cannot be obtained from the
electrical conductivity measurements.

- 8) The Do of K+ is estimated 2.0e-9 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A., p.168 (1997).].

7) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

8) The geometric factor (Gf) is also called tortuosity factor (Tf), and
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was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion.
coefficient in free water, De is the effective diffusion coefflment
¢ is the porosity and FF is the formation factor.
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N5 #1 - "EBR/FHEDe/Da(Na)data”

Element(huclide)| Element No. | Specles | Charge Solid Dry density(g/cm&_)_ Porosity(96) Na:De(EZ/s) Nalog De | Do{m2/s) 5) | Formation factor(FF) 6) | Geomstric factor{Gf} 7) ] Rock capacity factor
0 Na 6 | Nar 1.0| Mudstane 1) 2.78 1.80 6.50e-14 12,987 Ta0e-09 B.008-05 0.00280
1 Na 5| Na+ 1.0 Mudstone 1) 278 1.80 1.20e-13 -12.821 1.30e-00 9.20e-05 0.00510
2| Na 5| Na+ 1.0 Tuff 3) 153 37.4 1.50e-11 -10.824 1.308-09 0.0120 0.0220 0.374
2| Na 5| Nat 1.0 | Tufr 3) 1.53 374 2.10e-11 -10.678 1.30e-09 0.0160 0.0430 0.374
4| Na 6| Nas 1.0 | Tuff 3) 1.53 ar4 3.80e-11 -10.420 1.30¢-09 0.0280 0.0780 0374
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A7 #2 - “ER/FKEDe/Da(Naydata”

Na:Da(m2/5) | Nadlog Da Literature Mo, Method Porewater pH Tracer Contact time | Temperature{C} | Eh{mV} Others
[ 1 Through-diffusion | Distllled water 550 | 10%NaCl 25.0 aerobic 2)
1 1 Through-diffusion | Distilled water 5.50 | 10%NaCl 25.0 aeroblc 2)
2 4.00e-11 ~10.388 | 2 Through-diffusion | Distilled water 8.48| 0.1M NaCl | 18days 25.0 aerobic 4)
3 5.602-11 -10.252 [ 2 Through-diffusion | Distilled water 8.54| 0.1M Na€l | 18days 25.0 aerobic 4)
4 1.00e-10 -10.000 | 2 Through-diffusion | Distilled water 9:27 | 0,1M Nafl | 18days 25.0 aerobic 4)
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= #1 - “EH/BIREDe/Da(Na)data”
REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997).

2 Sato, H.: Through-Diffusion Experiments on NaCl through Tuff
-Measurement of Tortuosity-, PNC Technical Report, PNC TN8410 96-
111, Power Reactor and Nuclear Fuel Development Corporation
(1996.7)(1996).

Footnote:

1} The mudstone sample was sampled from Tome-gun, Miyagi-ken, Japan.
This sample is approximately equivalent to a standard sample in the
chemical composition of Japanese mudstone in the: Geologlcal Survey
of Japan.

2) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. The
porosity and density shown are average values of respective measured
values.

The De values were originally obtained to derive formation factor and
tortuosity of the rock.

3) The tuff sample was sampled from 72.3m deep (AN-4 bore hole), Tono
mipe, Toki-shi, Gifu-ken, Japan.

4} The porosity and density were determined by mercury porosimetry.
The De values were originally obtained to derive formation factor and
tortuosity of the rock.

5) The Do of Na+ is estimated 1.3e-9 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A., p.168 (1997).].

6) .The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

7) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/( % -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.
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A #1 - “ER/FEREDe/Da{Nidata”

Element{nuclide}| FlementNo. | Species | Charge Solid Dry denslty(g/cm?l Porosity(%) | Ni:De{m2/s) | Nidog De | Do{m2/s) 7) | Formation factor(FF) 5) | Geometric factor{Gf) 6)| Rock capacity factor
| 0N 6| niz+ 2.0 [ Mudstone 1) 278 1.80 1.00e-13 ~13.000 8.80a-10 0.000150 (.00B40 - 0.33
1IN 8| Niz+ 2.0 | Mudstone 1) 1.00e-13 -13.000 8.60e-10 0.000180 0.00840 0.33
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R—~i5 #2 - “RR/GBKEDe/Da(N)data”

Ni:Da{mz/s) | Nilog Da Literature No, Method Porewater pH Tracer Contact time | Temperature(’C) | Eh(mV) Dthers
0 3.002-13 -12.623 | 1 Through-diffusion | Distilled water 6.00( 0.TM NICIZ2 2) 25.0 aerobic 3)
i 3.00e-13 -12.528 | 2 Through-diffusion | Distilled water 6.00 0.1M NICI2 2) 25.0 aerobie 4)
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A=Y #1 - “EH/FREDe/Da(Ni)data”
REFERENCE AND FOOTNOTE

Reference;

-1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997). ' :

2 BREEE  WBASMREARORAR(CERSER). BMEHEE. PNCTN1410
96-071, pp.202-204, EHAEEF(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(1996).

Footnote:

1} The mudstone sample was sampled from Tome-gun, Miyagi-ken, Japan.
This sample is approximately equivalent to a standard sample in the
chemical composition of Japanese mudstone in the Geological Survey
of Japan.

2) The tracer was used as a mixture of CsCl, NiCl2 and SmCI3. Each
reagent was dissolved to produce 0.1 M in distilled water.

3) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. The
porosity and density shown are average values of respective measured
values,

The De values for Cl- which is a counter ion of Ni2+ were originally
obtained to derive formation factor and tortuosity of the rock.

4) The porosity and density were measured by water saturation method -
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. However,
neither the porosity nor density is reported in the literature.

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.

7) The Do of Ni2+ is estimated 6.6e~-10 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A,, p.168 (1997).].
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R - REARREDe/Da(Se)data”

Element(nuclide) | ElementNo. | Species | Charge | Selid | Dry density(g/em3} | Porosity($%) | Se:iDe(m2/s)| Sedog De | Do(m2/s) 8) | Formation Factor(FF) 6) | Geomteric factor(Gf} 7)§ Rock capacity factor | Se:Da{m2/s}

0 [se 7| se032- 20| Tusf 13 .60 374 B.408-12 194 8.102-10 0.00790 0.0210 179 3.508-12 |

1{sa 7 | se032- 2.0 | Tuff 1) 150 a7.4 270012 11669 8.10s-10 0.00330 0.00850 0.520 B.18a-12

2]se 715e032- -2.0| Tuff 13} 1.80 374 5.800-12 -11.22% 8.10e-10 0.00730 0.0180 1.68 35te-12

315e 71 5en32- 2.0 | Tuk 1) 150 ara 56012 11252 8.10s-10 0.00690 0.0160 0590 9.496-12

45e 7| se032- 20| Tuff 1) 1.50 374 6.006-12 1222 8.10e-10 0.00740 0.0200 0570 1.058-11

51s5e 71{se032- -2.0 | Tuff 1) 1.60 74 6.80e-12 ~11.161 8.10e-10 0.00850 0.0230 0.940 7.34de-12

5 | 5e 7| sen32- 2.0 Tuff 1) 153 273 8.42812 .02 8.10e-10 0.60780 0.0210 1.79 350812

7|5e 71 Se032- 20| Tuff 1) 153 273 557612 31254 8.108-10 060680 0.0180 0590 944012

8 | se 7| 5032~ 20| Tulf 1) 153 37.3 8.206-12 -11.208 8.10a-10 0.00770 0.0210 1.70 3.656-12

9]1Se 7| 5e032- 2.0 Tuff 1) 1.53 37.3 6.20e-12 -11.208 B8.10e-10 0.00770 0.0210 0.700 8.86s-12

10 | 5e 7 | Se032- ~2.0| Tuff 4) .53 3713 8.80e-12 -11.058 8.10e-10 0.0110 0.0280 230 3.82e-12
~1—1_ Se 7| se032- 2.0 Tuff 4) 1.53 373 340012 -11.469 B8.10e-10 0.00420 0.0110 1.50 227a-12
12 | se 7| se032- 2.0 Tuff 4) 1.53 373 7.800-12 11402 8.10e-10 0.00980 0.0260 2,10 376012

13 | 5e 7] Se032- -2.0| Tuff 4) 1.53 a3 5.80e-12 -11.229 8.10e-10 0.00730 0.0200 0.620 9.52e-12

14 | Se 71} se032- -2.0 | Tuff 4) 1.53 3 640e-12 -11.194 8.10e-10 0.00780 0.0210 0.610 1.058-11
15 | se 7| Sen32- 20| Tuff 4} 1.63 3 T.40e-12 1113 B8.10e-10 0.00810 0.0240 0.960 T.7e12
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NReiF #2 - “ER/FXEDe/Da(Se)data”

Setlog Da Literature No. Method Porewater | pH Tracer Contact time Temperatura{'C} | Eh{mV} Others
0 -11.446 1 Through-diffusion | 0.*M NaCt 730 | ¢-3M 5202 | about 10Cdays | Temp. in G.B. anaerobic 2)
1 -11285] ¢ Through-diffusion | 0.1M NaCl 7.80 | g-3M Se02 | about 100days | Temp. in G.B. anaerobic 2)
2 -11.455 | Through-diffusion | 0.1M NaCl 7.70| e-3M 5202 | about 100days | Temp. In G.B. anaeroblc 2)
3 -11.003 | ¢ Through-diffusion | 0.1M NaCl 11.0) p-3M SeD2 | about 100days | Temp. in G.B. anaerchblc 2)
4 -10.578 | 4 Through-diffusion 1 0.1M NaCl 11.0 ] e-3M Se02 | about 100days | Temp. in G.B. anaercbic 2)
5 -11.134 |4 Through-diffusion ] 0.1M NaCl | 11.0] &-3M S¢D2 | about 100days | Temp. in G.B. bic 2)
6 1445 | 2 Through-diffusion | 0.1M NaCl 8.00 22.0 anaerobic 3)
7 -11.025 [ 2 Through-diffusion | 0.1M NaCl 1i.0 22.0 anaeroblc 3}
8 -11.438] 2 THrough-diffusion | 0.1M NaCl | 8.00 220 anaercbic 3}
] -11.053| 2 THrough-diffusion { 0.1M NaCl 11.0 22.0 anaeroblc 3)
10 -11.417 | 3 THrowgh-diffugion | 0.1M MNaCl 7.90 ) g-3M Se02 | about 100days | Temp. In G.B. anaerobie 5)
i1 -11.6441 3 THrough-diffusion | 0.1M NaCl 7.80 | e-3M SeD2 | about 100days | Temp. in G.B. anasrobig 5)
12 -11425 1 3 THrough-diffusion | 0.1M NaCl 7.70| e-3M 5202 [ about 100days | Temp. In G.B. anaerobic 5)
13 -1.021] 3 THrough-diffusion ] 0.1M NaCl | 71.0( e-3M 5e02 | about 100days | Temp. in G.B. anaerobic 5)
14 -10.678 | 3 THrough-diffusion | 0.1 NaCl 11.0| &-3M Se02 | about 100days | Temp. in G.B. anaerobic 5)
15 <11.113| 3 THrough-diffusion [ 0.1M NaCl 1.0 e-3M Se02 | about 100days | Temp. in G.B. anaerobic 5)
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=Y #1 - "RE/ERKEDe/Da(Se)data”
REFERENCE AND FOOTNOTE

Reference:

1 ElEaR. BREHIE : BRPICHIF3RE - HEREAN. SREHEE NLELSTE
fEHSBaEEE] . PNC TN1100 96-010, pp.150-155. BhREEF(1996.
12)(1996).

Sato, H., Shibutani, T.: PNC Technical Report "Report of information
Exchange Meeting on the Research and Development for Geological
Disposal of Radioactive Waste”, PNC TN1100 96-010, pp.150-155, Power
Reactor and Nuclear Fuel Development Corporation (1996. 12)(1996).

2 BIMERE  WERASMERAROR(ERSERE. BRBHTER. PNC TN1410
96-071. pp.208-210, EHMREEEM(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.208-210, Power Reactor
and Nuclear Fuel Development Corporation (1996, 12)(1996).

3 Tachi, Y., Shibutani, T., Sato,. H., Yui, M.: Sorption and Diffusion Behabior
of Seiemum in Tuff, Journal of Contamlnant Hydrology 35, pp.77-89
{1998).

Footnhote:

1) The tuff sample was sampled from Tono mine, Toki-shi, Gifu-ken, Japan.
The mineralogy of the tuff is quartz, plagioclase, potassium feldspar,
smectite, clinoptilolite (fIZ7’FROIER), stibite, amphibole, calcite,
pyrite and lignite.

2) The density and porosity were determined by mercury porosimetry. Pore-
size distribution and specific surface area of the pores were also
evaluated by the same method. The former was evaluated that the pores
in the range of 10nm~10um were dominant, and the latter was estimated
to be 17.8 m2/g on the average.

The Da values were calculated from dry densntles, porosities and
distribution coefficients (Kd). The rock capacity factors are in same.
The experiments were carried out in an N2-atmosphere glove-box, in
which the concentration of oxygen was kept less than 1ppm.

3) The Da values were calculated from De values and rock capacity factors
given in the literature.
The experiments were carried out in an N2-atmosphere glove-box, in
which the concentration of oxygen was kept less than 1ppm.

4) The tuff sample was sampled from the Toki Lignite-Bearing Formation
(AN-4 bore hole, 72m below ground level), Tono area, Toki-shi, Gifu-ken,
Japan.

The mineralogy of the tuff is plagioclase, smectite, clinoptilite,
heulandite, -quartz, kaolinite, biotite, gypsum and pyrite, and these were
identified by X-ray diffraction analysis and section observation.
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N— #2 - "RE/BIKFDe/Da(Se)data”

5) All the experiments were carried out in a N2-atmophere glove-box, in
which the concentration oxygen was kept less than 1ppm.
The Da values were calculated from De values and rock capacity factors.
The tracer was prepared by dissloving a Se02 powder in 0.1 M NaCl.
Thherefore, the ionic strength of the porewater is 0.1.

6) The formation factor (FF) was calculated based on the equation: -
FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

7) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.

8) The Do of Se032- is estimated 8.1e-10 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A,, p.170 (1997).1.
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R—¥ #1 - “ER/RKEDe/Da(Sm)data”

Element(nuclide)}{ Element Mo, | Species | Charge Sofid Dry density{gfcm3} | Porosity(%) | Sm:De(m2/s)| Sm:fog De | Do{m2/s) 7) | Formation factor{FF} 5) | Geometric factor(Gf) 6) | Rock capacity factor
0 l5m 2| sm3+ 2.0 | Mudstone 1) 278 1.00 | 6.10e-14 -13.276 6.10e-10 0.000840 0.00460 0.20
1]5m B{Sm3+ 2.0 | Mudstone 1) 5.10e-14 -13.278 6.102-10 0.000840 0.00460 0.20
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A= #2 - “EH/BEEDe/Da(Sm)data”

Sm:Da(m2/5)| Smilog Da | Literature No. Method Porewater pH Tracer Contact time | Temperature(t) | Eh(mV) QOthers
b Z6Ge1a| 12617 | Through-diffusion | Distiled_water | 6:00| 0.1M SmCI3 2) 25.0 aerohic 3)
1 2.80e-13 -12585| 2 Through-diffuslon | Distiled water | 6.00] 0.1M SmCI3 2} 25.0 aerobic 4)
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=2 #1 - "RR/&KEDe/Da(Sm)data”
REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
lefusmn of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, PP 119-133, Elsevier Science
B.V.{1997).

2 BRREEER [ $BASHMARRORKCEESEE). BEHER. PNCTN1410
96-071, pp.202-204, EhAEEM(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(1996).

Footnote:

1) The mudstone sample was sampled from Tome-gun, Miyagi-ken, Japan.
This sample is approximately equivalent to a standard sample in the
chemical composition of Japanese mudstone in the Geological Survey
of Japan. ' ,

2) The tracer was used as a mixture of CsCl, NiCl2 and SmCI3. Each
reagent was dissolved to produce 0.1 M in distilled water.

3) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. The
porosity and density shown are average values of respective measured
values,

The De values for Cl- which is a counter ion of Sm3+ were originally
obtained to derive formation factor and tortuosity of the rock.

The Da was calculated from De and rock capacity factor in the
literature. :

4) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. However,
neither the porosity nor density is reported in the literature.

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was caiculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®,
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
® is the porosity and FF is the formation factor.

7) The Do of Sm3+ is estimated 6.1e-10 m2/s at 25°C [Marcus, Y.: lon
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Properties, Marcel Dekker, Inc., New York, U. S. A., p.169 (1997).].
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A~ #1 - “RR/REDe/Da(U)data”

Element{nuclida) | Elernent No, Species Charge { Solid Dry density{g/cm3) | Porosity(%) | U:De{m2/s) | Ulog De| Do{m2/s) 10} | Formation factor(FF} 8) | Geometric factor(Gf) 9) | Reck capacity factor
oluy 9 | carbonate complex 1) -4.0 | Tuff — 7.20e-10 ;
1jy 9 | carbonate complex 1) ~4.0| Tuff 5) 7.20e-10
21y 9| carbonate complex 1) 4.0[ Tuff 5) 7.20e-10
Hu 9| carbonate complex 1) 4.0 Tuff 5) 7.20e-10
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A~ #2 - RR/BRE0e/DalU)data”

U:Da(m2/s) | Ulog Da| Literature No, Method Porewater Tracer Contact time § Temperature(C) | Eh(mV) Others
o 500612 ] 11900 | 1 In-diffusion 2} | Delonized water Uranyl nitrate 3} 30days 2050 aerobic 4)
t 1.00e-12] -12.000] 2 in-diffusion 2} | groundwater 1450ppm U-233 6) | 14days reem agrobic 7)
2 8.00e-43| 120972 In-diffusion_2} | groundwater 1450ppm U-233 6) [ 14days room aerobic 7)
3 6.00e-11{ -10.222 2 In-diffuslon 2} | groundwater 1450ppm U-233 6) 14days room aerobic 7)
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R=3 #1 - “EE/BEREDe/Da(U)data”
REFERENCE AND FOOTNOTE |

Reference:

TIMREE, EBRER. dELS. figEXR. MEZR - ER70vohousy
DREER. AFRFHES TMSISHEK) . G82(1984).
Kosaka, T., Sato, S., Furuya, H., Araya, S., Matsuo, K.: Diffusion Behavior
of Uranium in a Rock Block, 1984 Fall Meeting of the Atomic Energy
Society of Japan, G82 (1984).

2 Ota, K., Yoshida, H.: Influence Microscopic Heterogeneity on Diffusion
for Sedimentary Rocks, Proceedings of an NEA/SKI Symposium, Paris,
France, 11-14, October, 1994, pp.237-243 (1994).

Footnote:

1) The dominant chemical species in the porewater is probably
U02(C03)34- judging from the chemical and redox conditions, but the
speciation is not repqrted. '

2) This method is sometimes called back-to- back method, but both are
basically the same method.

3) A block sample with the size of 10x10x20mm, sealed with resin
except for only one plane, was saturated with deionized water before
the experiment. The sample was then contacted with a 9.2e-3 M
Na2CO03 solution containing 5.1e-4 M uranyl nitrate for a maximum of
30 days in a thermobath at 20~50C. Then the sample was scraped at
the end of the experiment and the rock powder collected was contacted
with 3 N HNO3 solution to remove U(VI) from the rock. The extracted
solution was centrifugaged with 4000rpm for 20min and counted for
a -activity with a liquid scintillation counter.

4) The sampling point is not reported. Neither the porosity- nor density
of the rock is reported in this literature.

5) The rock sample, tuffaceous sandstone, was sampled from Tono mine
(KNA-3 bore hole), Toki-shi, Gifu-ken, Japan.

6) This is the initial concentration to contact with the rock sample.
The uranium solution was prepared by leaching the uranium
concentrated sedimentary rocks.

7) Neither the porosrcy nor denSIty of the rock is reported in this
literature.

8) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
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diffusion coefficient in free water, respectively.

9) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was caiculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.

10) The Do of U02(C03)34- is estimated 7.2+0.5e¢-10 m2/s at 25C [liO
s : MAEEHERICEIIBT7/Fo ERROLE. BREREE HhELSH
RIFHMRSWESE) . PNC TN1100 96-010, pp.156-160, BAHELEMH
(1996.12)(1296).

Yamaguchi, T.: Diffusivity of Actinides in a Granite from Inada,
Ibaraki, Japan, PNC Technical Report, PNC TN1100 96-010, pp.156-
160, Power Reactor and Nuclear Fuel Development Corporation (1996,
12){(1996).]. The Do is not directly measured value, but was :
estimated based on the Stokes equation by the ionic radius calculated
from the molecular structure.
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Element{nuclide}| ElementNo. | Species| Charge Solid Dry density(g/cm3) | Porosity(%) | De(m2/s) | logDe | Do(m2/s)
0 ¢ 11 ClI- -1.0 [ Mudstone 2.78 1.80 3.20e-14 | -13.495 2.00e-09
1lc 1 ¢l- -1.0 | Mudstone 2.78 1.80 9.60e-14| -13.018 2.00e-09
21l 1] ¢i- -1.0| Mudstone | 2.78 1.80 890e-14| -13.051 2.00e-00
3¢ 1] cI- -1.0 | Pelitic schist 1.00 1.50e-13 | -12.824 2.00e-09
4l t|cl- -1.0 | pPelitic schist 1.00 6.30e-13 | -12.201 2.00e-09
5ler 1| cl- -1.0 | Mudstone 0.740 3.20e-14 | -13.495 2.00e-09
6l 1] ¢l 1.0 | Mudstone 0.740 9.60e-14 | -13.018 2.00e-09
71l 1] cI- -1.0 | Mudstone 8.90e-14| -13.051 2.00e-09
gl 1{cl- -1.0 | Mudstone 0.740 320614 | -13.495 2.00e-00
9lc 1] cl- -1.0 | Mudstone 0.740 9.60e-14 | -13.018 2.00e-00
10]c 1] ci- -1.0{ Tuff 1.53 37.4| 9.60e12| -11.018] 2.00e-00
1] ¢ 1| ¢i- -1.0| Fuff 1.53 a7.4 1.60e-11| -10.796 =  2.00e-09
12{ ¢y 1| cl- -1.0 | Fuff 1,53 a7.4 3.40e-11| -10.469 2.000-09
13 s 2| css 1.0 | Mudstone 2.78 1.80| 480013 -12319[ 2.10e-08
14| cs 2] cse 1.0 | Mudstone 4.80e-13| -12.319 2.10e-00
15| 3| -1.0{ Tuff 248 6.30e-11 | -10.276 2.00e-09
16 {1 3/1- ~1.0| Tuff 24.6 9.30e-11 -10.032 2.00e-09
i7 3] -1.0 | Tuff 24.6 5.30e-11| -10.276 2.00e-09
18 [ 3] -1.0 | Tuss 24.6 9.30e-11| -10.032 2.00e-09
18 1K 41K+ 1.0 | Mudstone 2,72 0.740 4.30e-13] -12.367 2.00e-09
20 K 41 Ke+ 1.0 | Mudstone 272]. 0.740 b.50e-13 | -12.260 2.00e-09
2t {k 4| ks 1.0 | Tuff 1.34 55.0 5.80e-10| -9.2370 2.00e-08
22 {k 4| ke 1.0 | TuFs 1.34 55.9 7.50e-10 | -9.1250 2.00e-09
23 fk 4Ky 1.0 | Mudstone 272 0.740 4.31e-13| -12.366 2.00e-09
24 4 K 1.0 | Mudstone 2.72 0740 423:-13( -12.374 2.00e-09
25 K 4| ks 1.0 | Mudstone 2.72 0.740| 554e-13| -12.266]  2.00e-09
26 [k 4 ke 1.0 | Tuff 1.34 65.9 7.48e-10| -9.1260 2,00e-09
27 |k 4 Ky 1.0 | Tuff 1.34 55.9 6.173—-10_ -0.2100 2.00e-09
28 |k 4| ka 1.0 | Tutf 1.34 55.0 5.77e-10 | -9.2390 2.010e-09
20 | na 5| Na+ 1.0 | Mudstone - 278 1.80 6.50e-14 | -13.187 1.30e-00
20 {Na 5| Nas 1.0 Mudstone 2.78 1.80 1.20e-13 | -12.921 1.30e-09
31 [na 5| Na+ 1.0 | Tufr 1.53 37.4 1.50e-11] -10.824 1.30e-09
32 | na 5| Na+ 1.0 Tuff 1.53 37.4 2.10e-11| -10.678 1.308-09
33 | Na 5| Na+ 1.0 | Tufe 1.53 37.4 3.80e-11| -10.420 1.308-08
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A= #3 - “ER/ERAEDe/Da data”
Formation factor(FF) | Geometric factor(Gf) | Rock capacity factor | Da{m2/s) | logDa Method Porewater pH Tracer’
0 1.60e-05 0.000890 Through-diffusion | Distilled water 5.50 | 10%NaCl
1 4.80e-05 0.00270 Through-diffusion | Distilled water 550 | 10%NaCl
2 4.50e-05 0.00250 0.10 8.80e-13 | -12.056 | Through-diffusion | Distilled water 6.00 0.6M Ci
3 7.508-05 0.00750 2.60e-11| -10.685 | Through-diffusion | Distilled water. NaCl
4 0.000320 0.0320 3.80e-11| -10.420 | Through-diffusion | Distilled water NaCl
b 1.60e-05 0.00220 Through-diffusion | Distilled water 5.50 { 60000ppmMCH
6 4.80e-05 0.00650 Through-diffusion | Distilled water 5.60 | 0000ppmCl
7 0.10 8.80e-13 | -12.056 | Through-diffusion | Distilled wateér 6.00 | 0.6M Cl
8f 1.60e-05 0.00220 Through-diffusion | Distiled water 60000ppm(Cl
9 4.80e-05 0.00650 Through-diffusion | Distilled water 60000ppmCl
10 0.00480 0.0130 0.069 2.60e11| -10.585 | Through-diffusion | Distilled water 9.48) 0.1M NaCl
ik 0.00800 0.0210 0.0059 4.30e-11 -10.367 Through-diffusion | Distilled water 9.54 [ 0.1M NaCl
12 0.0170 0.0450 037 9.90e-11 | -10.041 | Through-diffusion | Distilled water 8.27 | 0.1M NaCl
13 0.000230 0.0130 1.2 3.90e-13 | -12.409 | Through-diffusion | Distilled water 6.00} 0.1M CsCl
14 0.000230 0.0130 1.2 3.908-13 | -12.409 | Through-diffusion | Distilled water 6.00 [ 0.1M CsCl
15 0.0270 0.110 0.20 2.65e-10| -9.5770 | Through-diffusion [ Deionized water 1M(1:127000ppm)KI
16 0.0470 0.190 0.33 2.82e-10 | -6.6500 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
17 0.0270 0.110 0.20 2.65¢-10 |  -8.5770 | Through-diffusion | Distilled water 1M(1:127000ppm)KI
18 0.0470 0.190 0.33 2.82e-10 | -8.5500 | Through-diffusion | Distilled water 1M(1:127000ppm)KI
19 0.000220 0.0290 conductivity 0.1M KCI 0.1M KCl
20 0.000280 0.0370 conductivity 0.1M KCl 0.1M KCl
21 0.290 0.520 conductivity 0.1M Kcl 0.1M KCl
22 0.380 0.670 conductivity 0.1M KCI 0.1M KCI
23 0.000220 0.0290 conductivity 0.1M KCl 0.1M KCI
24 0.000210 0.0290 conductivity 0.1M KCI 0.1M KCI
25 0.000280 0.0370 conductivity 0.1M KCI 0.1M KCI
26 0370 0.670 conductivity 0.1M KCl 0.1M KCl
27 0.310 0.550 conductivity 0.1M KCI 0.1M KCI
28 0.290 0.520 conductivity 0.1M KCI 0.1M KCI
29 5.00e-05 0.00280 Through-diffusion | Distilled water 550 | 10%NaCl
30 9.20e-05 0.00510 Through-diffusion | Distilled water 5.50 | 10%NaCl
31 0.0120 0.0320 0.37 4.00e-11| -10.398 | Through-diffusion | Distilled water 8.48 ] 0.1M NaCl
3z 0.0160 0.0430 0.37 5.60e-11 | -10.252 | Through-diffusion | Distilled water 9.54 | 0,1M NaCl
33 0.0290 0.0780 0.37 1.00e-10 | -10.000 | Through-diffusion | Distilled water 9.27 | 0.1M NaCl
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Contact time | Temperature(®C) | Eh{mV)} | Others
0 25.0 aerobic
1 25.0 aerobic
2 1 596days 25.0 aerobic
3| 11days room aerobic
4 111days room aerobic
5 aerobic
6 aerobic
7 | 596days 25.0 aerobic
8 190days room aerobic
9 | 90days room aerobic
10 | 18days 25.0 aerobic
11 ] 18days 25.0 aerobic
12 1 18days 25.0 aerobic
13 25.0 aerobic
14 25.0 aerobic
15 room aerobic
16 room aerobic
17 room aeroblc
18 room aerobic
19 room aerobic
20 room aerobic
21 room aerobic
22 room aerobic
23 room aerohic
24 room aerohic
25 room aerobic
26 room aerobic
27 room aerohic
28 room aerobic
29 25.0 aerobic
30 25.0 aerobic
31 1 18days 25.0 aerobic
32 | 18days 25.0 agrobic
33 | 18days 25.0 aerobic
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Element(nuclide) | Flement No. Species Charge Solid Dry density(g/cm3) | Porosity(%) | De{(m2/s} logDe | Do{m2/s)
34 Ini 8| Ni2+ 2.0 | Mudstone 2.78 1.80. 1.00e-13| -13.000 6.60e-10
35 INi 8| Ni2+ 2.0 | Mudstone 1.00e-13{ -13.000 6.60e-10
36 | se 7| se032- 2.0 | Tuff 1.50 374 6.40e-12 | -11.194 8.10e-10
37 | se 7| se032- 20| Tuff 1.50 ar.4 270e-12 | -11.569 8.10e-10
a8 | se 7| se032- 2.0 | Tuff 1.50 37.4 590e-12 | -11.220 8.10e-10
39 | se 7| se032- 2.0 | Tuff 1.50 ar4 560e-12| -11.252 8.10e-10
40 | se 7| 5e032- 2.0 Tuff 1.50 a7.4 6.00e-12 | -11.222 8.10e-10
M ]se 7 se032-  2.0{ Tuff 1.50 a7.4 6.00e-12| -11.161 8.10e-10
42 | ge 7| se03z- 2.0/ Tuf 1.53 37.3 64212 | -11.102 8.10e-10
43 15e 71 Se032- 2.0 Tuff 153 37.3 557e-12| -11.254 8.10e-10
44 } e 715e032- 2.0 { Tuff- 1.58 37.3 6.20e-12| -11.208 8.10e-10
45 | se - 7| se032- 2.0 Tuft 1.53 87.3| 6.20e12| -11.208| 8.10e-10
46 | Se 7| se032- 2.0 | Tuff 1563 37.3 8.80e-121 -11.056 8.10e-10
47 { 5e 7 [ se032- 2.0 Tuff 1.53 37.3 3.40e12] -11.469 8.10e-10
48 | se 7| Se032- 2.0 | Tuff 1.53 37.3 7.90e-1271 -11.102 8.10e-10
49 150 7| Se032- 2.0 | Tuff 1.53 37.3| 590e12| -11.220 8.10e-10
50 1s5e 7| 8032~ -2.01 Tuff 153 37.3 6.40e-12| -11.194 8.10e-10
51 se 71 se032- 2.0 Tuff 1.53 37.3 7406121 -11.131 8.10e-10
52 lsm 8| Sm3s 2.0 | Mudstone. 2.78 1.80 5.10e-14| -13.276 6.108-10
53 I5m 8| Sm3+ 2.0 | Mudstone ’ 5.10e-14 -13.276 6.10e-10
54 (U 9 | carbonate complex 4.0 | Tuff ' 7.200-10
551U 9| carbonate complex -4.0 | Tuff 7.20e-10
56 |y 9 | carbonate complex -4.0 | Tyuff 7.20e-10
57 11 9 | carbonate complex -4.0| Tuff 7.20e-10
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N— #4 - “BR/BEREDe/Da data”

Rock capacity factor

log Da

Formation factor(FF) | Geometric factor(Gf) Pa(m2/s) Method Porewater pH Tracer
34 0.000150 0.00840 0.33 3.00e-13 | -12.523 | Through-diffusion | Distilled water . | 6.00 | 0.1M NICIZ
35 0.000150 0.00840 0.33|  3.00e-13| -12.523 | Through-diffusion | Distilled water | 600 0.1M NiCI2
36 0.00790 0.0210 1.8 3.58e-12 | -11.446 | Through-diffusion | 0.1M NaCl 7.90 [ e-3M Se0?
37 0.00330 0.00890 0.52 6.19e-12| -11.285 | Through-diffusion | 0.1M NaCl 7.80 | e-3M Se02
a8 0.00730 0.0180 1.7 3.51e-12| -11.455 Through-diffusion' 0.1M NaCl 7.70 | g-3M Se(2
39 0.00680 ~ 0.0180 0.59 9.49e-12| -11.003 | Through-diffusion | 0.1M NaCl 11.0 | o-3M Se02
40 0.00740 0.0200 0.57 1.05e-11 | -10.979 | Through-diffusion | 0.1M NaCl 11.0 | e-3M Se02
41 0.00850 0.0230 0.94 7.34e-12| -11.134 Through-diffusion | 0.1M NaCl 11.0| e-3M SeD2.
42 0.00790 0.0210 1.8 3.59e-12| -11.445| Through-diffusion | 0.1M NaCl 8.00
43 0.00680 0.0180 0.59 9.44e-12 | -11.025 | Through-diffusion | 0.1M NaCl 11.0
44 0.00770 0.0210 1.7 8.65e-12| -11.438 | THrough-diffusion | 0.1M NaCl 8.00
45 0.00770 0.0210 0.70 8.86e-12 | -11.053 | THrough-diffusion | 0.1M NaCl 11.0
46 0.0110 0.0290 2.3 3.83e-12| -11.417 | THrough-diffusion | 0.1M NaCl 7.90| e-3M Se0?
47 0.00420 0.0110 1.5 2.27e-12| -11.644 | THrough-diffusion | 0.1M NaCl 7.80 | e-3M Se02
48 0.00980 0.0260 21 3.76e-12 | -11.425 | THrough-diffusion | 0.1M NaCl 7.70 | e-3M Se02
49 0.00730 0.0200 0.62 9.52e-12  -11.029 THrough-diffusion | 0.1M-NaCi 11.0 | e-3M SeD2
50 0.00790 0.0210 0.61 1.05e-11| -10.979 | THrough-diffusion | 0.1M NaCl 11.0 | e-3M Sed2
51 '0.00910 0.0240 0.96 T.71e-12| -11.113 THrough-diffusion | 0.1M NaCl 11.0| e-3M SeQ2
52 0.000840 0.00460 0.20 2.650-13 | -12.577 | Through-diffusion | Distilled water 6.00}| 0.1M SmCI3
53 0.000840 0.00460 0.20 280e-13[ -12.585 | Through-diffusion | Distilled water 6.00 | 0,1M SmCI3
54 5.00e-12 | -11.301 | p-diffusion Deionized water Uranyl nitrate
55 1.00e12 | -12.000 | In-diffusion groundwater 1450ppm U-233
56 8.00e13 | -12.087 | In-diffusion groundwater 1450ppm U-233
57 6.00e-11 | -10.222 | In-diffusion groundwater 1450ppm U-233
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M- #6 - “EH/BEEDe/Da data”

Contact time Temperature(C) Eh(mV) Others
34 25.0 | aerobic
35 25.0 aerobic
36 | about 100days | Temp. in G.B. anaerchic
37 Jabout 100days | Temp. in G.B. anaerobic
38 Fabout 100days | Temp. in G.B. anaerobic
39 Yabout 100days | Temp. in G.B. anaerobic
40 | about 100days | Temp. in G.B. anaerobic
41 labout 100days | Temp. in G.B. anaerohic
42 22.0 anaerphic
43 22.0 anaerobic
44 22.0 anaerobic
45 22.0 anaerohic
46 | about 100days | Temp. in G.B. anaerobic
47 | about 100days | Temp. in G.B. anaerobic
48 [ about 100days | Temp. in G.B. anaerobic
49 Fabout 100days | Temp. in G.B. anaerobic
50 J about 100days | Temp. in G.B. anaerobic
51 | about 100days | Temp. in G.B. anaerobic
52 25.0 aerobic
53 25.0 aerobic
54 130days 20~50 aerobic
55 | 14days room aerobic
56 | 14days | room aerobic
57 | 14days room aerobic
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4.2 Data Sheet for Sedimentary Rock (psammitic rock/sandy
stone)

The diffusivity data for I in sedimentary rock (psammitic rock/sandy stone) are shown.
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R #1 - "BHREDe/Da(l)data”

Elerment{nuclide) | Element No. | Species | Charge Solid Dry density{g/cm3) | Porosity(3%) | kDe(m2/s) | klog De | Do(m2/s) 7) | Formation factor(FF) B) | Geometric factor(Gf) 9) | Rock capacity factor
oy 1]1- -1.0| siliceous sed. rock 4.30 6.10e-12| -11.215 2.000-09 0.00310 0.0720 0.042
th i1 -1.0 | siliceous sed. rock 10.4 1.208e-11 -10.921 2.0{e-09 0.00500 0.0580 213
2N 1]1- -1.01 siliceous sed. rock 2.39 104 1.20e-11 -10.921 2.00e-09 0.00600 0.0580 042
31| 1])- -1.0| siliceous sed. rock 1.80 307 6.00e-11 ~10.222 2.00e-09 0.0300 0.0880 0.40
4] 11 -1.0| siliceous sed. rock 1.59 30.7 8.10e-11] -10.216 2.00e-09 0.0310 0100 0.42
54 T1- -1.0| siliceous sed. rock i.82 jelok:3 1.70e-10| -9.7700 2.00e-09 0.0850 0.280 037
611 18- =1.0| siticeous sed. rock 1.80 308 1.60e-10| -D.7960 2.008-08 0.0800 0.260 0.46
1 1])- -1.0| siliceous sed. rock 152 35.3 9,80e-11 -10.004 2.00e-09 0.0500 0.140 0.40
i I 11 -1.0 | silicecus sed, rack 1.52 353 6.60e-11| -10.180 2.002-09 0.0330 0.0930 0.40
an 1]1- -1.0] silicecus sed. rock 125 47.5 2.40e-10| -9.6200 2.00e-09 0.120 0.250 0.60
ol 1]1- -1.0] slllceous sad. rock 1.21 475 3.10e-10 | -9.6080 2.00e-09 0.160 0.340 0.62
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A~ #2 - "BR¥De/Da(l)data”

IDa(m2/s) | ilog Da| Literature No. Method Porewater Tracer Contact time | Temperatwre{(C) | Ek{mV} Others

0 1.45e-10| -9.8380 [ 1 Through-diffusion | Deionized water TM(E127000ppm)KI room aerpbic 1)
1 9.23e-11( -10.035]1 Through-diffusion | Delonlzed water 1M{1:127000ppmIKI room aerobic 2)
2 1.00e-10| -10.000] ¢ Through-diffusion | Delonized water 1M{l:127000ppm)KI room aerobic 2)
3 1.50e-10; -9.8240 | ¢ Through-diffusion | Defonized water 1M(k:127000ppmKI room aerobic 3}
4 1.45e-10| -9.8380 | 9 Through-diffusion | Delonized water 1M(1:127000ppri)KI room aerobic 3}
5 4.50e-10] -9.3382 | 4 Through-diffusion | Delonized water TM(k127000ppm)KI room aerobic 4)
6 3.66e-50| -9.4480 |9 Through-diffusion | Delonized water 1M{1:127000ppm)KE room aerobic 4)
7 2482101 -9.8060 |1 Through-diffusion ] Delonized water 1M(5:127000ppm)KE room aeroblc 5)
8 1.65e-10y -9.7830 ¢ Through-diffusion | Delonized water 1M(%127000ppm)K! room aeroblc 5)
8 -4.00e-10{ -8.3880 (1 ‘Through-diffusion | Deionized water 1M(1:127000ppm)KI room aeroble 6)
10 5.00e-10| -8.3010 | Threugh-diffusion | Deionized water 1M(1:127000ppm)K! room aeroblc 6)
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R— #1 - “WHEEDe/Da(l)data”
REFERENCE AND FOOTNOTE

Reference:

1 BEILEER. PIBTE. ZHEAR. ABRE . SREBKPOA T OIEERR L
FREOHE, mlthE, 40(5), 323~336(1290).
Nishiyama, K., Nakashima, S., Tada, R., Uchida, T.: Diffusion of an
lon in Rock Pore Water and Its Relatlon to Pore Characteristics,
Mining Geology, 40 (5), pp.323-336 (1990).

Footnote:

1) The rock sample was sampled from Onnagawa, Akita-ken, Japan.-
This sedimentary rock (BEEHIER) is mainly composed of quartz and
the composition of constituent quartz in the rock is quite high, what
is called chert.

The dry density was calculated based on the rock porosity, rock
capacity factor and distribution coefficient reported in the literature.
The Da was calculated from De and rock capacity factor reported in
the literature.

 2) The rock sample was sampled from Onnagawa, Akita-ken, Japan.
This sedimentary rock (BEEHMRE) is mainly composed of quartz, but
is cemented with dolomite, what is called dolomatic siliceous rock.
The dry density was calculated based on the rock porosity, rock
capacity factor and distribution coefficient reported in the literature.
The Da was calculated from De and rock capacity factor reported in
the literature.

3) The rock sample was sampled from Onnagawa, Akita-ken, Japan.
This sedimentary rock (EEE¥HEZE) is mainly composed of opal CT.
The dry density was calculated based on the rock porosity, rock
capacity factor and distribution coefficient reported in the literature.
The Da was calculated from De and rock capacity factor reported in
the literature.

4) The rock sample was sampled from Onnagawa, Akita-ken, Japan.
This sedimentary rock (BEEM#REE) is mainly composed of quartz.
The dry density was calculated based on the rock porosity, rock .
capacity factor and distribution coefficient reported in the literature.
The Da was calculated from De and rock capacity factor reported in
the literature.

5) The rock sample was sampled from Kamanosawa, Aomori-ken, Japan.
This sedimentary rock (BEEfFESE) is mainly composed of opal CT.
The dry density was calculated based on the rock porosity, rock
capacity factor and distribution coefficient reported in the literature.
The Da was caiculated from De and rock capacity factor reported in
the literature.

6) The rock sample was sampled from Kamanosawa, Aomori-ken, Japarn.
This sedimentary rock (EEEH#$55E) is mainly composed of opal CT.
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N—2 #2 - "#HEEDe/Da(l)data”

The dry density was calculated based on the rock porosity, rock
capacity factor and distribution coefficient reported in the literature.

The Da was calculated from De and rock capacity factor reported in
the literature.

7) The Do of |- is estimated 2.0e-9 m2/s at 25°C [Marcus, Y.: lon .
Properties, Marcel Dekker, Inc., New York, U. S. A., p.169 (1997).].

8) The formation factor (FF) was calculated based on the equation:

FF=De/Do. Where De and Do is the effective diffusion coefficient and
diffusion coefficient in free water, respectively.

9) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.
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A= #1 - "pHE¥EDe/Da data”

Element{nuclide) | Element No. | Species | Charge Solid Dry density(g/cm3) | Porosity(%) | De(m2/s) logDe | Do(mz/s)
o1t 1]1- -1.0 | siiceous sed. rock 4.30 6.10e-12| -11.215 2.00e-09
111 1]1- -1.0 | siliceous sed. rock 10.4 1.20e-11| -10.921 2.00e-09
21 1]t- -1.0 | siliceous sed. rock 2.39 104 1.20e-11| -10.921 2.00e-09
3h 111- ~1.0 | siliceous sed. rock 1.60 30.7 B.00e-11 -10.222 2.00e-09
41 1]1- -1.0| siliceous sed. rock 1.69 307 6.10e-11 | -10.215 2.00e-09
5h 111- -1.0| siliceous sed. rock 1.82 30.8 1.70e-10 | -8.7700 2.00e08
8] 11]}- -1.0| silicecus sed. rock 1.80 30.8| 1.60e-10| -9.7960|  2.00e-09
h 1}1- -1.0| siliceous sed. rock 1.52 36.3 9.90e-11| -10.004 2.00e-09 |
86 1]]- -1.0| siliceous sed. rock 1.52 35.3 6.60e-11| -10.180 2.00e-09
ol 1t~ -1.0 | siliceous sed. rock 1.25 47.5 240810 -9.6200 2.00e-09

10(; 1f1- -1.0. rock 1.24 475 95090 |  2.00e-09

siliceous sed.

3.10e-10
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"B EDe/Da data”

R #2 -
Formation factor(FF) | Geometric factor(Gf) | Rock cépacity factor | Da(mz/s) log Da Method Porewater pH Tracer
0 0.00310 0.0720 0.042 1.45e-10 | -9.8390 | Through-diffusion | Deionized water 1M(E127000ppm)KI
1 0.00890 0.0580 0.13 9.23e-f1 | -10.035 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
2 0.00600 0.0580 0.12 1.00e-10 | -10.000 | Through-diffusion | Delonized water TM(1:127000ppm)KI
3 0.0300 0.0980 0.40 1.50e-10 | -9.8240 | Through-diffusion | Deionized water TM(1:127000ppm)KI
4 0.0310 0.100 D.42 1.45e-10| -9.8380 | Through-diffusion | Deionized water 1M 127000ppm)Ki
5 0.0850 0.280 0.37 4.59e-10 | -0.3382 | Through-diffusion | Deionized water 1M(:127000ppm)KI
6 0.0800 0.260 0.45 3.66e-10 | -9.4480 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
7 0.0500 0.140 0.40 2.48e-10 | -9.6060 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
B 0.0330 0.0930 0.40 1.65e-10 | -9.7830 | Through-diffusion | Deionized water 1M(1:127000ppm)K!
9 0.120 0.250 0.60|  4.00e-10 | -9.3980 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
10 0.160 0.340 0.62 5.00e-10 | -9.3010 | Through-diffusion | Deionized water 1M(1:127000ppmM)KI
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A3 #3 - “HHEDe/Da data”

Contact time | Temperature(C) Eh(mV) | Others

0 room aerobic
1 room aerobic
2 room aerobic
3 room aerobic
4 room aerobic
5 room aerobic
6 room aerobic
7 room aerobic
8 room aerobic
9 room aerobic
0 room aerobic
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4.3 Data Sheet for Alkaline Crystalline Rock

The diffusivity data for Cl, Cs, I, K, Na and Ni in alkaline crystalline rock are shown in turn.
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A= # - R RRDe/Da(Cl)data”

Element(nuclide)| Element No. | Species | Charge Solid Dry density(g/cm3) | Porosity(%) | CiDe(m2/s) | Cllog De | Do{m2/s) 7) | Formation factor(FF} 8) | Geometric factor(Gf) 9) | Rock capacity factor | Cl:Da{m2/s)
ofcr il ci- 1.0 | Basalt 1) 275 2,80 4.10e-14 13,387 ~2.006-09 2.10a-05 0.000730 00550 7 50014
1c 1] ci- -1.8{ Basalt 1) 276 2.80 120614 13.921 2.00e-09 5.006-06 0.000210
2| 1] c- -1.0{ Basalt 1) 275 2.80 5.70e-15 14,244 200009 2.006-06 1.006-04
3la 1 ¢l -1.0] Basalt 1) 276 2.80 7.100-15 14,148 2.00e-09 3 60c-06 0.000130
[ 4] cl 1|cl1- -1.0{ Basalt 2.56 1.208-14 -13,021 2.00e-08 6.00e-06 £.000230

skal 1] ¢I- -1.0] gasalt 2.56 570815 14244 2.00e-09 2.90e-06 0000110

slo 1 c1- -1.0] Basalt 2.56 7.108-16 14149 2.00e-09 3.60e-06 0.000140
7o 1] ¢l -1.0 | Basalt 2) 4.30e-14 12.387 2.00e-09 2.10e-05 0.0550 7.500-14
8lc 1 ¢l -1.0{ Basalt 1) 2.08 120814 3821 200009 6.000-06 0.000290

9lct 1|ci- -1.0| Basalt 1) 208 5,70e-15 -14.244 2.00e-08 2.90e-08 0.000140

10 ] ct 1lcl- 1.0 gasalt 1) 2.08 7-100-16 14,149 2.00e-09 3.600-06 0.000170
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=33 #2 - e RHDe/Da(Cl)data”

Cl:log Da Literature No. Method Porewater pH Tracer Contact time Temperature{™T) | Eh{mV) Others
o -13.426] Through-diffusion | Distilled water 7.10| 0,6M Cl 3) 596days 25.0 aerobic 4)
1 1 Through-diffusion | Distiled water 6.50| 10%Nacl 25.0 aerohic 4)
2 1 Through-diffusion | Distilled water §.50 | 10%NaCi 25.0 aerchic 4}
3 1 Through-diffusion | Distilled water §.50 | 1094NaCi 25.0 aerchic 4)
4 2 Through-diffusion | Distiled water §60 | §0000ppmCl probably room aercbic 5)
5 2 Through-diffusion | Distilled water §.50 | 60000ppmCI probably room aerobic 5)
§ 2 Through-diffusion | Distilled water 550 | 50000ppmCl prabably room aerohic 5)
7 13125 | 3 Through-diffuslon | Distilled water 710) 0.6M €13) | about 600days | 25.0 aerohic
8 4 Through-diffusion | Distilled water 60000ppmC] | 80days room aerchic §)
8 4 Through-diffusion | Distilled water 60000ppmCl | 90days room aerobic 6)
0 4 Through-diffusion | Distilled water 0000ppmCl | 90days room aerobic 6)
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=2 #1 - "EEEEKKDe/Da(Cl)data”
REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997).

2 EBEAR, BHF=H  ERAPOA A OHRBFRBOME, BEEFNEFER1992
FE}OXRE, F15, p.323(1992). ‘ ‘
Sato, H., Yui, M.: Measurement of ionic Diffusion Coefficients in Rocks,
1992 Fall Meeting of the Atomic Energy Society of Japan, F15, p.323
(1992).

3 EAEEH  MBASTREROTIR(ERSFE), BIRRMAER. PNCTN1410
96-071. pp.202-204, EAFERE(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
Nuclear Fuel Development Corporation (1996. 12)(1996).

4 E@ax. BHER. AIHEA - SA0ORMEBECET MR -SaDREKRE
& L UNaClz A v=Through-diffusion(ERERED HERIC K S EBREFORZE —.
ETRRIRATEEEL. PNC TN8410 92-222, Shi#5E3£R1(1992. 8)(1992).
Sato, H., Yui, M., Ishikawa, H.: A Study on Pore Structure of Rocks, PNC
Technical Report, PNC TN8410 92-222, Power Reactor Nuclear Fuel
Development Corporation (1992. 8)(1992).

Footnote:

1) The rock sample was- sampled from Kitamatsuura-gun, Nagasaki-ken,
Japan. This rock is approximately equivalent to a standard sample in
the chemical composition of Japanese basalt in the Geological Survey
of Japan.

2) The rock sample was sampled from Kitamatsuura-gun, Nagasaki-ken,
Japan. ‘

3) The tracer was used as a mixture of CsCl, NiCl2 and SmCI3. Each
reagent was dissolved to produce 0.1 M in distilled water. The
concentration of Cl- was calculated as a counter ion of Cs+, Ni2+ and
Sm3+ in the tracer. Since the concentration of each cation was 0.1 M,
the concentration of Cl- is estimated to be 0.6 M.

4) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. The
porosity and density shown are average values of respective measured
values.

5) The De values were originally obtained to derive formation factor and
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N~ #2 - “S%iEsE B % De/Da(Cl)data”

tortuosity of the rock.

The porosity was determined by water saturation method (water
intrusion method). The porosity shown is an average value of the
measured ones. - '

6) The De values were originally obtained to derive formation factor and
tortuosity of the rock. ‘
The porosity was determined by two kinds of water saturation methods
(water intrusion methods). The porosity shown is an average value of
the measured ones.

7) The Do of Cl- is estimated 2.0e-@ m2/s at 25°C [Marcus, Y.: ion
Properties, Marcel Dekker, Inc., New York, U. S. A, p.169 (1997).].

8) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient
and diffusion coefficient in free water, respectively.

9) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the ‘effective diffusion coefficient,
¢ is the porosity and FF is the formation factor. -
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A= #1 - “EEEERARDe/Da{Cs)data”

Element{nuclide} | ElementNo. | Species | Charge Solid Dry density{g/cm3} | Porosity(%) | Cs:De(m2/s}| Csilog De | Do(m2/s} 4) | Formation factor(FF) 5) | Geometric factor{Gf} 6} | Reck capacity factor | Cs:Da{m2/s)
olcs 21 Cs+ 1.0 Basalt 13 2.75 2.80 150813 -12.824 2.10e-09 - 7.10e-05 0.00260 0.710 2.10e-13
1lcs 2| Cs+ 1.0 Basalt 1.500-13 -12,824 2.10e-00 7.10e-05 0,00260 0710 2.10s-13
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A~ #2 - “ERNBRRDe/Da(Cs)data”

Csideg Da | Literature MNo. Method Porewater pH Tracer Contact time { Temperature(C} | Eh{mV} Others
0 _-12678 |1 Through-diffuslon | Distilled water 7.0 0,1M €sCl 2) | 596days 25.0 gerobic 3)
1 -12.678) z Through-diffusion | Distlled water 7.0 0,1M CsCl 2) 25.0 aerobic 3)
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K- #1 - “BE#RES¥De/Da(Cs)data”
REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997). - :

2 B BN REROIVR(CERSEE). B ER. PNCTN
1410 96-071, pp.202-204, EHAEEM(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(1296).

Footnote:

1) The rock sample was sampled from Kitamatsuura-gun, Nagasaki-ken,
Japan. This rock is approximately equivalent to a standard sample in
the chemical composition of Japanese basalt in the Geological Survey
of Japan.

2) The tracer was used as a mixture of CsCl, NiCI2 and SmCi3. Each
reagent was dissolved to produce 0.1 M in distilled water.

3) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry. The
porosity and density shown are average values of respective measured .
ones. '

4) The Do of Cs+ is estimated 2.1e-9 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A, p.168 (1997).].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient
and diffusion coefficient in free water, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was caiculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.

-271-—



—¢Le—

A—P #1 - EEEESRDe/Da(l)data”

Element(nuclide) | ElementNo, { Species { Charge Solid Dry density(g/em®) | Porosity(%) | 1be(m?/s}| tlog De Do{m?/s} 4) | Formation factor(FF) 5) | Geometric factor(GF) 6) | Rock capacity factor | |:pa(m?/s)
o 3t -1.0] Andesite 1) ~ B00| . B.60e-1d| 13444 2.008-09 1.80e-06 0000600 0073|  4.80s-13 |
11 3y -1.0] Andesite 1) 300 4.00e-i4| 13388 2.00e-09 2.008-05 0,000870 033  3.10e-13
21 3[)- -1.0| Andesite 1) 12.1 1500-12] -11.824 2.006-0% 0.000760 0.00820 0.13 1.200-11
3N 3]1- -1.0| Andesite 1) 1241 7.10e-12| -11.148 2.00e-08 0.00350 0.0300 0.016 4.40e-10
411 EJER 1.0 Andesite 1) 145]  3.70812| -11.432 2.008-09 0.00150 €.0130 0.16| 2.30e11
u [ 31 -1.0| Andesite 1) 145| 670812 -11.060 2.00e-09 0.00440 0.0200 012  7.20e-11
[ 3|1- -1.0 | Sehist 3) 0.500| 370014 -13.432 2.000-08 1.90e-05 0.00370 0.050(  7.408-13
ka1 31 -1.0| schist 3) 0500] 580013 -12.237 200809 0.000250 0.0580 0050 120811
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A—P #2 - “ESEESRDe/Da(l)data”

I:lag Da | Licerature Ne. Mathod Parewater Tracer Contact time | Temperature{’¢) | Eh(mV) Others

01 -12.310|1 Through-diffusion | Deionfzed water 1M{1:127000ppm)KI room aerchic 2)

1] -12509(4 ‘Through-diffusion _|-Delonized water TM{L127000ppmIK| room aerchic 2)

2] -we2i]q Through-diffusion | Delonized water 1M(1:127000ppm)K| room aerphic 2)

3| -9.8670]9 Through-diffusion | Delonized water 1M(1:127000ppm)XI room aerobic 2)
4% 0638} 1 Through-diffusion | Delonized water 1M(1:127000ppm)K| rogm agrobic 2)
5] -10.137 {1 Through-diffusion | Delonized water 1M(i:127000ppm)KI room aerohic 2)

6| -1281 1 Through-diffusion | Delonized water 1M({1:127000ppm)KI room aerobic 2)

7| -10821 |1 Through-diffusion | Delonized water 1M(1:127000ppm)KI room aerobic 2)

590—66 00%BNI IN[



JNC TN8400 99—065

R—2 #1 - "EEHEEEEDe/Da()data”
REFERENCE AND FOOTNOTE

Reference:

1 wEILB®R, PIBE. ZHER, NEE . SRMAEKIOA F o OiEES &
FIFROMEE, SnlhE, 40(5), 323~336(19290).
Nishiyama, K., Nakashima, S., Tada, R., Uchida, T.: Diffusion of an
lon in Rock Pore Water and Its Relation to Pore Characteristics,
Mining Geology, 40 {5), pp.323-336 (1990).

Footnote:

1) The andesite sample was sarhpled from 3 points (places) in
Kushikino, Kagoshima-ken, Japan. .

2) The rock porosity was measured by water saturation method (water
intrusion method): and mercury porosimetry. Pore-size distribution
was also determined by mercury porosimetry to discuss effective
porosity for transport. '

3) The schist sample was sambled from Iwaki, Fukushima-ken, Japan.

4) The Do of I- is estimated 2.0e-9 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A, p.169 (1997).1.

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient
- and diffusion coefficient in free water, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.
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-3 #1 - “IERERRDe/Da{K)data”

Element(nuclide}| ElementMNo. | Specles | Charge Solid Dry density(g/em3} | Porosity(%) | K:De(m2/s} | Kilog De| Do(m2/s) 5} | Formation factor(FF) 6) | Geometric factor(GF) 7) | Rock capacity factor | K:Da(m2/s)
0fK 4K+ 1.0 | Basait 1) 280 2,06 450013 | -12.997 | 2.006-08 0.000230 06110
1}k 4| x4 1.0 | Basalt 1) 2.80 2.08 25012 | -11.602 2.002-08 "0.00130 0.0500
2|k 4 ks 1.0 Basalt 1) 2.90 2.08 250012 -11.802 2.00e-09 0.00130 0.0600
3k 4| ka 1.0 | Basalt 1) 2,90 2.08 4.600-13| 12337 2,00e-09 0.000230 0.0110
4K 4| K+ 1.0 Bagalt 1) 290 2.08 1.60e-12} -11.824 2.00e-09 0.000750 0.0360
5fk 4| Ke 1.6 | Basalt 1) 2.90 2,08 180812 -11.721 2.00e-09 0.000950 0.0460
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A== 42 - "mﬁﬁﬁaune!Da(K)tfam"

Kidog Da| Literature No. Method Porewater TFracer Contact time | Ternperature{’C) | Eh{mv) Others

0 1 conductivity 2) | 0.1M KO 3) 0.1M KCl 3) probably room aerobic 4}
1 1 conductivity 2) | 0.1M KO 3) 0.1M KCI 3) probably room aeroblc 4}
2 2 conductivity 2) | 0.1M K1 3) 0.1M KCl 3) probably room aerobic 4}
3 2 conductivity 2) | 0.TM KCI 3) 0.1M KCl 3) probably room aeroble 4)
41 2 conductivity 2) | 0.1M KO 3) 0.1M KCI 3) probably room asrobic 4}

& 2 conductivity 2) | 0.1M KCi 3) 0.1M KCJ 3) probably reom aeroblc 4)
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N—=T #1 - “iIEEMERADe/Da(K)data”
REFERENCE AND FOOTNOTE

Reference:

1 Conca, J. L., Apted, M. J., Arthur, R. C.: Direct Determinations of
Transport Parameters in Repository Materials, Scientific Basis for
Nuclear Waste Management XVI (Interrante, C. G. and Pabalan, R. T.,
eds.), Materials Research Society Symposium Proceedings, Vol. 294,

pp.839-844, Materials Research Society, Plttsburgh Pennsylvania
(1993).

2 Conca, J. L., Wright, J.: Direct Determinations of Unsaturated Flow
and Transport, Proceedings of the Twelfth Annual American
Geophysical Union Hydrology Days Meetmg, Fort Co!lms, March 1992,
pp.103-116 (1992).

Footnote:

1) The basait sample was sampled from Kitamatsuura-gAun, Nagasaki-ken,
Japan. This rock is a standard sampie in the chemical composition of
Japanese basalt in the Geological Survey of Japan.

2) The De values were determined by electrical conductivity
measurements, based on the Nernst-Einstein equation. The De values
were determined using the unsaturated flow apparatus (UFA).
Hydraulic conductivity can also be determined by this method.

3) The rock sample was saturated with a 0.1 M KCl solution and then
electrical conductivity was measured. The porewater and tracer are
therefore the same.

4) Apparent diffusion coefficient {(Da) can not be obtained from the
electrical conductivity measurements. Since the porosity was not
reported in these literatures, it was quoted from another literature
which was published by PNC (H. Sato and T. Shibutani, PNC Technical
Report, PNC TN8410 94-284, pp.71-89 (1994).). Because PNC supplied
the sample and measured the porosity by water saturation method
(water intrusion method).

5) The Do of K+ is estimated 2.0e-9 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A,,-p.168 (1997).].

6) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient
and diffusion coefficient in free water, respectively.

7) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion

- coefficient in free water, De is the effective diffusion coefficient,
® is the porosity and FF is the formation factor.
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A= #1 - SR RDe/Da(Na)data”

Element{nuclide) | Element No. | Species | Charge Solid Dry density(g/cm3) | Porosity($s) | Na:De(m2/s}| MNalog De | Do(m2/s) 3} | Formation factor(FF) 4) | Geometric factor(Gf) 5)}| Rock capacity factor | Na:Da(m2z/s)
C | Na 5| Na+ 1.0 | Basalt 1) 295 2.80 7.206-14 13.658 1.305-00 | - 1,70e-06 0,000610
1[Na 5| Na+ 1.0 Basalt 1) 276 2.80 1.80e-14 13745 1.30e-00 9.000-05 0,000320
2l Na 5| Na+ 10| gasale 1) 2.75 2,60 220014 -13.656 1.300-08 1.70e-05 0.000610
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A= #2 - IEEN A RDe/Da(Naldata”

Nalog Da | Literature No. Method Porewater pH Tracer Contact time | Temperature("C) | Eh(mV) Gthers
o 1 Through-diffusion | Distilled water = 1098NaCl 25.0 aerobic 2)
1 1 Through-diffusion | Distilled water B.50 | 10%NaCl 25.0 aerobic 2)
2 1- Through-diffusion | Distifled water 5.50 | 10%NaCl 25.0 aerobic 2)
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= #1 - "BEHEEREDe/Da(Na)data”
REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997).

Footnote:

1) The rock sample was sampled from Kitamatsuura-gun, Nagasaki-ken,
Japan. This rock is a standard sample in the chemical composition of
Japanese basalt in the Geological Survey of Japan.

2) The porosity and density were measured by water saturation method
~ (water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry to discuss
effective porosity for transport. The porosity and density shown are
average values of respective measured values.
The De values were originally obtained to derlve formation factor and
tortuosity of the rock. :

3) The Do of Na+ is estimated 1.3e-9 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A, p.168 (1997).].

4) The formation factor (FF) was calculated based on the equation:
- FF=De/Do. Where De and Do is the effective diffusion coefficient
and . diffusion coefficient in free water, respectively.

5) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®,
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefﬁcaent
@ is the porosity and FF is the formation factor.
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R—3 #1 « “BERHEESRDe/Da(Ni)data”

Element{nuclide}| ElementNo. { Specles | Charge Solid Dry densiey(g/cm3) | Porosity(3s) | Ni:De{m2/s) | Nilog De | Do(m2/s} 4) | Formation factor(FF) 5) | Geometric factor(Gf) 6} | Rock capacity factor | Ni:Da{m2/s)
0N : B | Ni24- 2.0 | Basalt 1) 275 2,80 2.80e-14 -13.553 6.60e-10 4.508-05 0.00150 0.220 1.306-14
t{ni B[ Niz+ 2,0 Basalt 2.80e-14 -13.553 6.60e-10 4,202-05 0.220 1.30e-14
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N— #2 - "HEEERRDe/Da(Ni)data”

Nidag Da Literature No. Mathod Porewater pH Tracer Contact time | Temperature{'C} | Eh{mV) Others
[{] -13.886 | 4 Through-diffusion | Distilled water 7.10] 0.1M NICI2 2) 596days 25.0 aerobic 3)
1 -13.886 | 2 Through-diffusion | Distilled water 70| 0.1M NICIZ 2) 25.0 aerobic 3}
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N—2 #1 - “BEMESEHEDe/Da(Ni)data”
REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997).

2 ENREERE  hEASMERROIR(ERSEE). BREHARE. PNCTN
1410 96-071, pp.202-204, EHMRETEZEF(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power
Reactor and Nuclear Fuel Development Corporation (1396. 12)(1996).

Footnote:

1) The rock sample was sampled from Kitamatsuura-gun, Nagasaki-ken,
Japan. This rock is a standard sample in the chemical composition of
Japanese basalt in the Geological Survey of Japan.

2) The tracer was used as a mixture of CsCl, NiCI2 and SmCI3. Each
reagent was dissolved to produce 0.1 M in distilled water.

3) The porosity and density were measured by water saturation method
(water intrusion method) and mercury porosimetry. Pore-size
distribution was also determined by mercury porosimetry to discuss
effective porosity for transport. The porosity and density shown are
average values of respective measured ones.

4) The Do of Ni2+ is estimated 6.6e-10 m2/s at 25°C [Marcus, Y.: lon
Properties, Marcel Dekker, Inc., New York, U. S. A,, p.168 (1997).].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient
and diffusion coefficient in free water, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the diffusion
coefficient in free water, De is the effective diffusion coefficient,
¢ is the porosity and FF is the formation factor.
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A—-¥# - EBNERNEDe/Da data”

Dry density{g/cm3)

Element(nuclide) | Element No. | Species | Charge Solid Porosity(%) | De(m2/s) logDe | Do{m2/s) | Formation factor(FF)
olcl 1| Cl- 1.0 | Basait 2.75 2.80| 4.10e-14| -13.387|  2.00e-09 2.10e-05
1lcl t|Cl- -1.0 | Basalt 275 2.80 1.20e-14 -13.921F  2.00e-09 6.00e-06
2| 1]cl- -1.0| Basalt 275 280 570e-15| -14244| 2.00e-09 2.90e-06
3l 1 cI- -1.0 | Basalt 2.76 2.80 7.10e-15| -14.149 2.00e-09 3.60e-06
41cl ilcl- -1.0 | Basalt 2.56 1.20e-14| -13.921 2.00e-09 6.00e-06
5] 11ci- -1.0| Basalt 256| 5.70e-16| -14244] 2.00e-09 2.90e-06
6|c 1| ci- "-1.0| Basalt 256| 7.0e-15] -14149| 2.00e-08 3.60e-06
7lc 1 el- -1.0 [ Basalt 4.10e-14| -13387| 2.00e-09 2.10e-05
8{c t{cl- -1.0 | Basalt 208 1.20e14| -13.921 2.00e-09 6.00e-06
olci 1| cl- -1.0 | Basalt 208| 5.70e-15| -14244| 2.00e-09 2.90e-06
10fct iicl- -1.0| Basalt 2.08 7.10e-15| -14.149 2.00e-09 3.60e-06
1 [cs 2} cst 1.0 | Basalt . 2.75 2.80 1.50e-13 | -12.824 2.10e-09 7.108-05
12 |cs 2] cse 1.0 | pasalt 1.50e-13 | -12.824 2.10e-09 7.10e-08
13 ] 3(r- . -1.0 | Andesite 3.00] 360014 -13.444| 2.00e-09 1.80e-05
14 ] 3()- -1.0{ Andesite 3.00] 4.00e14| -13.308| 2.00e-09 2.00e-05
151 3l -1.0] Andesite 12.1 150612 -11.824 2.00e-09 0.000750
16 | af|- ~1.0 | Andesite 12.1 710012 -11.149|  2.00e-09 0.00360
171 3(- -1.0 | Andesite 145  370e-12| -11.432] 2.00e09 0.00190
18], 3| -1.0 | Andesite 145| 870e-12| -11.060|  2.00e-09 0.00440
19 || 3| 1.0 | schist 0.500| 3.70e-14]| -13.482] 2.00e-09 1.90e-05
20 | 3{- -1.0 | Schist 0.500| 6.80e-13| -12237| 2.00e-09 0.000290
21 |k 4| ke 1.0 | Basalt 2.90 208 460e-13| -12.337| 2.00e-09 0.000230
22 [k 4| Kke 1.0 Basalt 2.80 2.08| 250e12| -11.602| 2.00e09 0.00130
23k 4| ke 1.0 | Basalt 2.00 2.08| 250e-t2| -11.602| 2.00e-09 0.00130
24 |k 4| ks 1.0 | Basalt 2.90 208 480e-13| -12.337| 2.00e-09 0.000230
25 [k 4| ks 1.0 | Basalt 2.90 208 150e-12| -11.824| 2.00e-08 0.000750
26 |k 4| ks 1.0 | Basalt 2.90 2,08 1.80e-12] -11.721 2.00e-09 0.000950
27 Ina 5| Na+ 1.0 | Basalt 2.75 2.80] 2.20e-14|.-13.658] 1.30e-00 1.700-05
28 | na 5| Nat 1.0 | Basait 2.75 2.80| 1.80e-14| -13.746[  1.30e-09 9.00e-06
29 | Ng 5| Na+ 1.0| Rasalt 2.75 280 220e-14| -13.658| 1.30e-09 1.70e-05
30 | ni 6 | Niz+ 2.0 | Basalt 2.75 280 2.80e-14| -13.553| 6.60e-10 4.208-05
3TN 6 Ni2+ 2.0 | Basalt ’ 2.80e-14 | -13.553 6.60e-10 4.20e-05
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R—3 #2 - "SR HEDe/Da data”

Rock capacity factor

Da(m2/s)}

Geometric factor(Gf) log Da Method Porewater pH Tracer Contact time
0 0.000730 0.0550 7.50e-14 | -13.125 | Through-diffusion | Distilled water 7.10 | 0.6M Ci 596days
1 0.000210 ' Through-diffusion | Distilled water 5.50 | 10%NaCl
2 1.00e-04 Through-diffusion | Distilled water 5.50 | 10%NaCl
3 0.000130 Through-diffusion | Distilled water 5.50 | 10%NaCl
4 0.000230 Through-diffusion | Distilled water 5.50 | 60000ppmNaCl
5 0.000110 Through-diffusion | Distilled water 5.50 | 60000ppmiNaCl
6 0.000140 Through-diffusion | Distilled water 5.50 | 60000ppmNaCl
7 0.0650 7.60e-14 | -18.128 | Through-diffusion | Distilled water 710 0.6M C about 600days
8 0.000290 Through-diffusion | Distilled water 60000ppmNaCl 90days
] 0.000140 Through-diffusion | Distilled water 60000ppmNaCl 90days
10 0.000170 . Through-diffusion | Distilled water - 60000ppmNaCl 90days
11 0.00260 0.710 210e-13 | -12.678 | Through-diffusion { Distilled water 7.10| 0.1M CsCl 596days
12 0.00260 0.710 2.10e-13 | -12.678 | Through-diffusion | Distilled water 7.104 0.1M CsCl
13 0.000600 0.0730 4.90e-13 | -12.318 | Through-diffusion | Defonized water 1M(1:127000ppm)KI
14 0.000670 0.130 3.10e-13 | -12.509 | Through-diffusion | Deionized water TM{1:127000ppm)Ki
15 0.00520 0.130 1.20e-11| -10.921 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
18 0.0300 0.0160 4.40e-10 | -9.3670 | Through-diffusion | Deionized water 1M(E:127000ppm)KI
17 0.0130 " 0.160 2.30e-11 | -10.638 | Through-diffusion | Deionized water TM(I:127000ppm)K]
18 0.0300 0.120 7.30e-11 | -10.137 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
19 0.00370 0.0500 740e-13| -12.131 | Through-diffusion | Deionized water 1M(1:127000ppm)KI
20 0.0580 -0.0500 1.20e-11| -10.921 | Through-diffusion | Deionized water 1M(i:127000ppm)KI
21 0.0110 conductivity 0.1M KCI 0.1M KCl
22 0.0600 conductivity 0.1M KC} 0.1M KCI
23 0.0600 conductivity 0.1M KCi 0.1M KCi
24 0.0110 conductivity 0.1M KCI 0.1M KCI
25 0.0360 conductivity - 0.1M KCi 0.1M KOl
26 0.0460 conductivity 0.1M KCI 0.1M KC
27 0.000610’ Through-diffusion | Distilled water 5.50 | 10%NaCl
28 0.000320 Through-diffusion | Distilled water 5.50 | 10%NaCl
29 0.000610 Through-diffusion | Distilled water 5.50 | 1094NaCl
30 0.00150 0.220 1.30e-14| -13.886 | Through-diffusion | Distilled water 7.10| 0.1M NiCI2 596days
3 0.220 1.30e-14 | -13:.886 | Through-diffusion | Distilled water 7.10 ] 0.1M NiCI2
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A= #3 - "BEMERHED/Da data”

Temperature("C) [ Eh(mV) | Others
0]z25.0 - aerobic
1125.0 aerobic
21250 aerobic
3f25.0 aerobic
4 | probably room aerobic
5 | probably room aerobic
6 { probably room aerobic
7]25.0 aerobic
8 | room aerobic -
8 | room aerobic’
10 { room aerobic
11125.0 aerobic
12125.0 aerobic
13 J room aerobic
14 L room aerobic
15 room aerobic
16 | room aerobic
17 Lroom aerobic
18 | room aerobic
18 | room aerobic
20 | room aerobic
21 probably room aerobic
22 | probably room aerobic
23 | probably room aerobic
24 | probably room aerobic
25 | probably room aerobic
26 | probably room aerobic
27 125.0 aerobic
28 125.0 aerobic
29125.0 aerobic
30]25.0 aerobic
3 aerobic

25.0
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4.4 Data Sheet for Acid Crystalline Rock

The diffusivity data for Ba, Be, Cl, Co, Cs, HTO, I, K, Mg, Na, Ni, Np, Pu, Se, Sm, Sr, Tc, U
and uranine in acid crystalline rock are shown in turn.
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3 # - “EEE g REDe/Da(Ba)data”

Element{nuclide) | Element No. | Species | Charge Solid Dry density{g/cm3) | Porosity(3%) | Ba:De{m2/s)| Balog De | Do(m2/s) 4) | Formation factor(FF) 5) | Geometric factor{GF) 6) | Rock capacity factor | Ba:Da(m2/s)
0882 1] Baz+ 2.0 | Granite 1) . 0.580 230613 12,678 B.505-10 0.000250 0.0360
1{es 1] Bazs 2.0 | Granite 1) 0.680 3.500-13 12,456 8.508-10 0.000410 0.0610
2|ea 1] gaz« 2.0 Granite 1) 0.680 3.00e-13 12623 8,508-10 0.000350 0.0520
3|ga 1] Bazs 2.0 | Granite 1) 0.680 250613 12,602 B8.508-10 0.000290 0.0430
4|ga 1{ gazs 2.0 | granite 1) 0.680 2.800-13 12538 8.508-10 0.000340 0.0500
51Ba 1| BaZ+ 2.0 Granite 1) 0.660 1.80e-13 -12.721 8.506-10 0.000220 0.0330
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A= #2 - BB R EDe/Da(Ba)data”

Bailog Da Literature No. Metheod Porewater pH Tracer Contact time { Temperature('C) | Eh{mV} | Others

[ 1 Through-diffusion | 0.1M KCl 3) 4.00 | Ba(NO3)2 2) 25.0 aerobic
1 1 Through-diffusion | 0.1M KCI 3) 4.00 | Ba{NOZ)2 2) ‘1 25.0 aerobic
2 1 Through-diffusion | 0.1M KCI 3) 4.00 | Ba(ND3)2 2) 25.0 aerobic

3 1 Through-diffusfon [ 0.18 KCI 3) 400 Ba(NO3)2 2) 25.0 aerobic

4 1 Through-diffusion | 0.1M KCI 3) 4.00{ pa(NO3)2 2) 25.0 aeroble

5 1 Through-diffusion | 0.1M KCI 3} 4.00 | Ba{NO3)2 2) 25.0 aerchle
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R—D #1 - “&Tiﬁa%ﬁ:‘é‘De_/Da(Ba)data"
REFERENCE AND FOOTNOTE

Reference:

1 Yamaguchi, T., Sakamoto, Y., Senoo, M.: Consideration on Effective
Diffusivity of Strontium in Granite, Journal of Nuclear Science and
Technology, 30 (8), pp.796-803, the Atomic Energy Society of Japan
{August 1993) (1993).

Footnote:

1) The rock sample was sampled from Inada, Ibaraki-ken, Japan. This
kind of rock, regarded as one of the candidate host rocks for repository,
is major host rock in Japan.

2) The tracer was used as a mixture of Ba(N03)2, BeS04, CoCl2, MgCI2,
NiCl2 and Sr(NO3)2, what we call as a multi-tracer. Individual
concentrations in the tracer are not reported.

3) This solution (0.1 M KCI) was used to keep the ionic strength of the
porewater in both cells. '

4) The Do of Ba2+ is estimated 8.5e-10 m2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and

- was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ® is
the porosity and FF is the formation factor.
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A= 31 - "HEERREDe/Da(Be)data”

Element{nuclide) | ElementNo. | Specles | Charge Solid Dry density{g/fcm3) | Porosity(%) | Be:De(m2/s) | Be:log De | Do{m2/s) 4) | Formation factor(FF) 5) | Geometric factor{Gf) 6) | Rock capacity factor | Be:Da(m2/s)
[ 2] Be2+ 2.0] Granite 1) 0.660 300613 12,523 6.00e-10 5.00a-05 0.00730
1]Be 2| ge2+ . 2.0 | Granite 1} 0.580 3.30e-13 -12.481 £.00e-10 5.50e-05 0.00810
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A= #2 - "BitEE N EDe/Da(Be)data”

Be:log Da Literature No. Method Porewater pH Tracer Contact time | Temperature{C) | Eh{mv) | Others
0 1 Through-diffusion | 0.1M KCI 3) 4.00 | BaS04 2) 25.0 aeroble
1 1 Through-diffusion | 0.1M KCI 3) 4.00 | Be504 2) 25.0 aerohic
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R—3 #] - “BMEAHEDe/Da(Be)data”
REFERENCE AND FOOTNOTE

Reference:

1 Yamaguchi, T., Sakamoto, Y., Senoo, M.: Consideration on Effective
Diffusivity of Strontium in Granite, Journal of Nuclear Science and
Technology, 30 (8), pp.796-803, the Atomic Energy Society of Japan
(August 1293) (1993).

Footnote:

1) The rock sample was sampled from Inada, lbaraki-ken, Japan. This
kind of rock, regarded as one of the candidate host rocks for repository,
is major host rock in Japan.

2) The tracer was used as a mixture of Ba(NO3)2, BeS04, CoCl2, MgCI2,
NiClZ2 and Sr(NO3)2, what we call as a multi-tracer. Individual
concentrations in the tracer are not reported.

. 3) This solution (0.1 M KCI) was used to keep the ionic strength of the
porewater in both cells.

4) The Do of Be2+ is estimated 6.0e-10 m2/s at 25°C [Marcus, Y. {(1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

'5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

. 6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®,
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, @ is
the porosity and FF is the formation factor.
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A= #1 - "BEBAREDe/Da(Cl)data”

Element(nuclide) | Element No. | Species | Charge Solid Dry density(g/cm3) | Porosity(%) | Cl:De{m2/s) | Ctlog De | Do(m2/s) 7) | Formation factor(FF) B) | Geometric factor(Gf) 9) | Rock capacity factor
ola 1) 3| Ci- 1.0 | Granodiorite 0.880 7.50e-13 2347 2.008-09 0.000230 0.0260
1an 3| cl- -1.0 | Granodiorite 0.880 7.10e-13 -12,149 2.00e-09 0.000360 0.0410
21¢11) 3| clI- 1.0 | Granodiorite 0.880 5.10e-13 -12.292 2.00e-09 0.000260 0.0300
3| 3la- 1.0 | Granodiorite 0.900 4.50e-13 -12.347 2.00e-09 0.000230 0.0230
4]c 1) af - 10| Granodiorite 0.980 7.10e-13 12449 | 2.00e-09 0.000360 0.0360
Slci1) 3| clI- -1.0| Granodiorite 0.890 5.i0e-13 -12.292 2.00e-09 0.000260 0.0260
L2 [« D] 3| cI- -1.0| Granodiorite 2,84 1.20 4.500-33 12,347 2.009-0% 0.000230 0.0190
7ia ) 3| cI- -1.0 | Granodiorite 2.64 1.20 7.108-13 -12.149 2.00e-09 0.000360 0.0300
s8fo 1) 3| cI- -1.0| Granodiorite 2.64 1.20 5.10e-13 -12.202 2.00e-00 0.000260 0.0220
8|l 3| qi- -1.0| Granodiorite 2.64 1.20 7.400-13 -12.131 2.00e-09 0.000370 0.0310 0.0370
10]cl 3 - -10 | Granodiorite 273 240 1.70e-11 -10.770 2.00e-08 0.00850 0.370 3,00
11|l 3{cl- -1.0| Granodiorite 273 2.30 8.10e-12 -11.092 2.00e-09 0.00410 0,180 1.20
12fcl 3| ¢l -1.0| Granodiorlte 2,73 2.30 4.80e-12 -11.318 2.00e-09 0.00240 0.100 0.280
Bla 3|cl- 1.0 | Attered granodiorite 2.61 3.20 1.40e-11 -10.854 2.00e-09 0.00700 0.220 2.50
143 3 c1- -1.0 | Altered granodiorite 2.81 3.20 $.90e-12 11,161 2.00e-09 . 0.00350 0.110 1.30
16§ 3l -1.0 | Altered granodiorite 2.61 3.20 3.908-12 -11.409 2.00e-09 0.00200 0.0630 0.200
3 s 3{cl- -1.0| Fracture fillings 243 5.60 210011 -10.878 2,00e-09 0.0110 0,200 .20
17§cl 3| c1- -1.0| Fracture fillings 243 5.60 1.400-11 -10.854 2,000-09 0.00700 0.130 0.410
181¢c 3|l -1.0 | Granodliatite 273 2.30 1.00a-11 -11.000 2.00e-09 0.00500 0.220
18]cl 3fer- -1.0{ Altered grancdiorite 261 3.20 830812 -11.081 2 00e-08 0.00420 0.130
204ci 3| cl- -1.9| Fracture _fillings 2.43 B5.60 1.808-11 «10.745 2.009-08 0.00900 0.160
211¢l 3| ci- -1.0 | Granodlorite 2.30 1.008-11 -11.000 200809 0.00500 0.220
221l 3| cl- -1.0| Altered granodiorite 3.20 8.30e-12 -11.081 2.00e-09 0.00420 0.130
Zla 3| cl- -1.0| Fracture_fillings 5.80 1.80e-11 -10.745 2.00e-09 0.00800 0.160 |-
24]¢q) 3 ci- -1.0] Granodigrite 1.00 7.41e-13 -12.130 2.00e-00 0.000370 0.0370
25]¢q) 3| ci- -1.0] Granite 0.880 4.50e-13 -12.347 2.00e-09 0,000220 0.0230
8]0 3|cl- -1.0| Granite 0890 7.10e-13 -12.149 2.000-09 0.000360 0.0360
2rcl 3| clI- -1.01 Granite 0.990 6.10e-13 12,292 2.00a-09 0.000260 0.0260
il | 3|cl-, -1.0| Granodicrite 6) 7.408-13 “12.131 2.000-09 0.000370 0,140
29lq 3| cl- -1.0 | Granodiorite 273 2.30 1.008-11 -11.000 2 00e-02 0.00500 0.228
30fcl 3| - 1.0} Altered granodiorite 2,81 3.20 8.308-12 -11.08i 2.00e-08 0.00420 0,130
3]l 3| ci- -1.0! Fracture fillings 2.43 5.60 1.80e-11 10,745 2.00e-08 0,00900 0.160
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~— #2 - "BErgRR#0e/Da(Cl)data”

CclDa{m2/s) | Cldeg Da Literature MNo. Method Porewater pH Tracer - Contact time | Temperature('C) | Eh{mV) Others
a i Through-diffusion | Distilled water 60000ppmCI{NaCh 90days room aerablic
1 1 Through-diffusion | Distilled water 60000ppmCl{NaCl 90days room aerohic
2 1 Through-diffusion | Distilled water 50000ppmCI(NaCh 90days room aarobic
3 1 Through-diffusion | Distilled water B0000ppmCI(NaCh) 90days rogm agroblc
4 1 Through-diffusion | Distlilad water B0000ppmCI(NaCh 90days Foom aerobic
5 1 Through-diffusion | Distilled water 60000ppmCi(NaCl) 90days room agrobic
6 2 Through-diffusion | Distilled water 5.50| 10%NaCl 90days 25.0 aerobic
7 2z Through-diffusion | Distilled water 6.501 10%NaCl 90days 25.0 aerobic
8 z Through-diffusion | Distilled water 5.50 | 10%NaCl 90days 25.0 aerobic
9 2.00e-11 10700 | 2 Through-diffusion | Distilled _water 5.80  0.6M CI_3) 25.0 aerobic
10 5.60e-12 -11.252 | 3 Through-diffusion ! groundwater 4) 8.70 | 0,06M(2127ppm) 5) | 30days 25.0 aeroble 2)
1 6.700-12 11174 | 3 Theough-diffusion | groundwater 4) 8.70 | 0.06M{2127ppm) 5) | 30days 25.0 aeroble 2)
12 1.70e-11 “10.770| 3 Through-diffusion | groundwater 4} | 870| 0.06M{2127ppm} 5) | 30days 250 aerohic 2)
13 5.70e-12 <11.244 [ 3 Through-diffusion | groundwater 4) 8.77 | 0.06M{2127ppm) 5) | 30days 25.0 aerchic 2)
14 5.50e-12 112601 3 Through-diffusion | groundwater 4} | 8.77 | 0.06M(2127ppm) 5) | 30days 25.0 aerchic 2)
15 2.00e-11 -10.609 | 3 Through-diffuslon | groundwater 4) 8.77 | 0.06M(2127ppm) 5) { 30days 25.0 aerchic 2)
i6 1.808-11 -10.745) 3 Through-diffusion | groundwater 4) 8.92{ 0.06M(2127ppm) 5) | 30days 25.0 aerchic 2)
17 3.40e-11 -10.469 | 3 Through-diffusion | groundwater 4) B.92 | 0,06M(2127ppm) 5) | 30days 25.0 aerobic 2)
18 8.80e-12 -11.008 | 4 Through-diffusion | groundwater B.70| 0.06M(2127ppm) 5) | 30days 25.0 aerobic
19 1.00s-11 ~11.000 | 4 Through-diffusion | groundwater 8.77 | 0.06M(2127ppm) 5) | 30days 25.0 aerobic
20 2.80e-11 -10.585 | 4 Through-diffusion | groundwater 6.82 | 0,06M(2127ppm) 5) | 30days 25.0 aerobic
21 9.808-12 -11.008 | § Through-diffusten | groundwater 8.70 25.0 aerobic
2 1.00e-11 -11.000| 5 Through-diffuslon | greundwater 8.77 25.0 aerchlc
23 2.60e-11 -10.585 | 5 Through-diffusion | groundwater p.g2 25.0 serobic
24 200e-11 -10638 | g Through-diffusion | Distllled water 6.00]0.6M ¢ 3) 20.0 aerobic
5 7 Through-diffusion | Distilled - water §.60 | 50CO0ppmCI(NaCH) probably voom aeroblc
26 7 Through-diffusion | Distllled water 650 | 60O00ppmCI{NaCl) probably room agrobic
27 7 Through-diffusion | Distilled water 5.50 | 60000ppmCI{NaC!) probably room aerobic
28 2.00e-11 -10.689 [ g Through-diffusion | Distifled water 5.80 | 0.6M Ci 3) 25.0 aerobic
28 9.806-12 ~11.008| g Through-diffusion | groundwater 8.70 | 0.06M(2127ppm) 5) | 30days 25.0 aerobic
30 1.00e-11 -11.000 | g Through-diffusion | groundwater 8.77 | 0.06M(2127ppm) 5) | 30days 25.0 aerobic
31 2.60e-11 -10.585 | g Through-diffusion | groundwater 8.92 [ 0.06M(2127ppm) 5) | 30days 25.0 aerobic
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N—-T #1 - “BMERESDe/Da(Cl)data”
REFERENCE AND FOOTNOTE

Reference;

1 EERR, mHE=, RIBA : SEOHKBBEICHTIHE~-ER0OHEEDS
& UNaClz AL =Through-diffusion(E B ) B I L 3RBEFONE —.
BRI, PNC TN8410 92-222, BiRE2F(1992. 8)(1992).

Sato, H., Yui, M., ishikawa, H.: A Study on Pore Structure of Rocks, PNC
Technical 'Report PNC TN8410 92-222, Power Reactor and Nuclear
Fuel Development Corporation (1992. 8)(1992).

2 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on

~ Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone,
Journal of Contaminant Hydrology, 26, pp.119-133, Elsevier Science
B.V.(1997).

3 Sato, H., Shibutani, T., Tachi, Y., Ota, K., Kenji, A., Yui, M.: Diffusion
Behaviour of Nuclides Considering Pathways in Fractured Crystalline
Rocks, PNC Technical Report, PNC TN1410 97-127, Power Reactor
and Nuclear Fuel Development Corporation (1997. 8){1997).

{EEERR, AR, R, KABACE. XBEA. BHEZN  YEBTRR
Z2ER LN B 28U EREEFOKEOHRES, @Jm&ﬁﬁiﬂﬂ PNC TN
1410 97-127, BYAZEM (1997, 8)(1997).

4 EEEAR, BEEHT  BREERPIC B NE - KHER. BRETEl
MbRALIASIFRMSRESRES] . PNC TN1100 96-010. pp.139-144,
BIAE3E(1996.12)(1996).
Sato, H., Shibutani, T.: PNC Technical Report "Report of Information
Exchange Meeting on the Research and Development for Geological
Disposal of Radioactive Waste", PNC TN1100 96-010, pp.139-144,
Power Reactor and Nuclear Fuel Development Corporation (1996. 12)
(1996).

5 ERE. EFEHS. BEHE. RFSN  EBTREEEZR U ABEDT M
B BERFHER1997FEDESR, L12, p.561(1997).
Sato, H., Tachi, Y., Shibutani, T., Yui, M.: Diffusion Behavior of Nuclides
Considered Pathways in Geological Materials, 1997 Annual Meeting of
the Atomic Energy Society of Japan, L12, p.561 (1997).

6 AR, BEEE. SN, EHEM : EEEETOCs, Ni, SmOfhEKE
BICBT 35X, BEREFHARL1993FEBDAE. M29, p.667(1993).
Sato, H., Shibutani, T., Yoshikawa, H., Yui, M.: A Study on Diffusion
Mechanism for Cs, Ni and Sm in Granodiorite, 1993 Fall Meeting of the
Atomic Energy Society of Japan, M29, p.667 (1993).

7 (EEEAR, BAZH  SEPOA AL OHHBEORE. BEREFHES19925
Box£, F15, p.323(1992).
Sato, H., Yui, M.: Measurement of lonic Diffusion Coefficients in Rocks,
1992 Fall Meeting of the Atomic Energy Society of Japan, F15, p.323
(1992).

8 BMAEER | MBASHRRROIIA(EHSER). BBEITER. PNCTN1410
96-071. pp.202-204, BIAT|EM(1996. 12)(1996).
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R #2 - "BAESHEDe/Da(Cl)data”.

Power Reactor and Nuclear Fuel Development Corporation: Current

Status for Research and Development of Geological Disposal -FY1996-,

PNC Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
- and Nuclear Fuel Development Corporation (19926. 12){(1996).

0 BIAEEEH  MELSAERREORK(EKSEE). BRFRMAER. PNCTN1410
96-071. pp.205-207. EMEEEEER(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.205-207, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(1996).

Footnote:

1) These data were originally obtained to evaluate formation factor and
tortuosity of the rock.

2) The major mineral composition of the fracture fillings is calcite and
stilbite, and those of the altered and intact granodiorite are quartz and
plagioclase. The content of constituent chlorite in the altered
granodiorite is a little higher than that in the intact granodiorite.

3) The concentration of Cl- was calculated as a counter ion of Cs+, Ni2+
and Sm3+. In this study, a mixture of CsCl, NiCl2 and SmCI3 was used
as a tracer solution, Since the concentration of each cation was 0.1 M,

‘ the concentration of Cl- is estimated to be 0.6 M. '

4) The in-situ groundwater sampled from in-situ test site was used for
the experiments. The chemical composition of the groundwater is
described in more detail in the literature. Basically, the concentrations
of Na, K, Ca, Si, F-, Cl-, SO42-, C032-, HCO3- are shown in it.

5) The tracer solution was prepared as a mixture of 0.01 M CsCl and 0.05 M
NaCl. The concentration of Cl- is therefore estimated to be 0.06 M as a
counter ion of Cs+ and Na+.

6) The rock sample was sampled -from Sori, Seta-gun, Gunma-ken. The
granodiorite is approximately equivalent to a standard sample in the
chemical composition of Japanese granite in the Geological Survey of
Japan. The granodiorite, regarded as one of the candidate host rocks for

© repository, is major host rock in Japan.

7) The Do of Cl- is estimated 2.0e-9 m2/s at 25C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A, p.169.].

8) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

9) The geometric factor (Gf) is also called tortuosity factor (Tf), and

was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®. -
Where Dp is the porewater diffusion coefficient, Do is the free water
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diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is the formation factor.
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A— #1 - “EHER R EDe/Da(Co)data”

Element{nuclide) | Element No. Species Charge Solid Dry density(g/cm3) | Porosity(%) | Co:De(m2/s)| Co:logDe | Do{m2/s) 5} | Formatlon factor(FF) 6) | Geometric factor{Gf) 7) | Rock capacity factor
0 Co 7| Cozt 2.0 | Granite 1) 0.660 210813 12678|  7.308-10 0.000260 0.0420
1]co 4 Co24 2.0 Granite 1) 0.860 3.400-13 -12,468 7.30e-10 0.000470 0.0680
2| co 4| Co2+ 2.0 Granite 1) 0.680 A.10e-13 -12.608 7.30e-10 0.060420 0.0620
3o 4] Co2+ 2.0 Granite 1) 0.680 2.60e-13 -12.685 7.308-10 0.000360 0.0520
4| Co 41 Co2+ 2.0 | Granite 1) 0.680 2.20e-13 -12.658 7.30e-10 0.000300 0.0440
B%Co 4| Co2+ 2.0 | Granite 1) 0.880 3.508-13 -12.456 7.30e-10 0.000480 0.0710
8| Co 4| Co2+ 2.0 | Granite 1) 0.630 2.50e-13 -12.802 7.30e-10 0.000340 0.0500
7Tlco 4| Co2+ 2.0 | Granite 1) 0.650 1.608-13 -12.7868 7.30e-10 0.000220 0.0320
8| Co-60 4| Probably Co2+ 2.0 Granite 1) 0.800 7.30e-10
8] co-60 4{ Probably Coz+ 2.0{ Granite 1) 0.800 7.30e-10
10§ Co-60 4| Probably Co2+ 2.0 | Granite 1) 0.800 7.30e-10
1] Co-60 4 | Probably Co2+ 2.0 | Granite 1) 0.800 7.30e-10
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Co:Da(m2/s) | CodogDa | Literature No. Method Porewater M Tracer Contact time | Temperature{’C) | Eh{mV) | Others
0 1 Through-diffusion | 0.1M XCI 3) 4.00 | coClz 2) 25.0 aerobic 4)
1 1 Through-diffusion | 0.1M KCI 3) 4.00 | coCr2 2) 25.0 aerchic 4)
2 1 Through-diffusion | 0.1M KCI 3) 4.00 | Coli2 2) 25.0 aercbic 4)
3 1 Through-diffusion | 0-1M KCi 3) 4.00| coCi2 2) 25.0 aeroblc 4)
4 1 Through-diffusion | 0.1M KCl 3) 4.00 | CoCI2 2) 25.0 aerchic 4)
5 1 Through-diffusion [ 0.1M KCl 3) 4400 | coCl2 2) 25.0 acrohic 4)
6 1 Through-diffusion | 0.1M KCI 3) 4.00 | coCI2 2) 25.0 acrobic 4)
7 1 Through-diffusion | 0.1M KCI 3) 4.00 | CoCl2 2) 25.0 aerobic 4)
8 2.00e-11 -10.608 | 2 in-diffuslon Deionized water | 430 | 2KBg/mi 8) | 7days 30.0 aerchic 9)
9 8.00e-12 -1.687 | 2 In-diffusion Deionized water | 6.00 | 2KBo/ml 8) | 7days 30.0 aerchic §)
10 2.008-11 -10.698 | 2 In-diffusion Deionized water | 7.70| 2KBg/ml 8) | 7days 30.0 aercbic 9)
1 2.008-11 -10.608 | 2 In-diffusion Delonized water | 9.40| 2KBg/ml 8) | 7days 30.0 aerchic 9)
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=T #1 - “BERERMEDe/Da(Co)data”
REFERENCE AND FOOTNOQTE -

Reference:

1 Yamaguchi, T., Sakamoto, Y., Senoo, M.: Consideration on Effective
Diffusivity of Strontium in Granite, Journal of Nuclear Science and
_Technology, 30 (8), pp.796-803, the Atomic Energy Society of Japan
(August 1993) (1993).

2 ldemitsu, K.,-Furuya, H., Hara, T., Inagaki, Y.: Migration of Cesium,
Strotium and Cobalt in Water-Saturation Inada Granite, Journal of
Nuclear Science and Technology, Vol.29, No.5, pp.454-460, the Atomic
Energy Society of Japan (1992).

Footnote:

1) The rock sample was sampled from Inada, Ibaraki-ken, Japan. The
granite, regarded as one of the candldate host rocks for repository,
is major host rock in Japan.

2) The tracer was used as a mixture of Ba{NO3)2, BeS04, CoCl2, MgCI2,
NiCI2 and Sr(NO3)2, what we call as a multi-tracer. Individual
concentrations in the tracer are not reported.

3) This solution (0.1 M KClI) was used to keep the ionic strength of the
porewater in both cells.

4) Apparent diffusion coefficient (Da) is not reported in any literature.

5) The Do of Co2+ is estimated 7.3e-10'm2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A, p.168.].

6) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

7) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®,
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ® is
the porosity and FF is the formation factor.

| 8) A mixture solution of Cs-134, Sr-85 and Co-60 was prepared as a

tracer solution. The concentratlon of each tracer is approximately
2kBg/ml.

9) De can not be obtained from this method. In this literature, two kinds
of Da values, Df and Dm, are reported based on the model of grain-
boundary diffusion in a crystalline solid. The Df is the diffusion in
fissures which are parpendicular to the specimen surface, and the other
is the diffusion into matrix which is parallel to the specimen surface.
Since diffusion in rock matrix is controiled by Df, the Df was adopted
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in this database.
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"~ #1 - "EitHRNEDe/Da(Cs)data”

Efement(nuclide)] Element No. | Specles | Charge Solid Dry density(g/em® | Porosity(%) | Cs:De(m?/s) | Csitog De | po(m®/s) 10)| Formation factor(FF) 11) | Geometric factor(Gf) 12) | Rock capacity factor
O]cs 5| Cs+ 1.0 Granodiorite 2584 120 1.400-12 -11.854 2.10e-09 0.000670 0.0560 0.140
1|cs 5| cse 1.0 Granodiorite 2.73 2.30 7.800-12 -11.108 2.10e-09 0.00370 0,160 0.850
2|cs 5| Ca+ 1.0} Granodiorite 2.73 2.30 2.50e-12 -11.602 2.10e-09 0.00120 0.0520 0.190
3|cs 5| Cow 1.0| Granodiorite 273 2.30 5.008-12 -11.301 2.10e-D8 0.00240 0.100 0.700
4les 5| Cs+ 1.0| Altered granodiorite 261 3.20 2.50e-12 -11.602 2.10e-09 0.00120 0.0380 0.700
5ics 5| Cs+ 1.0} Altered granodiorite 261 3.20 4.80a-12 -11.319 ] 2.10e-09 0.00230 0.0720 02910
8|Cs 5| Cs+ 1.0| Ajtered granodiorite 2.61 3.20 6.008-12 -11.222 2.10e-09 0.00290 0.0910 1.20
71Cs 5| Cs+ 1.0| Fracture fillings 2.43 5.60 1.400-11 -10.854 2.10e-09 0.00670 0.120 1.30
8]cCs 5| Cs+ 1.0 | Fracture fillings 243 5.50 2.208-11 -10.658 2.10e-G8 0.01000 0.180 1.70
9§Cs 5| Cs+ 1.0} Granodiorite 0.880 1.40e-12 -11.854 2.10e-08 0.000670 0.0760
10]cs 5| Cs+ 1.0| Granodiorite 273 2.30 5.10e-12 -11.202 2.100-08 0.00240 0.100
11]cs 5| Cs+ 1.0| Altered _granodiorite 261 3.20 1.208-11 -10.921 2,10e-09 0000570 0.0180
12lcs 5| Cot 1.0| Fracture fillings 2.43 6.60 1.808-11 10745 2.10s-09 0.000880 0.0150
12ics 5| Cat 1.0 | Granodiorite 2.30 £.10e-12 -11.282 2.10e-09 0.00240 0.1090
s 5[ Css 1.0| Altered granodiotite 3.20 1.200-11 -10.821 210009 0.000570 0.0180
16§ Cs 5| Cs+ 1.0{ Fracture fillings 5.60 1.808-11 -10.746 2.10e-08 0.000860 0.6160
18]cCs 5| Css 1.0 Granodiorite 1.00 1.36-12 -11.888 2.100-09 0.000850 0.0650
i7 | s 5| css 1.0 | Granodiorite 4) 1.400-12 -11.854 2.10e-00 0.000670 0.140
18ics &) Cs+ 1.0 | Granodiorite 2,73 2.30 5.10e-12 -11.282 - 2.10e-09 0.00240 0.100
19 f¢s 5| Cs+ 1.0| Altered granodicrite 2,61 3.20 1.20e-11 -10.821 2.10a-09 0,000570 0.0180
20| cs 5| cse 1.0| Fracture fillings 2.43 5.80 1.80e-11 -10.745 2.10e-09 0.000880 0.0150
21| cs 5| Cse 1.0 | Granodiorite 4) 0.880 1.408-12 -11.854 2.10e-00 ~ 0.000870 0.0760
22| cs-134 5| Cse 1.0 Granlte 2.10e-08
21¢cs-134 5| Csv 1.0 | Biotitic granite 7) 270 0.374 210209
24 [cs-134 5| Csa 1.0 Granlte 7) 0.800 2.10e-09
25 ) C5-134 5| cs+ 1.0 Granite 7) 0.800 21009
26 1 Cs-134 5| Cse 1.0| Granite 7) 0.800 210009 |
27 | £5-134 5| Cs+ 1.0 | Granite 7) 0.800 2.10e-0%
283Cs-134 5| Cs+ 1.0 Granite 7) 0.800 2.10s-08
2%4Cs-134 5| Cse 1.0 | Granite 7) 0.800 2.10e-08

§90—66 00¥3NL ONI



-v0g-

- #2 - "B ERREDe/Da(Cs)data”

Cs:Da(ma/s) Cs:log Da Literature No. Method Porewater pH Fracer Contact time | Temperature(C) | Eh(mV) Others
0 1.00e-11 =13.000 | 4 Through-diffusion Distilled water 5.804 p.1M CsCl 25.0 aeroblc
1 1.20e-11 -10921{ 2 Through-diffusion groundwater 1) | 870| 0.0IM(1330ppm)CsCl | 30days 25.0 aerchic 2)
2 1.80e-11 -10.886| 2 Through-diffusion groundwater 1) | 870 0,01M{1330ppm)CsCl | 30days 25.0 aerobic 2)
3 7.10e-12 -11.149 ) 2 Through-diffusion droundwater 1) B.70 | 0.01M(1330ppmiCsCl 30days 25.0 aerobic 2)
4 3.20e-12 -11485)] 2 Through-diffusion groundwater 1} B.77 | 0.01M{1330ppm)CsC) | 30days 25.0 aerobic 2)
5 5.30e-12 -11.276f 2 Through-diffusion groundwater 1) 877 | 0.01M(1330ppm)}CsCl | 30days 25.0 aerobic 2)
6 §.10e-12 -11.282 | 2 Through-diffusion groundwater 1) | 8.77] 0.01M(1330ppm)CsCl - | 30days 25.0 aerobic 2)
7 1.10e-11 -10.858 2 Through-diffusion groundwater 1) 8.92] 0.01M(1330ppm)CsCl | 30days 25.0 aerobic 2)
a 1.30e-11 -10.888 | 2 Through-diffusion groundwater 1) 8.92 | 0.01M(1330ppm)CsC 30days 25.0 aerpbic 2)
9 1.00e-11 -11.000] 3 Through-diffusion Distitlad water 6.00 0.1M CsCl 3) 25.0 aerobic
1o 1.10e-11 -10.859 | 4 Through-diffusion groundwater 8.70) 0.01M(1330ppm)CsCl | 30days 25.0 aerobic 2)
1 4.500-12 ~1.347 | 4 Through-diffusion groundwater 8.77 | 0.01M(1330ppm)CsCl | 30days 25.0 aerobic 2)
12 1.200-11 -10.821 | 4 Through-diffusion groundwater 8.92] 0.01M(1330ppm)CsCl [ 30days 25.0 aerobic 2)
13 1.10e-11 -10858 [ 5 Through-diffusion groundwater 8.70 ) 25.0 aeroblc
14 4.60e-12 -N3d7 |5 Through-diffusion groundwater 877 25.0 aerobic
15 1.20e-11 -10921 | g Through-diffusion groundwater 8.92 25.0 aerohic
18 100011 ] 11000 g Through-diffusion | Distilled water | B.00| p.1M CsCi 20.0 - aerchic
17 1.00e-11 -11.008| 7 Through-diffusion Distilled water 5.801 0.1M CsCl 3) 25.0 aerobic
18 1.10e-11 -10.959 | g Through-diffusion groundwater 870 0.01M(1330ppm)CsCl | 30days 25.0 aerobic 2)
19 4.60e-12 -11.347f g Through-diffusion groundwater 877 0.01M(1330ppm)CsCl | 30days 25.0 aerobic 2)
20 1.20e-11 -10.921 [ g Through-diffusion groundwater 8.82 [ 0.01M(1330ppm)CsCl | 30days 25.0 aerobic 2)
21 1.00e-11 -11.000 [ o Through-diffusion Distilled water 8.00( 0.1M CsCl 3) 20.0 aerohlc
22 3.10e-14 -13.508 | 10 Advection diffuslon Distilled water CsCl{+Cs-134) 6) probably room aerobic 5}
23 B.0De-12 -11.097 { 11 In-diffusion 8) Distilled water Cs-134+Cs carrier 9) | S1days 70.0 aerobic
24 1.00e-11 ~11.000] 12 In-diffusion Deicnized water | 4.30| 2kBq/mt 13) 7days 30.0 14)
26 1.00e-11 -11.000| 12 In-diffusion Deionized water |  8.00{ 2kBg/ml 13) 7days 30.0 aerabic 14)
26 1.008-11 -11.000 | 12 In-diffuslon Deionized water | 7-70] 2kBg/ml 13) 7days 30.0 aerobie 14)
27 1.00e-11 -11.000 12 In-diffuslon Deionized water | 8.40| 2kBa/mi 13) 7days 30.0 aerobic 14)
23 1.50e-11 -10.824 | 12 In-diffusion Delonized water | 420 | 2kBg/ml 13} 7days 40.0 aerobic 14)
28 3.00e-11 -10.523 | 12 In-diffusion Defonized water |  4-20| 2kBg/m! 13) 7days 56.0 aerohic 14)
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REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone, Journal
of Contaminant Hydrology, 26, pp.119-133, Eisevier Science B.V. (1997).

2 Sato, H., Shibutani, T., Tachi, Y., Ota, K., Kenji, A., Yui, M.: Diffusion
Behaviour of Nuclides Considering Pathways in Frac¢tured Crystaliine
Rocks, PNC Technical Report, PNC TN1410 97-127, Power Reactor and
Nuclear Fuel Development Corporation (1997. 8)(1997).

EEEAR. MOPE, B8 KBALCHE. XBER, GAESH  YEBRTERE
ZRLAIANE 220 ERKNETOXEOLREEE). BREHER. PNC TN1410
97-127, BnASEEM(1997. 8)(1997).

3 B  EASHRRARORK(ERSEE). BIRBKHER. PNCTN1410
94-094, pp.131-133, EHAS|EF(1994. 11)(1994).
Power Reactor and Nuclear Fuel Development Corporation: Current Staus
for Research and Development of Geological Disposal -FY1993-, PNC
Technical Report, PNC TN1410 94-024, pp.131-133, Power Reactor and
Nuclear Fuel Development Corporation (1294. 11)(1994). ‘

4 EBGAR. BEHR  BREERPICEITIWE - EERR. SIREATEN MhE
WRMRITRRSHER] . PNC TNT100 96-010. pp.139-144, @Jiﬁ*%%ﬂ
(1996.12)(1996).

Sato, H., Shibutani, T.. PNC Technical Report "Report of Information
Exchange Meeting on the Research and Development for Geological
Disposal of Radioactive Waste”, PNC TN1100 96-010, pp.139-144,
Power Reactor and Nuclear Fuel Development Corporation (1996. 12)
(1996).

S EEEAK. MER. BAPE. AHIH: YEBTEREEE btﬁﬁoﬁﬂ%ﬁ
AERFHER1997EHROESR. L12, p.561(1997).
Sato, H., Tachij, Y., _Shlbutam T., Yui, M.: Diffusion Behavior of Nuclides
Considered Pathways in Geological Materials, 1997 Annual Meeting of
the Atomic Energy Society of Japan, L‘l 2, p.561 (1997).

6 fhEEAK. MAWIE. ZNFH. BHSH : HESETROCS, Ni, SMOEKBIREIC
BT 50K, BERRFNER1993EMDAE. M29, p.667(1993).
Sato, H., Shibutani, T., Yoshikawa, H., Yur, M.: A Study on Diffusion
Mechanlsm for Cs, Ni and Sm in Granodlorlte, 1993 Fall Meeting of the
Atomic Energy Society of Japan, M29, p. 667 (1993).

7 BiEEA - i&ELﬁHnEﬁ%@ﬁﬁ(?JﬁSEE)‘ RRIRATEEL PNC TN1410
96-071, pp.202-204, FHRFEM(1996. 12)(19986).
Power Reactor and Nuclear Fuel Development Corporation: Current Staus
for Research and Development of Geological Disposal -FY1996-, PNC
Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor and
~ Nuclear Fuel Development Corporation (1996. 12)(1996).

8 BN  MBMSAFIREROIR (ERSEE). BIEHTER. PNC TN1410
96-071. pp.205-207. BhPAEEZM{1996. 12)(1996).
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Power Reactor and Nuclear Fuel Development Corporation: Current Staus -
for Research and Development of Geological Disposal -FY1996-, PNC
Technical Report, PNC TN1410 86-071, pp.205-207, Power Reactor and
Nuclear Fuel Development Corporation (1996. 12)(1996).

9 EEEAR, HEHE  BERBLUSENOBBORE - BEBAH=X A, Bk
. No.91. PNCTN8410 94-284. pp.71-89. ENREEER(1994. 9)(1994).
Sato, H., Shibutani, T.: Study on Adsorption and Diffusion of Nuclides in
Buffer Material and Geosphere, PNC Technical Review, No.91, PNC TN
8410 94-284, pp.71-89, Power Reactor and Nuciear Fuel Development
Corporation (1994, 9)(1994), '

10 AFAE. LBESHXR. FEE—  REAMER DO, SeRUCsE BB - T
B, BXRTHAER1998FRDKE, M25, p.842(1998). ‘
Mukai, S., Kitao, H., Kataoka, S.: Advection Diffusion Experiment Using |,
Se and Cs in Fractured Rocks, 1998 Fall Meeting of the Atomic Energy
Society of Japan, M25, p.842 (1998). '

11 JRAEE, KITEE : BRSSP NOBSEES U AOLEEEE, BEEFHES
- TERAG3FEHKD ARSI . J45, p.169 (1988).
Tsukamoto, M., Ohe, T.: Diffusion of Radioactive Cesium into Granitic
Core Sampie, 1988 Fall Meeting of the Atomic Energy Society of Japan,
J45, p.169 (1988).

12 Idemitsu, K., Furuya, H., Hara, T., Inagaki, Y.: Migration of Cesium,
Strotium and Cobalt in Water-Saturation Inada Granite, Journal of
Nuclear Science and Technology, Vol.29, No.5, pp.454-460, the Atomic
Energy Society of Japan (1992).

Footnote;

1) The in-situ groundwater sampled from in-situ test site was used for
the experiments. The chemical composition of the groundwater is
described in more detail in the literature. Basically, the concentrations
of Na, K, Ca, Si, F-, Cl-, S042-, C032-, HCO3- are shown in it.

2) The rock samples were sampled from a drift of 250m level in the
Kamaishi mine, lwate-ken, Japan. The 250m drift is positioned at 250m
above sea level, but it is about 700m deep from ground surface because
it is mountain area.

The major mineral composition of the fracture fillings is calcite and
stilbite, and those of the altered and intact granodiorite are quartz and
plagioclase. The content of constituent chlorite in the altered
granodiorite is a little higher than that in the intact granodiorite.

3) The tracer solution was prepared with a mixture of CsCl, NiCl2 and
SmCI3. Each reagent was dissolved to produce 0.1 M in distilled water.

4) The rock sample was sampled from Sori, Seta-gun, Gunma-ken, Japan.
This granodiorite approximately has the same chemical composition as
a standard sample of Japanese rocks in the Geological Survey of Japan.
This kind of rock, regarded as one of the candidate host rocks for
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repository, is major host rock in Japan.

5) The advection diffusion experiments were carried out using a granitic
rock with an artificial single fracture, which aperture was prepared to
produce 50-100 um. The length of the rocks is 17-18cm. The Da was

- calculated fitting based on an equation considered advection-
dispersion-sorption (retardation) and matrix diffusion from the
concentration profile from the surface of the fracture.

6) The activity of Cs-134 used in the expériment is 130Bg/ml.

7) The rock sample was sampled from Inada, Ibaraki-ken, Japan. The
granite, regarded as one of the candldate host rocks for repository, is
major host rock in Japan.

8) The rock sample with the size of 50mmé x70mm was used.

9) The tracer was prepared as a mixthre of 7e-3 uCi/ml Cs-134 and 1ppb
cold Cs carrier, and the total initial concentration of Cs is 1ppb.

10) The Do of Cs+ is estimated 2.1e-9 m2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

11) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

12) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ®.is
the por03|ty and FF is the formation factor. .

13) A mixture solution of Cs-134, Sr-85 and Co-60 was prepared as a

tracer solution. The concentration of each tracer is approximately
2kBg/ml.

14) De can not be obtained from this method. In this literature, two kinds
. of Da values, Df and Dm, are reported based on the model of grain- -
boundary diffusion in a crystalline solid. The Df is the diffusion in
fissures which are parpendicular to the specimen surface, and the other
is the diffusion into matrix which is parallel to the specimen surface.
Since diffusion in rock matrix is controlled by Df, the Df was adopted
in this database.
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Element{nuclide) | ElementNo. { Species | Charge Solid Dry denslty(g/cm!il Porosity(%)} HTD:De(rEZ."s) HTO:dog De] Do{mz/s) 4) | Formation factor(FFlS) Geometric factor(Gf) E} Rock capaclty factor
0[H-3 B[ H20 0.0 Granodlorite 273 230 5.00e-12 11301 2.10e-08 0.00240 0.100 0.00
1EH-3 6| HzO 0.0 | Granodiorite 273 230 4.800-12 -11.318 2.10e-09 0.00230 0.100 0.00

" 2ly-3 6| H2D 0.0 | Granodiorite 2.73 2.30 B6.20e-12 -11.208 2.10e-09 0.00300 0.130 0.0330
3tH-3 8| Hz0 0.0 | Altered granodiorite 261 3.20 +.70a-11 -10.770 2.10e-09 0.09810 0.250 0.00
4{H-3 8| H20 0.0 | Altered granodicrite 281 .20 2.00e-11 -10.688 2.10e-09 0.00850 0.300 0.00

 5|n-3 8| Hzo 0.0{ Altered _granodiorite 2.81 3.20 1.70e-11 -10.770 2,100-09 0.00810 0.260 0.00
8]H.3 8| HzO 0.0| gracture fillings 243 5.60 270211 -10.669 2.10e-09 0.0130 0.230 0.0560
7 lu-3 B H20 0.0{ Fracture fillings 243 5.60 2.80e-14 -10.853 2.10e-09 0.0130 0.240 0.0580
BIH-3 81 H20 0.0) Fracture fillings 243 5.80 1.80e-11 -10.796 2.10e-09 0.00760 0.140 0.0560
91H-3 8l H2O 0.0 | Granodiorite 273 2.30 5.30e-12 -11.278 - 2.10e-09 0.00250 0.110
10 |H-3 8| Hz2O -0.0 Altered granodiotite 2461 3.20 1.80e-11 -10.745 2,10e-09 0.00860 0.180
11 |H-3 8[ Hz20 0.0 | Granodiorite 230 5.300-12 “11.278 2.10e-09 0.00250 0.110
12 |4-3 B H2p 0.0 Altered grancdiorite 3.20 1.80e-11 =10.746 2.10a-08 0.00860 0.180
13 1H-3 B} H2O 0.0 | Fracture fillings 6.80 _2.40e-11 -10.620 2.100-09 0.0110 0.200
14 14-3 B| H20 0.0| Granodiorite 273 2.30 5.90e-12 «11.276 2.100-0% 0.00250 0110
15 | H-3 6| H20 0.0 | Altered granodiorite 2.61 3.20 1.80e-11 -10.745 210809 £.00869 0.180
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HT0:Da(m2/s) | HT(:og Da| Literature No. Methad Porewater pH Tracer Contact time { Temperature("C} | Eh(mV) Others
0 2.20e-10 08580 | 1 Through-diffusion | greundwater 1) 8.70| 600080/m| | 23days 23.0 aerobic 2)
1 2.10e-10 -9.6780] 1 Through-diffusion { greundwater 1) 8.701 6000Bg/ml | 23days 23.0 aerobic 2)
2 1.90s-10 -8.7210 4 Through-diffusion { groundwater 1) B.70 | 6000Bq/ml  { 23days 23.0 aerobic 2)
3 5.30e-10 -8.2760 | 1 Through-diffusion | groundwater 1) 8.77| 6000Bg/m|__ [ 23days 23.0 aerobic 2)
4 6.30e-10 -8.2010 | 1 Through-diffusion | groundwater 1) 8.77 | 6000Bg/ml | 23days 23.0 aerchic 2)
5 5.30e-10 -8.2760 | 1 Through-diffusion | groundwater 1) 8.77 | 6000Bg/m! | 23days 23.0 aerobic 2)
[ 4.80e-10 9.3180 {1 Through-diffuslon | groundwater 1) 8.82) 6000Bg/ml | 23days 23.0 aeroble 2)
7 5.00e-10 -8.3010 | q Through-diffusion | groundwater 1) 8.92{ 6000Bg/ml | 23days 23.0 aeroblc 2)
| 8 2.80e-10 -8.5380 (1 Through-diffuslon { groundwater 1) | 882| 5000Bg/ml | 23days 23.0 aerobic 2)
9 2.10e-10 -8.6780 | 2 Through-diffusion | groundwater 8.70] 6000Bg/m! | 23days 23.0 aeroblc
10 5.80e-10 -8.2520 | 2 Through-diffusion | groundwater B.77{ 6000By/ml | 23days 23.0 aaroblc
11 2.10e-10 -8.6780 | 3 Through-diffusion | groundwater 8.70] 2MBg/5ml 3) 23.0 aerobic
12 6.60e-10 92620 | 3 Through-diffusion | groundwater 8.77 | 2MBg/Sm! 3) 23.0 aerobic
13 4.30e-10 3670 | 3 Through-diffusion | groundwater 8.62 2MBg/5mi 3) 23.0 asrobic
14 2.10e-10 -9.6780 | 4 ‘Through-diffuslon | groundwater 8704 6000Bq/ml | 23days 23.0 aerobic
15 5.60e-10 -8.2520 ( 4 Through-diffusion | groundwater 8.7 | 6000Bg/ml | 23days 23.0 aerohic
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REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Tachi, Y., Ota, K., Amano, K., Yui, M.: Diffusion
Behav:our of Nuclides Considering Pathways in Fractured Crystalline
Rocks, PNC Technical Report, PNC TN1410 97-127, Power Reactor
and Nuclear Fuel Development Corporation (1997. 8)(1997).
fERERR, HOEKE. EER, KAXACHE. XFESR, BASH : HEBTRIE
EERBULANBZ2aUEBERRETOREOENES). BYREMmER. PNC TN
1410 97-127, Eh¥AsEEE(1997. 8)(1997).

2 BIRERR . EASTRRARODRK(ERSEE). BRETER. PNCTN
1410 96-071. pp.205-207. ByFASEZER(1996. 12)(1996). :
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and De\(elopment of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.205-207, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(1996).

3 EBGax, BER, BOHE. BHEHN  UHBTRBEEE U AZREOLREE).
BERFHERI7EFDOELR, L12, p.561(1997).
Sato, H., Tachi, Y., Shibutani, T., Yui, M.: Diffusion Behavior of Nuclides
Considered Pathways in Geological Materials, 1997 Annual Meeting of
the Atomic Energy Society of Japan, L12, p.561 (1997).

4 fFEGAR, HEEUE  SREERDICEITAIRS - G, BSEmEE ThE
ST MRIEWTREREE) . PNC TN1100 96-010. pp.139-144, EJ#*%%E
(1996.12)(1996).

Sato, H., Shibutani, T.: PNC Technical Report "Report of Information
Exchange Meeting on the Research and Development for Geological
Disposal of Radioactive Waste", PNC TN1100 96-010, pp.139-144,
Power Reactor and Nuclear Fue! Development Corporation (1996. 12)
(1996).

Footnote:

1) The in-situ groundwater sampled from in-situ test site was used for
the experiments. The chemical composition of the groundwater is
described in more detail in the literature. Basically, the concentrations
of Na, K, Ca, Si, F-, Cl-, 5042-, C032-, HCO3- are shown in it.

2) The major mineral composition of the fracture fillings is calcite and
stilbite, and those of the altered and intact granodiorite are quartz and
plagioclase. The content of constituent chlorite in the altered
granodiorite is a little higher than that in the intact granodiorite.

3) This is a stock solution obtained from Amersham Japan. Whether the
tracer solution with this concentration (2MBg/ml) was actually used or

-310-



JNC TN8400 99-—065

K= #2 - “BttREREHEEDe/Da(H)data”

not for diffusion experiments, is unclear,

4) The Do of heavy water was used as a value of HTO. The Do has been
reported 2.14e-9 m2/s at 25°C [Chemical Handbook, Basic Version 1,
2nd ed., Chemical Society of Japan, Maruzen, Tokyo, p.604 (1975) [in
Japanesel.]. '

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
- free water diffusion coefficient, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(¢ -Do)=FF/o.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is' the formation factor.

-311-



A—3 # - “BtEEANEDe/Da(l)data"

§90—66 00FSNI INI

Element({nuclide) | FElement No. | Species | Charge Solid Dry density{g/cm3) | Porosity(%) | iDe{m2/s) | Llog De{ Do{m2/s) 5) | Formation factor(FF) 6} | Geometric factor{Gf), 7) | Rock capacity factor { L:Da{m2/s)

o 7)1- -1.0| Granite 0,800 260012 -11.585 2 b0e-09 0.00130 0.160 0.0850 2.7de-11
11 7]1- -1.0| Granite 0.800 190612 | ~11.721 2.00e-09 0.000850 0.120 0.140 1,36e-11
2] 701 -1.0| Granite 0.770 2.608-12| -11.585 2.00e-09 0.00130 0.170 0.0900 2.89e-11
3y 7[1- -1.0 | Granite B 0.770 1.90e-12| 11721 2.00e-09 0.000950 | 0.120 0.130 1.46e-11
4 I-125 711- -1.0 Granite 2) 0.400 4.40e-13| -12.357 2.00e-09 0.000220 0.0850} ¢ 0,340 1,30e-12

A
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Ifog Da | Literature Mo. Method Porewatar Tracer Contact time | Temperature('c) | Eh{mV) Others
0| -10.562 | 1 Through-diffusion | Deionized water 1M(127000ppm)KI probably reom gerobic
1] -10866 |1 Through-diffusion | Deionized water 1M{127000ppm)KI probably room aerobic
2| -10539) 2 Through-diffusion | Distilled _water 1M(1 27000ppm)KI probably rcom aerchic
3| -10.838| 2 Through-diffusion | Distiiled water 1M(127000ppm)XI probably reom aerobic
4] -11.886( 3 Through-diffusion | groundwater 1) 5rl2(3.4e-4M) 3) probably room aerable 4)
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REFERENCE AND FOOTNOTE

Reference:

1 BEBR, RS, SHER, AEE: EEF?B%‘?R#@«(?]‘/@EH&%?&:‘:FQB%@&E
hiidhE, 40 (5). 323~336(1990).
Nishiyama, K., Nakashima, S., Tada, R., Uchida, T.: Diffusion of an lon in Rock
Pore Water and lts Relation to Pore Characteristics, Mining Geology, 40 (5),
pp.323-336 (1990).

2 BERZ. BREE PIEE : EEEBLURERERBKSOA 2’/@%&%#@&]?
mAE, 30 (2). 26~32 (1989).

Kita, H., lwai, T., Nakashima, S.: Diffusion Coefficient Measurement of an
lon in Pore Water of Granite and Tuff, Journal of the Japan Society of
Engineering Geology, 30-2, pp.26-32 (1989).

3 IuO#&EE. PLUE—  BUNEBRICHS T 2ERFBRICHTIBREORE,. BEEFHE
£1997FHDOES, L10,p.559 (1997).
Yamaguchi, T., Nakayama, S.: Effect of Sorption on Diffusivity in Micropores,
1997 Annual Meeting of the Atomic Energy Society of Japan, L10, p.55%
(1997).

Footnote:

1) The groundwater was sampled from a fracture zone at 240m in depth. The
ionic strength of the groundwater is ~0.01 according to the literature.

2) The rock sample was sampled from a fracture zone at 240m in depth in the
Canada Whiteshell Laboratories, Canada. -

3) The tracer solution was prepared by dissolving a small amount of I-125
and 5r-85 in a non-radioactive Sri2 solution, WhICh concentratson is
3.4e-4 M. : .

4) The porosity was calculated from effective diffusion coefficient (De), free
water diffusion coefficient (Do) and geometric factor (Gf) based on
De=®-Gf-Do described in the literature. Where ¢ is the porosity.

3) The Do of |- is estimated 2.0e-9 m2/s at 25°C [Marcus, Y. {1997): lon
Properties, Marcel Dekker, Inc., New York, U. S. A,, p.169.].

6) The formation factor (FF) was calculated based on the equation: FF=De/Do.
Where De and Do is the effective diffusion coefficient andfree water
diffusion coefficient, respectively.

7) The geometric factor (Gf) is also called tortuosity factor (Tf), and was
calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®. Where Dp is
the porewater diffusion coefficient, Do is the free water diffusion coefficient,
De is the effective diffusion coefficient, ¢ is the porosity and FF is the
formation factor.
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Element(nuclide)] ElementNo. | Species | Charge Solid Ory density(g/cm3) | Porosity(%) | K:De(m2/s) | Kiog Dej Do{m2/s) 5} | Formation factor(FF) 6) | Geometric factor(Gf) 7) | Rock capacity factor | K:Da(m2/s)
I3 B Ke 1.0 Granite 1) 2.60 0.580 7.70e13 | ~12.114 2.006-00 0.000390 0.0440
11K 8| K+ 1.0 Grenite 1) 2.60 0.880 1.10e+12 ~11.959 2.00e-09 0.000550 0.0830
21k 8| K+ 1.0 Granite 1) 2.60 0.580 8300-13| -12.081 2.008-09 0.000410 0.0470
3|k 8| ke 1.0 | Granite 1) 2.60 0.880 180012 | -$1.745 2.00e-09 0.000300 0.100
alk Bl Ke 1.0} Granite 1) 2.60 0.880 B.30e-13 | -12.081 2.008-09 0.000420 0.0470
5|k Bl K+ 1.0 Granlte 1) 280 0,880 1.80e12| -11.745 2.00e-09 0.000800 0.100
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K:dog Da| Literature No. Method Porewater Tracer Contact time | Temperature('C) | Ehf{mv) Others
o 1 conductivity 2) | D.1M KCi 3} 0.1M KCI 3) probably room aerobic 4)
1 1 conductivity 2) | 0.1M KCI 3) 0. 1M KCt 3) probably room aeroble 4)
2 1 conductivity 2) | 0.1M KCi 3) 0.1M KO 3) probably room aerchic 4)
3 1 conductivity 2) | 0.1M KCF 3) 0.1M KC! 3) probably room aerobic 4)
4 2 conductivity 2} | 0.TM KCI 3) 0.1M KCl 3) probably mom aerohic 4)
5 2 conductivity 2) | 0.1M KCI 3) 0.1 KCI 3) probably room aerobic 4)
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N—T #1 - "Bt REEDe/Da(K)data”
REFERENCE AND FOOTNOTE

Reference:

T Conca, J. L., Wright, J.: Direct Determinations of Unsaturated Flow and
Transport, Proceedings of the Twelfth Annual American Geophysical
Union Hydrology Days Meeting, Fort Collins, March 1292, pp.103-116
(1992). ' '

2 Conca, J. L., Apted, M. J., Arthur, R. C.: Direct Determinations of Transport
Parameters in Repository Materials, Scientific Basis for Nuclear Waste
Management XVI (Interrante, C. G. and Pabalan, R. T., eds.), Materials
Research Society Symposium Proceedings, Vol. 294, pp.839-844, Materials
Research Society, Pittsburgh, Pennsylvania (1993).

‘Footnote:

1) The rock sample used for the experiment was sampled from Sori, Seta-
~ gun, Gunma-ken, Japan. The granodiorite, one of the candidate host rocks
for repository, is major host rock in Japan.

2) The De values were determined by electrical conductivity measurements,
‘based on the Nernst-Einstein equation. The De values were determined
using the unsaturated flow apparatus (UFA). Hydraulic conductivity can
also be determined by this method. The hydraulic conductivity is also
reported in the literature.

~ 3) The rock sample was firstly saturated with a 0.1 M KCl solution and
then electrical conductivity was measured. The porewater and tracer
are therefore the same.

4) Apparent diffusion coefficient (Da) can not be obtained from the electrical
conductivity measurements. Since the porosity was not reported in these
literatures, it was quoted from another literature (H. Sato and T. Shibutani,
PNC Technical Report, PNC TN8410 94-284, pp.71-89.). Because PNC
supplied the sample and determined the porosity by water saturation
method (water intrusion method).

5) The Do of K+ is estimated 2.0e-9 m2/s at 25°C [Marcus, Y. (1997): lon
Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

6) The formation factor (FF) was calculated based on the equation: FF=De/Do.
Where De and Do is the effective diffusion coefficient and free water
diffusion coefficient, respectively.

7) The geometric factor (Gf) is also called tortuosity factor (Tf), and. was
caiculated based on the equation: Gf=Dp/Do=De/( ¢ -Do)=FF/®. Where Dp is
the porewater diffusion coefficient, Do is the free water diffusion
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coefficient, De is the effective diffusion coefficient, ® is the porosity and
FF is the formation factor.

-318~-



61¢-

R #1 - "BIERSREDe/Da{Mg)data”

890—66 00FSNL DNI

Element{nuclide} ] Element No. { Specles | Charge Solid Dry density(g/cm3) { Porosity(3%) | Mg:De(m2/s}] Mgilog De | Do(mZ/s) 4) | Formation Factor(FF) 5) | Geometric factor{Gf) 6) | Rock capacity factor | Mg:Da(m2/s)
1[vg o[ Mazs 2.0 | Granite 1) 0.680 1.806-13 12,721 710510 0.000270 0.03%0
1| Mg 2| Mgz '2.0{ Granite 1) 0.680 3.30e-13 -12.481 7.10e-10 0.000460 0.0580
2 Mg 8| Mgz+ 2.9 Granite 1) 0.680 3.00e-13 -12.523 7.10e-10 0.000420 0.0620
3 | Mg 8 | Mg2+ 2.0 | Granlte 1) 0.680 2.00e-13 ~12.538 710010 0.000410 0.0800 |-
4| Mg 8| mg2s 2.0} Granite 1) 0.680 2.30e-13 12,638 7.10e-10 0.000320 0.0480
5 Mg 2| Mgzs 2.0} Granite 1) 0.680 3.60e-13 -12.444 7.10e-10 0.000510 0.0750
8 {mg 8| Mgz+ 2.0 Granite 1) 0.680 2.40e-13 12,620 7.10e-10 0.000340 0.0500
7| mg o] Mg2s 2.0 Granite 1) 0.680 1.90e-13 12,721 7.10e-10 0.000270 0.0390
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Mg:log Da Literature No. Method Porewater pH Tracer Contact time | Temperature(C) | Eh(mV) | Others
[ 1 Through-diffusion | 0.1M KCI 3) 4.00 | MgCl2 2) 25.0 aerobic
i 1 Through-diffusion | 0.1M KCl 3} 4.00 | MgCiz 2) 25.0 aerobic
2 1 Through-diffusion | 0.1M K€l 3) 4.00 | MgCI2 2) 25.0 aerobic
3 1 Through-diffusion | 0.1M KCi 3} 4.00 | MgCl2 2) 25.0 aerokic
4 1 Through-diffusion | 0.1M KCI 3) | 4.00] MgClz 2) 25.0 aerobic
5 1 Through-diffusion | 0.18 KCI 3) 4.00 | MgCI2 2} 25.0 aerobic
6 1 Through-diffusion | 0.1M KCI 3) 4.00 } MgCI2 2) 25.0 aerobic
7 1 Through-diffusion | 0.1M KCI 3) 4.00 | MgCI2 2) 25.0 aerobic
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REFERENCE AND FOOTNOTE

Reference:

1 Yamaguchi, T., Sakamoto, Y., Senoo, M.: Consideration on Effective
Diffusivity of Strontium in Granite, Journal of Nuclear Science and
Technology, 30 (8), pp.796-803, the Atomic Energy Society of Japan
(August 1993) (1993).

Footnote;

. 1) The rock sample was sampled from Inada, Ibaraki-ken, Japan. The
kind of the rock, one of the candidate host rocks for repository, is
major host rock in Japan.

'2) The tracer was used as a mixture of Ba(N0O3)2, BeS04, CoCl2, MgCl2,
‘NiCI2 and Sr(NO3)2, what we call as a multi-tracer. Individual
concentrations in the tracer are not reported.

3) This solutién (0.1 M KCI} was used to keep the ionic strength of fhe
porewater in both cells.

4) The Do of Mg2+ is estimated 7.1e-10 'm2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free " water diffusion coefficient, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/ (& Do)=FF/¢.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is the formation factor. :
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Element{nuclide}| ElementNo. | Specles | Charge Solid Dry density{g/cm3) | Porosity(%) | Na:De(m2/s)| Nalog De | Do{m2/s) 4) | Formation factor(FF) 5} | Geometric factor(Gf) 6) | Rock capacity factor
9lMat) 10] Nat 1.0 | Granodiorite 754 1.20 4.40a-13 -12.357 1.30e-08 0.000340 0,0280
1 na1) 10 | Na+ 1.0 Granodiorite 284 1.20 520813 12284 1.30e-09 0.000400 0.0330
2|Na ) 10} Nay 1.0} Granodiorite 2.84 1.20 4.708-13 12328 1.308-09 0.000360 0.0300
3 Na 10| Na+ 1.0} Granadiorite 273 2.30 6,50a-12 -11.187 1.30e-09 D.00500 0220 0.0850
4l ha 0| Nag 1.0} Granodiorite 273 230 2.30e-12 -11.838 1.308-09 D.001B0 0.0770
5| Na 10 | Nas 1.0 Granodiorite 2.73 2.30 5.208-12 -11.284 1.306-09 0,00400 0170 0.060
6| Na 10 | Nas 1.0| Altered _granadiorite 261 3.20 1.20e-11 -10.821 1.30e-09 0.60020 0.280 1.43
H 10 | Na+ 1.0 | Altered granodlorite 2.81 3.20 5.10e-12 -11.292 1.30e-08 0.00380 0.120 0.660
8| ma 10| Nay 1.0 Altered granodiorite 2.61 azo 4,30e-12 -11.367 1.30e-00 0.00330 0.100 0330
9 | Na 10| Nas 1.0 Fracture fillings 2.43 5.60 2.108-11 -10.678 1.30e-00 0.0160 0.290 1.1
10 | Na 104 Na+ 1.0 Fractura _fillings 243 5.60 1.70e-11 -10.770 1.30a-08 00130 0.230 0.850
11 | Na 10§ Na+ 1.0 Fracture fillings 243 6.60 1.20s-09
12 | Ma 10| Na+ 1.0 | Granodicrite 2.30 4.70e-12 -11.328 1.30e-09 0.00360 0350
13 | Na 10] Na+ 1.0 Altered granodiorite 3.20 7.200-12 -11.143 1.30e-09 0.00550 0.170
14 [ Na 10} Nat 1.0 Fracture _fillings 5.50 1.90s-11 0721 1.308-09 0.0150 0.260
15 [ Na 10| Na+ 1.0 | Granodicrite 273 2,30 4.700-12 -11.328 1.30e-09 0.00380 0.160
16 | Na 10| Na+ 1.0 Altered _granodiorite 2.61 3.20 7.200-12 11.143 1.30e-09 0.00550 0.170
17 | Na 10| Nat+ 1.0 | Fracture fillings 2.43 5.60 1.908-11 10721 1.30e-09 0.0150 0.260
18 | N3 10| Nay 1.0 | Granadiorite 273 2.30 4.708-12 -11.328 1.30e-09 0.00360 0.160
15 | Na 10| Nas 1.0 | Altered granodiorite 2.61 3.20 7.20e-12 -11.143 1.306-00 0.00550 0.170
20| wa 10] Nat 1.0] Fracture fillings 2.43 5.60 1.90e-11 -10.721 0.0150 " 0.260

1.30s-00
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A— %2 - BRI EDe/Da(Na)data”

Na:Da{m2/s) | Nailog Da Literature No. Method Porewater pH Tracer Contact time | Temperature(’C) | Eh(mV} Others
0 1 Through-diffusion | Distilted water 6.50 | 10%NaCl 25.0 aerohic
1 1 Through-diffusion | Distilled water 5.50 [ 108NaCl 25.0 aeroble
2 1 Through-diffusion | Distilad water 5.50 | 10%NaCl 25.0 aerobic
3 8.00e-11 -10.097 | 2 Through-diffusion | groundwater 3) | 870| 0.05M{1150ppmNa) | 30days 25.0 aercbic 2)
4 ? Through-diffusion | groundwater 3} 8.70 | 0,05M(1150ppmNa) | 30days 25.0 aerchlc 2)
§ 5.40e-12 -11.268| 2 Through-diffusion | groundwater 3) | 870 0.05M(1150ppmNa) | 30days 250 aeroblc 2)
& 8.40e-12 -1.076| 2 Through-diffusion | groundwater 3) | 877 0.05M(1150ppmNa) | 30days 25.0 aerobic 2)
7 7.70e-12 -z Through-diffusion | groundwater 3) 8.77 | 0,05M(1150ppmia) | 30days 25.0 aerohic 2)
8 1.30e-11 -10.888 ] 2 Through-diffusion | groundwater 3) B.77 | 0.05M(1150ppmia) | 30days 250 aerobic 2)
9 1.80a-11 -10.721 | 2 ‘Through-gdiffuslon | groundwater 3) 8.02 | 0.05M(1150ppmiNa) | 30days 25.0 aerobic 2)
10 2.008-1% -10.888 | 2 Through-diffusion | groundwater 3) B8.82| 0,05M(1150ppmNa) | 30days 25.0 aerobic 2)
n 2 Through-diffusion | groundwater 3} 8.82 | 0.05M(1150ppmNa) | 30days 250 aerobic 2}
12 4.30e-11 -10.367 | 3 Through-diffusion | groundwater 8.70 25.0 aerchic
13 9.700-12 -i1.013{ 3 Through-diffusion | groundwater 8.77 25.0 aerobic
14 2.00e-11 -10.698 | 3 Through-diffusion | groundwater 8.82 25.0 aerobic
15 4.30e-11 -10.367 | 4 Through-diffusion | groundwater 8.70 | 0.05M(1150ppmNa) | 30days 26.0 aerobic
16 8.70e-12 -11.013 | 4 Through-diffuslon | groundwater 8.77 | 0,05M(1150ppmNa) | 30days 250 aerobic
17 2.00e-41 ~10,683 [ 4 Through-diffusion { groundwater 8.92 [ 0.05M{1150ppmNa) | 30days 25.0 aerobic
i8 4.30e-11 -10.367 [ 5 Through-diffusion | groundwater 8.70 | 0.05M{1150ppmiNa) | 30days 25.0 aeroblc
19 9.70e-12 101315 Through-diffusion | groundwater 8.77 | 0.05M{1150ppmNa) | 30days 26.0 aeroblc
20 2.00e-11 -10.809 1 5 Through-diffusion | groundwater 8.82 | 0,05M(1150ppmNa) | 30days 26.0 aerobic
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REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone, Journal
of Contaminant Hydrology, 26, pp.119-133, Elsevier Science B.V. (1997).

2 Sato, H., Shibutani, T., Tachi, Y., Ota, K., Amano, K., Yui, M.: Diffusion
Behaviour of Nuclides Considering Pathways in' Fractured Crystalline
Rocks, PNC Technical Report, PNC TN1410 97-127, Power Reactor and
Nuclear Fuel Development Corporation (1997. 8)(1937). )
EEEAR, BEEK. BFE. KAALCH. XEES, B0 9EBTRERE
ZRUCENEZ220EREEPOZBBOENES, BNREHATEE. PNCTN1410
97-127, B#R=R5EE(1997. 8)(1997).

3 AR, HER. HEUR. BHESH . WEBTRESER U0 ikEss).
BERFHER1997ERDFR, L12, p.561(1997).
Sato, H., Tachi, Y., Shibutani, T., Yui, .: Diffusion Behavior of Nuclides
Considered Pathways in Geological Materials, 1997 Annual Meeting of
the Atomic Energy Society of Japan, L12, p.561 (1997).

4 BIREREE  EAITRRROINR(ERSERE), MRARKMEE. PNCTN1410
96-071. pp.205-207, EH¥RHEFER(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Cuurent Status
for Research and Development of Geological Disposal -FY1996-, PNC
Technical Report, PNC TN1410 96-071, pp.205-207 Power Reactor and
Nuclear Fuel Development Corporation (1996. 12)(1996).

5 EEAR. MHSHD  BREEBERICEIT3WE « HAER. BMRAETEE NS
LARAFRISUSBESE) . PNC TN1100 96-010, pp.139-144, BiRELM
(1996.12)(1996). = . '

Sato, H., Shibutani, T.: PNC Technical Report "Report of information
Exchange Meeting on the Research and Development for Geological
Disposal of Radicactive Waste", PNC TN1100 96-010, pp.139-144, Power
Reactor and Nuclear Fuel Development Corporation (1996. 12)(1996).

Footnote:

1) These data were originally obtained to evaluate formation factor and
tortuosity of the rock.

2) The major mineral composition of the fracture fillings is calcite and
stilbite, and those of the altered and intact granodiorite are quartz and
plagioclase. The content of constituent chiorite in the altered
granodiorite is a little higher than that in the intact granodiorite.

3) The in-situ groundwater sampled from in-situ test site was used for
the experiments. The chemical composition of the groundwater is
described in more detail in the literature. Basically, the concentrations
of Na, K, Ca, Si, F-, Cl-, S042-, C032-, HCO3- are shown in it.
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4) The Do of Na+ is estimated 1.3e-9 m2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, inc., New York, U. S. A, p.168.].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(®-Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is the formation factor.
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Solid

Geometric factor{Gf) 8)

Element(nuclide) | Element No. | Species | Charge Dry density(g/cm3) | Porosity{(%) | NIi:De(m2/s) | Nifog De DD(mZ.E) 6) | Formation factor(fE)_"f) Rock capacity factor

O Ni 11| Niz+ 2.0 | Granodiorite 2.64 1.20 5./0e-13 12244 6.60e-10 0.000850 0.0720 0.0570
1| 11 Niz+ 2.0 | Granite 2) 0.630 2.00e-13 -12.699 6.60e-10 0.000300 0.0450
2 I Ni 11} Ni2g 2.0 | Granite 2) 0.680 3.40e-13 -12.469 6.60e-10 0.000520 0.0760
3 Ni 11 ) Njz2se 2.0 | Granite 2) 0.680 3.00e-13 12523 8.60e-10 0.000450 0.,0670
m 1§ Niz+ 20| Granite 2) 0.680 2.90e-13 -12.538 6.600-10 0.000440 0.0650
5N 11 | niz4 2.0 | Granite 2) 0.680 2.40e-13 -12.620 8.608-10 0.000360 0.0530
BiNi 1] Ni2e 2.0 | Granite 2) 0.680 3.60e-13 -12.444 B8.60e-10 0.000550 0.0800
7 INi 11 Ni2+ 2.0} Granite 2) 0.680 2.50e-13 -12.602 8.60e-10 0.600380 0.0560
L Lt 11 [ Ni2+ 2.0{ Granite 2) 0.680 1.90a-13 -12.721 6.602-10 0.000280 0.0420
8 | i 1| Niz+ 2.0 Granodiorite 0.880 5.70e-13 12244 8.60e10 0.000860 0.0980
10 I Ni 1 [ Ni2+ " 2.0 Granodiorite 1.00 5.72e-13 -12.248 6.600-10 0.000870 0.0870

11 NI 1| Ni2+ 2.0| Granodiorite 5} 6.70e-13 -i2.244 6.80e-10 0.0570
12imM 11 | Ni2+ 2.0 | Granodiorite 5) 0.880 570813 12,244 6.60e-10 0.000860 0.0880
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Ni:Da{m2/s} | Nitog Da Literature Ne. Method Porewater pH Tracer Contact time | Temperature{®C) { Eh(mV) |{ Others
g T00a11 -11.000 | 4 Through-diffusion | Distilled water 5.80 | 0. 1MNiCIZ 1) | 137days 25.0 aerobic
1 2 Through-diffusion | 0.1M KCI 4.00 | NiCIZ 3) 25.0 aerobic
2 2 Through-diffusion | 0.1M KCI 400 [ pCI2 3) 25.0 aerghic
3 2 Through-diffusion | 0.1M KCi 4.00 | NiCI2 3) 25.0 aerobic
4 2 Through-diffusion | 0.1M KCl 4.00 | wigiz 3) 25.0 aerobic
5 2 Through-diffusion | 0.1M KCi 400 | NicI2 3) 25.0 aerobic
6 2 Through-diffusion  { 0.1M KCi 4.00 | NiCIZ 3) 25.0 aerobic
7 4 Through-diffusion 10.1M KCl 4.00 | NiCI2 3) 25,0 aergbic
8 2 Through-diffusion | 0.1M KCI 4.00 | NiCI2 3) 25.0 aerobic
9 1.00e-11 -13.000 3 Through-diffusion { Disrllled water 6.00 | 0.1MNICIZ 4) 20.0 aeroblc
10 1.00e-11 =11.000 | 4 ‘Through-diffusion | Disrilled water 6.00 | 0. 1MNICIZ_4) 20.0 aerghle
11 1.00e-11 -11.0001 5 Through-diffusion | Disrilled water 5.80| 9,1 MNICI2 25.0 aerobic
12 1.00e-11 -11.000 | 6 ‘Through-diffusion | Disrilled water 5.80| 0,1MNiCI2 20.0 aerobic
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REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on B
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone, Journal
of Contaminant Hydrology, 26, pp.119-133, Elsevier Science B.V. (1997).

2 Yamaguchi, T., Sakamoto, Y., Senoo, M.: Consideration on Effective
Diffusivity of Strontium in Granite, Journal of Nuclear Science and
Technology, 30 (8), pp.796-803, the Atomic Energy Society of Japan
(August 1993) (1993).

3 BIAREE  BASTREROBK(ERSEE), $IBEGTEE. PNCTN1410
94-094, pp.131-133, EHREEM(1994. 11)(1994).
Power Reactor and Nuclear Fuel Development Corporation: Current Staus
for Research and Development of Geological Disposal -FY1993-, PNC
Technical Report, PNC TN1410 94-094, pp.131-133, Power Reactor
and Nuclear Fuel Development Corporation (1994. 11)(1994).

4 EEERR. REEE. SIS, EHFSH MRS OCs, Ni, SmOhEiEs
CETSHMR. BFEREFAER1993FHORE. M29, p.667(1993),
Sato, H., Shibutani, T., Yoshikawa, H., Yui, M.: A Study- on Diffusion
Mechanism for Cs, Ni and Sm in Granodiorite, 1993 Fall Meeting of the
Atomic Energy Soclety of Japan, M29, p.667 (1993).

S BREEM  EASHERROTR(ERSEE), HMEEIER. PNC TN1410
96-071. pp.202-204, BH¥AEREEM(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current Staus
for Research and Development of Geological Disposal -FY1996-, PNC
Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(1996).

6 EEERR. BEPR  BEHELUVERAOBEORE « S8 A N =X A, EIRESR.
No.97. PNCTN8410 94-284, pp.71-89, EH¥AE%M(1994. 9)(1994).
Sato, H., Shibutani, T.: Study on Adsorption and Diffusion of Nuclides in
Buffer Material and Geosphere, PNC Technical Review, No.91, PNC TN8410
94-284, pp.71-89, Power Reactor and Nuclear Fuel Development
Corporation (1994, 9)(1994). ‘

Footnote;

1) The tracer was used as a mixture of CsCl, NiCi2 and SmCI3. Fach reagent
was dissolved to produce 0.1 M in distilled water.

2) The rock sample was sampled from Inada, Ibaraki-ken, Japan. The kind of
the rock, regarded as one of the candidate host rocks for repository, is
major host rock in Japan. .

3) The tracer was used as a mixture of Ba(NO3)2, BeS04, CoCi2, MgCl2, NiCI2

and Sr(NO3)2, what we call as a multi-tracer. Individual concentrations
in the tracer are not reported.
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4) The tracer was used as a mixture of CsCl, NiCl2 and SmCI3, which
individual concentrations in the solutions are all 0.1 M.

5) The rock sample was sampled from Sori, Seta-gun, Gunma-ken, Japan. This
rock is approximately equaivalent to a standard samplein the chemical
composition of Japanese granite in the Geological Survey of Japan.

6) The Do of Ni2+ is estimated 6.6e-10 m2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

7) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

8) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was -calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®,
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, @ is -
the porosity and FF is the formation factor.
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-088-

Element{nuclide) | ElementNo. | Species | Charge Solid Dry density(g/em3) | Porosity(%) | Np:De(m2/s){ MNpilog De | Do(m2/s) B) | Formation factor(FF) ) | Geometric factor(Gf) 10) | Rock capacity factor

0 Np-237 12| NpQ2+ - 1.0 [ Granite 1) 6.740 Z.106-13 2,678 720809 0.00180 0.240 0.0160

1| Np-237 12| NpD2+ 1.0 Granlte 1) 0740 2.90e-13 -12.538 1.20e-09 0.06240 0.330 0.00400

2 | Np-237 12 Granite 1) 284 0480 4.60e-13 -12.337 0.240
3 | Np-237 12 Granite 1) 284 0.490 4.60e-13 -12.337 . 0.240
4 |nNp-237 12 Granlte 1) 2.64 0480 4.60e-13 ~12.337 0.240
 81np-237 12| NpO2+ 1.0 | Granite 1) 2.10e-13 -12.678 1.20e-09 : 0.00189 0.0160
6 | Np-237 12 | NpD2+ 1.0 | Granite 1) 2.50e13 12,538 1.20e-09 0.00240 0.00400
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Np:Da(m2/s) | Npilog Da | Llterature No. Method Porewater pH Tracer Contact time Temperature(C) Eh(mV) Gthers
0 T30e-11 -10.886 1 Through-diffusion | groundwater 3) 7.40} 1117Bq/m! 4) | about 180days | probably room aercbic 2)
1 7.20e-11 -10.143 1 Through-diffusion | groundwater 3) 7.40F 1117Bg/m! 4) | about 180days | probably room aerohic 2)
2 182e-12 11717 2 Through-diffusion | 1M NaHCO3 8.60 | 356Bg/ml gbout 350days | 261 -500~--400 | reducing 5)
3 1.92e-12 -7 2 Through-diffusion | 1M NaHCO3 8.60{ 356Bq/iml about 350days | 26&1 -500~-400 | reducing 5)
4 152e-12 A7) 2 Through-diffusion | 1M NaHCO3 8.60| 356Bg/ml about 350days | 26+1 -500~-400 | reducing 5)
5 1.30e-11 -10.886 | 3 Through-diffusion | groundwater 6) 7.40 room asrobic 7)
] 7.20e-11 -10.143 [ 3 Through-diffusion | groundwater 8) 7.40 room aerobic 7)
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REFERENCE AND FOOTNOTE

Reference:

1 REEERA, BHESE, EIIRE. $HARER ELUESE 217 2R0EKEHE
BEOHEREER. JAERIM 90-179, BEAREFHWER(1990. 10)(1990).
Kumata, M., lwai, T., Sagawa, T., Suzuki, T., Nishiyama, K.: Diffusion’
‘Experiment of a Radionuclide in Granitic Rock Cores, JAER! Report,
JAERI-M 90-179, Japan Atomic Energy Research Institute (1990. 10)
(1990).

2 Ll.ill'l?ﬁm. RILE—. FEXES : ERERGTICEITSNp, PUDTERBNILEE
B. BERFHER1998FEHOXRE. M17,p.834 (1998).
Yamaguchi, T., Nakayama, S., Saito, M.: Np and Pu Diffusion Experiments
in Granite under Antoxic Conditions, 1998 Fall Meeting of the Atomic
Energy Society of Japan, M17, p.834 (1998).

3 Yamaguchi, T., Sakamoto, Y., Nakayama, S., Vandergraaf, T. T.: Effective
Diffusivity of the Uranyl lon in a Granite from Inada, Ibaraki, Japan,
Journal of Contamtnant Hydrology, 26, pp.109-117, Elsevier Science
B. V. (1997).

Footnote:

1) The rock sample was sampled from Inada, Ibaraki-ken, Japan. The
kind of the rock is granite, which is one of the candidate host rocks
for repository and major host rock in Japan.

2) The porosity of the granite sample described is an average value of
porosity data obtained by water saturation method (water intrusion
method).

The pH of the solution is an average value of reported pH range. The
actual pH range is described to be between 7.2 and 7.5 in the literature.

3) The groundwater was sampled from Mt. Tsukuba, Ibaraki-ken, Japan,
and the ionic strength of the groundwater was estimated to be 1=0.077
from the chemical composition in the literature. The groundwater was
extracted from 250m deep from ground surface. The groundwater was
filtered through a 0.45um filter before the experiment.

4) The stock solution of the tracer is a 3M HNO3 solution, in which about
0.03mCi (1.11e6 Bq) Np-237 is contained. The tracer was prepared by
diluting the stock solution in groundwater.

§) Though the dominant chemical species of Np in the solution is not shown,
it is reported that the TTA extraction showed Np(IV). The obtained De
values were approximately the same degree as those of NpO2+.

The De described is an average value of data obtained from experiments
in triplicate. The error of the De was evaluated to be 4.6+1.7e-13 m2/s
in the literature.

The Da was calculated based on rock capacity factor and De.

The Eh stands for redox potential vs. SHE (Standard Hydrogen Electrode)
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or NHE (Normal Hydrogen Electrode). The experiments were carried out
in a glove box purged with Ar gas, in which oxygen concentration is T~
several ppm.

Sodium hydrosulfite (Na25204) was added as a reductant to jower the
Eh of the solution. This reagent was prepared to produce 0.05 M.
Distribution coefficient (Kd) was estimated to be 9Xt7e-5 m3/kg from
rock capacity factor, porosity and dry density in the literature.

6) The ionic strength of the groundwater was estlmated to be 1=0.077 in
the literature.

7) The pH of the solution is an average valué of reported pH range. The
actual pH range is described to be between 7.2 and 7.5 in the literature.

8) The Do of NpO2+ is estimated 1.2e-9 m2/s at 25°C [Marcus, Y. (1897):
lon Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

9) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefﬁcnent and
free water diffusion coefficient, respectively.

10) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/ .
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is the formation factor.
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Element{nuclide}|{ Element No. Specles Charge Solid Dry density(g/cm3) | Porosity(36) | Pu:be(m2/s)| Pulog De | Do(m2/s) 4) | Formation factor{FF) 5) | Geometric factor(Gf) 6) { Rock capacity factor
0 |Pu-239 13| Carbonate complex 2) -2.0] Granite 1) 5.10e-14 ~13262
1]Pu-239 13 | carbonate complex 2) 2.0} Granite 1) 5.10s-14 -13.292
2 fpu-239 13 | Carbonate complex 2} -2.0| Granite 1) 5.10e-14 -13.292
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Pu:Da(m2/s) | Pudog Da | Literature No. Method Parewater pH Tracer Contact time | Temperature{C) | Eh(mV) Others
0 1 Through-diffusion | NaHCO3+NaND2 9.30 | 570Bq/mi(e-6M) 25.0 aerobic 3)
1 1 Through-diffusion | NaHCO3+NaND2 9.90| 570Bg/mi(e-6M) 25.0 aerobic 3)
2 1 Through-diffusion | NaHCO3+NaNO2 830 | 570Bg/mi(e-6M) 25.0 aerable 3)
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REFERENCE AND FOOTNOTE

Reference:

T WORGE : MEEBEFICB D7/ F REROLE, REHHEE TS
LATRFWRZMEEESE] . PNC TN1100 96-010, pp.156-160. i
HZEM(1996.12)(1996).

Yamaguchi, T.: Diffusivity of Actinides in a Granite from Inada, Ibaraki,
Japan, PNC Technical Report "Report of Information Exchange Meeting
on the Research and Development for Geological Disposal of
Radioactive Waste", PNC TN1100 96-010, pp.156-160, Power Reactor
and Nuclear Fuel Develpment Corporation {1996. 10)(1996).

Footnote:

1) The rock sample was sampled frbm Inada, lbaraki-ken, Japan. The kind
of the rock is granite, which is one of the candidate host rocks for
repository and major host rock in Japan,

2) The dominant chemical species of plutonium in the solution was
estimated to be Pu(OH)2(C03)22- in the literature from the pH of the
porewater and the chemical conditions of the porewater.

3) The porewater used in this experiment is a mixture solution of NaHCO3
and NaNO3, in which total concentrations of C032- and NO2- are
respectively 0.1 and 0.01 M. ‘

The De described is an average value of data obtained from experiments
in triplicate. The error of the De was evaluated to be 5.1%2.2e-14 m2/s
in the literature. :

4) The Do for Pu carbonate complex is not reported. The Do for Pu is
reported only for Pu022+.

5) The formation factor (FF) was calculated based on the equation; .
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/( ¢ Do)=FF/o.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is the formation factor. : ’
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Element{nuclide){ Element No. Species Charge Solid Dry density(g/cm3) | Porosity(%) | Se:De(m2/s) | Selog De | Do{m2/s) 5) | Formation factor(FF) 6) | Geometric factor(Gf) 7} | Rock capacity factor
0]5e 14| Se032- 2.0 Granodiorite — 273 2.30 3.208-12 11495 8.108-10 0.00400 0.i70 0.320 |
11se 14 | 5e032- -2.0 | Granodiorite 273 2.30 7.20e-13 -12.142 8.10e-10 0.000880 0.0390 0.170
23%e 14| 5e032- -2.0| Granodiorite 273 230 1.908-12 11,721 8.10e-10 0.00230 0.100 0.360
315 14} 5e032- -2.0| Altered granodictite 2.61 3.20 8.10e-10
41se 14 | 5e032- -2.0 | Altered granodiorite 281 3.20 2.40a-12 -11.620 B8.10e-10 0.003C0 0.0930 0.180

_5 Se 14 | se032- -2.0| Altered granodiorite 2.61 3.20 3.30e-12 -11.481 8.10e-10 0.00410 0.130 0.350
6)se 14| se032- =2.0 | Fracture fillings 243 5.60 5.708-12 -11.244 8.10e-10 - 0.00700 0.130 0.700
7| se 14| 5e032- 20| Fracture fillings 2.43 6.60 4.908-12 11310 8.108-10 0.00600 0.110 1.3
B)se 141 5e032- -2.0 | Granodiorite 2,73 230 1.808-12 -11.724 8.10e-10 0.00220 0.100
9fse 14 [ se032- 2.0} Altered granodiorite 261 3.20 2.900-12 -11.538 8.10e-10 0.0D360 0.110
0fse 14| se032- -2.0 | Granodlorite 2.30 1.80e-12 -11.721 8.10e-10 0.00230 0.100
i1 ]se 14{ 5e(32- -2.0 | Altered granodiorite 3.20 2.908-12 -11.538 B.10e-10 0.060360 0.110
12§50 14 | 5e032- -20| Fracture filings 5.60 5.30e-12 -11.276 8.10e-10 0.00650 0.120
13 ] 5e 14 [ se042- 3) -2.0 | Granodiorite 1.00e-09
14 ] 5e 14| seD32- -2 { Granodiorite 2.73 230 1.90e-12 -11.721 8.10e-10 0.00230 | 0.100
15| s¢ 14| 5e032- -2.0 4 Altered granodiorite 281 3.20 280812 -11.538 8.10e-10 0.00360 0.100
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Se:Da(m2/5) | Se:log ba Literature No. Method Porewater pH Tracer Contact time | Temperature('C) | Eh{mV) Others
o 100810 ~10.000] 7 Through-diffusion groundweater 1) | 8.70 | 6e-4M(50ppmSe)SeC2 | 36days 22.0 anaerobic 2)
1 4.300-12 -11.367 | ¢ Through-diffusion groundwater 1) ) B.70 | 6e-4M(50ppmSe)Se02 | 36days 22.0 anaeroble 2)
2 5.30e-12 ~11.276 | 4 Through-diffusion groundwater 1} | 8,70 | 6e-4M(50ppmSe)5e02 | 36days 22.0 anaerobic 2)
3 1.408-12 -11.854 | 1 Through-diffusion groundwater 1) | 8.77 | 6e-4M(50ppmSe)Se02 [ 36days 22.0 anaerobic 2)
4 1.30e-11 -10.886 | 1 Thraugh-diffusion groundwater 1) | 8.77 | 6e-4M{50ppmSs)5e02 | 36days 22,0 anaerobic 2)
& 9.30e-12 -11.082 | 1 Through-diffusion groundwater 1) | B.77 | 6e-4M{50ppmSe)§e02 | 36days 22.0 anaerchie 2)
8 | B.10e-12 -11.082 | 4 Through-diffusion groundwater 1) | 8.92 | 6e-4M{50ppmSe)Se02 | 36days 22.0 anaerobic 2)
7 3.708-12 -i1.432 14 Through-diffusion groundwater 1) | 8.92 | 6e-4M{50ppmSe)Se02 | 36days 22.0 anaerobic 2)
8 6.508-12 -1.087 [ 2 Through-diffusion groundwater 1} | 8.70 | 6e-4M(50ppmSe)Se02 | 36days 220 anaeroblc 2)
8 .10e-11 -10.858 | 2 Through-diffusion - | groundwater 1) | 8.77 | 6e-4M(50ppmSe)Se02 | 36days 22.0 anaerobic 2)
10 6.50e-12 -11187 [ 3 Through-diffusion groundwater 1) | 8.70 Temp. In G.B. anaerobic 2}
1 1.10e-11 | -10858| 3 Through-diffusion groundwater 1) | 8,77 Temp. in G.B, anaergblc 2)
12 5.90e-12 -11.228 | 3 Through-diffusion groundwater 1) | $.92 Temp. In G.B. anaerohbic 2)
13 4.30e-11 ~10.367 | 4 Advection diffusion | Distilled water $20,(1000ppmSe) probably room aeroblc 4)
14 6.500-12 11187 | 5 Through-diffusion groundwater 1) { 8.70 | 6e-4M(50ppmSe)se02 | 36days 220 anzerchle 2)
15 1.108-11 ~10.858 | 5 Through-diffusion groundwater 1) | 8.77 | 6e-4M(50ppmSe}Se02 | 36days 22.0 anaeroblc 2)
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REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Tachi, Y., Ota, Ki, Kenji, A., Yui, M.: Diffusion
Behaviour of Nuclides Considering Pathways in Fractured Crystalline
Rocks, PNC Technical Report, PNC. TN1410 97-127, Power Reactor
and Nuclear Fuel Corporation (1997. 8)(1997).

Rk, MR, HFE. KBACE. XBES. @HZH . HEBRITER
ZEBLICENBZ2SUERESYOZBOLRSEE). BREHES,. PNCTN
1410 97-127, Bi#E¥R(1997. 8)(1997).

2 BPRERERE  MBEMAMERBORK(FRSEE., BEHRE. PNCTN1410
96-071, pp.205-207. BHMETZEM(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1996-,
PNC Technical Report, PNC TN1410 96-071, pp.205-207, Power
Reactor and Nuclear Fuel Corporation (1996, 12)(1996).

3 EBARER, BER. HHEE. BHSH  YHEBETERREZER LB EOLEES.
BEEFHAFER1997EEDES. L12, p.561(1997).
Sato, H., Tachi, Y., Shibutani, T., Yui, M.: Diffusion Behavior of Nuclides
Considered Pathways in Geological Materials, 1997 Annual Meeting of
the Atomic Energy Society of Japan, L12, p.561 (1997).

4 BHE. LBFX. FAM—: BREEERFO), SeRUCsE AR - LHER.
BARRFNERXT998EMDASE. M25, p.842(1998). .

- Mukai, S., Kitao, H., Kataoka, S.: Advection Diffusion Experiment Using ,
Se and Cs in Fractured Rocks, 1998 Fall Meeting of the Atomic Energy
Society of Japan, M25, p.842 (1998).

5 EEEAR. BHHBE  RRNEEPICETARE - RS, BRETEE B
LAARFRTASIBEE] . PNC TN1100 96-010, pp.139-144, BiASEEM
{1996.12)(1996). :

Sato, H., Shibutani, T.: PNC Technical Report "Report of Information
Exchange Meeting on the Research and Development for Geological
Disposal of Radioactive Waste", PNC TN1100 96-010, pp.139-144, Power
Reactor and Nuclear Fuel Development Corporation (1296. 12)(1 996).

Footnote:

1) The in-situ groundwater sampled from in-situ test site was used for the
experiments. The chemical composition of the groundwater is reported
in more detail in the literature. Basically, the concentrations of Na, K,

Ca, Si, F-, Cl-, SO42-, CO32-, HCO3- are shown in it.

2) The major mineral composition of the fracture fillings is calcite and

stilbite, and those of the altered and intact granodiorite are quartz and . -

plagioclase. The content of constituent chlorite in the altered
granodiorite is a little higher than that in the intact granodiorite.

The experiments only for Se were carried out under anaerobic conditions.
Specifically, the experiments for Se were all performed in an N2-glove
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box kept less than 1ppm oxygen concentration.

3) The dominant species shown is predicted one, because the experiment
was carried out under aerobic conditions. ‘Selenium normally takes a
valence of VI under aerobic conditions. In this study, it is presumed that
the pH of the porewater was probably relatively high because the
solution containing Se contacted with the rock.

4) The advection diffusion experiments were carried out -using granitic
rocks with an artificial single fracture, which aperture was prepared
to produce 50-100um. The length of the rock sampies is 17-18cm. The
Da was calculated by fitting based on an equation considered advection-
dispersion-sorption (retardation) and matrix diffusion from the
concentration profile from the surface of the fracture.

5) The Do values of Se032- and Se042- are estimated 8.1e-10 and 1.0e-9
m2/s at 25%C, respectively [Marcus, Y. (1997): lon Properties, Marcel
Dekker, Inc., New York, U. S. A., p.170.].

6) The formation factor (FF) was calculated based on the equafion:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively. ‘

7) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is the formation factor.
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Sm:De(m2/s)

-Treg-

Element{nuclide) | ElementNo. | Species | Charge Solid Dry denslty(g/cm3) | Porosity(%) Smclog De | Do{m2/s) 3) { Formation factor(FF) 4) | Geomstric factor(Gf) 5){ Rock capacity factor
0]sm 5 [ Sma+ 3.0 | Granodiorite 2) 2.64 1.20 §.700-13 12244 6.10e-10 0.000930 0.0780 0.0570
1]|sm 15 | Sm3+ 3.0 [ Granodlorite 0.880 5.70a8-13 -12.244 6.10e-10 0.000830 0.110
2]lsm 15| sm3+ 3.0 Granodiorte 1.00 5.748-13 -1224 6.10e-10 0.000840 0.0940
3| sm 18| sm3+ 3.0 | Granodiorite 5.70e-13 12244 6.108-10 0.000830 0.0570

1 Sm 15| Sm3+ 3.0{ Granodiorite *2) 0.880 5.70e-13 - -12.244 6.10e-10 0.,000930 0.110
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Sm:Da(m2/s)| Smilog Da | Literature No, Method Porewater pH Tracar Contact time | Termperature(C} | Eh(mV) | Others
0 1.60e-11 1000 | 1 Through-diffusion_ | Plstilled_water | 580 0,1M SmCI3 1) | 137days 25.0 aeroblc
1 1.00e-11 -11,000 | 2 Through-diffusion | Distilled water 6.00| 0.1M SmCI3 1) 20.0 aerobic
2 1.00e-11 -11.060| 3 Through-diffusion | Distilled water 6001 0.1M SmCI3 1) 20.0 aerobic
3 1.00e-11 -11.000 [ 4 Through-diffusion [ Distilled water 6.80 | 0,1M SmCI3 1) 25.0 agrobic
4 1.002-11 -11.000| 5 Through-diffusion | Distlled water 6.00| 0.1M SmCI3 1) 20.0 aerchbic
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REFERENCE AND FOOTNOTE

Reference:

1 Sato, H., Shibutani, T., Yui, M.: Experimental and Modelling Studies on
Diffusion of Cs, Ni and Sm in Granodiorite, Basalt and Mudstone, Journal
of Contaminant Hydrology, 26, pp.119-133, Elsevier Science B.V. (1997).

2 BMAEEM  WBLSHRARORR(CERSEE), BRETER. PNCTN1410
94-094, pp.131-133. EMRE|RF(1994. 11)(1994).
Power Reactor and Nuclear Fuel Development Corporation: Current Staus
for Research and Development of Geological Disposal -FY1993-, PNC
Technical Report, PNC TN1410 94-094, pp.131-133, Power Reactor and
Nuclear Fuel Development Corporation (1994. 11)(1994).

3 EEERR, BEESE. )M, hF=M  EEREEPOCs, Ni, SmOILEEE
[CBY 5%, BXREFNER1993FUOKE, M29, p.667(1993).
Sato, H., Shibutani, T., Yoshikawa, H., Yui, M.: A Study on Diffusion
Mechanism for Cs, Ni and Sm in Granodiorite, 1993 Fall Meeting of the
Atomic Energy Society of Japan, M29, p.667 (1993).

4 BRERE . ELSARERORN(ERSERE). BREMER. PNCTN1410
96-071. pp.202-204, EyAEE3F(1996. 12)(1996).
Power Reactor and Nuclear Fuel Development Corporation: Current Staus
for Research and Development of Geological Disposal -FY1996-, PNC
Technical Report, PNC TN1410 96-071, pp.202-204, Power Reactor and
Nuclear Fuel Development Corporation (1996. 12)(1996).

S EBEAR, MATE  BEHBLUESE\OEEOWE « IEA WX A, B
#. No.91. PNC TN8410 94-284, pp.71-89. EMR=EM(1994. 9)(1994).
Sato, H., Shibutani, T.: Study on Adsorption and Diffusion of Nuclides in
Buffer Material and Geosphere, PNC Technical Review, No.91, PNC TN
8410 94-284, pp.71-89, Power Reactor and Nuclear Fuel Development
Corporation (1994. 9)(1994). -

Footnote:

1) The tracer was used as a mixture of CsCl, NiCl2 and SmCI3. Each
reagent was dissolved to produce 0.1 M in distilled water.

2) The rock sample was sampled from Sori, Seta-gun, Gunma-ken, Japan.
‘The rock is approximately equivalent to a standard sample in the
chemical composition of Japanese granite in the Geological Survey of
Japan. This kind of rock, one of the candidate host rocks for repository,
is major rock in Japan. '

3) The Do of Sm3+ is estimated 6.1e-10 m2/s at 25°C [Marcu's, Y. (1997):
ion Properties, Marcel Dekker, Inc., New York, U. S. A, p.169.]. :

4) The formation factor (FF) was calculated based on the equation:

FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.
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5) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(¢ -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, @ is
the porosity and FF is the formation factor.
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Element(nuclide) | ElementNo, | Species | Charge Solid Dry density(a/em3) | Porosity(%) | SrDe(m2/s)| Sriog De | De(m2/s) 11) | Formation factor(FF) 12) | Geometric factor{Gf) 13) | Rock caparity factor
o|sr 8] sra+ 2.0 | Granite 1) 0.700 2.00e-13 12.698 7.80e-10 "0.000250 0.0360 0.0130
1lsr 18] sr2+ 2.0 Granite 1) 0.700 2,10e-13 -12.678 7.80e-10 0.000270 0.0380 0.00200
2|sr 16| Sre+ 2.0| Granite 1) 0.700 2.60e-13 12,585 7.908-10 0.000330 0.0470 0.0220
3]sy 16 | grz+ 2.0| Granite 1) 0.700 2.600-13 12,565 7.80e-10 0.000330 0.0470 0.00300
iy 18| sr24+ 2.0 Granlte 1) 0.700 3.10e-13 -12.609 7.60e-10 0.000390 0.0560 0.0150
5|sr 16| 5r2+ 2.0 Granlte 1) 0.700 3.600-13 12,444 7.80e-10 0.000460 0.0650 0.0140
6lsr 18| sr2+ 2.0| Granite 1) 0.700 3.20e-12 =11.496 7.90e-10 0.00410 0.580 240
7lsr 16| gra+ 2.0 Granlte 1) 0.700 9.50e-12 1022 7.90e-10 0.0120 1.70 1.50
sksy 18] sr2+ 2.0 [ Granite 1) 0700 1.70e-11 10770 7.90e-10 0.0220 3.10 1.70
9{s¢ 16 5r2+ 2.0| Granite 1) 0.680 210013 12678 7.90e-10 0.000270 0.0390
10fse 16| sr2+ 2.0} Granite 1) 0.680 3.600-13 -12.444 7.80e-10 0.000460 0.0870
i11sr 16| Br2+ 2.0 | Granite 1) 0.680 3.10a-13 -12.509 7.90e-10 0.000350 0.0580
2 |8sr 16| 5r24 2.0 Granite 1) 0.680 2.60e-13 -12.685 7.80e-10 0.000330 0.0480
13 |sr 18| 5r2+ 2.0 Granlte 1) 0.680 2.608-13 -12,685 7.90e-10 0.0032330 0.0480
14 ]sr 18| 5r2+ 2.0{ Granite 1) 0.680 2.00e-13 -12.680 7.908-10 0.000250 0.0370
5|5 16§ 512+ 2.0 | Granite 1) 2.70e-13 12,560 7.900-10 0.000340
18 |sr 18} sr2+ 2.0 | Granite 1) 1.00e-11 -11.000 7.900-10 0.0130
17 |sr 18] sr24 2.0 Granite 1) 0.700 270e-13 -12,569 7.80a-10 0.000340 0.0480 0.0130
e re 18] 5rzs 2.0 Grarite 7) 0.400 1.60e-12 -11.786 7.90e-10 0.00200 0.510 1.20
¢ fsr 18] $r2+ 2.0 Granite 1) 1.00e-11 -11.000 7.90e-10 0.0130 2.00
20151 16 | Sr2+ 2.0 Grarite 1) 2.00e-11 -10.699 7.80s-10 0.0280 3.00
21 §5r 18| sre+ 20| Granlte 1) 1.80e-13 -12.746 7.80e-10 0.000180 0.0380
22| s 18 8r2+ 2.0 | Granite 1} 3.208-13 12,495 7.80e-10 0.000410
23|s5r 18| sr2+ 2.0| Granite 1) 0.800
2418r 16| sr2+ 2.0 Granite 1) 0.800 :
26| sr 18] 8r2+ 2.0 Granite 1) 0.800
28| sr 16 8r2+ 2.0 | Granite 1) 0.800
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Sr:Da(m2/s) | Srlog Da Literature No. Method Porewater PH Tracer Contact time | Temperature('C} | Eh(mV) Others
o 1.006-1 -11.000 | § Through-diffusion [ 0,1M K¢l ~ 400 Sr(NO3)Z 2) 25.0 aerobic
1 1.00e-10 -10.000 § Through-diffusion | 0,1M KCI 4.00| Sr(ND3)2 2) 25.0 aeroblc
2 1.18e-11 -10928 1 ¢ Through-diffusion | 0.1M KCI 4.00 | 5r{NO3)2 2) 25.0 aeroblc
3 8.67e-11 -10.062 | 1 Through-diffusion | 0.1M KCI 4.00 | $r(ND3)2 2) 25.0 aerobic
| 4 163-11| 107884 Through-diffusion_| 0.1M kel 4.00 | 5r(ND3)2 2) 25.0 aerobic
5 2.57e-11 ~10.590 [ ¢ Through-diffusion | 0.1M KCI 4.081 5r(NO3)2 2) 25.0 aerobic
8 1.338-12 -11.878 | 1 Through-diffusion | Delonized water | 5.50{ sr(ND3)2 2) 25.0 aerchic
7 8.330-12 =11.199 | 4 Through-diffusion | Deionized water | 5.50| Sr(ND3)2 2) 25.0 aerobic
8 1.00e-11 =H.000| 1 Through-diffusion | Delonized water | 5.50| Sr(ND3)2 2) 25.0 aerobic
B 1 Tiwough-diffusion | 0.1M KCI 4.00 | sr(ND3)2Z 2) 25.0 aerabic
10 1 Through-diffusion | 0.1M Kl 4.00 | 5r(NO3)2 2} 25.0 aerablc
11 1 Threugh-diffusion | 0.1M KCi 4.00 | 5r{NO332 2) 25.0 aarobic
12 1 Through-diffusion | 0.1M KCI 4.00 | 5r{ND3)2 2) 25.0 aerobic
13 1 Through-diffusion | 0.1M KC| 4.00 | 5r(NO3)2 2) 25.0 aerobic
14 1 Through-diffusion | 0.1M KCl 4.00 | se(nO3)2 2) 25.0 aerobic
15 2 Through-diffusion | 0.1M KCl 1M Se(NO3)2 probably room aercblc 3)
16 2 Through-diffusion [ Deicnized water 1M Sr(NC3)2 probably room aerchic 4)
17 2.08e-11 -10.682| 3 Through-diffusion [ 0.1M KC! 4001} 53 25.0 aerobic 6)
18 1.30e-11 -10.888 { 4 Through-diffusion | ground 8) $ri2(3.4e-3M) 9) | 300days probably room aerobic 10)
18 5.00e-12 -11301) 5 Through-diffusion | 0.1M KCI 4.00 probably room aeroblc
20 B.67¢-12 111761 5 Through-diffusion | 0.1M KCI 4.00 probably raom aerghic
2 4.74e-12 11324 | 5 Through-diffusion | Delonized water | 4.00 aerobic
22 5 Through-diffusion | Delonized water | 4.00 R aercbic
23 1.002-11 -1.000 | g In-diffuslon Delonized water | 4.30 | 2kBg/m! Sr 14) 7days 30.0 aerohic 15)
24 4.00e-12 -11.388 [ In-diffusion Delonized water | 6.00| ZkBg/m! Sr 14) 7days 30.0 aerchic 15)
25 1.00e-11 -11.000 | § In-diffusion Delonized water | 7-70| 2kBg/m! Sr 14) 7days 30.0 aeroble 15)
28 1.008-11 -11.000] ¢ In-diffusion Delonized water | 940 2kBg/ml Sr 14) | 7days 30.0 aerobic 15)
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-~ REFERENCE AND FOOTNOTE

Reference:

1 Yamaguchi, T., Sakamoto, Y., Senoo, M.: Consideration on Effective -
Diffusivity of Strontium in Granite, Journal of Nuclear Science and .
Technology, 30 (8), pp.796-803, the Atomic Energy Society of Japan
(August 1993) (1993).

2 IO0#E : MAEEEPRICEIIE7/F RROEHR. BRRWEE HE
MM EERCHBREREE ] . PNC TN1100 96-010, pp.156-160, BhfA=E
#M(1996.12)(1996). ‘

Yamaguchi, T.: Diffusivity of Actinides in a Granite from Inada,

lbaraki, Japan, PNC Technical Report "Report of Information Exchange
Meeting on the Research and Development for Geological Disposal of
Radioactive Waste", PNC TN1100 96-010, pp.156-160, Power Reactor
and Nuclear Fuel Development Corporation (1996. 12)(1996).

3 Yamaguchi, T., Sakamoto, Y., Nakayama, S., Vandergraaf, T. T.: Effective
Diffusivity of the Uranyl lon in a Granite from Inada , Ibaraki, Japan,
Journal of Contaminant Hydrology, 26, pp. 109 117, Elsevier Scnence
BV.(1 997)

4 1LO#GE. FIUE—  ShEREPICES T HRFERICHTIREOFE. AXFRETF
TER1997FEEFEOFES, L10, p.559(1997). _
Yamaguchi, T., Nakayama, S.. Effect of Sorption on Diffusivity in
Micropores, 199? Annual Meeting of the Atomic Energy Society of Japan,
L10,p.559 (1997).

S tA#A. RAEER, KEBER  aARIC8U3A My FUOAOREL. BF
FEFHER19928F0ER,. C19,p.119(1992).
Yamaguchi, T., Sakamoto, Y., Senoo, M.: Surface Diffusion of Strontium
in Rocks, _1992 Annual Meetmg of the Atomic Energy Society of Japan,
C19,p.119(1992).

6 Idemitsu, K., Furuya, H., Hara, T., Inagaki, Y.: Migration of Cesium,
Strontium and Cobalt in Water-Saturated Indada Granite, Journal of
Nuclear Science and Technology, Vol.29, No.5, pp.454-460, the Atomic
Energy Society of Japan (1992).

Footnote:

1)} The rock sample was sampled from Inada, Ibaraki-ken, Japan. The rock
sample was collected on the ground surface. The kind of the rock is
granite, which is regarded as one of the candidate host rocks for
repository and major rock in Japan.

2) The tracer was used as a mixture of Ba(NO3)2, BeS04, CoCl2, MgCi2,
NiCi2 and Sr{(N0O3)2, what we call as a multi-tracer. Individual
concentrations in the tracer are not reported.

3) The error of the De is 2.7+0.6e-13 m2/s and distribﬂtion coefficient
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(Kd) in this case is reported to be 0.002 ml/g.

4) The error of the De is 1.0£0.7e-11 m2/s and the Kd in this case is
reported to be 0.7 ml/g. '

5) The tracer was used as a mixture of Ba, Co, Mg, Ni and Sr, what we call
as a multi-tracer. Individual concentrations in the tracer are not )
reported.

6) The error of the De and rock capacity factor is 2.7£0.6e-13 m2/s and
0.013£0.008, respectively. -

7) The rock sample was sampled from a fracture zone at 240m in depth in
the Canada Whiteshell Laboratories, Canada.

8) The groundwater was also sampled from a fracture zone at 240m in
depth. The ionic strength of the porewater is ~0.01.

9) The tracer solution was prepafed by adding a small amount of I-125

and Sr-85 in a non-radioactive Sri2 solution, which concentration is
3.4e-4 M.

10) The porosity was calculated based on De=® -Gf-Do from De, free

water diffusion coefficient (Do) and geometric factor (Gf). Where ¢ is
the porosity.

11) The Do of Sr2+ is estimated 7.9e-10 m2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A., p.168.].

12) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

13) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, @ is
the porosity and FF is the formation factor.

14) A mixture solution of Cs-134, Sr-85 and Co-60 Was prepared as a tracer
solution. The concentration of each tracer is approximately 2 kBg/ml.

15) De can not be obtained from this method. In this literature, two kinds of
Da values, Df and Dm, are reported based on the model of grain-boundary
diffusion in a crystalline solid. The Df is the diffusion in fissures which
are parpendicular to the specimen surface, and the other is the diffusion
into matrix which is parallel to the specimen surface. Since diffusion in
rock matrix is controlled by Df, the Df was adopted in this database.

—348-



~6F8—

A— #1 - “RERSREDe/Da(Te)data”

Geometric factor{Gf) 5)

Tec:Da(m2/s)

Element({nuclide) | Element No. | Species | Charge Solid Dry density(g/cm3) | Porosity(%) { Tc:De(m2/s)| Tcilog De | Do(m2/s) 3) | Formation factor(FF) 4} Rock capacity factor
0]Tc-99 17] Te04- -1.0 | Granite 1) 770 4.20e-14 AB.877 2.00e-08 Z.108-05 0.00210
1]7c-99 17 | TeO4- -1.0] Granite 1) 1.60 4.20e-14 -13.377 2.00e-03 2.10e-05 0.00210 4.20e-12
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Tellog Da {  Literature No. Method Porewater pH Tracer Contact time | Temperature{®) | Eh(mV) Others
0 1 Through-diffusion | Distiled water | B.55~8.60 1.4e4Bg/ml | 20days 23.0 aerobic 2)
1 -11.377 [ 2 Through-diffusion | Distilled water 1.4e4Bg/ml | 20days room aeroblc
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REFERENCE AND FOOTNOTE

Reference:

1 BREEE  HBLSTHRARORKR(FRATER). BRATER. PNCTN1410
91-009. pp.81-82, BHAZ|EM(1991. 3)(1991).
Power Reactor and Nuclear Fuel Development Corporation: Current
Status for Research and Development of Geological Disposal -FY1989-,
PNC Technical Report, PNC TN1410 91-009, pp.81-82, Power Reactor
and Nuclear Fuel Development Corporation (1991. 3)(1291). '

2 (kEEAE  EEHRUEGTTOBREOLEY - WET I RUEOHEIE. BRI
T MEE T EISRcRamEE) . PNC TN1410 91-079, pp.275-286.
FIAEEM(1991.10)(1991).

H. Sato: PNC Technical Report "Report of Information Exchange Meeting
on the Performance Assessment Research", PNC TN1410 91-079, pp.275
-286, Power Reactor and Nuclear Fuel Development Corporation (1991.
10)(1991).

Footnote:

1) The rock sample was sampled from Inada, Ibaraki-ken, Japan. The kind
of the rock is granite, which is regarded as one of the candldate host
rocks for repository and major rock in Japan. '

2) Since the breakthrough plots to ca!culate De are not enough, there is a
possibility that the breakthrough curve did not reach steady-state. The
porosity of the sample is too large for common granite, but the
De is quite low. The reliability of this De is therefore judged to be
not so high. Therefore, this porosity is not adopted in this report. The Da
is not reported in this literature.

3) The Do of TcO4- is estimated 2.0e-9 m2/s at 25°C [Sato, H., Yui, M. and
Yoshikawa, H. (1996): lonic Diffusion Coefficients of Cs+, Pb2+, Sm3+,
Ni2+, Se042- and TcO4- in Free Water Determined from Coductivity
Measurements, Journal of Nuclear Science and Technology, Vol.33, No.12,
pp.950-955.].

4) The formation factor (FF) was calculated based on the equation:
" FF=De/Do. Where De and Do is the effective diffusion coefﬂcnent and
free water diffusion coefficient, respectively.

5) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(® -Do)=FF/®.
Where Dp ‘is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ® is
the porosity and FF is the formation factor.
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Element(nuclide){ Element No, Species Charge Solid Dry density{g/cm3) Porosiuﬁﬁl U:De{m2/s) U:rng_De Do(m2/s) 6) | Formation Factar{FF) Z_) Geometrle factor{Gf) 8)
UJu-233 181 uo2z2+ 2.0{ Granite 1) 0.700 2.20e-14| -13.658 430010 5.108-05 0.00730
1]u-233 18 | yozz+ 2.0 | Granite 1)} 0.700 £20e-14| -13.377 4.30e-10 8.800-05 0.0140
21u-233 18| up22+ 2.0 Granite 1} 0.700 4.40e-14| -13.357 4.20e-10 1.000-04 0.0150
31u.233 18| up22+ 2.0 | Biotltic granita 3) 0.700 |- 2.20e-14) -13.658 4.30e-10 5.10a-05 0.00730
4fU-233 18] up22+ 2.0 | Biotitic granite 3) 0.700 4.20e-14 | -13.377 4.30e-10 9.800-05 0.0140
5u-233 18| yoz22+ 2.0 | Biotitic granite 3) 0.700 440814 | -13.357 4.30e-10 1.00e-04 0.0150
6lu-233 18| Carbonate complex 4) 4.0 | Granite 1) 1.40e-13| -12.854 7.20e-10 0.000180
7lu-233 18 | Carbonate complex 4) 4.0 | Granite 1) 1.40=-13| -12.854 7.20e-10 0.000150
8lu-233 18 | carbonate complex 4} -4.0 | Granite 1) 1.40e-13| -12.854 7.20e-10 0.000190
9{u-233 18] up22+ 9) 2.0 | Granite 1) 0.800
10Ju-233 18] U224+ 9) 2.C | Granite 1} 0.800
11| u-233 18§ uo22+ 2.0 Granite 1) 0.800
12ju-233 18] Ug22+ 2.0} Granite 1) 0.800
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Rock capacity factor | W:Da(m2/s) | Wleg Da| Literature No. " Method Porewater pH Fracer Contact tima Temperature('c) | Eh(mV) Others
0 0.0180 122812 -11.914 |1 Through-diffusion | 0.1M KCI 4.00 640Bg/ml U-233 room aerohic 2)
1 0.0180 233e-12| -11.633 |1 Through-diffusion | 0.1M KCI 4.00| 640Bg/m! L-233 room aerobic 2)
2 0.0180 244e-12| -NB13 ) 1 Through-diffusion | 0.1M KCI 4.00 | 540Bq/m! U-233 room aeroblc 2)
3 0.0110 200e12| 18992 Through-diffusion | 0.1M KCI 4.00] 7.7e-6M about 350days | 20-25(room) aeroblc
4 0.0250 t.6Be12( -11.775| 2 Through-diffusion | 0.1M KCI 4.001 7.7e-6M about 350days | 20-25(room) aerohlc
5 0.0120 3.67e-12| -11.435| 2 Through-diffusion | 0.1M KCI 4.00] 7.7e-6M about 350dsys | 20-25(room} aeroblc
8 3 Through-diffuslon | NaHCO34NaNg2 | 8.3¢] 560Bg/ml 25.0 aerchic 5)
7 3 Through-diffusion | NaHCG3+NaND2 8.30} 5608g/ml 25.0 aerchic 5)
8 3 Through-diffusion | NaHCO3+Nah02 6.30 ) 560Bg/ml 25.0 aerchic 5)
g 6.00e-13 | -12.222] 4 In-diffuston Delonized water | 5:00| 2e-5 M(Uwranyl} 10) | S4days 30.0 aeroble 11)
10 2.00e12| 1160814 In-dlffusion Delonized water | 5.00| 2e-5 M{Uwranyl} 10) | 70days 30.0 aerobic 11)
n 2.00s-12| 1168095 In-dlffusion Delonized water | 5-00| 2e-5 M{Uwranyl) 10) | Sadays 30.0 aerobic 11)
12 7.00e12] -11.155| 5 In-diffusion Deionlzed water | B.00) 26-5 M{Uranyl) 10) 252days 30,0 aeroblc 11}
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REFERENCE AND FOOTNOTE

Reference:

TWORA. REZEB, BIER— : ERMBEPRICEITRU022+OEMERES. BE
FRFHER1993FEMDASE. M28. p.666(1993).
Yamaguchi, T., Sakamoto, Y., Sekine, K.: Effective Diffusivity of U022+
in Granite, 1993 Fall Meeting of the Atomic Energy Society of Japan,
M28, p.666 (1993).

2 Yamaguchi, T., Sakamoto, Y., Nakayama, S., Vandergraaf, T. T.; Effective
Diffusivity of the Uranyl lon in a Granite from Inada , Ibaraki, Japan,
Journal of Contaminant Hydrology, 26, pp.109-117, Elsevier Science
B.V.(1997), ) :

3 IWARA : MERAERICBITS 7/ F = KAEOHS, BREHEE HbEm
STRERMDSRESE] . PNC TN1100 96-010, pp.156-160, BHAELEME
(1996.12)(1996). '

Yamaguchi, T.: Diffusivity of Actinides in a Granite from Inada, 'Ibaraki,
Japan, PNC Technical Report "Report of Information Exchange Meeting
on the Research and Development for Geological Disposal of Radioactive
Waste", PNC TN1100 96-010, pp.156-160, -Power Reactor and Nuclear
Fuel Develpment Corporation (1996. 10)(1996). :

4 Idemitsu, K., Furuya, H., Murayama, K., Inagaki, Y.: Diffusivity of
Uranium(Vl) in Water-Saturated Inada Granite, Scientific Basis for
Nuclear Waste Management XV (Sombret, C. G. ed.), Materials Research
Society Symposium Proceedings, Vol.257, pp.625-632, Materials
Research Society, Pittsburgh, Pennsylvania (1992).

5 Idemitsu, K., Furuya, H., Murayama, K., Asao, H., Inagaki, Y.: Primary
Diffusion Path of Uranium(VI) in Water-Saturated Inada Granite,
Proceedings of the ‘International Conference on Nuclear Waste .
‘Management and Emvironmental Remediation (Alexandra, D., Baker, R. and
Kohout, R. eds.), the American Society of Mechanical Engineers, pp.207-
212(1993). . :

Footnote:

1) The rock sample was sampied from Inada, Ibaraki-ken, Japan. The kiﬁd
of the rock is granite, which is regarded as one of the ‘candidate host
rocks for repository and major host rock in Japan.

2) The rock capacity factor was averaged. The actual rock capacity factor
was between 0.011 and 0.025. _
The Da values were calculated from the average rock capacity factor
and De values.

3) The biotitic granite was sampled from ground surface of the Inada
mine, lbaraki-ken, Japan. '

4) The dominant chemical species of uranium in the solution was estimated
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to be U0O2(C03)34- from the pH of the solution and the chemical conditions
of the porewater in the literature.

5) The porewater used in this experiment is a mixture of NaHCO3 and NaNQC2
and the total concentrations of C032- and NO2- in the tracer are
respectively 0.1 and 0.01 M.

The De described is an average value of data obtained from experiments
in triplicate. The error of the De was evaiuated to be 1.4x0.1e-13 m2/s
in the literature.

6) The Do of UO2+ is estimated 4.3e-10 m2/s at 25°C [Marcus, Y. (1997):
lon Properties, Marcel Dekker, Inc., New York, U. S. A, p.169.]. The Do of
UQ2(C03)34- is estimated 7.2+0.5e-10 m2/s at 25C [literature 3]. This
Do, not directly measured value, was estimated based on the Stokes
equation by the ionic radius calculated from the molecular structure.

7) The formation factor (FF) was calculated. based on the equation:
. FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

8) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/($ -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, ¢ is
the porosity and FF is the formation factor.

9) The species of U in the porewater has not been described, but it is
probably U022+ judging from the pH of the porewater {pH5.0).

10) UO2 was dissolved in nitric acid at 20°C and diluted. An uranyl
solution of 2e-5 M U(VI) which pH is 3.0, was used in the experiment.

11) The porosity is reported to be 0.8+0.05% in the literature. De can
not be obtained from this method. In this literature, two kinds of Da
values, Df and Dm are reported. The Df is the diffusion in fissures
which are parpendicular to the specimen surface, and the other is the
diffusion into matrix which is parallel to the specimen surface. Since
diffusion in rock matrix is controlled by Df, the Df was adopted in this
database.
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Element{nuclide}{ Element No. } Species | Charge Solid Dry density(g/cm3) | Porosity(%) | Uranine:De{m2/s) | Uraninedog De | Do(m2/s) 4) | Formation factor(FF) 5} Geomsetric factor(Gf) 6) | Rock capacity factor

| D3 uranine 1) 19 Granite 2) 2.60 0.740 4.706-14 3328 4.50e-10 1.00e-04 0.0140 0.0150
1 JUranine 13 18 Granite 2) 2,00 0.740 3.508-14 -13.458 4.50e-10 7.80e-05 0.0110 0.0170

2 Juranine 1) 18 Granite 2) 2.60 0.740 5.00e-14 -13.301 4.50e~10 0.000110 0.0150 0.0710

3 {Uranine 1) 18 Granite 2) 2.60 0.700 4.70e-14 -13.328 4,50e-10 1.002-04 0.0150 0.0150

4 | Uranine 1) 19 Granite 2) 2.60 0.700 3.50e-14 =13.456 4.50e-10 7.80e-05 0.0110 0.0170

5 | Uranine 1) 19 Granite 2) 2,60 0.700 5.00e-14 -13.304 4.50e-10 0.000110 0.0180 0.0710
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Temperature{T)

Uranine:Da{m2/s) | Uranine:log Da Literature No. Method Porewater Tracer Contact time Eh{mV) Others
0 3.108-12 1508 | 1 Through-diffusion | Distiled water 10000ppm uraning_| 150days probably room aerobic 3)
i 2.10e-12 -11.878 | 1 Through-diffusion | Distilled water 10000ppm uranine | 150days probably room aerobic 3)
2 7.00e-13 -i2.155 [ ‘Through-diffusion | Distilled water 10000ppm uranine | 150days probably rocin aerobic 3)
3 3.10e-12 1500 2 Through-diffusion 1%uranine sclution room gerobic 3)
4 2.10e-12 -11.678 | 2 Through-diffusion 1%uranine solution room aerobic 3)
5 7.00e-13 -12.156 2 Through-diffusion 1%uranine solutlon room aerobic 3)
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REFERENCE AND FOOTNOTE

Reference:

1 BRAEGA. BFESE, £)IRE. HARER. mUBE  SA27 2B AKeE
BEOIRRER, JAERIM 90-179. AFEFAMER(1990. 10)(1990).
Kumata, M,, Iwai, T., Sagawa, T., Suzuki, T., Nishiyama, K.: Diffusion
Experiment of a Radionuclide in Granitic Rock Cores, JAERI Report,
JAERI-M 80-179, Japan Atomic Energy Research institute (1990. 10)
(1990).

2 Yamaguchi, T., Sakamoto, Y., Nakayama, S., Vandergraaf, T. T.: Effective
Diffusivity of the Uranyl lon in a Granite from Inada , |baraki, Japan,
Journal of Contaminant Hydrology, 26, pp.109-117, Elsevier Science
B.V.(1997).

Footnote:

1) Uranine is an aromatic organic compound, C20H1005Na2, with a
molecular weight. of 376.28. This was used as a non-sorbing tracer.

2) The rock sample was sampled from Inada, lbaraki-ken, Japan. The kind
of the rock is granite, which is regarded as one of the candidate host
rocks for repository and major rock in Japan.

3) The Da values were calculated from rock capacity factors and De
values. The porosity of the granite sample described was averaged
based on data obtained from porosity measurements by water saturation
method (water intrusion method). ’

4) The Do of uranine, not directly measured value, has been estimated
4.5e-10 m2/s at 25°C based on the Hyduk-Laudie equation [Skagius, K.
and Neretnieks, I. (1985): Properties and Diffusivities of Some Non-
sorbing Species in Crystalline Rocks, SKB 85-03.]. The same Do has been
estimated also based on the Stokes equation by the ionic radius calcuiated
from the mplecular structure by Yamaguchi et al. [literature 2].

5) The formation factor (FF) was calculated based on the equation:
FF=De/Do. Where De and Do is the effective diffusion coefficient and
free water diffusion coefficient, respectively.

6) The geometric factor (Gf) is also called tortuosity factor (Tf), and
was calculated based on the equation: Gf=Dp/Do=De/(¢ -Do)=FF/®.
Where Dp is the porewater diffusion coefficient, Do is the free water
diffusion coefficient, De is the effective diffusion coefficient, & is
the porosity and FF is the formation factor.
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“Rett R A De/Da data”

Porosity (%) .

Element(nuclide) ] Element No. | Species { Charge Solid Dry density(g/cm3) De{m2/s) logDe | Do(m2/s)
018a 1] Baz+ 2.0 | Granite - 0.680| 2.10e-13| -12.678|  8.50e-10
1 |ga 1} Ba2+ 2.0 Granite 0.880 3.50e-13| -12.456 8.50e-10
21Ra 1| Ba2+ 2.0 | Granite, 0.680 3.00e-13 -i2.523 8.50e-10
3 1RBa 1! Ra?+ 2.0 | Granite 0.680 250e-13{ -12.602 8.50e-10
4183 1| Baz+ 2.0 | Granite 0.680 2.90e-13 -12.538 8.50e-10
51Ba 1| Ba2+ * 2.0 Granite 0.680 1.90e-13 | -12.721 8.50e-10
6 | pe 2| gez+ 2.0 | Granite 0.680 3.00e-13| -12.523 6.00e-10
7| Be 2| Be2+ 2.0 | Granite 0.680 3.30e-13| -12481 6.00e-10
alcl 3|cl- -1.0 | Granodiorite 0.880 4.50e-13 -12.347 2.00e-09 )
a1cl 3| cl- =1.0 | Granodiorite 0.880 7.10e-13 | -12.149 2.00e-09
10]q 3| cI- -1.0 | Granodiorite 0.880 5.10e-13| -12.202 2.00e-09
it |cl alcl- -1.0 | Granodiorite 0.990 4500-13 | -12.347 2.00e-09
12l 3lcl- -1.0 | Granodiorite 0.990 7.10e-13 | -12.148 2.00e-09
13 | Cl 3icl- -1.0 | Granodiorite 0.990 5.10e-13 -12.202 2.00e-09
14 ¢l 3| cl- -1.0 | Granodiorite 2,64 1.20 450e-13[ -12.347 2.00e-09
15| 3| cl- -1.0| Granodiorite 2 64 1.20 7.40e-13} -12.149 2.00e-09
16 1 ¢l 31cCl- -1.8 | Granodiorite 2.64 1.20 5.10e-13| -12.202 2.00e-09
17 1¢l 3|cCl- -1.0| Grancdiorite 2.64 1.20 7.40e-13 -12.131 2.00e-09
18]l 3] clI- -1.0| Granodiorite 2.73 2.30 1.70e-11{ -10.770 2.00e-09
19 ] ¢l 3¢t -1.0 | Granodiorite 2.73 2.30 8.10e-12] -11.092 2.00e-09
20 e 3| ci- -1.0| Granodioiite 2.73 2.30 4.80e-12] -11.319 2.00e-09
211 3| Cl- -1.0 | Altered granodiorite | 2.61 3.20 1.40e-11 | -10.854 2.00e-09
22 {1 3| cl- -1.01 Altered granodiorite | 2.61 3.20 680e-12 | -11.161 2.00e-09
23 {cl 3| cl- -1.0 | Altered granodiorite | 2.61 3.20 380e-12| ~11.409 2.00e-09
24 |} 3| cl- 1.0 | Fracture fillings 2.43 5.60 2.10e-11| -10.678 2.00e-09
251¢) 3| cl- -1.0 | Fracture fillings 2.43 5.60 1.40e-11| -10.854 2.00e-09
26 |l 31 cl- -1.0 | Granodiorite 2.73 2.30 1.00e-11 -11.000 2.00e-09
27 1cl 3| ci- -1.0| Altered granodiorite | 2.61 3.20 8.30e-12| -11.081 2.00e-09
281 3| ci- -1.0 | Fracture fillings 2.43 5.60 1.80e-11| -10.746 2.00e-09
29 ki alcl- -1.0 | Granodicrite ' 2.30 1.00e-11| -11.000 2.00e-02
30kt 3|Cl- -1.0| Altered granodiorite 3.20 8.30e-12 | ~11.081 2.00e-09
31l 31 clI- -1.0 | Fracture fillings 5.60 1.80e-11 -10.745 2.00e-09
321l 3| cCl- -1.0 | Granodiorite 1.00 741e-13| -12.130 2.00e-09
kKN il 3| clI- -1.0 | Granite 0.990 4.50e-13 | -12.347 2.00e-09
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A= #B - "BtHEREHEDe/Da data”

Formation factor(FF) { Geometric factor(Gf) | Rock capacity factor | Da(m2/s) | logDa Method Porewater pH
0 0.000250 0.0360 Through-diffusion | 0.1M KCI 4.00
1 0.000410 0.0610 Through-diffusion | 0.1M KCi 4.00
2 0.000350 0.0520 Through-diffusion | 0.1M KCI 4.00
3 0.000280 0.0430 Through-diffusion | 0.1M KCI 4.00
4 0.000340 0.0500 Through-diffusion | 0.1M KCI 4.00
5 0.000220 0.0330 Through-diffusion | 0.1M KCI 4.00
8 5.00e-05 0.00740 Through-diffusion | 0.1M KCI 4.00
7 5.50e-05 0.00810 Through-diffusion | 0.TM KCI 4.00
8 0.000230 0.0260 Through-diffusion | Distilled water
g 0.000360 0.0410 Through-diffusion | Distilled water
10 0.000260 0.0300 Through-diffusion | Distilled water
11 0.000230 0.0230 Through-diffusion | Distilled water
12 0.000360 0.0360 Through-diffusion | Distilled water
13 0.000260 0.0260 Through-diffusion | Distilled water
14 0.006230 0.0190 Through-diffusion | Distilled water | 5.50
15 0.000360 0.0300 Through-diffusion | Distilled water | 5.50
18 0.000260 0.0220 Through-diffusion i Distilled water | 5.50
17 0.000370 0.0310 0.0;370 2.00e-11 -10.700 Through-diffusion | Distilled water 5.80
18 0.00850 0.370 3.00 b.60e-12 | -11.252 Through-diffusion | groundwater B.70
19 0.00410 0.180 1.20 670e-12| -11.174 Through-diffusion | groundwater 8.70
20 0.00240 0,100 0.280 1.70e-11 -10.770 Through-diffusion groundwater 8.70
21 0.00700 . 0.220 2.50 5.70e-12| -11244 _Through-diffusion | groundwater 8.77
22 0.00350 0.110 1.30 5.50e-12 | -11.260 | Through-diffusion | groundwater 8.77
23 0.00200 0.0630 0.200 2.00e-11| -10.699 Through-diffusion | groundwater B.77
24 0.0110 0.200 1.20 1.80e-11 -10.745 Through-diffusion groundwater 8.92
25 0.00700 0.130 0410  3.40e-11 -10.469 Through-dﬂ’fusion groundwater 8.92
26 0.00500 0.220 ' 9.80e-12| -11.009 | Through-diffusion | groundwater 8.70
27 0.00420 0.130 1.00e~11| -11.000 | Through-diffusion | groundwater 8.77
28 0.00900 0.160 2.60e-11| -10.685 | Through-diffusion | groundwater 8.92
29 0.00500 0.220 _89.80e-12] -11.009 Through-diffusion | groundwater B.70
30 0.00420 0.130 1.00e-11| -11.000 | Through-diffusion | groundwater B.77
31 0.00900 0.160 2.60e-11 | -10.585 | Through-diffusion | groundwater 8.92
a2 0.000370 0.0370 2.00e-11|  -10.699 | Through-diffusion | Distilled water | 6.00
33 0.000230 0.0230 Through-diffusion | Distilled water | 5.50

$90—66 OOPSNL ONI



-T19¢-

R— #15 - "EERREDe/Da data”

Tracer Contact time | Temperature("C) | Eh(mV) | Others
0 1 Ba(ND3)2 25.0 : aerobic
1{Ba(NO3)2 25.0 aerobic
2 | Ba(ND3)2 25.0 aerobic
3 1 Ba{NO3)2 25.0 aerobic
4 { Ba(NO3)2 25.0 aerobic
5 | ra(NO3)2 25.0 aerobic
6 | BeS04 25,0 aerobic
7 | BesD4 25.0 aerobic
8 1 60000ppmCI(NaCl) | 90days room aerohic
9 | 60000ppmCI{NaCl) | 90days room aerobic |
10 | 60000ppmCI(NaCl) | 90days room aerobic
11 ] 60000ppmCi(NaCl) | 90days room aerohic
12 | 60000ppmCI{NaCl) | 90days room aerobic
13 | 60000ppmCI{NaCl) | 90days room aerobic
14 | 10%NaCl . 90days 25.0 aerobic
15 | 10%NaCl 90days 25.0 aerobic
16 | 10%NaCl 90days 25.0 aerobic
1710.6MCl 3) 25.0 aerobic
18 1 0.06M(2127ppm) | 30days 25.0 aerobic
19 1 0.06M(2127ppm) | 30days 25.0 aerobic
20 1 0.06M(2127ppm) | 30days 25.0 aerobic
21 10.06M(2127ppm) | 30days 25.0 aerobic
22 } 0.06M(2127ppm) | 30days 25.0 aerobic
23 | 0.06M(2127ppm) | 30days 25.0 aerobic
24 10.06M(2127ppm) | 30days 25.0 aerobic
25 }0.06M(2127ppm) | 30days 25.0 aerobic
26 | 0.06M(2127ppm) | 30days -| 25.0 aerobic
27 | 0.06M{2127ppm) | 30days 25.0 aerobic
28 10.06M(2127ppm) | 30days 25.0 zerobic
29 25.0 aerobic
30 25.0 aerobic
K| 25.0 aerobic
32 10.6M Cl 20.0 aerobic
33 | 60000ppmCI(NaCl)

probably room

aerobic
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A~ #2 - "BiEEREEDe/Da data”

Element{nuclide) | Element No. Species Charge Solid Dry density(g/cm3) | Porosity(%) | De(m2/s) logbe | Do{m2/s)
34 [l 3l cl- " -1.0| Granite 0.900| 7.10e-13| -12.149|  2.00e-09
35| 3| ci- 1.8 | Granite 0.000 510e-13 [ -12.202 2.00e-09
36 [ 3| cl- -1.0 { Granodiorite 7.40e-13 | -12.131 2.00e-08
371¢Cl 3| cl- -1.0 | Granodiorite 2.73 2.30 1.00e-11 -11.000 2.00e-09
3Bt 3clI- -1.0 | Altered granodiorite { 2.61 3.20 8.30e-12| -11.081 2.00e-08
39 Cl 3 Cl- -1.0 Fracture ﬁ[||ngs 2.43 6.60 “1.80e-11 -10.745 2.00e-09
40| co 4| Coz+ 2.0 | Granite 0.680 2.10e-13| -12.678 7.30e-10
41 ]co 4{ Coz+ 2.0 Granite 0680 3.40e13| -12.469| 7.30e-10
42 [ co 4] co2+ 2.0 Granite 0.680 310e-13] -12.500 7.30e-10
43 [ co 4| coz+ 2.0 [ Granite 0.680| 2.60e-13| -12585| 7.30e-10
44 co 41 coz+ 2.0 | Granite 0.680| 2.20e-13| -12.658| 7.30e-10
45 [ co 41 Cozs 2.0 | Granite 0.680| 350813] -12.456| 7.30e-10
46 [co 4| Co2+ 2.0 Granite 0680 250e-13| -12.602{  7.30e-10
47 | co ‘4| Co2+ 2.0 | Granite 0.680 1.60e-13| -12.796 7.30e-10
48 | Co-60 4| Probably Co2+ 2.0 | Granite 0.800 7.30e-10
4% 1 Co-60 4| Probably Co2+ 2.0 | Granite 0.800 7.30e~10
50 | Co-60 4 | Probably Co2+ 2.0 | Granite 0.800 7.30e-10
51 1 Co-60 4 | Probably Co2+ 2.0 | Granite 0.800 7.30e-10
52 fcs 5| cse 1.0 | Granodiorite 2.64 1.20 1.40e-12 | -11.854 2.10e-09
53 |Cs 5| Cs+ 1.0 | Granodiorite 2.73 2.30 7.80e-12 -11.108 2.10e-09
54 | cs 5| cat 1.0 | Granodiorite 2.73 2.30 2.50e-12 | -11.602 2.10e-09
55 s 5{Cs+ 1.0 | Granodiorite 2.73 - 2.30 5.00e-12 | ~11.301 2.10e-09
56 | Cs 5| Cs+ 1.0 | Altered granodiorite | 2.61 - 3.20 2.50e-12| -11.602 2.10e-09
57 |cs 5 cs+ 1.0| Altered granodiorite | 2.61 320 4.80e-12| -11.319| 2.10e-09
5814cs 5| Css+ 1.0 | Altered granodiorite | 2.61 3.20 B8.00e-12] -11.222 2.10e-00
59 1Cs 5| Cs+ 1.0 | Fracture fillings 2.43 5.60 1.40e-11| -10.854 2.10e-09
60 | Cs 5(Cs+ 1.0 | Fracture fillings 2.43 5.60 2.20e-11 -10.658 2.10e-09
61 |cs 5| ce+ 1.0 | Granodiorite 0.880 140e-12| -11.854| 2.108-09
82 | cs 5| Cst 1.0 | Granodiorite 2.73 2.30 5.10e-12 | -11.202 2.100-08
63 |cs 5| Cs+ 1.0 | Altered granodiorite | 2.61 3.20 1.20e-11| ~10.921 2.10e-09
84 |cs 5| Cse 1.0| Fracture fillings 2.43 5.60 1.80e-11| -10745|  2.10e-09
85 | cs 5| cs+ 1.0 Granodiorite 2.30 5.10e-12| -11.202 2.10e-09
66 Cs 5 Cs+ - 10 Altered granodigﬁte 3.20 1.20e-11 -10.921 2.10e-09
67 | cs 5 1.0 Fracture fillings 5.60 1.80e-11| -10.745 2.10e-09

Cs+
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A= #9 - “BEEREAEDe/Da data”

Formation factor(FF) | Geometric factor(Gf) | Rock capacity factor | Da(m2/s) iog Da Method Porewater pH
34 0.000360 0.0360 ' Through-diffusion | Distilled water { 5.50
35 0.000260 0.0260 Through-diffusion | Distilled water | 5.50
36 0.000370 ) 0.140 2.00e-11 | -10.899 | Through-diffusion |, Distilled water - [ 5.80
37 0.00500 0.220 9.80e-12 | -11.008 | Through-diffusion | groundwater 8.70
38 0.00420 0.130 1.00e-11 | -11.000 | Through-diffusion groundwater 8.77
39 £.00900 0.160 2.60e-11| -10.585 | Through-diffusion | groundwater 8.92
40 0.000290 "0.0420 Through-diffusion | 0.1M KCl 4.00
41 0.000470 0.0689 Through-diffusion | 0.1M KCI 4.00
42 0.000420 0.0620 Through-diffusion | 0.1M KC! 4.00
43 0.000360 0.0520 Through-diffusion | 0.1M KCl 4.00
44 0.000300 0.0440 Through-diffusion | 0.1M KCI 4.00
45 0.000480 0.0710 Through-diffusion | 0.1M KCI 4.00
46 0.000340 0.0500 Through-diffusion | 0.1M KCI. 4,00
47 0.000220 0.0320 ‘ Through-diffusion | 0.1M KCI 4.00
48 2.00e-11 | -10.699] |n-diffusion Deionized water | 4.30
49 8.00s-12| -11.897| In-diffusion Deionized water | 6.00
80 2.00e-11 | -10.699 | In-diffusion Deionized water | 7.70
51 2.008-11 | -10.699 | |n-diffusion Deionized water | 9.40
52 0.000670 0.0560 0.140 1.00e-11 -11.000 | Through-diffusion | Distilled water 5.80
53 0.00370 0.160 0.650 120e-11| -10.921 | Through-diffusion | groundwater 8.70
84 1 0.00120 0.0520 0.190 1.30e-11 -10.886 | Through-diffusion | groundwater 8.70
85 0.00240 0.100 0.700 7.10e-12| -11.149 | Through-diffusion | groundwater 8.70
56 0.00120 0.0380 0.700 3208-12| -11.495 | Through-diffusion | groundwater 8.77
57 0.00230 0.0720 0.910 5.30e-12] -11.276 | Through-diffusion | groundwater 8.77
58 0.00290 0.0910 1.20 5.10e-12| -11.202 | Through-diffusion { groundwater 8.77
59 0.00670 0.120 1.30 1.10e-11| -10.959 | Through-diffusion | groundwater 8.92
60 0.01000 0.180 1.70 1.30e-11] -10.886 | Through-diffusion | groundwater 8.92
61 0.000670 0.0760 1.00e-11 ] -11.000 | Through-diffusion | Distilled water | 6.00
62 0.00240 0.100 1.10e-11 | -10.859 | Through-diffusion | groundwater 8.70
63 0.000570 0.0180 4.50e-12 | -11.347 | Through-diffusion | groundwater 8.77
64 0.000860 0.0150 120e-11 | -10.921 | Through-diffusion | groundwater 8.92
65 0.00240 0.100 1.10e-11 | -10.959 | Through-diffusion | groundwater 8.70
66 0.000570 0.0180 4.50e-12 | -11.347 | Through-diffusion | groundwater 8.77
67 0.000860 0.0150 1.20e-11| -10.921 | Through-diffusion | groundwater 8.92
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A-P#16 - "BMREESEDe/Da data” -

Tracer Contact time | Temperature(C) Eh(mV) ! Others
34 1 60000ppmCi{NaCl) probably room aerobic
35 | 60000ppmCI(NaCl) probably room aerobic
36 1 0.6M.C1 25.0 aerobic
37 1 0.06M(2127ppm) 30days 25.0 aerobic
38 | 0.06M(2127ppm) 30days 25.0 aerobic
39 ] 0.06M(2127ppm) 30days 25.0 aerchic
40 | CoCI2 25.0 aerobic
4 | CoCl2 25.0 aerobic
42 ] coCi2 25.0 aerobic
431 CoCI2 25.0 aerobic
44 1 CoCI2 25.0 asrobic
45 1 CoCl2 25.0 aerobic
46 | coCl2 25.0 aerobic
47 | coCl2 25.0 aerobic
48 | 2KBg/ml 7days 30.0 aerobic
49 | 2KBgq/ml 7days 30.0 aerobic
50 ] 2KBq/ml 7days 30.0 aerobic
51 | 2KBg/ml 7days 30.0 aerobic
52 J0.1M CsCl 25.0 aerobic
53 10.01M(1330ppm)CsCl 30days 25.0 aerabic
54 § 0.01M{1330ppm)CsCl 30days 25.0 -| aerobic
55 1 0.01M(1330ppm)CsCl | 30days 25.0 aerobic
56 § 0.01M{1330ppm)CsCl 30days 25.0 aerobic
57 }0.01M(1330ppm)CsCl 30days 25.0 aerobic
5B § 0.01M(1330ppm)CsCl | 30days 25.0 aerobic
69 1 0.01M(1330ppm)CsCl 30days 25.0 aerobic
60 1 0.01M(1330ppm)CsCl 30days 25.0 aerobic
61 10.1M CsCl 25.0 aerobic
62 | 0.01M(1330ppm)CsCl | 30days 25.0 aerobic
63 1 0.01M(1330ppm)CsCl 30days 25.0 aerobic
64 1 0.01M(1330ppm)CsCl 30days 25.0 "agrobic
65 ) : 25.0 aerohic
66 25.0 aerobic
67 25.0 aerobic
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A3 #3 - “EEESSIEDe/Da data”

Dry density{g/cm3)

De{m2/s)

Element(nuclide) | Element No. | Species | Charge Solid Porosity(%) logDe | Do(m2/s)
68 fCs 5| Cs+ 1.0 | Granodiorite 1.00 1.36e-12 | -11.8668|  2.10e-09
689 ]cs 5|Cs+ 1.0 | Granodiorite 1.40e-12| -11.854 2.10e-09
701 Cs 5| cs+ 1.0 | Granodiarite 2.73 2.30 5.10e-12| -11.292 2.10e-09
1 ]Cs 5| Cs+ 1.0| Altered granodicrite | 2.61 3.20 1.20e-11| -10.921 2.10e-09
2ics 5| Cs+ 1.0{ Fracture fillings 2.43 5.60 1.80e-11| -10.745 2.10e-09
73iCs 5| Cs+ 1.0 | Granodiorite 0.880 1.40e-12{ -11.854 2.10e-08
74 1Cs-134 5| Cs+ 1.0 Granite 2.10e-08
751Cs-134 5| Cs+ 1.0 | Biotitic granite 2.70 0.374 2.10e-08
76 1 Cs-134 5| Cs+ 1.0 | Granite 0.800 2,10e-09
77 | cs-134 85| Cs+ 1.0 | Granite 0.800 2.10e-09
78 1Cs-134 5| Cs+ 1.0 | Granite 0.800 2.10e-09
791Cs-134 - 8| Cs+ 1.0 | Granite 0.800 2.10e-09
80 | Ccs-134 5| Cs+ '1.0' Granite 0.800 2.10e-09
81| cs-i34 5| Cs+ 1.0 | Granite 0.800 2.10e-09
82 |H-3 6 | H20 0.0 | Granodiorite 273 2.30 5.00e-12 | -11.301 2.10e-09
83 | H-3 6| HZ0 0.0 | Granodiorite 273 2.30 4.80e-12 | -11.319 2.10e-09
84 | H-3 6{ H20 0.0 | Granodiorite 2.73 2.30 620e-12 | -11.208 2.10e-09
85 | H-3 6| H20 0.0{ Altered granodiorite | 2.61 3.20 1.70e-11| -10.770 2.10e-08
85 | H-3 6| H20 0.0 | Altered granodiorite | 2.61 3.20 2.00e11| -10.689 2.10e-09
87 |H4-3 8| H20 0.0 | Altered granodiorite | 2.61 3.20 1.70e-11 | -10770|  2.10e-08
88 | -3 6| HzO 0.0 | Fracture fillings 2.43 5.60 2.70e-1%| -10.569 2.10e-09
89 [ H-3 6 | H20 0.0 | Fracture fillings 2.43 5.60 2.80e-11| -10.653 2.10e-08
90 | H-3 6| Hzo 0.0 | Fracture fillings 2.43 5.60 1.80e-11| -10.796 2.10e-09
91 | H-3 8 H20 0.0 | Granodiorite | 2.73 2.30 530e-12] -11.276 2.10e-09
92 |H-3 6| H20 0.0 Altered granodiorite | 2.61 3.20 1.80e-11| -10.745 2.10e-09
93 fH-3 81 H20 0.0 | Granodiorite 2.30 5.30e-12| -11.278 2.10e-09
94 -3 6| H20 0.0 | Altered granodiorite 3.20 1.80e-11| -10.745 2.10e-09
95 |H-3 61{Hz20 - 0.0 | Fracture fillings 5.60 240e-11| -10.620 2.10e-09
96 | H-3 6 | H20 0.0 | Granodiorite 2.73 2.30 530e-12 | -11.276 2.10e-08
97 |H-3 6| H20 0.0 | Altered granadiorite | 2.81 3.20 1.80e-11| -10.745 2.10e-09
98 |y 71- -1.0 | Granite 0.800 2.60e-12 | -11.585 2,00e-09
99 || 7|1- -1.0| Granite 0.800 1.90e-12} -11.721 2.00e-09
100 || 711 -1.0 | Granite "0.770 2.60e12| -11.585 2.00e-09
101 |1 7lr- -1.0 0.770 1.90e12| -11.721 2.00e-09

' Granite
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AP #10 - “BitERHEDe/Da data”

Formation factor(FF) | Geometric factor{Gf) { Rock capacity factor | Da(m2/s) { logDa Method - Porewater pH
68 0.000850 0.0650 1.008-11 [ -11.000 | Through-diffusion Distilled water | 6.00
69 0.000670 0.140 1.00e-11| -11.000 | Through-diffusion Distilled water | 5.80
70 0.00240 ¢.100 1.10e-11 | -10.858 | Through-diffusion groundwater 8.70
71 0.000570 0.0180 4.50e-12 | -11.347 | Through-diffusion groundwater 8.77
72 0.000860 0.0150 1.20e-11 | -10.921 | Through-diffusion groundwater 8.92
73 0.000670 0.0760 1.00e-11 | -11.000 | Through-diffusion Distilled water | 6.00
74 3.10e-14 | -13.508 | Advection diffusion Distilled water
75 8.00e-12 | -11.087 | |n-giffusion Distilled water
76 1.00e-11 | -11.000 | |n-diffusion Dejonized water | 4.30
77 1.00e-11 | -11.000 | n-diffusion Deionized water | 6.00
78 1.00e-11} -11.000 | in-diffusion Deionized water | 7.70
79 1.00e-11 [ -11.000 ] |n-diffusion Deionized water { 9.40 .
30 1.50e-11 | -10.824 | In-diffusion Deionized water | 4.20
81 3.00e-11| -10.523 | In-diffusion Delonized water | 4.20
8z 0.00240 0.100 0.00 2.20e-10 | -8.6580 | Through-diffusion groundwater 8.70
83 0.00230 0.100 0.00 2.10e-10 | -9.6780 | Through-diffusion groundwater 8.70
84 0.00300 0.130 0.0330 1.90e-10 | -9.7210 | Through-diffusion groundwater 8.70
85 0.00810 0.250 0.00 5.30e-10| -9.2760 Thmugh_diffusion groundwater 8.77
86 0.00950 0.300 .0.00| - 8.30e-10} -9.2010 | Through-diffusion groundwater 8.77
87 0.00810 0.250 0.00 5.30e-10 | -9.2760 Through-diffusion groundwater 8.77
88 0.0130 0.230 0.0560 4.80e-10 | -9.31%0 | Through-diffusion groundwater 8.92
89 0.0130 0.240 0.0560 5.00e-10| -9.3010 | Through-diffusion groundwater 8.92
g0 0.00760 0.140 0.0560 2.90e-10| -8.5380 | Through-diffusion groundwater 8.92
91 0.00250 0.110 2.10e-10 | -9.6780 | Through-diffusion groundwater 8.70
92 0.00860 0.180 5.80e-10 ] -8.2520 | Through-diffusion groundwater 8.77
93 0.00250 0.110 2.10e-10| -9.6780 | Through-diffusion groundwater 8.70
94 0.00880 0.180 5.60e-10} -8.2520 | Through-diffusion groundwater 8.77
95 0.0110 0.200 4.30e-10 |  -9.3670 | Through-diffusion groundwater 8.92
96 0.00250 0.110 2.10e-10 | -9.6780 | Through-diffusion groundwater 8.70
97 0.00860 0.180 5.60e-10 | -9.2520 | Through-diffusion groundwater 8.77
98 0.00130 . 0.160 0.0950 2.74e-11| -10.562 | Through-diffusion Deionized water
99 0.000850 0.120 0.140 1.26e-11 | -10.866 | Through-diffusion Deionized water
100 0.00130 0.170 0.0900 2.89e-11 -10.539 | Through-diffusion Distilled water
101 0.000960 0.120 0.130 1.46e-11 -10.836 Through_diffusfon Distilled water
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A= #17 - "Bt RHEDe/Da data”

Tracer Contact time | Temperature{’C} | Eh(mV) | Others
68 10.1M CsCl 20,0 aerobic
89 {0.1M CsCl 25.0 aerobic
70 1 0.01M(1330ppm)CsCl 30days 25.0 aerobic
71 §0.01M(1330ppm)CsCl 30days 25.0 aerobic
7210.01M{1330ppm)CsCl | 30days 25.0 aerabic
7310.1M CsCl 20.0 aerobic
74 1 CsCI{+Cs-134) probably room aerobic
75 fCs-134(+Cs carrier) 51days 70.0 aerobic
76 | 2kBq/ml 7days 30.0 aerobic
77 | 2kBg/mil 7days 30.0 aerohic
78| 2kBg/ml 7days 30.0 aerobic
79 | 2kBg/ml 7days 30.0 aerobic.
80 | 2kBq/ml 7days 40.0 aerobic
811 2kBq/mi 7days 56.0 aerobic
.82 1 6000Bg/mi 23days 23.0 aerobic
82 1 6000Bg/mi 23days 23.0 aerchic
84 1 6000BRg/ml 23days 23.0 aerobic
85 | 6000Bg/mi 23days 23.0 aerobic
86 | 6000Bg/mi 23days 23.0 aerobic -
87 | 6000Bg/ml 23days 23.0 aerobic
88 | 6000Bg/ml 23days 23.0 aerobic
89 | 6000Bg/ml 23days 23.0 aerobic
90 | 6000Bq/ml 23days 23.0 aerobic
91 | 6000Bq/ml 23days 23.0 aerobic
92 | 6000Bg/ml 23days 23.0 aerobic
93 | 2MBg/5ml 23.0 aerobic
94 | 2MBg/5Sml 23.0 aerobic
95 | 2MBg/5m 23.0 aerobic.
96 | 6000Bq/ml 23days 23.0 aerobic
97 | 6000Bg/ml 23days 23.0 aerobic
98 | 1M{127000ppm)KI probably room aerobic
99 §F 1M(127000ppm)KI, probably room aerobic
100 | 1M(127000ppm)KI probably room aerobic
101 ] 1M(127000ppm)KI probably room aerobic
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~—3 #4 - "BUEESHEDe/Da data”

Element(nuclide} | Element No. | Species | Charge Solid Dry density(g/cm3) | Porosity(%) | De(m2/s) logDe | Do(m2/s)
102 |1-125 7if- -1.0 | Granite 0.400 4.40e-13| -12.357 2.00e-09
103 J i 8| K+ 1.0 | Granite 2.60 0.880 7.70e-13 | -12.114 2,00e-09
104 [ 8| ke 1.0 | Granite 2.60 0.880 1.10e-12| -11.959 2.00e-09
105 K 8Ky 1.0 { Granite 2.60 0.880 8.30e-13| -12.081 2.00e-09
106 | K 8| K+ 1.0 | Granite 2.60 0.880 1.80e-12 | -11.745 2.00e-09
107 |k 8| ks 1.0 |-Granite 2.60 0.880 8.30e-13 | -12.081 2.00e-09
108 | k B Ks 1.0 | Granite 2.60 0.880 1.80e-12| -11.745 2.00e-09
109 | Mg 9| Mg2+ 2.0| Granite 0.680 1.80e-13| -12.721 7.10e-10
110 { Mg 9 | Mg2+ 2.0 Granite 0.680 3.30e-13| -12.481 7.10e-10
111 [ Mg 9 Mg2+ 2.0 | Granite 0.680 3.00e-13} -12.523 7.10e-10
112 | Mg 9| Mg2+ 2.0 Granite 0.680| 290e-13| -12538 7.10e-10
113 [ Mg 9| Mg2+ 2.8 Granite 0.680 230e-13| -12.638 7.10e-10
114 [ Mg 9| Mg2+ 2.0 | Granite 0.680 3.60e-13| -12.444 7.10e-10
115 I Mg 9| Mg2+ 2.0 | Granite 0.680 2.40e-13 | -12.820 7.10e-10
116 [ Mg 9| Mg2+ 2.0 | Granite 0.680 | 1.90e13| -12.721 7.10e-10
117 I Na 10| Na+- 1.0 | Granodiorite 2.64 i.20 440e-13 | -12.357 1.30e-09
118 | Na 10| Na+ 1.0 | Granodiorite 2.64 1.20 520e-13| -12.284 1.30e-09
119 INa 10| Na+ 1.0 Granodiorite 2.64 1.20 4.70e-13| -12.328 1.30e-09
120 [ Ng 10 | Nas 1.0 | Granodiorite 273 2,30 6.50e-12 | -11.187 1.30e-09 |
121 I Na 10 | Nas 1.0 | Granodiorite 2.73 2.30 2.30e-12| -11.638 1.30e-00
122 | Na 10 | Na+ 1.0 | Granodiorite 2.73 2.30 5.20e-12| -11.284 1.30e-08
123 | Na 10 | Na+ 1.0 | Altered granodicrite | 2.61 3.20 1.20e-11| -10.921 1.30e-08
124 | Nz 10| Na+ 1.0 | Altered granodiorite 2.61 3.20 5.10e-12 -11.282 1.30e-09
125 I Na 10 | Na+ 1.0 | Altered granodiorite 2.61 3.20 4.30e-12 -11.367 1.30e-09
126 §{ Na 10 | Na+ 1.0 | Fracture fillings 2.43 5.60 2.10e-11 -10.678 1.30e-09
127 I Na 10 | Na+ 1.0 Fracture fillings 2.43 5.60 1.70e11| -10.770 1.30e-09
128 I Na 10 | Na+ 1.0| Fracture fillings 2.43 5.60 1.30e-09
129 | Ng 10 { Na+ 1.0 | Granodiorite 2.30 4.70e-12| -11.328 1.30e-09
130 I Na 10 { Na+ 1.0 | Altered granodiorite 3.20 720e-12| -11.143 1.30e-09
131 I Na 10 | Na+ 1.0 | Fracture fillings 5.60 1.90e-11| -10.721 1.30e-09
132 I Na 10| Na+ 1.0 | Granodiocrite 2.73 2.30 4.70e-12 | -11.328|  1.30e-09
133 I Ng 10 | Nas- 1.0| Altered granodiorite | 2.61 3.20 7.20e-12 | -11.143 1.30e-09
134 | Na 10 | Na+ 1.0 Fracture fillings 2.43 5.60 1.90e-11 | -10.721% 1.30e-09
135 | Na 10 | Na+ 1.0 | Granodiorite 2.73 2.30 4.70e-12 | -11.328 1.30e-09
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A—-3 #11 - “EBESSEREDe/Da data”

Rock capacity factor |

. Formation factor(FF) | Geometric factor(Gf) Da(m2/s) | logDa Method Porewater pH
102 0.000220 0.0550 0.340 1.30e-12 |- -11.886 | Through-diffusion | groundwater
103 0.000390 0.044D “canductivity 0.TM KCl
104 0.000550 0.0630 conductivity 0.1M KOl
108 0.000410 0.0470 conductivity 0.1M Kd
106 0.000900 - 0,100 conductivity 0.1M KC
107 0.000420 0.0470 conductivity 0.1M KCl
108 0.000900 0.100 conductivity 0.1M KCI
109 0.000270 0.0390 Through-diffusion | 0.1M KCI 4.00
110 0.000480 0.0680 Through-diffusion | 0.1M KCI 4.00
111 0.000420 0.0620 Through-diffusion | 0.1M KCI 4.00
112 0.000410 0.0600 Through-diffusion | 0.1M KC| 4.00
113 0.000320 0.0480 Through-diffusion | 0.1M KCi 4.00
114 0.000510 0.0750 Through-diffusion | 0.1M KCI 4.00
115 0.000340 0.0500 Through-diffusion | 0.1M KCI 4.00
116 0.000270 0.0390 Through-diffusion | 0.1M KCI 4.00
117 0.000340 0.0280 Through-diffusion | Distilled water .| 5.50
118 0.000400 " 0.0830 Through-diffusion | Distilled water [ 5.50
119 0.000360 0.0300 Th'rough-diﬁusion Distilled water | 5.50
120 0.00500 £.220 0.0850 8.00e-111 -10.097 | Through-diffusion | groundwater 8.70
121 0.00180 0.0770 Through-diffusion | groundwater 8.70
122 0.00400 0.170 0.860 5.40e-12 | * ~11.268 | Through-diffusion | groundwater 8.70
123 0.00920 0.290 1.43 8.40e-12 -11.076 Through-djffusign groundwater 8.77
124 0.00390 0.120 0.860 7.70e-12| -11.114 | Through-diffusion | groundwater 8.77
125 0.00330 0,100 0.330 1.30e-11] -10.886 | Through-diffusion | groundwater 8.77
126 0.0160 0.290 1.11 1.80e-11] -10.721 | Through-diffusion | groundwater 8.92
127 0.0130 0.230 0.850 2.00e-11 -10.699 Through-diffusion groundwater 8.92
128 Through-diffusion | groundwater 8.92
129 0.00360 0.160 4.30e-11 | -10.367 | Through-diffusion | groundwater B.70
130 0.00550 0.170 9.70e-12 | -11.013 | Through-diffusion | groundwater 8.77
131 0.0150 0.260 2.00e-11 | -10.699 | Through-diffusion | groundwater 8.92
132 0.00360 0.160 4.30e-11 | -10.367 | Through-diffusion | groundwater 8.70
133 0.00550 0.170 9.70e-12 | -11.013 | Through-diffusion | groundwater 8.77
134 0.0150 0.260 2.00e-11{ -10.699 | Through-diffusion | groundwater 8.92
135 0.00360 0.160 4.30e-11 | -10.367 | Through-diffusion | groundwater 8.70

690—66 O0F8NL ONI



—0LE-

A—U #18 - "BEREHREAEDe/Da data”

Tracer Contact time | Temperature(’C) | Eh(mV) | Others
102 ] Sri2(3.4e-4M) probably room aerobic
103 | 0.1M KCi probably room aerobic
104 }0.1M KCI probably room aerobic
105 | 0.1M KCi probably recom aerobic
106 | 0.1M KCI probably rcom aerobic
107 | 0.1M KCI probably room aerobic
108 10.1M KCI probably room aerobic
108 MgCl2 25.0 aerobic
110 ] MgCI2 25.0 aerobic
111 I MgCI2 25.0 aerobic
112 I MgCI2 25.0 aerobic
113 f MgCi2 25.0 aerobic
114 I MgCl2 25.0 aerabic
116 | MgCl2 25.0 aerobic
116 § MgCl2 25.0 aerobic
117 | 10%NacCl 25.0 aerobic
118 | 10%NaCl 25.0 aerchic
119 1 10%NaCl 25.0 aerchic
120 | 0.05M{1150ppmNa) | 30days 25.0 aerobic
121 ] 0.05M{1150ppmNa} | 30days 25.0 aerobic
122 | 0,05M(1150ppmNa) | 30days 25.0 aerobic
123  0.05M(1150ppmNa) | 30days 25.0 aerobic
124 1 0.05M(1150ppmiNa) | 30days 25.0 aerobic
125 1 0.05M(1150ppmNa) | 30days 25.0 aerobic
126 | 0.05M(1150ppmNa) | 30days 25.0 aerobic
127 1 0.05M(1150ppmNa) | 30days 25.0 aerobic
128 1 0.05M(1150ppmNa) | 30days 25.0 aerobic
129 25.0 aerobic
130 25.0 aerobic
131 25.0 aerobic
132 1 0.05M(1150ppmiNa) | 30days 25.0 aerobic
133 3 0.05M(1150ppmNa) | 30days 25.0 aerobic
1341 0.05M(1150ppmNa) | 30days 25.0 aerabic
135 § 0.05M(1150ppmNa) | 30days 25.0 aerobic
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#5 - “"BEEREAEDe/Da data”

Element(nuclide) | Element No. Species Charge Sclid Dry density{g/cm3) | Porosity(%) | De(m2/s) logDe | Do(m2/s)
136 [ Na 10 | Na+ . i 1.0 | Altered granodion'te 2.61 3.20 7.208-12 -11.143 1.30e-09
137 [ Na 10 | Na+ 1.0 { Fracture fillings 2.43 560| 1.90e-11| -10.721 1.30e-09
138 | Ni 11| Niz+ 2.0 | Granodiorite 2.64 1.20 670e-13 | -12.244 6.60e-10
139 | i 1| Niz+ 2.0 | Granite 0.680 2.00e-13| -12.609 6.60e-10
140 | i 1] Niz+ 2.0 | Granite 0.680 3.40e-13| -12.469 6.60e-10
141 | ni 11| Niz+ 2.9 | Granite 0.680 3.00e-13| -12.523 6.60e-10
142 | ni 11| Niz+ 2.0 Granite 0.680 2.90e-13| -12.538 6.60e-10
143 | N 11 | Niz+ 2.0 Granite 0.680 240e-13| -12.620 6.60e-10
144 I N 11 | Niz+ 2.0 | Granite 0.680 3.60e-13 | -12.444 6.60e-10
145 | ni 11 ] Niz+ 2.0 | Granite 0.680 2.60e-13 | -12.602 8.60e-10
146 [ Ni 11 | Ni2+ 2.0 | Granite 0.680 1.80e-13| -12.721 6.60e-10
147 | Ni 11| Niz+ 2.0 | Granodiorite 0.880 570e-13| -12.244 6.60e-10
148 | Ni 11 | Niz+ 2.0 | Granodiorite 1.00 5.72e-13| -12.243 6.60e-10
149 | Ni 11 | Niz+ 2.0 | Granodiorite 5.70e-13| -12.244 6.60e-10
150 | Ni 11| Nize 2.0 Granodiorite 0.880 5.70e-13| -12.244 6.60e-10
151 I Np-237 12 | Np02+ 1.0 | Granite 0.740 210e-131 -12.678 1.20e-08
152 | Np-237 12 | NpO2+ 1.0 | Granite 0.740 290e-13 | -12.538 1.20e-09
153 [ Np-237 12 Granite 2.64 0.490 4.60e-13 | -12.337
154 | Np-237 12 Granite 2.64 £.490 4.60e-13 | -12.337
155 | Np-237 12 Granite 2.64. 0.490 4.60e-13 | -12.337
156 | Np-237 12 | NpOZ+ 1.0{ Granite 2.10e-13| -12.678 1.20e-09
157 | Np-237 12 | NpO2Z+ . 1.0 { Granite 2.90e-13 | -12.538 1.20e-09
158 | Pu-239 13 | Carbonate complex -2.0 Granite 5.10e-14| -13.202
158 1 py-239 13 | Carbonate complex -2.0 | Granite 5.10e-14 | -13.292
160 | pu-239 13 | Carbonate complex -2.0 | Granite 5.10e-14 | -13.202
161 { Se 14 | 5e032- -2.0 | Granodiorite 2.73 2.30 3.20e-12 | -11.495 8.10e-10
162 | se 14| ge032- -2.0 | Granodiorite 2.73 2.30 7.20e-13 | -12.143 8.10e-10
163 | Se 14 | 5e032- -2.0 | Granodiorite 2.73 2.30 1.90e-12 | -11.721 8.10e-10
164 | 5 14 [ Se032- -2.0 | Altered granodiorite | 2.61 3.20 8.10e-10
165 | se 14 | Se032- -2.0 | Altered granodiorite | 2.61 3.20 2.40e-12 | -11.620 8.10e-10
166 | se 14| Se032- -2.0| Altered grancdiorite | 2.61 3.20 3.30e-12| -11.481 8.10e-10
167 { Se 14| SeD32- -2.0| Fracture fillings 2.43 5.60 5.70e-12| -11.244 8.10e-10
168 | 5e 14 | Se032- -2.0 | Fracture fillings 2.43 5.60 4.90e-12 [ -11.310 8.10e-10
168 { 50 14| 5e032- ~2.0 | Granodiorite 1273 230 - 1.90e12} -11.721 8.10e-10
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R=¥ #12 - "BEESAADe/Da data”

Formation factor(FF} | Geometric factor(Gf) | Rock capacity factor | Da(m2/s) | JogDa Method Porewater pH

136 0.00550 0.170 9.70e-12 | -11.013 | Through-diffusion | groundwater 8.77
137 0.0150 0.260 2.00e-11 | -10.689 | Through-diffusion | groundwater 8.92
138 0.000860 0.0720 0.0570 1.00e-11 -11.000 Through-diffusion | Distilled water 5.80
139 0.000300 0.0450 Through-diffusion | 0.1M KCI 4.00
140 0.000520 0.0760 Through-diffusion | 0,1M KCI 4.00
141 0.000450 0.0670 Through-diffusion | 0,1M KCl 4.00
142 0.000440 0.0850 Through-diffusion | 0.1M KCI 4.00
143 0.000360 0.0530 Through-diffusion | 0.1M KCI 4,00
144 0.000550 0.0800 Through-diffusion ‘| 0.1TM KCi 4.00
145 £.000380 0.0560 Through-diffusion | 0.TM KCi 4,00
146 0.000290 0.0420 Through-diffusion . | 0.1M KCI 4.00
147 0.000860 0.0980 1.00e-11 | -11.000 | Through-diffusion | Disrilled water | 6.00
148 0.000870 0.0870 1.008-11 | -11.000 | Through-diffusion | Disrilled water | 6.00
149 0.0570 1.00e-11 |- -11.000 | Through-diffusion | Disrilled water | 5.80
150 0.000860 0.0980 1.00e-11 | -11.000 | Through-diffusion | Disrilled water | 5.80
151 0.00180 ©.240 0.0160 1.30e-11| -10.886 | Through-diffusion groundwater | 7.40
152 0.00240 0.330 0.00400 7.20e-11 -10.143 Through-diffusion | groundwater 7.40
153 0.240 1.92e-12| -11.717 | Through-diffusion | 1M NaHCO3 8.60
154 0.240 1.826-12| -11.717 | Through-diffusion | 1M NaHCO3 8.60
155 0.240 1.82e-12 | -11.717 | Through-diffusion | 1M NaHCO3 8.60
156 0.00180 0.0160 1.30e-11| -10.886 | Through-diffusion | groundwater 7.40
157 0.00240 0.00400 7.20e-11 | -10.143 Through-diffusion | groundwater 7.40
158 Through-diffusion | NaHCO3+NaNQ2 | 9.30
159 Through-diffusion | NaHCO3+NaNQ2 | 9.30
160 Through-diffusion | NaHCO3+NaND2 | 9.30
161 0.00400 0.170 0.320 1.00e-10 | -10.000 Through-diffusion | groundwater 8.70
162 0.000880 0.0390 0.170 430e-12| -11.367 Through-diffusion | groundwater 8.70
163 0.00230 0.100 0.350 6.30e-12| -11.278 Through-diffusion | groundwater = | 8,70
164 1.40e-12|  -11.854 | Through-diffusion | groundwater 8.77
165 0.00300 0.0230 0.180 1.30e-11 -10.886 Through-diffusion | groundwater B8.77
166 0.00410 0.130 0.350 9.30e-12| -11.032 | Through-diffusion | groundwater 8.77
. 167 0.00700 D0.130 0.700 8.10e-12 | -11.082 Through-diffusion | groundwater 8.92
168 0.00600 0.110 1.3 3.70e-12 |  -11.432 | Through-diffusion groundwater 8.92
169 .0.00230 0.100 6.50e-12] -11.187 | Through-diffusion | groundwater 8.70
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Tracer Contact time Temperature(C) Eh{mV) Others
136 ] 0.05M(1150ppmNa) 30days 25.0 aerobic
137 ] 0.05M(1150ppmNa) 30days 25.0 aerobic
138 | 0.1MNiCI2 137days 25.0 aerobic
139 I NiCI2 25.0 aerobic
140 I NiCI2 25.0 aerobic
141 I NiCI2 25.0 gerobic
142 I NiC12 25.0 aerobic
143 | NiCi2 25.0 aerobic
144 INiCI2 25.0 aerobic
145 | NiCI2 25.0 aerobic
146 | NiCI2 25.0 aerchic
147 } 0.1 MNICI2 20.0 - aerobic
148 | 0.1 MNiCI2 20.0 aerobic
149 [ 0.1 MNiCI2 25.0 aerobic
150 | 0.1MNiCI2 20.0 aerobic
151 }1117Bg/ml about 180days | probably room" aerobic
152 | 1117Bg/ml about 180days | probably room aerobic
153 } 356Bg/ml about 350days | 26%1 ~-500~-400 | reducing
164 } 356Bq/ml about 350days | 261 -500~-400 | reducing
155 § 356Bg/mi about 350days | 261 -500~-400 | reducing
561 - room aerobic
157 room aerobic
158 | 570Bg/ml{e-6M) 25.0 aerobic
159 | 570Bg/mi(e-6M) 25.0 aerobic
160 | 570Bq/mi(e-6M) 25.0 aerobic
161 | 6e-4M(50ppmSe)Se02 | 36days 22.0 anaerobic
162 | Ge-AM(50ppmSe)SeQ2 | 36days 22.0 anaerobic
163 | 6e-4M(50ppmSe)SeQ2 | 36days 22.0 anaerobic
164 | 6e-4M(50ppmSe)Se02 | 36days 22.0 anaerobic
165 § 6e-4M(50ppmSe)Se02 | 36days 22.0 anaerobic
166 | 6e-4M(50ppmSe)SeQ2 | 36days 22.0 anaerobic
167 | 6e-4M(50ppmSe)Se2 | 36days 22.0 anaerobic
168 | 6e-4M(50ppmSe)Se02 | 36days 22.0 anaercbic
169 } 6e-4M(50ppmSe)Se02 | 36days 22.0 anaerobic
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~N—P 6 - "Bt R EDe/Da data”

_ Element{nuclide) | ElementNo. | Species | Charge Solid Dry density(g/cm3) | Porosity(%)} | De(m2/s) logDe '| Do{m2/s)
170 | Se 14 | Se032- -2.0[ Altered, granodiorite | 2.61 3.20 2.90e-12 | -11.528 8.10e-10
171 | se 14| 5e032- 2.0 | Granodiorite 2.30 190e-12| 41721 8.10e-10
172 ] se 141 5e032- -2.0 | Altered granodiorite 3.20 2.90e-12( -11.538 8.10e-10
173 { Se 14} 5e032- 2.0 | Fracture fillings 5.60 5.30e12] -11.276 8.10e-10
174 ] Se 14| SeQ42- -2.0 | Granodiorite ' , 1.00e-09
175 | se 14| 5e032- -2.0 | Granodiorite 2.73 2.30 1.90e-12 | -11.721 8.10e-10
176 | se 14| SeD32- -2.0 | Altered grancdiorite | 2.61 3.20 2.90e-12| -11.538 8.10e-10
177 [ sm 15| gma+ 3.0 Granodiorite 2.64 1.20 570e-13| -12.244 6.10e-10
178 [ Sm 15 | Sm3+ 3.0 | Granodiorite 0.880 5.70e-13| -12.244 6.10e-10
179 [ sm 151 5m3+ 3.0 | Granodiorite 1.00 574613 | -12.241 6.10e-10
180 | sm 15| Sm3+ 3.0 | Granodiorite 5.70e-13| -12.244 6.10e-10
181 | sm 15| Sm3+ 3.0 | Granodiorite 0.880 6.70e-13 | -12.244 6.10e~10
182 | gr 16| gro4 2.0 | Granite 0.700 2.00e-13| -12.698 7.90e-10
183 | 5r 16 5r24 2.0| Granite 0.700 2.10e-13 | -12.678 7.90e-10
184 t5r 16| Sr2+ 2.0 | Granite 0.700 2.60e-13{ -12.585 7.90e-10
185 ISy 16| 5r2+ 2.0 | Granite 0.700 2.60e-13( -12.585 7.90e~-10
186 | sr 16| 52+ 2.0 Granite 0700 3.10e-13| -12509|  7.690e-10
187 | g 16| §r2+ " 2.0 Granite 0.700 3.60e-13| -12.444 7.90e-10
188 {5r 16 | sr24 2.0| Granite 0.700 3.20e12| -11.495 7.90e-10
189 [ 55 16 [ Sro+ 2.0 | Granite 0700 9.50e12| -11.022| 7.90e-10
190 | sr 16| Sr2+ 2.0 | Granite 0.700 1.70e-11 |- -10.770 7.90e-10
191 |5 161524 2.0 | Granite 0.680 2.10e-13| -12.678 7.908-10
192 {5r 16| 524+ 2.0 Granite 0.680 3.60e-13| -12.444(  7.90e-10
193 | gr 16| 5r2+ 2.0 | Granite 0.680 3.10e-13| -12509| . 7.90e-10
194 g 16| gr24 2.0 Granite 0.680 2.60e-13 | -12.585 7.90e-10
195 | sy 16| Sr2+ 2.0 | Granite 0.680 2.60e-13 | -12.585 7.90e-10
196 | 5r 16| 524 2.0 | Granite 0.680| 200e-13| -12.609| 7.90e-10
197 | 5¢ 16| 5r24 2.0 | Granite 270e-13| -12.569|  7.90e-10
198 | 5r 16 | sro4 2.0 Granite 1.00e-11| -11.000]  7.90e-10
198 {5, 16 { gr2 4 2.0 | Granite 0.700 2.70e-13 | -12.568 7.90e-10
200 {sr 16 | gr2+ 2.0 | Granite 0.400 1.60e-12| -11.796 7.90e-10
201 |sr i6 | sr2+ 2.0 | Granite 1.00e-1%| ~i11.000 7.90e-10
202 I sr 18] 5r24 2.0 Granite 200e-11| -10.809 7.80e-10
203 16| 5r24+ 2.0 | Granite 1.80e-13| -12.745 7.90e-10

Sr
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A~ #13 - "EEERHEEDe/Da data”

‘Formation factor(FF) { Geometric factor(Gf) | Rock capacity factor | Da{m2/s) log Da Method Porewater - pH
170 0.00360 0.110 1.10e-11| -10.859 | Through-diffusion groundwater 8.77
171 0.00230 0.100 6.60e-12 | -11.187 | Through-diffusion groundwater 8.70
172 0.00360 0.110 1.10e-11} -10.859 | Through-diffusion groundwater 8.77
173 0.00650 0.120 5.80e-12 | -11.229 | Through-diffusion groundwater 8.92
174 ’ 4.30e-11 | -10.367 | Advection diffusion | Distilled
175 0.00230 0.100 6.50e-12 | -11.187 | Through-diffusion groundwater 8.70
176 0.00360 0.100 1.10e-11 | -19.989 | Through-diffusion groundwater 8.77
177 0.000930 0.0780 0.0570 1.00e-11 | ~11.000 | Through-diffusion Distilled water | 5.80
178 0.000930 0.110 1.00e-11 | -11.000 | Through-diffusion Distilled water | 6.00
179 0.000940 0.0940 1.00e-11 | -11.000 | Through-diffusicon Distilled water | 6.00
180 0.000930 0.0570 1.00e-11 [ -11.000 | Through-diffusion Distilled water {5.80
181 0.000930 0.110 1.00e-11 [ -11.000 | Through-diffusion Distilled water- | 6.00
182 0.000250 0.0360 0.0190 1.00e-11 -11.000 | Through-diffusion 0.1M KCi A 4.0000
183 0.000270 0.0380 0.00200 1.00e-10 | -10.000 | Through-diffusion 0.1M KCt 4,0000
184 0.000330 0.0470 0.0220 1.18e-11| =10.928 | Through-diffusion 0.1M KCi 4.0000
185 0.000330 0.0470 0.00300 8.67e-11| -10.082 | Through-diffusion 0.1M KCI 4.0000
186 0.000390 0.0560 0.0190 1.63e-11 | -10.788 | Through-diffusion 0.1M KOl 4.0000
187 0.000460 0.0850 0.0140 2.57e-11| -10.590.| Through-diffusion 0.1M KCI 4.0000
188 0.00410 0.580 2.40 1.33e-12| -11.876 | Through-diffusion Deionized water | 5.5000
189 0.0120 1.70 1.50 6.33e-12 [ -11.199 | Through-diffusion Deionized water | 5.5000
190 0.0220 3.10 1.70 1.00e-11{ -11.000 Through-diffusion Delonized water | 5.5000
191 0.000270 0.0390 Through-diffusion 0.1M KCI 4.0000
192 0.000480 0.0870 Through-diffusion’ 0.1M KCI 4.0000
193 0.000390 0.0680 Through-diffusion 0.1M KCI 4.0000
194 0.000330 0.0480 Threugh-diffusion 0.1M KCI 4.0000
196 0.000330 0.0480 Through-diffusion 0.1M KCl 4.0000
196 0.000250 0.0370 Through-diffusion ~ 0.1M KCI 4.0000

197 0.000340 Through-diffusion 0.1M KCI

168 0.0130 Through-diffusion Deionized water
199 0.000340 0.0490 0.0130 2.08s-11 | -10.682 | Through-diffusion 0.1M KCI 4.0000
200 0.00200 0.510 120 1.30e-11| -10.886 | Through-diffusion groundwater
201 0.0130 ) 2.00 5.00e-12 | -11.301 | Through-diffusion 0.1M KEI 4.0000
202 0.0260 3.00 6.67e-12| -11.176 | Through-diffusion 0.1M KCI 4,0000
203 0.000160 0.0380 47412 -11.324 | Through-diffusion Deionized water | 4.0000
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N~ #20 - "Bt RHEDe/Da data”

Tracer Contact time | Temperature{("C) { Eh(mV) Others
170 Ge-4M(50ppmSe)5e02 | 36days 22.0 anaerobic
171 : Temp. in G.B. anaerohic
172 | Temp. in G.B. anaerobic
173 : . Temp. in G.B.- anaerobic
174 { 5e02(1000ppmSe) probably room aerobic
175 | 6e-4M(50ppmSe)Se02 | 36days 22.0 anaerobic
176 | Ge-4M(50ppmSe)Se02 | 36days 22,0 anaerobic
177 10.1M SmCi3 137days 25.0 aerobic
178 10.1M SmCI3 20.0 aerobic
179 ] 0.1M SmCi3 20.0 aerobic
180 }0.1M SmCI3 25.0 aerobic
181 10.1M SmCI3 20.0 aerobic
182 |} Sr(NOD3)2 25.0 aerobic
183 | Sr(NO3)2 25.0 aerobic
184 1 5r(NO3)2 25,0 aerobic
185 | Sr(NO3)2 25.0 aerobic
186 | Sr(NO3)2 25.0 aerobic
187 | sr(N03)2 25.0 aerobic
188 | Sr(NO3)2 25.0 aerobic
180 [ sr(ND3)2 25.0 aerobic
190 | Sr(ND3)2 25.0 aerobic
191 | sr(NO3)2 25.0 aerohic
182 1 5r{NO3)2 25.0 zerobic
193 1 5r(NO3)2 25.0 zerobic
194 1 5r(ND3)2 25.0 aerobic
195 | sr(NO3)2 25.0 aerobic
196 | 5r(NO3)2 25.0 aerobic
197 1 1M Sr(NO3)2 probably room aerchic
198 { 1M Sr(NO3)2 probably room aerobic
189 25.0 aerobic
200 | 5r12(3.4e-3M) 300days probably room aerobic
20 probably room aerobic
202 probably room aerobic
203 aerobic
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Porosity(%)

Element{nuclide) | Element No. Species Charge - Solid Dry density(g/cm3} De(m2/s) logDe | Do{m2/s)
204 | s 16 2.0 | Granite 3.20e-13| -12.485 7.90e-10
205 | sy 16 2.0 | Granite ©p.800|
206 | sy 16 2.0| Granite 0.800
207 {sr 16 2.0 | Granite 0.800
208 |sr 16 2.0 Granite 0.800
209 | 7¢:99 17 [7604: 1,/ gt e 00209
210 | Tc-99 17 [ Tc04- 1.0 | Granite 1.00| 420e-14| -13377( 2.00e-09
211 | y-233 18| U022+ 2.0 Granite 0700| 220e-i4| -13.658]|  4.30e-10
212 |y-233 18| uo22+ 2.0 Granite - 0700 | 4.20e-14| -13.377 4.30e-10
213 [y-233 18| Uo22+ 2.0 | Granite 0700 4.40e14| -13.357|  4.30e-10
214 1y-233 18 | yo22+ 2.0 | Biotitic granite 0.700 2.20e-14| -13.668 4.30e-10
215 | y-233 18 | ygz22+ 2.0 | Biotitic granite 0.700 4.20e-14 | -13.377 4.30e-10
216 fu-233 18 | yo22+ 2.0 | Biotitic granite 0.700| 4.40e-14| -13.357|  4.30e-10
217 1y-233 18 | Carbonate complex -4.0 | Granite 1.40e-13 ~12.854 7.20e-10
218 | y-233 18 | Carbonate complex -4.0 | Granite 1.40e-13 -12.854 7.20e-10
219 | y-233 . 18 | Carbonate complex 4.0 Granite 1.40e-13| -12.854|  7.20e-10
220 {y-233 18 | U022+ 20| Granite 0.800
221 | y-233 18| Up22+ 20| Granite - 0.800
222 Ju-233 18| U022+ 2.0 | Granite 0.800
223 1 U-233 18 | Uo22+ 2.0 | Granite 0.800
224 Y {ranine 19 Granite 2.6000 . 0.740 470e-14 | -13.328 4.50e-10
225 Uranine_. 19 Granite 1 2.6000 0.740 3.50e-14 | -13.466 4.50e-10
226 | Uranine 19 Granite 2.6000 0.740 5.00e-14} -13.301 4.50e-10
227 | Uranine 19 Granite 2.6000 0.700 4.70e-14| -13.328 4.50e-10
228 | Uranine 19 Granite 2.6000 0.700 3.50e-14| -13.456 4.50e-10
229 1 Uranine 19 Granite 2.6000 0.700 5.00e-14 | -13.301 4.50e-10
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Formation factor(FF) | Geometric factor(Gf) | Rock capacity factor | Da(m2/s) | iogDa Method Porewater - pH
204 0.002410 ' Through-diffusion | Deionized water | 4.0000
205 1.00e-11 | -11.000 | In-diffusion Deionized water | 4.3000
206 4.00e-12| -11.398 | in-diffusion- Deionized water | 6.0000
207 1.00e-11 | -11.000 | |n-diffusion Dsionized water | 7.7000
208 1.00e-11| -11.000 | )p-diffusion Deionfzed water
208 4itfuigion. 1 Distriled: ‘waer
210 0.00210 ‘ 4.20e-12 Through-diffusion | Distilled water
21 5.10e-05 0.00730 0.0180 1.228-12| -11.914 Through-diffusion | 0.1M KCI 4,00
212 9.80e-05 0.0140 0.0180 2.33e-12 | -11.633 | Through-diffusion | 0.1M KCI 4.00
213 1.00e-04 ~ 0.0150 0.0180 244e-12 | -11.613 Through-diffusion | 0.1M KCI 4.00
214 5.10e-05 0.00730 0.H10 2.00e-12] -11.699 Through-diffusion | 0.1M KCl 4.00
215 9.80e-05 0.0140 0.0260 |  1.68e-12| -11.776 | Through-diffusion | 0.1M KCI 4.00
216 1.00e-04 0.0150 0.0120 3.67e-12 | -11.435 Through-diffusion | 0.1M KCI 4.00
217 0.000120 Through-diffusion | NaHCO3+NaNO2 | 9.30
218 0.000190 Through-diffusion | NaHCO3+NaNO2 | 9.30
219 0.000190 - | Through-diffusion | NaHCO3+NaNO2 | 9.30
220 6.00e-13] -12.222 | |n-diffusion Deionized water | 5.00
2 - 2.00e-12 | -11.699 ] In-diffusion Deionized water | 5.00
222 2.00e-12 | -11.699 | [p-diffusion Deionized water | 5.00
223 7.00e-12 | -11.155| |p-diffusion Deionized water | 5.00
224 1.00e-04 0.0140 0.0150 3.10e-12 | -11.608 | Through-diffusion | Distilled water
225 7.80e-05 0.0110 0.0170 2.10e-12 -11.678 Thrbugh-diffus[on Distilled water
228 0.000110 0.0160 0.0710 7.00e-13 -12.155 Through-diffusion | Distilled water
227 1.00e-04 0.0160 0.0150 3.10e-12 -11.509 Through-diffusion
228 7.80e-05 0.0110 " 0.0170 2.10e-12 -11.678 ‘Through-diffusion
229 0.000110 0.0160 00710 7.00e-13 -12.155 Through-diffusion
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Tracer Contact time Temperature(’C) | ER(mV) | Others
204 | o aerobic
205 | 2kBg/ml Sr 7days 30.0 aerobic
206 | 2kRq/m! Sr 7days 30.0 aerobic
207 ¥ 2kBq/m! Sr 7days 30.0 aerobic
208 | 2kBq/ml Sr 7days 30.0 aerobic
209 | 14kBa/m B6iays
210 | 14kBg/ml 20days room aerobic
211 | 640Bg/ml U-233 room aerobic
212 | 640Bg/ml U-233 room aerobic
213 | 640Bg/m! U-233 room aérobic
214§ 7.7e-6M about 350days. | 20-25(room) aerobic
215 | 7,7e-6M about 350days | 20-25(room) aerobic
218 | 7,7e-6M about 350days | 20-25(room) aerobic
217 | 560Bq/ml 25.0 aerobic
218 | 560Bqg/ml 25.0 aerobic
219 | 560Bq/m! 25.0 aerobic
220 | 2e-5 M{U:uranyl) | 54days 30.0 aerobic
221 § 2e-5 M(Uuranyl) | 70days 30.0 aerobic
222} 2e-5 M(U:wuranyl) | 58days 30.0 aerobic
223 1 2e-5 M(U:wranyl) | 252days 30.0 aerobic
224 | 10000ppm uranine | 150days probably room aserobic
225 | 10000ppm uranine | 150days probably room aerobic
226 | 10000ppm uranine | 150days probably room aerobic
227 | 19%uranine solution room aerobic
228 | 1%uranine solution room aerobic
229 | 1%uranine solution room aerobic

G90—66 0OFBNI ON{





