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Diffusion Behaviour of Nuclides Considering
Pathways in Fractured Crystalline Rocks

Haruo Sato*, Tomoki Shibutani*, Yukio Tachi*, Kunio Qta**,
Kenji Amano*** Mikazu Yui*

ABSTRACT

Retardation of key nuclides is one of the most important mechanisms to be examined specifically
and modelled for the performance assessment of geological disposal of radioactive waste. We
have been studing diffusion of nuclides into the pore spaces of the rock matrix, sorption of
nuclides on the rock pore surfaces and pore properties to quantify the degree of nuclide
retardation in fractured crystalline rock. The work has concentrated on predominant water
conducting fracture system in the host granodiorite in the Kamaishi In Situ Test Site, which
consists of fracture fillings and altered granodiorite. Through-diffusion experiements to obtain
effective and apparent diffusion coefficients (Da and De, respectively) for Na, Cs, HTO, Cl and
Se as a function of ionic charge at 22 ~ 25°C and batch sorption experiments for Cs, Sr, Se,
238y and 239Pu were conducted on fracture fillings, altered and intact granodiorite. The
experiments only for Se, a redox sensitive element, were done in an Ny—atmospheric glove box
(O2 < 1ppm) to keep the chemical species. In situ groundwater (pH8.7 ~ 9.5) sampled from the
same place as rock samples was used for the experiments. Porosity and density of each rock
sample were determined by both water saturation method and mercury porosimetry, and pore-
size distribution and specific surface area of pores were measured by mercury porosimetry. The
porosity is in the order; fracture fillings (5.6%) > altered rock (3.2%) > intact rock (2.3%). The
pore-size distribution of the intact and altered granodiorite is ranging from 10nm to 0.2mm, and
the fracture fillings have that of 50nm to 0.2mm, but a lot of pores were found around 100nm
and 0.2mm in the fracture fillings. The effective diffusion coefficients for all species (Nat,
Cs*, HTO, CI-, SeO32') are in the order of fracture fillings > altered rock > intact rock in
proportion to these porosities. Effective diffusion coefficients of these species in the rock
matrix were predicted by ionic diffusion coefficients in free water and the pore structural factors

such as porosity and tortuosity, and compared with the measured values because the pore sizes

* Geological Isolation Technology Section, Waste Technology Development
Division, Tokai Works, 4-33 Muramatsu, Tokai-mura, Ibaraki-ken 319-11, Japan

wE Geological Environment Research Section, Tono Geoscience Center, 959-31,
Jorinji,, Toki-shi, Gifu-ken 509-51, Japan
*** Kamaishi Site Office, 1-80 Kasshi, Kamaishi, Iwate 026, Japan

-1 -



PNC TN8410 97-127

are much larger than ionic sizes from the measurements of pore—size distributions and the effect
of electrostatic interaction of species with the rock pore surface is considered to be insignificant.
Consequently, the predicted values were relatively consistent with the measured ones, and the
availability of simplified model based on formation factor was confirmed. The distribution
coefficients of Cs and Sr on the rock matrix are in the order; fracture fillings > intact
granodiorite 2 altered granodiorite, and Se hardly sorbed on all rock samples. A liquid / solid
ratio dependence was found in U sorption, and U hardly sorbed for a liquid / solid ratio of 100
ml-g-1, but significant sorptions were recognized for a liquid / solid ratio of 1000 ml-g-!. The
distribution coefficients are in the order; fracture fillings > altered granodiorite > intact

granodiorite. The sorption property of Pu showed the reverse order compared with that in U.
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1. INTRODUCTION

In the performance assessment of geological disposal system of high-level radioactive waste
in Japan, retardation behaviour of key nuclides in rock matrix is one of the important
mechanisms, and the data acqusition and modelling, focused on effective and apparent diffusion
coefficients (De and Da, respectively) of nuclides in the rock matrix have been developed. In
fractured crystalline rocks, nuclide migration takes place along the connected pores into the rock
matrix from the fracture surface by diffusion and other mechanisms. Diffusion into the rock
matrix is generally considered as one of the retardation processes of nuclide migration. As an
example of this study, we have been studing experimentally the properties of nuclide migration
into the rock matrix from the fracture surface of granodiorite which is one of the representative
crystalline rocks at the Kamaishi In Situ Test Site.

Rocks are often classified as fractured or porous media from the viewpoint of the transport
and modelling of radionuclides [PNC, 1993]. Fractured media are found in crystalline rocks
such as granite and consolidated rocks, and the fractures are considered to be the principal
pathways for nuclide migration. Porous media are able to be described by assuming that a
continuously and homogenously distributed pore space exists in sedimentary rocks such as
sandstone, mudstone, tuff, etc. in which there are no fractures.

In previous study, fracture mapping for a total of 400 fractures was carried out to develop a
conceptual flow-path model in the Kurihash: granodiorite at the Kamaishi In Situ Test Site, and
it is already known that fractures at the Kamaishi In Situ Test Site can be classified into three
types; type A with a zone of fracture fillings, type B wirh a zone of fracutre fillings and an
altered zone, type C consisting of several fractures with a zone of fracture fillings and an altered
zone [Osawa et al.,, 1995]. Figure 1 shows the illustration of fracture type identified in
Kurihashi granodiorite [Osawa et al., 1995]. Among the fracture types, type B was
predominant in the studied area with more than 60% of fractures observed in the fracture
mapping [Osawa et al., 1995]. Osawa et al. [Osawa et al., 1995] have also measured
distribution coefficients of U(VI) on the rock matrix under aerobic ambient conditions by batch

sorption method and a porosities of the intact rock matrix by a water saturation method.
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However, they are insufficient to understand and model nuclide migration into the rock matrix
from the fracture.

In this study, experimental studies on diffusion of ions into the pore spaces of the rock
matrix, sorption of ions on the rock pore surfaces and pore properties were éarried out,
concentrated on the fracture fype B which is a typical single fracture. This paper mainly reports
the results studiéd experimentally on diffusion behaviour for Cs, Na, HTO, Cl and Se as a
fuﬁction of ionic charge and pore properties to quantify the degree of nuclide retardation in

fractured crystalline rock at the Kamaishi In Situ Test Site.

Fracture Fracture Fracture zone

+ "
+ + Y +*
+ + o\
Altered X
granodiorite ‘\
+ + +
+ + 4
o=
+ +
+ +
+ +
+
PR +
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Figure 1 Illustration of fracture type identified in
Kurihashi granodiorite
Fracture types A, B and C occupy about 35, 64 and 1%, respectively from

fracture mapping for a total of 400 fractures in the studied area [Osawa et al.,
1995].
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2. EXPERIMENTALS

2.1 Location of the Kamaishi In Situ Test Site

Figure 2 shows geological map around the Kamaishi In Situ Test Site. The Kamaishi In
Situ Test Site, about 20 km west of Kamaishi city downtown, is located approximately 600 ki
north of Tokyo and coastal area facing the Pacific Ocean. The geology of the studied area
consists of Paleozoic sedimentary rock, Cretaceous sedimentary rock, the Ganidake granodiorite
and the Kurihashi granodiorite [Oasawa et al., 1995]. This study was mainly carried out using
both rock samples and in situ groundwater sampled from No.99 fracture which is constantly
conducting with groundwater (typical fracture type B) in the drift 250m above sea level (about
700m deep from the ground surface) in the Kurihashi granodiorite. Only in the measurements

of CEC, rock samples from No.148 fracture (fracture type C) were also used.
2.2 Items carried out in this study

The items conducted in this study are shown below:
— diffusion experiments for Na, Cs, HTO, Cl and Se through intact rock samples by
through-diffusion method,
— batch sorption experiments for Cs, Sr, Se, 238y and 239Pu on crushed rock samples
— CEC measurments for rock samples
— measurements of porosity and pore-size distribution in intact rock samples by
water saturation method and mercury porosimetry
— consideration of a simplified model for effective diffusion coefficients based on

formation factors of the rocks and ionic diffusion coefficients in free water

In diffusion experiements, Na and Cs were used as a representative of monovalent cation,
and HTO, Cl and Se were used as representatives of neutral species, monovalent and divalent

anion, respectively.
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2.3 Diffusion experiments

Through-diffusion experiments [Kita et al., 1989, Kumada et al., 1990; Park et al., 1991;
Sato et al., 1992a, 1992b; Sato and Shibutani, 1994] were carried out to obtain effective and
apparent diffusion coefficients (De and Da, respectively) for Na, Cs, HTO, Cl and Se through
three rock rﬁatrixes; fracture fillings, altered and intact granodiorite, composing fracture type B.
The major mineral composition of fracture fillings is calcite and stilbite, and those of altered and
intact granodiorite are quartz and plagioclase. In altered granodiorite, the rate of chlorite
constituent is a little higher than that in intact granodiorite. Biotite is contained in intact
granodiorite instead. The detailed mineral composition of each rock matrix is shown in the
literature of Osawa et al. [Osawa et al., 1995]. Table 1 shows the experimental conditions in
the diffusion experiments. The experiments for Na, Cs and Cl were conducted at 25 °C under
ambient aerobic conditions, and those for HTO were done at 23°C under the same conditions.
Those for Se, a redox sensitive element, were catried out in an N2-atmospheric glove box (02 <
1ppm) to become the valence of Se trivalent state. In situ groundwater sampled from No0.99
fracture, at which place rock samples were sampled, was used as the porewater in the
experiments (initial pH about 9.3, Eh vs. SHE 110mV). Table 2 shows the chemical
composition of the groundwater. The pH of the groundwater was monitored during the
experiments. An acrylic diffusion cell was used for the experiments. Figure 3 shows a
schematic view of the diffusion cell. The diffusion cell is composed of two cells, a tracer and a
measurement cell. A rock sample with the size of 30mm in diameter and Smm in thickness was
placed between the cells. Before the experiments, the samples were saturated with the

groundwater under low pressure conditions (about 30 torr) for about a month.
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Figure 3 Schematic view of a diffusion cell
A rock sample with the size of 30 mm in diameter and 5 mm in thickness

is placed between the tracer and measurement cell.
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Table 1 Experimental conditions in the diffusion

experiments
Rock intact granodiorite, altered granodiorite, fracture fillings
Tracer Cs Na Cl HTO Se

4
0.01M 0.05M 0.06M 6000Bg/ml 6.0x104M

Concentration ) 336pm) (1150ppm)(2127ppm) (50ppm)
Atmosphere — aerobic conditions—— g 2 2 mOSPhere
(02 < 1ppm)
25C 23°C 22°C
T t
crmperatie (thermobath) (room) (glove box)
Porewater <= in situ groundwater &
Experimental
period 30days ———» 23 days 36 days
Producibility -e 3 &

Table 2 Chemical compositions of the in situ groundwater

Element(ion) Na K Ca Si F CI- SO2 CO2 HCO;

Concentration
(ppm) 9.60 0.20 5.62 5.73 0.07 198 9.08 3.2 223
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2.3.1 Experiments for Na, Cs and CI

A diffusion cell which is composed of a tracer and a measurement cell with a volume of
100ml was used in the diffusion experiments. After diffusion cell was washed with a neutral
detergent, and a disc-shaped rock specimen was set between both cells. A 100ml of
groundwater was then injected into both cells to saturate the rock sample. The saturation was
continued for a month under low pressure conditions (about 30 torr). A tracer solution was
prepared by dissolving a mixture of an NaCl and a CsCl powder in the groundwater so as to
obtain certain concentration as shown in Table 1 for each element. After saturation of the rock,
the groundwater in the tracer cell was exchanged with the tracer solution prepared, and then the
experiment was started. Samples, 10ml, were periodically taken from the measurement cell,
and an identical volume of groundwater was added to the measurement cell to keep the solution
volume constantly. Samples, 0.1ml, were also extracted from the tracer cell to check the
concentration of tracer in this cell and diluted 100 times with distilled water. The pH of the
solutions in the measurement and tracer cell was measured at every sampling. The diffusion
cells were placed in a thermobath kept at 25°C except for sampling and pH measurements. The
samples were analysed for Na and Cs concentrations with an AAS (Atoﬁlic Adéorption
Spectrometry (determination limit: 0.1 and 0.2ppm for Na and Cs, respectively)). The samples
for Cl were analysed with an IC (Ion Chromatography (determination limit: 0.2ppm)).

The concentration of tracer in the measurement cell becomes diluted by periodic sampling in
the measurement cell and adding of groundwater to the cell. It must therefore be corrected.

This was done as follows [Sato et al., in printing].

n-1.
cn'=cn+z%’c,. (n=2, 3, 4,2 (1)
i=1

CI’ZC] (n=1)

Where Cn' = the corrected concentration in the n-th sample (ppm),
Cn = the analysed concentration in the n-th sample (ppm),
V = the volume of solution in the measurement cell (m3), and

vij = the sample volume in the i-th sample (m3).
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2.3.2 Experiments for Se

A diffusion cell with a volume of 50ml was used in the experiments. The other
specifications of the diffusion cell and rock samples are in the same as those of Na, Cs, and Cl.
Since Se is a redox sensitive element, all the experiments using this element were carried out in
an N2-atmospheric glove box (02 < 1ppm) except for the analysis of concentration. After a
rock sample was set in a diffusion cell, it was carried into the evacuation chamber of the glove
box and evacuated oxygen gas existing in the rock pores by exchanging with N2 gas. The
gvacuation was repeated 3 times to remove oxygen gas completely. In situ groﬁndwater was
then degassed by bubbling with atmospheric gas (N2) in the glove box for over night. A 50ml
of the degassed groundwater was then injected into both cells to saturate the rock sample. A
tracer solution was prepared by dissolving an Se powder in the degassed groundwater to obtain
certain concentration as shown in Table 1. At the dissolving, since the pH of the solution
lowered, it was adjusted at the original pH by NaOH. After saturation of the rock, groundwater
in the tracer cell was exchanged with the tracer solution, and then the experiments were initiated.
Samples, 5ml, were periodically taken from the measurement cell, and an identical volume of
deggased groundwater was added. Samples, 0.1ml, were taken from thé tracer cell and diluted
with distilled water to become 10ml. The pH, Eh and temperature of the solutions in the
measurement and tracer cell were measured at every sampling. The diffusion cells were placed
in the glove box during the experiments. Selenium concentrations in the sampling solutions
were analysed with an ICP (Inductively Coupled Plasma) emission spectroscopy (determination
limit: 0.03ppm). The correction of tracer concentration in the measurement cell was made by

~ equation (1).
2.3.3 Experiments for HTO

The same type of diffusion cell as experiments in Se was used. The experiments were
conducted in the same procedure as Na, Cs and Cl up to the saturation of groundwater. The
saturation was carried out by injecting 49ml and 50ml groundwater into the tracer and

measurement cell, respectively. The experiments were started by adding 1ml tritiated water
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(HTO)* (0.3M Bq) into the tracer cell. Samples, 1ml, were periodically taken from the
measurement cell, and an identical volume of groundwater was added. Scintillant, 4ml, was
then added to each sample. Samples, 0.1ml, were also taken from the tracer cell, and scintillant
was added. The concentration of HTO was counted with a liquid scintillation counter
(determination limit: 3.7 Bg-ml-1). The correction of tracer concentration in the measurement

cell was conducted in the same way as that of Se.

2.4 Batch sorption experiments

Batch sorption experiments for Cs, Sr, Se, 238y and 239%py were performed on fracture
fillings, altered and intact granodiorite using in situ groundwater. Table 3 shows the
experimental conditions for the sorption experiments. The experiments for Cs, Sr, 2380 and
239Pu were carried out under ambient aerobic conditions and those for Se were done in an N2p-

atmospheric glove box (02 < 1ppm).

* Stock solution : 2M Bq/5ml tritiated water (provided from Amersham Japan).



PNC TN8410 97-127

Table 3 Experimental conditions for sorption experiments

Tracer Cs Sr 238y Se 239py

Concentration(initial) ~ 8.6x10°M 9.13x10-M 1.05x109M 1.00x100M 1.0x10*M 1.55x10%M

Liquid/solid ratio <— 100mtg’ & 1000mi-g’! 20mlgl 100mlg!

- Solid weight ¢ 1.0g L 1.5g 0.25g
Porewater ~4— in sifu groundwater .
. Ny-atmosphere .
-
Atmospherg - aerobic b (O < 1ppm) aerobic
Temperature 4—— room (23 1C)————— & room. 24°C
Experimental period g 30 days & 66 days

Producibility < n-3 > n=2
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2.4.1 Sorption experiments for Cs, Sr and 238U

Crushed rock powder for each rock contacted with in situ groundwater containing tracer

with a liquid/solid ratio of 100 or 1000ml-g-1 in a Teflon bottle and those mixtures reacted for

30 days. A blank solution without rock sample was prepared to check the decrease of

concentration by sorption of tracer on the wall of the teflon bottle. The pH and Eh of all

solutions were measured before the experiments. After certain period, the mixtures were filtered

with a 0.45um pore size filter and Cs and Sr concentrations in each filtered solution were

measured with an AAS (Atomic Adsorption Spectrometry). The concentration of 238U was

measured with on ICP-MS analysis (determination limit: 4ppb). The distribution coefficients

(Kd) were calculated by the following equation [Shibutani et al., 1994a].

Where Kd = the distribution coefficient (m3-kg' 1),

Cp = the tracer concentration in the blank solution (ppm),

Ct = the tracer concentration in the experimental solution (ppm),
L = the solution volume (m3), and

S = the solid weight (kg).

The error of Kd was calculated by the following equation.

Kde= Kd J (EIC, )’ +{2EI(Cy~C, )}’ -

Where Kde = the error of Kd (m3~kg'1), and

E = the error of concentration in analysis (ppm, ppb).

(2)

(3)
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2.4.2 Sorption experiments for Se

All the experiments were carried out in an Ng—atmospheric glove box except for analyses.
In situ groundwater was degassed by bubbling N2 gas and added an SeO2 powder. The
groundwater containing tracer contacted with crushed rock powder with a liquid/solid ratio of
20ml-g-! in a glass bottle for 30 days. The mixtures were filtered with a 10,000 MWCO
(Molecular Weight Cut-Off) ultrafilter (the pore size corresponds to 1.8nm), and the filtered
solutions were analysed for Se concentrations with an ICP emission spectroscopy. The pH of
the solutions was monitored as a function of time during the experiments. The distribution
coefficients were calculated by equation (2). Furthermore, the specific surface areas of the
samples were measured by a BET method (Flowsorb 2300, Micromeritics) using a mixture gas
of 20% N2 and 80% Ar, and those of intact and altered granodiorite and fracture fillings were

0.7, 1.9 and 1.9 m2-g-1, respectively.
2.4.3 Sorption experiments for 23%9Pu

The experiments were carried out in the same way as Cs, St and U. The groundwater
containing tracer contacted with crushed rock powder with a liquid / solid ratio of 100ml-g'1 in
a teflon bottle for 66 days. The mixtures were filtered with a 10,000 MWCO ultrafilter, and
aliquots (50p1) of the filtered solutions were dried on stainless sample dishes by a hot plate.

The samples were then counted for o—activity emitted from 239py with an o—spectrometry.

The pH of the solutions was monitored as a function of time during the experiments.
2.5 CEC measurements

Cation exchange capacities (CEC) for each rock sample were measured to evaluate the cation
exchangeabilities of the rock specimens, based on the Schollenberger method [JBAS, 1977].
The rock samples crushed into under 60 mesh (< 250pm) were used for the measurements. The
measurements were carried out by a CEC apparatus (Fujiwara, Co. Ltd.). Powder, 0.5g, dried

at 110°C for over 12hr for each rock sample was prepared. Silica sand, 5.0g, was mixed with
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the dried rock powder and then was packed into a cylindrical glass column. Exchangeable
cations in the rock samples were exchanged with NH4* ion by flowing a IM CH3COONH4
solution of a volume of 100ml for 7 ~ 8hr. The effluent was analysed for the concentrations of
Nat, K+, Ca2+, Mg2+, Al Si, CI- and SO42- as leaching ions. The samples were washed by
80% ethyl alcohol for 5 ~ 6hr. The ammonium ion sorbed on the rock samples was exchanged
with Nat by flowing a 10% NaCl solution for 7 ~ 8hr. The effluent was added 100ml distilled
water and a 50ml of 50% NaOH and was then heated by a mantel heater. A 20ml of 0.05N
sulfuric acid (H2504) and 2ml pH indicator which a 0.2% methyl red (C15H15N3032) alcohol
and a 0.1% bromecresol green (C21H]4Br4058) alcohol solution were mixed at a volume ratio
of 2 to 3, were added to the solution. The solution was then titrated by 0.02N NaOH. Cation

exchange capacity per 100g sample weight was calculated by the following equation.

(A-B).-f-2
(4)
w.100-M
100

CEC =

Where CEC = the cation exchange capacity (meq/100g)

A = the volume of 0.02N NaOH used for titration in blank (ml),
B = the volume of 0.02N NaOH used for titration (ml),

f = the concentration factor of 0.02N NaOH (-),

M = the water content of the sample (wt%), and

W = the sample weight under air (g).

2.6 Measurements of porosity and pore-size distribution

in rock matrix
Porosity and density of each rock sample were determined by both a water saturation

method and a mercury porosimetry, and pore-size distribution and specific surface area of pores

were measured by the mercury porosimetry.
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2.6.1 Water saturation method

The porosity was determined from the difference between the dry and saturated sample
weight. The water density is approximately 1.0x103 kg-m-3, making the pore volume of the
rocks equal to the weight of the water.

A rock sample was immersed in distilled water and put in a vacuum vessel, then soaked
under about 30 torr pressure condition. The sample was periodically taken out and the water
wiped off its surface, then weighed. This operation was repeated until the sample weight
reached a constant value. After saturation, the volume of the saturated sample was measured by
the difference between the water levels in a measuring cylinder. Then, the sample was dried at
110°C in an oven until the weight reached a constant value. The porosity was calculated as the
ratio of the weight difference between the water-saturated and dried rock sample to the total

sample volume [Monicard, 1980]. The porosity was determined by the following equation:

e M;—M, (5)
Pw Vs

Where € = the porosity (-),

M] = the weight of the water-saturated rock sample (kg),

M3 = the weight of the dried rock sample (kg),

Vr = the total volume of the rock sample (m3), and

Py = the density of distilled water (kg-m-3).

2.6.2 Mercury porosimetry

Mercury has a contact angle of 90 ~ 180° for almost all materials. The mercury is
impregnated by force, the relationship between the applied pressure and the size of the pores
into which it enters is determined by the balance between the surface tension of mercury and the
applied pressure to mercury. The pore-size distribution, porosity, specific surface area of the
pores and dry density were measured by this method. A mercury porosimeter (Autopore 9200,

Shimadzu) was used in the measurements. Mercury porosimetry is based on capillary action.
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For a non-wetting liquid such as mercury, the relationship between the cylindrical pore size and

applied pressure is given by Washburn's law.

D:——;—'y-cose : (6)

Where D = the pore diameter (m),
P = the pressure applied to mercury (N-m-2),
¥ = the surface tension (N-m-1), and

0 = the contact angle (*).

The surface tension, ¥ = 0.484 N-m-! and the contact angle, 6 = 130° for mercury to
common soil have been adopted in general. In these measurements, pores up to minimum pore
size 3.4nm were measured. Based on equation (6), the pore-size distribution was derived from
the applied pressure.

A lcm-sized block sample was used for the measurements. The measurements were
continuously and automatically made, and those done in triplicate.

In actual measurement, mercury volume entered the pores of rock was directly monitored as
a function of applied pressure, then converted to pore sizes based on equation (6). The pore-
size distribution stands for an accumulated pore volume per unit sample weight as a function of
pore size, and a specific pore volume means a pore volume per unit sample weight.
Furthermore, a specific surface area of the pores was derived from the measurement based on
the cylindrical pore model (tube model). The specific surface area of the pores is derived by the |

following equation.

1 Vn]m
S =- Pdx (7)
P
V-cos®

Where Sp = the specific surface area of the pores (m2-kg-1),
Vmax = the mercury volume in the cell when mercury is injected to maximum pore size (m),

and
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Vmin = the mercury volume in the cell when mercury is injected to minimum pore size (m3).

The dry density of the sample is calculated by the fo]lbwing equation.

Pag = W (8)

Where Pg = the dry density of the sample (m3kg D,
Mr = the sample weight (kg),

v = the cell volume to put the sample in (m3),

Wm = the .mercury weight (kg), and

Pm = the mercury density (13.6 kg-dm3).

The porosity is calculated by the following equation as the product of specific pore volume

and dry density of the sample.

e=Vspy (9)

Where & = the porosity (), and
Vs = the specific pore volume (m3-kg-1).

3. RESULTS

3.1 Diffusion coefficients

Figure 4 shows examples of the changes in concentration of Cs in the measurement cell as
a function of time for each rock sample. The concentration of Cs in the measurement cell shows
~ a curve in transient state and increases in a straight line with time in steady state. Similar
behaviour was also found in the other rocks. The differences in slope between the changes in

concentration with time for each rock are found. These differences directly stand for the
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differences in De. Tracer concentration in the tracer cell is essential for calculation of De. In
this study, the concentration of tracer in the tracer cell was monitored and the significant
decrease was not found. Moreover, no sorption on the wall of the cell was found. Therefore,
the final tracer concentration was used in the computation of the De. The calculations of De and
Da were based on Fick's law [Crank, 1975]. Diffusion equation for one-dimension is generally
expressed by the following equation on the basis of Fick's second law [Skagius and Neretnieks,

1982].

BCp_e-Dp‘a‘?Cp
dt a ox?

(10)

Where Cp = the concentration of tracer in the porewater (ppm),
t = the diffusing time (s),

Dp = the diffusion coefficient in the porewater (m2-s-1),

o = the rock capacity factor (o = £ + P-Kd),

€ = the porosity (-),

P = the dry density of the rock sample (kg-m-3),

Kd = the distribution coefficient (m3 -kg‘l), and

X = the distance from the source in the diffusing direction (m).
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The e-Dp is also called effective diffusion coefficient (De). Moreover, the eDp/a. is equal to
apparent diffusion coefficient (Da). For equation (10), the concentration of tracer in the
measurement cell at an arbitrary time, based on initial and boundary conditions, is written as

follows [Crank, 1975]:

Initial condition

Cpt, X)=0,t=0,0<X<H
Boundary condition

Cpt, X) =Co,t>0,X=0
Cpt,X)=0,t>0,X=H

S,-H-Co| De a 2a &[(-1) De-n?.7? .t
C, =+ f———— exp| — . 11)
t v [HZ p; 7.:2,,2:‘}{ 2 P[ H: . (

In the actual experiment, Cp in the measurement cell increased as a function of time.
However, the increase in Cp was so small that it is able to be neglected compared with the
concentration (Co) of tracer in the tracer cell. Equation (11) is approximately written for steady

state as follows _[Crank, 1975]:

¢,

_S,-H-Co [ De a) (12)

vV, \H? 6
where H = the thickness of the sample (m),

Co = the concentration of tracer in the tracer cell (ppm),

Ct = the concentration of tracer in the measurement cell (ppm),

Sr = the cross-section area of the sample (m:2),

Vm = the volume of the solution in the measurement and tracer cell (m3), and

o = the rock capacity factor (-).
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Effective diffusion coefficient was calculated from the slope of Ct as a function of time in
steady state based on equation (12). Furthermore, Da was calculated by the time-lag method

[Muurinen et al., 1987) which relationship is given by the following equation.

H2

Da=
6 T;'m‘

(13)

Where Tint = the intercept on the t-axis extrapolated by equation (11),
Da = the apparent diffusion coefficient (m2-s~1), and
H = the thickness of the sample (m).

Table 4 shows average De and Da values and rock capacity factors estimated for each
element. The average pH values are also shown in Table 4. The initial pH of groundwater
was about 9.3, and those for Na, Cs, HTO and Cl gradually decreased as a function of time and
became at pH about 8.0, 8.3 and 8.5 for intact and altered granodiorite and fracture fillings,
respectively after 30 days. On the contrary, no pH changes for Se in experiments conducted
under anaerobic conditions were observed, and the pH values remained at 9.3. These
differences of pH values are considered to be due to dissolution of carbon dioxide (CO2 + H20
= HCO3- + HY) in the former experiments. The effective diffusion coefficients for all elements
showed a tendency of fracture fillings > altered granodiorite > intact granodiorite. On the other
hand, for the Da values, remarkable difference in kind of the rock was not found.

For the change in temperature of the experiments, the experiments for Na, Cs and Cl were
carried out in a thermobath kept at 25°C, but those only for Se were carried out in a glove box
being monitored. The temperature ranged from 18 to 23°C and the average was approximately
22°C. The variation in temperature was not so large. The experiments for HTO were conducted

at room temperture (23°C).
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Table 4 Average apparent and effective diffusion
coefficients estimated for each ion

Rock Ion  Da@m?s!) De(@m?s!) a(=) pH
Na+  4.3x10°11 4.7x10-12 0.11 8.7
Intact Cst  LIx10-11  5.1x1012 046 8.7
granodiorite HTO  2.1x10-10 5.3x10-12 0.025 8.7
CIr 0.8x10-12 1.0x10°11 1.0 8.7

Se0,;2- 6.5x10-12 1.9x10-12 029 9.29

Na*t  9.7x10-12  7.2x1012 0.74  8.77

Altered Cs+ 4.5x10-12 1.2x10-11 0.27 8.77
granodiorite HTO  5.6x10-10 1.8x10-11 0.032 8.7

Cl- 1.0x10-11 8.3x10-12 0.83 8.77

Se0;2- 1.1x10-11 2.9x10-12 0.26 9.33

Na+  2.0x10-11 1.9x10-11 0.95 8.92

Fracture Cs+ 1.2x10-11 1.8x10-11 1.5 8.92

fillimgs HTO  4.3x10°10 2.4x10-11 0.056 8.92

Cl 2.6x10-11 1.8x10-11 0.69 8.77

Se0;2- 5.9x10-12 5.3x10-12 090 9.53
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3.2 Distribution coefficients

Table 5 shows the experimental results for the sorptions of Cs, Sr, Se, 238(J and 23%pu.
The distribution coefficients of Cs and Sr were in the order; fracture fillings > intact granodiorite
> altered granodiorite. Though those of Se showed a tendency of fracture fillings > altered
granodiorite > intact granodiorite, all the values were quite low and approximately the same
extent. Sorption mechanisms for these elements will bé discussed in detail together with the
measurements of CEC values of the rocks in the part of discussion. A liquid / solid ratio
dependence was found in U sorption, and U hardly sorbed for a liquid / solid ratio of 100ml-g"
1, but significant sorptions were recognized for a liquid / solid ratio of 1000ml-g-1. The
distribution coefficients are in the order of fracture fillings > altered granodiorite > intact

granodiorite. The sorption property of Pu showed the reverse order compared with that in U.

Table 5 Experimental results for sorption

Cs Sr Se 238U 239Pu
Rock - 1
solidAiquid ratio(ml-g~")
100 1000
Kd Kd Kd Kd Kd Kd
* R £ R Y 5 (i o
PH*(poly PHY oty PR ey PR gy PR gy PR g1y
Intact 28+1 272 9.27 0.00 0+2 1216 804 5599
938 201 943 3812 9.32(9.30)%* 094 842 42 045 25+16 ~
granodiorite =% 5911 4412 931 0.62 942 25+16 916 210
Altered 1741 362 936 0.30 0+2 51217 8.04
graf:diorite 9.48 1821 945 36+2 937(9.37)%* 0.94 865 042 9.46 S1E17 ~ %ggg
18+1 3612 9.40 1.61 0+2 69+17 9.16
Fracture 96+2 48+2 9.28 0.62 342 3BE17 804 1290
filimgs  9.44 1072 042 50+2 9.28 (9.20y* 1.27 8.88 3+2 948 83117 ~ {30
111£2 53+2 9.30 1.61 642 142+17 9.16

* The pH shows the values after 30 days.
** The number in () stands for average value.
*** The pH shows the values after 66 days.
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3.3 CEC values of the rock specimens

Table 6 shows the results of CEC measurements and leaching ions for each rock sample.
For intact and altered granodiorite, slight CEC values (about 2 meq/100g) were obtained, and
those for fracture fillings and mixture of each rock (sample from fracture type C) were measured
to be about 17 and 62 meq/100g, respectively. The cause that the CEC values of fracture
fillings and mixture of each rock were higher than other rock matrix, is considered to be due to
constituent stilbite which has a high CEC. In all the cases, not so much CEC values exept for
mixture of each rock were measured. For leaching ions, amount of CaZ+ in effluent was
outstandingly the highest of the analysed ions for all the rocks, and the leached quantities of
Ca2+ were in the order of fracture fillings > altered granodiorite > intact granodiotite. This
could be caused by dissolution of calcite and stilbite contained in the fracture fillings. There is a
possibility that the CEC of rock gives an influence to Kd of an ion exchangeable element. In
this study, batch sorption experiments for Cs and Sr as an ion exchangeable elements were
carried out. Relation between CEC values of the rocks and Kd values of Cs and Sr will be

discussed in the part of discussion.
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Table 6 The CEC and leaching ions

meq/100g
Intact Altered Fracture Sample from
Ion granodiorite* granodiorite* fillings* fracture type C*¥

Nat 26.0 84.0 217.3 10230
K+ - 153 25.5 25.5 61.3
Ca2t 475.6 31792 23874.7 66132
Mg2+ 16.4 32.9 32.8 65.8
AlF* <0.15 < (.15 <0.15 < (.15
Si#* 53 6.5 45.1 35.6

Cl - 15.0 82.7 < (.11 26.3
5042' < 0.17 16.6 <0.17 23, 5%k
CEC 2.0 1.9 17.3 61.2

* The number stands for average value.
** The unit for Al and Si is mmoY100g.

*** The two samples of three samples are below the detection limit

(< 0.11meq/100g).
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3.4 Porosity and pore-size distribution in rock

Table 7 shows the results for the porosity, specific surface area of pores and dry density
obtained by both water saturation method and mercury porosimetry. Figure 5 shows a
correlation between porosity and rock samples. Though some variations in porosity are found,
the average porosities were in the order; fracture fillings (5.6%) > altered granodiorite (3.2%) >
intact granodiorite (2.3%). Relatively large variation in the porosity of fracture fillings
measured by water saturation method was found. This reason is considered to be due to that the
samples used for the measurements were small. From this fact, it was cleared that porosity
became small into the rock matrix from the fracture. Porosity of intact granodiorite has been
reported to be around 1% [Suzuki et al., 1989]. The authors have measured the porosities to be
1.2% on the average by the same ways for granodiorite sampled from different area[Sato et al.,
in printing], and the porosities (average 2.3%) measured for intact granodiorite in this study
were a little higher than those. However, the porosities in this study are approximately the same
as those of common granodiorite.

Figure 6 shows examples in pore-size distribution measured for each roék. The pore sizes
of intact granodiorite are in the range of 10nm ~ 0.2mm, and no pores smaller than 10nm were
measured. Nishiyama et al. [1990] have reported similar results for the pore-size distribution of
granite (sampled from Inada, Japan) measured by the same way. Similar results have been also
obtained for altered granodiorite. The difference in porosity between intact and altered
granodiorite is due to that the frequency of pore sizes between 0.1pm and 10um in altered
granodiorite is more than that of intact granodiorite, and this indicates that pores in this range
increased by alternation. Fracture fillings have a pore-size distribution of 50nm to 0.2mm and
show a variety of unevenly distributed pore sizes, i.e. a lot of pores have been found around

0.1pm and 0.2mm in the fracture fillings. From these pore-size distributions, it was cleared that

relatively large pore sizes were predominat compared with ionic sizes.
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Table 7 Porosities, dry densities and specific surface area of
pores for each rock

Specific surface Dry density Porosity Porosity

Method
Rock  Method ream?gl)  (kgm3) (%) (average)

0.6 2700 3.0
Mercury 0.2 2700 (2730) 2.4 (2.8)
granodiorite 2610 2.8 .
2770 (2730) 1.2 (1.7
Water 2700 17
2850 1.1
| 0.6 2600 2.3
Mercury 0.6 2600 (2600) 3.4 (3.2)
Altered 0.6 2600 39 32
granodiorite 2620 33 .
Water 2580 (2620) 333.3)
2650 3.2
2610 34
0.4 2500 38
Mercury 0.7 2400 (2460) 4.3 (4.5
Fracture 0.4 2400 5.3 .
fillimgs 2350 74 S.
2840 (2410) 3.7 (6.6)
Water 2180 5.8
2260 9.6

* () : average value
** Mercury and Water mean mercury porosimetry and water saturation
method, respectively
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sample






PNC TN8410 97-127

4. DISCUSSION

4.1 Relations between diffusion coefficients and porosities

Figures 7 and 8 show De and Da values as a function of porosity, respectively. The
average porosities of each rock sample measured by both water saturation method and mercury
porosimetry were used as these porosities. For Na, Cs and Cl, the data on standard granite
[Sato et al., in printing; Sato and Shibutani, 1996] are also plotted together. The effective
diffusion coefficients for all species showed a tendency of decrease with decreasing the rock
porosity, and no significant difference between species in the De values was observed.
Namely, the De values approxiamtely correspond to porosity. The dominant species of Na, Cs,
Cl and Se in the porewater in the pH range of this study are predicted to be Nat, Cs*, CI- and
Se032- from Eh-pH diagrams [Brookins, 1988], respectively. Since HTO is a part of water
molecule, it is able to be regarded as neutral species. Therefore, the electrostatic interaction with
the rock pore surface in HTO is able to be neglected. Since the other species are charged,
electrostatic interactions with the rock pore surface are presumed to occur. However, the effect
of ionic charge on De was not so significant, as described above. Yamaguchi et al. [1992] have
experimentally studied the surface diffusion of Sr2+ in granite (Inada, Japan) by through—
diffusion method. In this work, they measured De values of Sr2+ as a function of the ionic
strength of porewater (0.1M KCl (pH=4.0) and deionized water) and explained the diffusion
behaviour of Sr2+ taking into account surface diffusion from relation between rock capacity
factor and the ionic strength of porewater. From these experiments, relatively high De values (1
~ 2x10-11 m2.5-1) for deionized water were measured compared: with those (1.8 ~ 3.2x10-13
m2-s-1) for 0.1M KCl. However, the breakthrough curves for deionized water have large
variation and are unclear slope for the calculation of De. Since neither pore—size distribution in
this rock nor porosity is described, electrostatic interaction with the rock pore surface is unclear.
After that, Yamaguchi et al. [1996] have reported on the measurements of porosity and pore—
size distribution in granite by both a water saturation method and a mercury porosimetry,
respectively. In this work, the porosity has been reported to be 0.49+0.06% and 0.47% on the

average by water saturation method and mercury porosimetry, respectively. Furthermore, the
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pore—size distribution has been reported to be in the range of 25 ~ 1000nm and relatively large
pores compared with ionic sizes. Also in our study, in the measurements of pore-size
distribution in the rocks by mercury porosimetry, no pores smaller than 10nm for all the rock
samples were measured, and relatively large pores from the viewpoint of ionic diffusion were
predominant. This means that the pore sizes are much larger than ionic sizes and the effect of
electrostatic interaction of diffusion species with the rock pore surface is not significant.
Therefore, it is considered that diffusion in the porewater becomes dominantly in these rock

matrixes.
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Effective diffusion coefficient is disintegrated as follows.

Deze-—az—-Dv=£-G-Dv=FF-Dv (14)
T

where € = the porosity (-),

8 = the constrictivity (-),

72 = the tortuosity (),

Dv = the ionic diffusion coefficient in free water (rnz-s‘l),
G = the geometric factor (or tortuosity factor) (=), and

FF = the formation factor (-).

As shown by equation (14), there is a possibility that De is also affected by porosity,
geometric factor, which expresses the rock pore structure and ionic diffusion coefficient in free
water. Therefore, it is not able to be simply evaluated, by which parameter the De is mainly
affected. The geometric factor was calculated based on equation (14) to evaluate the effect of the

rock pore structure. The geometric factor is calculated by the following equation modifing

equation (14).
G =-2° (15)
e-Dv

The ionic diffusion coefficient in free water is calculated by the Nernst expression [Robinson

and Stokes, 1959; Shackelford and Daniel, 1991; Daniel and Shackelford, 1988].

R-T-A
v=—
F*.|Z|

(16)

Where Dv = the ionic diffusion coefficient in free water (m2-s-1),
R = the gas constant (8.314 J mol-1.K-1),
T = the absolute temperature (K),

A = the limiting ionic equivalent conductivity (m2-S-mol-1),
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F = the Faraday constant (96,493 C-mol-1), and
|Z| = the absolute value of the ionic charge (-).

The ionic diffusion coefficients in free water of Nat, Cst, Cl- and SeO32' are calculated to
be 1.33x10-7, 2.05x10-9, 2.03x10-9 and 9.6x10-10 m2-s-1 at 25°C [Kagaku-binran, 1975],
respectively by substituting their limiting ionic equivalent conductivities into the Nernst
expression in this study. The limiting ionic equivalent conductivity of HTO has not been
measured because it is a neutral species, but directly measured its self-diffusion ceofficient has
been reported to be 2.14x10°2 m2-s-! at 25°C [Kagaku-binran, 1975].

Figure 9 shows the calculated results in the geometric factors (G) as a function of porosity.
As Figure 9 shows, though some variations are recognized depending on species, all the G
values are approximately the same (G: about 0.1) without depending on the rock porosity.
From this fact, it can be seen that porosity dependence of De is not caused by the dependence of
G on porosity, but is caused by that of formation factor which is the product of porosity and G.

The formation factor is also calculated by equation (14). Since De depends on Dv,

formation factors for each rock were calculated to check, by which parameter the De is mainty
affected. Figure 10 shows the calculated results in the formation factors of the rocks as a
function of porosity. As Figure 10 shows, the formation factors for all the species
significantly decrease with decreasing the rock porosity. Even though the G is approximately
constant without depending on the rock porosity, é porosity dependence is found in the
formation factors. Therefore, it isl concluded that though De is determined by porosity,
geometric factor and Dv, the degree of porosity dependence in De is affected by only porosity.

Though De values are dependent on the rock porosity as described above, no remarkable
dependence on the rock porosity in Da values is found, and neither is large variation in the Da
values found except for HTO. Since HTO is a non-sorbing nuclide, it is presumed that the Da

values of HTO were about one order of magnitude higher than those of other species.
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Distribution coefficients of Cs and Se on each rock were calculated from rock capacity
factors, density and porosities, and compared with those obtained from batch sorption
experiments. Table 8 shows the calculated results and the comparison. All the Kd values in
Cs and Se obtained from diffusion experiments are lower than those obtained from batch
sorption experiments. In comparison between specific surface areas of the rock samples, the
specific surface areas of samples used in batch sorption experiments are higher than those of
samples used in diffusion experiments. Since sorption occurs on the rock surface, the specific
surface areas of pores in the Kd values obtained from diffusion experiments were converted to
those of crushed rocks used in batch sorption experiments. Consequently, the converted Kd
values for Se are relatively consistent with those obtained from batch experiments, but the
converted Kd values for Cs are one order of magnitude or more higher than those obtained from
batch éxperiments. A concentration dependence of Cs in Kd on the rock is possible in this case.
Sorption and diffusion experiments for Se were conducted by tracers with approximately the
same concentrations, but those for Cs were carried out using tracers with largely different
concentrations, i.e. tracer concentration of Cs used in diffusion experiments is two orders of
magnitude or more higher than that used in batch sorption experiments. Consideration for

isotherm of Cs in Kd on the rock is required to evaluate concentration dependence in sorption.
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Table 8 Comparison between distribution coefficients
obtained from both diffusion and batch sorption

experiments
o ¢ Diffusion Batch method
Rock e“l‘ien Kd Kd
(nuchide) pH (ml.g1) pH (ml.g?)
Intact Cs* 8.7 0.18 9.38 28.7
granodiorite Se0s> 929 (.1 930 0.52
Altered Cs* 877 035 948 177
granodiorite Se0s” 933 0.09 937  0.95
Fracture Cs* 892 0.60 944 104.7
fillings Se03” 953 040 929 1.2
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4.2 Realation between Kd and CEC values

In the measurements of CEC for intact and altered granodiorite, approximately the same
CEC values (about 2 meq/100g) were obtained, and those of fracture fillings and mixture of
each rock (fracture type C) were measured to be about 17 and 62 meq/100g, respectively. The
dominant species for each element under studied conditions are predicted to be Cs*, Sr2+,
Se032-, U02(C03)34’ and Pu(CO3)32'. Cesium and strontium are generally said to sorb on
geological materials by ion exchange. Relation between Kd values of Cs and Sr and CEC
values for each rock was discussed. Distribution coefficients of Cs and Sr obtained from batch
sorption experiments were in the order of fracture fillins > intact granodiorite > altered
granodiorite and the trend is relatively consistent with that of CEC. The dominant sorption
mechanism of Cs and Sr on the rock matrix could be ion exchange from this. However, the Kd
values of Cs on the altered granodiorite are about two thirds of those on the intact granodiorite.
This probable reason is that amount of competing ions such as Na+, K+, CaZ+ and Mg2+ in
sorption experiments on the altered granodiorite was much more than that in sorption
experiments on the intact granodiorite, as shown in Table 6.

On the contrary, Se is known to show different sorption behaviour from that of Cs and Sr.
Shibutani et al. [Shibutani et al., 1994b] have reported sorptions for Se on various rocks and
their constituent minerals as a function of pH by batch method under anaerobic conditions.
From these results, slight sorption on granodiorite is shown in the wide pH range (5 ~ 10). The
sorptions on biotite and chlorite show pH dependences, and though high sorptions are found in
the pH range less than around 8, gradually decrease in the pH raﬁge higher than around 8. No
sorptions are found at pH higher than around 8.5. Selenium also shows high sorption on
goethite which is one of the weathered products of iron—constituent minerals. Intact and altered
granodiorite include biotite, and altered granodiorite and fracture fillings include a small amount
of chlorite, but it can be seen that since pH range treated in this study was 9.3 ~ 9.5, Kd values
of Se were quite low.

For the sorption of Pu on the rock matrix, Kd values on intact granodiorite are little higher
than those on altered granodiorite and fracture fillings. Because the specific surface area of

intact granodiorite is smaller than those of other rock matrixes described in 2.4.2, the Kd
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values on intact granodiorite per unit surface area are further calculated higher than those of
other rock matrixes. The difference in Kd values between three rock matrixes is the rate of
constituent biotite. Namely, biotite is contained only in intact granodiorite. It is generally
known that Kd of Pu on biotite is high [Releya et al., 1980; Allard, 1982], Pu sorption property

is considered to depend on the amount of biotite contained in rock.

4.3 Consideration of a simplified model for De

As described in 4.1, De values are dependent on both formation factor and Dv. From this
fact, a simplified model based on formation factors of the rocks and Dv of species was
considered to pr‘édict De. The authors have proposed the same model on diffusion of Cs,
Ni2+ and Sm3+ in granodiorite, basalt and mudstone, and have approximately explained the
measured De values even though those rock porosities were smaller than those of the rocks
treated in this study [Sato et al., in printing]. Pore sizes larger than 10nm were found in these
measurements for granodiorite and mudstone, and pores smaller than 10nm were especially not
found. Pore-size distributions obtained in this study also show similar ones to the granodiorite
and mudstone reported previously. Therefore, diffusion behaviour of species is predicted to be
similar to those rocks. The results of pore-size distributions in the rocks measured in this study
indicate that the pore sizes are much larger than diffusing ionic sizes in the porewater and the
effect of electrostatic interaction of species with the rock pore surface such as a surface diffusion
[Muurinen et al., 1987] and an anion-exclusion [McKinley and Hadermann, 1984] is not
significant. Therefore, an empirical equation in porosity dependence of formation factor on all
spectes was derived by the least squares method. Consequently, the empirical equation; FF =
0.21-e — 0.0018 (correlation coefficient r = 0.86449) was obtained.

Effective diffusion coefficients of each species were predicted based on ionic diffusion
coefficients in free water and formation factors for each porosity calculated from the empirical
equation and compared with the measured values. Figure 11 shows the predicted and
measured De values. As shown in Figure 11, both De values are consistent in a deviation
within a factor of about four, and it is concluded that the simplified model based on formation

factor and Dv is approximately available to predict De.
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5. CONCLUSION

Experimental studies on diffusion of ions into the pore spaces of the rock matrix, sorption of
ions on the rock pore surfaces and pore properties were performed, concentrated on fracture
type B with a zone of fracture fillings and an altered zone found at the Kamaishi In Situ Test Site
to quantify the degree of nuclide retardation in fractured crystalline rock. The results are

concluded as follows:

(1) Through—diffusion experiments were carried out to obtain De and Da values for Na, Cs,
HTO, Cl and Se as a function of ionic charge through three rocks; fracture fillings, altered and
intact granodiorite, composing fracture type B using in situ groundwater as the porewater at 22
~25°C. The effective diffusion coefficients for all elements are in the order of fracture fillings >
altered granodiorite > intact granodiorite in proponioﬁ to these porosities, and no significant
difference between these species in the De values was found. The effective diffusion
coefficients of these species in the rock matrix could be affected dominantly by those Dv values
and porosities for each rock, and are approximately determined by formation factors and Dv
values, because the pore sizes are much larger than diffusing ionic sizes and the effect of
electrostatic interaction of species with the rock pore surface is not significant. On the other
hand, no remarkable dependence on the rock porosity in Da values is found, and no large
variation in the Da values was found except for HTO which is a non-sorbing nuclide.

(2) Baich sorption experiments for Cs, Sr, Se, 238y and 239Pu were conducted on fracture
fillings, altered and intact granodiorite. The experiments only for Se, a redox sensitive element,
were carried out in an N2-atmospheric glove box (02 < 1ppm) to keep the chemical species.
The distribution coefficients of Cs and Sr were in the order of fracture fillings > intact
granodiorite > altered granodiorite, and Se hardly sorbed on all rock samples. These Kd values
were compared with those calculated from through—diffusion experiments. All the Kd values
obtained from the diffusion experiments showed a tendency lower than those obtained from
batch sorption experiments. The distribution coefficients of Se calculated from diffusion
experiments were consistent with those obtained from batch method by converting specific

surface areas of the rock samples. However, the converted Kd values for Cs were one order of
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magnitude or more higher than those obtained from batch method. A concentration dependence
of Cs in Kd on the rock is possible, 'bccaus.e tracer concentrations between sorption and
diffusion experiments to obtain Kd values had a large difference. Consideration for isotherm of
Cs in Kd on the rock is required.

(3) Porosity and density of each rock sample were determined by both a water saturation
method and a mercury porosimetry, and pore-size distribution and specific surface area of the
pores were measured by the mercury porosimetry. The poroity is in the order of fracture
fillings (5.6%) > altered granodiorite (3.2%) > intact granodiorite (2.3%). The pore-size
distribution of the intact and altered granodiorite is ranging from 10nm to 0.2mm, and the
fracture fillings have that of 50nm to 0.2mm, but a lot of pores were found around 100nm and
0.2mm in the fracture fillings. |

(4) Cation exchange capacities for each rock samples were measured. Slight CEC values
(about 2 meq/100g) for intact and altered granodiorite were obtained, and those for fracture
fillings and mixture of each rock (sample from fracture type C) were measured to be about 17
and 62 meq/100g, respectively. The cause that the CEC values of fracture fillings and the
sample from fracture type C were higher than other rock matrixes, is considered to be due to
constituent stilbite which has a high CEC.

(5) A simplified model based on formation factors of the rocks and Dv of species was -
considered to predict De. The predicted De values were consistent in a deviation within a factor
of about four, and it is concluded that the simplified model based on formation factor and Dv is

approximately available to predict De.
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HEEH, 68 22 5:40 PM 1997

Rock Porosity(—) lon Atmosphere Temperature{"C) | Da({m2/s) | De(mz2/s} a(—) Kd{ml/g} G(—) FF{—) pH

) Intact granodiorite 0.023 Na+ aerobic 25.0 8.0e-11 6.5e-12 0.0850 0.023 0212 | 4.88e-03 B.ﬁ
1]Intact granodiorite 0.023 | Na+ aerobic 25.0 2.3e-12 0.0752| 1.73e-03] 8.70
2 |intact granodiorite 0.023 | Nas aerobic 25.0 5.4e-12 5.2e-12 0.960 0.34 0170 3.31e-03| 8.70
3 }intact granodiorite 0.023 | Cs4 aerobic 25.0 1.2e-11 7.8e-12 0.650 0.23 0.165| 3.80e-03| 8.70
4 Jintact granodiorite 0.023] Cs4+ aerobic 25.0 1.3e-11 2.5e-12 0.190 0.062 0.0530| 1.22e-03| B8.70
5 lintact granodiorite 0.023 | Cs+ | aerobic 25.0 7.1e-12 5.0e-12 0.700 0.25 0106 | 2.44e-03 8.70
6 |intact granodiorite 0.023 | HTO aerobic 23.0 2.2e-10 5.0e-12 0.00 0.0 0.102} 2.35e-03y 8.70
7 lintact granodiorite 0.023 | HTO aerobic 23.0 2.1e-10 4,8e-12 0.00 0.0 0.0975( 2.24e-03| B.70
8 | Intact granodiorite 0.023 [ HTO aerobic 23.0 1.9e-10 6.2e-12 0.0330 0.0037 0126 2.90e-03| 8.70
8 ]intact granodiorite 0.023 | |- aerobic 25.0 5.6e-12 1.7e-11 3.00 1.1 0.360| 8.28e-03| 8.70
10 |Intact granodiorite 0.0231¢I- aerobic 25.0 6.7e-12 B.1e12 1.20 0.43 0.173| 3.98e-D3| 8.70
11 lintact granodiorite 0.023 | CI- aerobic 25.0 1.7e-11 4.8e:12 0.280 0.094 0.103)] 2.37e-03( 8.70
12 [ intact granodiorite 0.023 | se032- anaerobic 22.1 1.0e-11 3.2e-12 0.320 0.1 0.t45[ 3.34e-03| 9.29
13 | intact grancdiorite 0.023 { se032- anaerobic 221 4.3¢-12 7.2e-13 0.170 0.054 0.0330( 7.50e-04] 9.29
14 | intact _granodiorite 0.023 | seQ32- anaerobic 22.1 53e12 1.9e-12 0.360 0.12| 0.0861] 198e-03] 9.2
15

16 | Altered granodiorite 0.032 | Na+ aerobic 25.0 B.4e-12 1.2e-11 1.43 0.54 0.282 | 9.02e-03( 877
17 | Altered granodiorite 0.032 | Nas+ aerobic 250 7.7e-12 5.1e-12 0.660 0.24 0167 | 5.34e-03] 8.77
18 | Altered granodiorite 0.032 | Na+ aerobic 25.0 1.3e-11 4.3e-12 0.330 0.11 0.101 [ 3.23e-03| 8.77
19 ] Altered granodiorite 0.032 | Cs4 aerobic 25.0 3.2e~12 2.5e-11 0.700 0.25 0,381 1.22e-02 8.77
20 | Attered granodicrite 0.032 | Cs+ aerobic 25.0 5.3e-12 4.8e-12 0.910 0.34( 0.0732| 2.34e-03] 877
21 [ Altered granodiorite 0.032 | cs4 aerobic 25.0 5.te-12 6.0e-12 1.20 0.45 0.0915| 2.93e-03| 8.77
22 ] Altered granodiorite 0.032 [ HTO aerobic 23.0 5.3e-10 1.7e-11 0.00 0.0 0.248| 7.84e-03| &.77
23 | Altered granodiorite 0.032 | HTO aerobic 23.0 6.3e-10 2.0e-11 0.00 a.0 0,292} 9.34e03| 8.77
24 ] Altered granodiorite 0.032 | HTO aerobic 23.0 5.3e-10 1.7e-11 0.00 0.0 0.248 | 7.94e-03| 877
25 | Altered granodiorite 0.032 | ¢I- aerobic 25.0 5.7e-12 1.4e-11 2.50 0.95 0.218| 691e-03| 877
26 [ Altered granodiorite 0.032 | |- aerobig 25.0 5.5e-12 6.9e-12 1.30 0.49 0106 | 3.39e-03| 8.77
27 | Alterad grancdiorite 0.032 | CI- aerobic 25.0 2.0e-11 3.8e-12 0.200 0.064 0.0600 | 1.92e-03 8.77
28 | Altered granodiorite 0.032 | Se032- * | anaerobic 21.9 1.4e-12 9.33
29 | Altered granodiorite 0.032 | 5g032- anaerobic 21.9 1.3e-11 2.4¢-12 0.180 0.057 0.0781| 250e-03 9.33
30| Altered granodiorite 0.032 | sey32- anaerobic 21.9 9.3e-12 3.3e-12 0.350 012 0107 | 3.42e-03| 9.33
3

32 | Fracture fillings 0.056 | Na+ aerobic 25.0 1.9e-11 2.1e-11 1.1 0.43 0282 | 1.58e-02| 892
33 | Fracture fillings 0.056 | Na+ aerobic 25.0 2.0e-11 1.7e-11 0.850 0.33 0.228 | 1.2Be-02 8.92
34 [ Fracture fillings 0.056 | Na+ aerobic 25.0

35 | Fracture _fillings 0.056 | Cs+ aerobic 25.0 1.te-11 1.4e-11 1.30 0.51 0.122 ) 6.83e-03| 8.92
36 | Fracture fillings 0.056 | cs4 aerobic 25.0 1.3e-11 2.2e-11 1.70 0.58 0192 1.08e-02| 8.02
37 | Fracture fillings 0.058 | £+ aerobic 25.0

38 | Fracture fillings 0.058 | HTO aerobic 23.0 4.8e-10 2.7e-11 0.0560 0.0 0.225| 1.26e-02 8.92
39 | Fracture fillings 0.056 | HTO aerobic 23.0 5.0e-10 2.8e-11 0.0560 0.0 0.244| 1,37e-02| £.92
40 | Fracture fillings 0.056 | HTO aerobic 23.0 2.9e-10 1.6e-11 0.0550 0.0 0.139 ) 7.78e-03 8,92
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AR, 6 22 5:40 PM 1997

Rock Porosity{—) lon Atmosphere Temperature{C) | Da{m2/s) { De{m2/s) | «{=)} Kd(mi/g) G(—) FF(—=) ¢+ -pH
41 | Fracture fillings 0.056 | |- aerobic 25.0 1.8e-11 2.1e-11 1.20 0.47 0.185 1.04;0-5 8.92
42 | Fracture fillings 0.056 3 CI- aerabic 25.0 3.4e-11 1.4e-11| 0.410 D.15 0.123 | 6.89e-03 8.92
43 | Fracture filings 0.058 | CI- aerobic 25.0
44 | Fracture fillings 0.056 | Se032- | anaerobic B.1e-12 5.7¢12 | 0.700 0.27 0.106 | 5.94e-03 9.56
45 | Fracture fillings 0.056 | 5e032- | anaerobic 3.7e-12 49e12| 131 0.52| 0.0911) 5.10e-03| 9.50
46 | Fracture fillings 0.056 [ Se032- | anaerobic
47
48 |+p.L.: 1.4e-12m2/s
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8RB, 68 22 5:40 PM 1897

Rock Sample No. | Na+{meq/100g) | K+(meq/100g) { CaZ+(meq/100g) | Mg2+(meq/100g) Ar(molﬂom Sifmal/10Cg) | C-(meq/100g) 2) | S042-(meq/100g) 3) CEC(meq/lU%
0 | intact grznodiorite FG-1 26.000 15,30 458.900 16.40 0.000 7100 11.20 0.000 1.800
1{intact_granodiorite FG-2 26.000 15.30 459,000 15.40 0.000 3.600 16.80 0.000 3.000
2 fintact granodiorite FG-3 26,000 15.30 458.900 16,40 0,000 5.300 16.90 0.000 1.200
3
4 1 Altered granodiorite AG-1 69.500 25.50 323110 32.80 0.000 5.300 £6.30 16.60 1.800
5[ Altered granodionte . | AG-2 104,30 25.50 3193.40 32.90 0.000 7.100 1287 16.60 2.200
6 | Altered granodierite | AG-3 76.200 25,50 3113.20 32.90 0.000 7.100 62.60 16,50 1.800
7
8 Fracture fillings FMB-1 217.30 2550 23639.6 32.60 0.000 42.70 0.000 0.000 17.80
9 [ Fracture filings FMB-2 217.40 2550 24443.4 32.90 0.000 42.70 0.000 6.000
10 | Fracture filings FMB-3 217.30 25.50 235412 32.80 0.000 40 80 0.000 0.000 16.80
12l
12 Type € rock EMC-1 1051.6 £1.30 £561.00 8570 0.000 35.55 78.80 28.10 61.30
13 | Type C rock FMC-2 1000.0 61.30 6604.70 65.80 0.000 35.58 0.000 24.90 61,10
14 Type C rock FMC-3 1017.3 61.30 6674.00 65.80 0.000 35.58 0.000 16.60 61.30
15
16
17 1 1)D.L.:0.15mmol/100g
18| 2)D.L.:0.1 1mmol/100g
19| 3)D.L.:0.17mmol/100g

LZT-L6 OTPSNL ONd
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BEER, 6 A 22 7:25 PM 1997

Species Solid Initial conc.(M) | Mitial conc.{ppm) | Liquid/solid ratio(ml/g) Atmosphere Temperature(C) pH Contact time(day) | Kd(mi/g)
00 Cse intact_granodiorite 8.58e-05 1.146+01 100.00 | aerobic 23.0| 9.380 30.0 26.00 |
140y Intact granodiorite 8.58e-05 1.14e+01 100.00 aerohic 23.0( 9.380 30.0 29.00
2[cse Intact granodicrite 8.58e-05 1.14e+01 100.00 | aerobic 230[ 9.380 30.0 29.00
3ECs+ Altered granodiorite 8.58e-05 1.14e+(11 100.00 | agrobic 23.0| 9.480 30.0 17.00
41Cse Altered granodiorite 8.58e-05 1.14e+01 100.00 | aerobic 23.01 9.480 30.0 18.00
50Cs+ Altered granodiorite 8.58e-05 1.14e+01 100.00 | aerobie 23.0| 9.480 30.0 18.00
Blics+ Fracture ﬁ||ings B.58e-05 1.14e+01 100.00 aerohic 23.0] 9440 30.0 96.00
7HCs+ Fracture fillings 8.58e-05 1.14e+01 100.00 | qerobic 23.0( 9.440 30.0 107.0
8]css+ Fracture fillings B.58e-05 1.14e+1 100.00 | aerobic 23.0{ 9.400 30.0 1110
9
100sr2+ Intact granodiorite 9.13e-05 8.00e+00 100.00 | gerabic 23.0] 9.430 30.0 27.00
11jsr2+ Intact granodiorite 9.13e-05 8.00e+00 100.00 | aerobic 23.0| 9.430 30.0 38.00
12 sr2+ Intact granodiorite 9.13e-05 8.002+00 100.00 | zerobic 23.0| 9.430 30.0 44.00
13052+ Altered granodiorite 9.13e-05 8.002400 100.00 | aerobic 23.0| 9.450 30.0 36.00
14524 Alteredgranodiorite 9.13e-05 8.00e+00 100.00 | acrobic 23.0] 0.450 30.0 36.00
15 |sr24 Altered granodiorite 9.13e-05 8.00e+00 100.00 | aerobic 23.0| 9.450 30.0 36.00
16 [Sr24 Fracture fillings 9,13¢-05 8.00e+00 100.00 | zerobic 23.0( 8.420 30.0 48.00
17 {52+ Fracture fillings 9.13e-05 8.000+00 100.00 | zerobic 23.0( 9420 30.0 50.00
1BAsr2+ Fracture fillings 9.13e-05 8.00e+00 100.00 | erobic 23.0] 9.420 30.0 53.00
19
20 | se032- Intact granadiorite 1.00e-04 7.90e+00 20.000 | anaerobic 9.270 30.0 0.000
21 | 5e032- Intact granodiorite 1.00e-04 7.902+00 20.000 [ anaerobic 9.320 30.0 0.9400
22 [ gen32- intact grancdiorite 1,00e-04 7.90e+00 20.000 | anacrobic 9.310 30,0 0.6200
23 | 5e03z- Altered granodiorite 1.00e-04 7.90e+00 20.000 | anaerobic 9.360 30.0 0.3000
24 L 5e032- Attered granodiorite 1.00e-04 7.90e+00 20.000 | anaerobic 9.370 30.0 0.9400
25 [ e032- Altered _granodiorite 1.00e-04 7.902+00 20.000 | anaerobic 9.400 30.0 1.610
26 1 5aD32- Fracture fillings 1.00e-04 7.90e+00 20.000 | anaerobic 9.280 30.0 0.6200
27 [ seD32- Fracture fillings 1.00e-04 7.902+00 20.000 | anaerobic 9.280 30.0 1.270
28 | se032- Fracture _fillings 1.00e-04 7.902400 20.000 | anaerobic 9,300 30,0 1,610
29
30 fUO2(C03)34- | Intact granodiorite 1.07e-06 2.55e-01 100.00 | aerobic 23.0| 8.110 30.0 2.000,
N U02(C03)34- | intact granodiorite 1.07e-06 2.55e-01 100.00 | aerobic 23.0{ 9.110 30.0 3.000
32 | UD2(CO3)34- | Intact granodiorite 1.07e-08 2.55¢-01 100.00 1 aerobic 230 9.110 30.0 9.000
33 | unz(co3)34- | Altered granodicrite 1.07&-08 2.55e-01 160.00 | aerobic 23.0| 9.410 30.0 2.000
34 JU02(C03)34- | Altered granodiorite 1.07e-06 2.55e-01 100.00 | aerobic 23.0( 9.110 30.0 3.000
35 JU02(C03)24- | Altered granodiorite 1.07e-06 2.55e-01 100.00 | aerobic 23.01 9.110 30.0 7.000
36 | U02(C03)34- | Fracture fillings 1.07e-05 2.55e-01 100.00 | gerobic 23.0( 9.110 30.0 3.000
37 U02(C03)34- | Fracture fillings 1.07e-06 2.55¢-01 100.00 | aerobic 23.0] 2110 30.0 7.0c0
38 fUO2(CO3)34- | Fracture fiflings 1.07e-06 2.55e-01 100.00 | zerobic 23.0f 8110 30.0 9.000
39
40 | UD2(C03)34- | Intact granodiorite 1.09e-05 2.59e-01 100.00 | aerobic 23.0 30.0 2.000
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e

~—Ir #2 - “Appendix4 Sorption parameters” BB, 68 22 7:25 PM 1997
Species Solid Initial conc.(M) | Initial conc.(ppm) | Liquid/solid ratio(ml/g) [ Atmosphere Temperature{C) pH Contact time(day) | Kd(ml/g)
41 fy02(C03)34- | Intact granodiorite 1.09e-06 2.50e-01 100.00 | aerobic 23.0 30.0 2.000
42 §U02(C03)34- | Intact granodiorite 1.09¢-06 2.59¢-01 100.00 | aerobic 23.0 30.0 4.000
43 U02(C03)34~ | Altered granodiorite 1.09e-06 2.58¢-01 100.00 | agrobic 23.0 30.0 1.000
44 ¥02(C0O3)34- | Altered granodiorite 1.09¢-06 2.5%-01 100.00 | aerobic 23.0 30.0 7.000
45 fUQ2(C03)34- | Altered granodiorite 1.00e-06 2.58¢-01 100.00 | aercbic 23.0 30.0 13.00
46 fU02(C03)34- | Fracture fillings 1.09e-06 2.58e-01 100.00 | aerobic 23.0 30.0 4.000
47 Ju02(C03)34- | Fracture _filings 1.09¢-08 2.58e-01 100.00 | aerobic 23.0 30.0 13.00
48 fUD2(C03)34- | Fracture fillings 1.09e-06 2.59¢-01 100.00 | aerobic 23.0 30.0 18.00
49
50 Ju02(C03)34- | Intact grancdiorite 6.27e-07 1.49e-01 100.00 | zerohic 23.0 30.0 0.000
51 fu02(C03)34- | Intact granodiorite 6.27e-07 1.49e-01 100.00 { aerobic 23.0 30.0 4.000
52 UG2(C03)34- | Intact granodiorite 6.27e-07 1.49e-01 100.00 | aerobic 23.0 30,0 6.000
53 JUo2(Cc03)34- | Altered granodiorite 6.27e-07 1.49e-01 100.00{ aerobic 23.0 30.0 0.000
54 JU02(C03)34- | Altered granodiorite 6.27e-07 1.49¢-01 100.00 | aerobic 23.0 30.0 4.000
55 § U02(C03)34- | Altered granodiorite 6.27e-07 1.48e-01 100.09 | aerobic 23.0 30.0 4.000
56 | L402(C03)34- | Fracture fillings 6.27e-07 1.49e-01 100.00 | zerobic 23.0 30.0 3.000
57 |UO2(C0O3)34- | Fracture fillings 6.27e-07 1.4%e-01 100.00 | aerchic 23.0 30.0 8.000
58 | U02(C0O3)34- | Fracture fillings 6.27e-07 1.48e-01 100.00 | aerobic 23.0 30.0 9.000
59
60 U02(C03334- | Intact granodiorite 1.00e-08 2.38e-01 100.00 aerobic 23.0{ B8.420 30.0 0.000
81 |UO2(C03)34- | intact granodiorite 1.00e-086 2.38e-01 100.09 | aerobic 23.0| 8.420 30.0 4.000
62 | Y02(CO3)34- | Intact granodiorite 1.00e-06 2.38e-01 100.09 | aerobic 23.0| 8.420 30.0 9.000
63 | U02(C03)34- | Altered grancdiorite 1.00e-08 2.38e-01 100.00 { aerobic 23.0| 8650 30.0 0.000
64 | U02(CO3)34- | Altered granodiorite 1.00e-06 2.38¢-01 100.00} aerobic 23.0| 8.650 30.0 0.000
65 | U02(C03)34- | Altered granodiorite 1.00e-06 2.38e-01 100.00 ) aarobic 23.0} B.650 30.0 0.000
86 | UC2(CO3)34- | Fracture fillings 1.00e-08 2.38e-01 100.00 | aerobic 23.0} 8.880 30.0 3.000
67 | U02(C03)34- | Fracture fillings 1.00e-06 2.38e-01 100.00 § agrobic 23.0( 8.880 30,0 3.000
88 [ u02(C03)34- | Fracture filings 1.00e-05 2.38¢e-01 100.00 | aerobic 23.0( 8.880 30.0 6.000
69
70 | U02(C03)34- | Intact granodiorite 1.05e-06 2.50e-01 1000.0 { aerobic 23.0( 9.450 30.0 12.00
71 |uo2(C03)34- | Intact granodiorite 1.05e-08 2.50e-01 1000.0 ] aerobic 23.0( 9.450 30.0 25.00
72 | U2(C03)34- | Intact granodiorite 1.05e-06 2.50e-01 1000.0 | aerobic 23,0( 9.450 30.0 25.00
73 |UD2(C0O3)34~ | Altered granodiorite 1.05¢-06 2.50e-01 1000.0 | aerobic 23.0( 9.460 30.0 51.00
74 | UDZ(£03)34- | Altered granodiorite 1.05e-06 2.50e-01 1000.0 | aerobic 23.0| 9.460 30.0 51.00
75 | U02(C03)34- | Altered granodiorite 1.05e-08 2.50e-01 1000.0 | aerobic 23.0| 9.460 30.0 69.00
76 | UD2(C03)34- | Fracture filings 1.05e-08 2.50e-01 1000.0 | aerobic 23.0| 9.480 30.0 38.00
77 | UO2(CO3)34- | Fracture filings 1.05¢-05 2.50e-n 1000.0 | aerobic 23.0] 9.480 30.0 B3.00
78 U02(C03)34- | Fracture fiﬂings 1.05e-08 2.50e-M 1000.0 aerodic 23.0| 9.480 30.0 142.0
79
80 [ Pu(CO3)32- | Intact granodiorite 1.55e-00 3.70e-04 100.00 | gerobic 24,0( 8600 66.0 3230
81 | Pu(CO3)32- | Intact granodiorite 1.55¢-09 3.70e-04 100.00 | gerpbic 24.0| 8.600 66.0 5210
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~A—3} #3 - “Appendix4 Sorption parameters”

BEER, 68 22 7:25 PM 1997

Species Solid Initial conc.(M)} | Initial conc.(ppm) | Liquid/salid ratio{mi/g} ¢ Atmosphere Temperature(C) pH Contact time(day) | Kd(ml/g)
82 | Pu(C03}32- | Altered granodiorite 1.55e-09 3.70e-04 100.00 | agrobic 24.0| 8.600 66.0 3230
83 | Pu(C03)32- | Altered granodiorite 1.55¢-09 3.70e-04 100.00 { aerobic 240 8.600 66.0 2560
84 JPu(C0O3)32- | Fracture fillings 1.55e-09 3.70e-04 100.00 | aerobic 24.0| 8.600 66.0 1770
85 | Pu{C03)32- | Fracture fillings 1.55e-09 3.70e-04 100.00 | gerobic 24.0| 8.600 66.0 1360
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~A—3 #1 - “Appendix$ Pore parameters”

HEEH, 6 A 22 7:43 PM 1997

Rock Methed Depth(m)} | Porosity(%) { Natural dry density(kg/m3} | Saturation density(kg/m3}| Dry density(kg/m3)} | Specific surce area{m2/g)
0 Jintact grancdiorite Mercury 700.00 3.00 2700.0 0.600
1 Jintact granodiorite Mercury 700.00 2,40 2700.0 0.200
2 lintact granodiorite Mercury 700.00 3.00 2800.0 0.500
3 |intact granodiorite Water 700.00 2.80 2610.0
4 |intact grenodiorite Water 700.00 1.20 2770.0
5 {intact granodiorite Water 70.000 1.70 2700.0
6 | intact granodiorite Water 700.00 1.10 2850.0
7
8 | Altered granodiorite | Mercury 700.00 2.30 2600.0 0.600
9 f Altered granodiorite | Mercury 700.00 3.40 2600.0 0.600
10 | Altered granodiorite | Mercury 700.00 3.90 2600.0 0.600
11 ] Altered granodiorite | Water 760.00 3.30 2620.0
12 | Altered granodiorite | Water 700.00 3.30 2580.0
13 | Altered granodiorite | Water 70.000 3.20 2650.0
14 ] Altered granodiorite | Water 700.00 3.40 2610.0
15
16 | Fracture fillings Mercury 700.00 3.80 2500.0 0.460
17 | Fracture _fillings Mercury 700.00 4.30 2400.0 0.700
18 | Fracture _fillings Mercury 700.00 530 2400.0 0.400
19 [ Fracture fillings Water 700.00 7.40 2350.0
20 | Fracture fillings Water 700.00 3.70 2840.0
21 [ Fracture fillings Water 70.000 5.80 2180.0
22 | Fracture filings Water 700.00 9.60 2260.0
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