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Abstract
Matrix diffusion is one of the most important contaminant migration retardation pro-
cesses in crystalline rocks. Performance assessment calculations in various countries
assume that only the area of the fracture surface where advection is active provides
access to the rock matrix. However, accessibility to the matrix could be significantly
enhanced with diffusion into stagnant zones, fracture fillings, and through an alteration
rim in the matrix. Laboratory visualization experiments were conducted on granodiorite
samples to investigate and quantify diffusion rates within different zones of a Creta-
ceous granodiorite. Samples were collected from the Kamaishi experimental site in the
northern part of the main island of Japan. Diffusion of iodine out of the sample is
visualized and rates are measured using x-ray absorption imaging. X-ray images allow
for measurements of relative iodine concentration and relative iodine mass as a function
of time and two-dimensional space at a sub-millimeter spatial resolution, hi addition,
two-dimensional heterogeneous porosity fields (at the same resolution as the relative
concentration fields) are measured. This imaging technique allows for a greater under-
standing of the spatial variability of diffusion rates than can be accomplished with
standard bulk measurements. It was found that diffusion rates were fastest in partially
gouge-filled fractures. Diffusion rates in the recrystalized calcite-based fracture-filling
material were up to an order of magnitude lower than in gouge-filled fractures. Diffu-
sion in altered matrix around the fractures was over an order of magnitude lower than
that in the gouge-filled fractures. Healed fractures did not appear to have different
diffusion rates than the unaltered matrix.

1 Introduction
Matrix diffusion is one of the most important retardation processes in fractured rocks. A
traditional Performance Assessment (PA) assumption for modeling matrix diffusion
assumes radionuclides only diffusion into the matrix adjacent to the advective path or
channel in the fractures. This available area for matrix diffusion is called the flow-
wetted surface (FWS) and the ratio of FWS is commonly 20 to 50% of the fracture
surface area. In many cases, a limited depth of rock matrix is assumed to be accessible
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by diffusion. Thus, traditional PA assumes a limited volume of rock matrix is accessible
for matrix diffusion.

However, geologic examination of crystalline rocks commonly shows an altered rim (or
halo) along the entire fracture surface indicated by orange, pink or white coloring. The
presence of this altered matrix gives evidence that there is access via diffusion along the
entire gouge-filled fracture surface. Therefore, the FWS could be assumed to be 100%
due to diffusion in geologic time.

Besides open void space in a fracture, there usually exist finely crushed materials, called
fault gouge and/or breccia, as well as calcite-based recrystalized material. The porosity
of these materials may be high relative to the rock matrix. However, these materials are
fragile and cover small areas and are thus difficult to measure.

The Japan Nuclear Cycle Development Institute (JNC) decided to apply a novel tech-
nique developed by Sandia National Laboratories (SNL) using non-destructive X-ray
absorption imaging to observe the porosity and tracer migration in fractured granite
rock at a sub-millimeter spatial resolution /Tidwell and Glass, 1994/. This method was
originally applied to the dolomite samples from the Waste Isolation Pilot Plant, the U.
S. Department of Energy's deep geologic repository for transuranic nuclear waste site in
New Mexico, to observe and quantify heterogeneous tracer migration /Tidwell et al.,
2000/. However, prior to this study, this method had not been tested on crystalline rock.

The following objectives were defined for the preliminary experiments:

1. Test and refine the X-ray absorption experimental technique for optimal imaging of
diffusion processes occurring in fractured crystalline rock, specifically in fracture-
filling material, altered granodiorite and unaltered granodiorite. Of special interest
is whether the technique will be effective for the matrix samples with extremely
low-porosity.

2. Obtain qualitative and possibly quantitative information on the relative diffusion
rates of the different materials (gouge-filled fracture, recrystallized fracture filling,
altered and unaltered matrix).

These experiments are described in more detail in Altaian et al. /2001/.

2 Experimental description

Sample descriptions

A core approximately 15 cm in diameter and a block, approximately 50 cm on a side,
taken from the Kamaishi mine in the northern part of the main island of Japan, were
used in this study. The core sample consisted of fracture-filling material as well as
altered and unaltered matrix. The fracture in the core was characterized as a Type-B
fracture, meaning it contains a zone of fracture fillings, altered and unaltered matrix
/Osawa et al, 1995/. Damage from shipping and handling of the core might have caused
fracturing in the fracture-filling material along the plane of the fracture. Samples
KClc-FF, KCla-alt and KCla-unalt (Figure 3a-6) were taken from this core.
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Figure 3a-6. Rock samples and schematic of the different test cells for the experiments showing how the
configuration of the materials with the source terms differ. Scales are in centimeters.

The block contained several fractures running perpendicular to the diffusion face. Some
of the fractures were filled with high-porosity fault gouge and others were recrystalized.
Rock bolts were used to protect the integrity of the fractures during shipping. Altered
matrix was also present in the sample in the vicinity of several of the fractures. One of
the advantages of this block over the original core, described above, is that there was
less damage to the block during shipping. Therefore, the fractures have been left intact
and disturbance or loss of the fracture-filling material, especially the high-porosity
gouge material, was probably minimal. Sample KB lam-1 (Figures 3a-6 and 3a-7) was
taken from this block. The dimensions of each sample are listed in Table 3a-2.

Table 3a-2. Dimensions of samples.

Sample ID

KB1am-1

KCIc-FF

KC1a-alt

KC1a-unalt

Description

Fractured sample

Fracture-Filling

Altered matrix

Unaltered matrix

Length
(cm)

10.024

7.840

4.940

7.240

Width
(cm)

14.989

9.241

7.330

6.861

Thickness
(cm)

2.423

2.289

2.625

2.641

Volume
(cm3)

364.010

165.787

95.034

131.187
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Figure 3a-7. Photograph of two faces of sample for test cell KBlam-1. The upper face is the face over
which the X-ray images are taken (A). The lower face is the face where the diffusion boundary is located
(B). The scale is in centimeters.

Four samples were selected for the purpose of gaining an understanding of the variation
in diffusion rates in different materials (Figure 3a-6). Use of KClc-FF focused on
evaluating diffusion rates through the recrystalized fracture-filling. Test cells KC la-alt
and KCla-unalt were selected to assess diffusion through the altered matrix and
unaltered matrix, respectively. Results from KBlam-1 were used to look at diffusion
through partially gouge-filled fractures. Note that the two predominant fractures in
KBlam-1 were partially opened and partially filled with gouge material. There were
also recrystalized fractures in the sample.
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Test cell preparation

A schematic of the test system used in the diffusion experiment is shown in Figure 3a-8.
Each sample was housed in a separate test cell. Four bars of aluminum were cut to fit
around the four edges of each sample. The frame was used to provide rigidity to the test
cell and minimize X-ray scatter around the edges of the sample. A reservoir, used for a
controlled concentration boundary condition, was milled out of one of the aluminum
bars. The aluminum bars at the base of the test cell, consisted of two pieces. The piece
in contact with the sample has a hole providing access to tracer during saturating
process (Figure 3a-8, Piece A). The second piece was constructed so that it would fit in
the hole for final assembly (Figure 3a-8, Piece B). By inserting plumber's putty (a very
low conductivity material) along the end of the sample, in contact with the area where
the two pieces join, a no-flow boundary was created.

Once the aluminum bars were constructed the frame and samples were potted in epoxy.
The epoxy was used so as to form no flux boundaries along the faces and edges of the
sample. A high viscosity epoxy was used to minimize inhibition into the rock. One
drawback of using the high viscosity epoxy was that air bubbles formed in the epoxy.

Inlet
Oblique View

Epoxy

Screws

Piece A Piece B Piece B

c • ) c
Map View Cross-Section

View

Figure 3a-8. Schematic of a test cell showing oblique and side views. Pieces A and B comprise the
bottom aluminum bar on the test cell. Piece A, with its open center is attached with epoxy directly
onto the sample. This end remains open during the saturation period. Piece Bfits into the open slot
of piece A. When inserted with plumber's putty the end now becomes a no-flux boundary.
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Tracer solution
The iodide ion was selected as a tracer because it is geochemically conservative and has
favorable X-ray absorption characteristics /Tidwell et al., 2000/. Ten-weight-percent
potassium iodide (KI) was used as the tracer solution. Albuquerque, New Mexico tap
water was used as the solution and the zero-concentration circulated fluid because the
chemistry of the tap water appears to be similar to the chemistry of the groundwater
where the samples were obtained.

Saturating samples

After the samples were epoxied in their aluminum frame they were ready for saturating.
The dry samples were weighed then placed in a vacuum chamber. The samples were
first saturated with CO2 to minimize the possibility of entrapped air. The tracer was then
introduced and the samples were saturated under vacuum conditions. The samples were
left in tracer solution under vacuum conditions until the weight of the samples with
tracer stabilized (49 days).

X-ray absorption imaging set-up

High-resolution, X-ray absorption images were acquired by directing a beam of X-rays
at the face of the test cells while recording the transmitted X-rays on film secured in a
cassette behind the test system. The X-ray source was located at a sufficient distance
from the film (approximately 2.8 m) to expose the entire film while minimizing
parallax. X-ray source parameters used in imaging were tuned to the absorption
characteristics of the tracer. A source intensity of 60 kV at 26.6 mA was used. The
accompanying exposure time is set to maximize image contrast, which is a function of
sample thickness and tracer concentration. Exposure time determined by trial-and-error
was 17 minutes for samples KCla-alt and KCla-unalt and 13 minutes for KB lam-1 and
KClc-FF. X-ray images were taken of the dry samples, saturated samples and samples
over time during the duration of the experiment.

Diffusion experiment

Once the samples are saturated, the diffusion experiment is ready to begin. The finished
test cells were mounted side by side on a steel frame (Figure 3a-9). A fixed density
wedge was also mounted to the frame. The test cells were arranged so that the reservoirs
were above the rock sample. This position was chosen so that the less dense fluid that
circulated through the reservoir was above the more dense tracer solution used to
saturate the rock sample. Therefore, mixing due to density differences was not expected.

A constant-tracer-concentration-boundary condition was achieved by circulating fluid
(tap water) through the reservoir (Figure 3 a-10). Note the samples were originally
saturated with a KI tracer and therefore the concentration boundary condition is C = 0.
Therefore, the experiment visualizes diffusion out of the samples. The experiments
commenced with the circulation of clean water. After starting circulation, X-ray images
were taken periodically over a period of 202 days.
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Figure 3a-9. Photograph of test cells mounted on steel frame and in position for X-ray imaging.
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Figure 3a-10. Schematic of experimental system.
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3 Analyses of images

Spatial variation in solute concentration within each sample was recorded as differences
in film density. To quantify these differences, digital imaging was employed. This was
accomplished by placing the exposed X-ray film in front of a diffused bank of high-
frequency (60 MHz), high-output fluorescent lights. A computer-controlled feedback
loop was used to maintain consistent light intensity during imaging. Variation in the
transmitted light intensity field, corresponding to differences in film density and hence
the solute concentration, was recorded by means of a charge-coupled device (CCD)
camera focused on the front of the X-ray film. The CCD camera output was digitised
into an array of at least 1024 x 1024 points, with each point assigned a gray level value
between zero and 4095 according to the transmitted light intensity. The array size of the
camera and the size of the test system determine the spatial resolution of the acquired
image. For this experiment each pixel will be measured approximately 0.3 mm on a
side.

Because data from multiple images are required to calculate the relative concentration,
total mass, and porosity at a given point, care in registering images is required. To aid in
this process, lead reference marks were strategically affixed to the test system.

To determine the relative tracer concentration at each point in the X-ray image, the
digitized gray-level values were modified through a two-step process. The first step
adjusted the image according to the fixed-density wedge included in each image to
correct for variations in the source intensity and variations in film quality. The wedge,
which varies linearly in thickness, was made of a hardened epoxy/tracer suspension.
This was accomplished by taking a transect through the wedge and then plotting the
gray-level intensity versus wedge thickness at each pixel. This process was repeated for
each image using the same transect. A polynomial function was then fit to the wedge
data. One curve was chosen as the reference and all other wedge intensity data were
mapped back to the reference. Once the reference mapping has taken place, the image
gray-level intensities were adjusted according to the mapping.

Porosity Estimates

The porosity ($.) at each pixel is determined from the X-ray images taken of the
tracerless (Id) and tracer saturated (Is) samples. The natural log transformed images are
subtracted and then normalized by the mean value and scaled by the bulk porosity:

"Vg

where E[ln(Is)Q- ln(/J J is the average difference between the tracer saturated and
tracerless images, <phalk is the bulk porosity of the rock slab, zu is the thickness of the slab
at point i,j, and zmg is the average thickness of the rock slab. As the samples were all
ground to have an even thickness, the Z-Jzmg term drops out of the equation. The bulk
porosity ($,,,tt.) of each sample is needed to estimate the porosity distribution from the
image analyses. The bulk porosity was estimated by calculating the change in mass
between the dry samples and saturated sample as follows:

7 7 A ( 2 )
\P,racJ)
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where Msal is the mass of the saturated sample, Mdri is the mass of the dry sample, MRes is
the mass of the tracer in the reservoir, plmcer is the density of the tracer and V is the
volume of the sample. Mm and Md are measured directly.

Estimates of C/Co and M/Mo

Relative concentration is calculated from the adjusted gray-level images by applying
linear absorption theory /Tidwell and Glass, 1994/. Specifically, at each point or pixel in
the image domain the following equation is applied:

r

where / is the transmitted light intensity at a fixed point, L is the transmitted light
intensity at the same point on the image for the fully tracer saturated condition (image
C/Co =1), and Id is the transmitted light intensity at the same point on the image before
the sample has been saturated with tracer (image C/Co= 0).

To assist in the analyses, the normalized cumulative mass (M/Mo) in the area of the
fractures in KBlam-1, the fracture filling material in KClc-FF, and the altered matrix in
sample KCla-alt was calculated as follows:

N ( r \

m=i^A_ (4)

where M is the mass of tracer in the area at a the time the X-ray image was taken and Mo

is the corresponding quantity when the sample is saturated with tracer, z, is the thickness
of the slab at a given pixel, $ is the corresponding porosity and N is the number of
pixels in the area.

Diffusion coefficient estimates

Two methods were used to estimate the diffusion coefficients for different portions of
the samples: an analytical method and a numerical (semi-analytical) method employing
multiple rates of mass transfer.

Analytical solution
The configuration of a constant tracer concentration boundary condition along one edge
of the test sample while the other edges and faces are maintained as zero flux
boundaries allows direct comparison with analytical solutions for 1-D diffusion in a
finite slab. According to Crank 119151 the relative concentration is a function of position
and time C/C0(x,t) as given by:

4? cos
2/ (5)
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where Dr is the diffusion coefficient, / is the slab length, and n is a summation index.
Similarly consider M the total mass of tracer in the sample at time t and Mo the
corresponding quantity when the sample is saturated, their ratio is given by:

M , ^ 8
1 2Mo

(6)

Important assumptions made in these solutions are that the diffusion coefficient is
constant (i.e., independent of solute concentration), the porous medium is homogeneous
and isotropic, the tracer is conservative and the boundary conditions are constant
throughout the test.

Inversion and truncation of Equation 6 provides a direct means of calculating De from
the M/Mo profile. Crank /1975/ gives the relation:

„ 0.196/2

De=— (7)
'0.5

where t05 is the time for which M/Mo = 0.5. The diffusion coefficient, De is defined as

De=D0T (8)

where Do is the free water diffusion coefficient and ris the tortuosity. The error caused
by the truncation is reported to be approximately 0.001 percent.

Equations 5-7 will serve as the basis for analyzing the matrix diffusion. Specifically,
the relative concentration C/C0(x,t) and the mass removal M/Mo as measured by X-ray
imaging can be compared directly to equations 5 and 6 to assess whether matrix diffu-
sion in the JNC samples follows a constant rate. Equation 7 was used to calculate the
effective diffusion rate assuming uniform diffusion.

Multirate modeling

The data analysis methods of Haggerty and Gorelick /1998/ were also used to evaluate
whether multiple rates of diffusion are present during the course of the experiments. To
understand the multirate model of mass transfer, one can consider a system as having a
distribution of diffusion rates. The scale (both time and length) of the system controls
which diffusion rates are important. At large scales, for example, features contributing
to fast diffusion rates may become saturated with solute and no longer contribute to the
diffusive response of the system. Also at larger scales, more surface area becomes
accessible for diffusion. A model of multirate diffusion has been shown to be important
in the Culebra dolomite at the WIPP site /Haggerty et al., 2001/ and has potential
implications for Performance Assessment (PA) calculations /McKenna et al., 2001/. A
conventional model of mass transfer with only a single rate coefficient may be an
adequate conceptualization only if the time and spatial scale of the experiment being
modeled and the total system being assessed are the same. At the laboratory and field
scale it may be possible to determine an adequate integrated single-rate diffusion
coefficient. However, such measurements are often not possible at the PA scale. To
more appropriately perform PA calculations one must address the scaling issues that
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influence the mass transfer rate coefficients. One approach is to use a distribution of rate
coefficients or calculating an integrated single-rate coefficient that accounts for the
multiple rates of diffusion that are appropriate at the PA scale /McKenna et al., 2001/.

The curve-matching and Laplace transform methods described by Haggerty and
Gorelick /1998/ were used to calculate the distributional properties of the diffusion
coefficients (i.e., mean and variance of a log-normal distribution). Fleming /1999/
developed a code specifically to estimate both multirate and single-rate parameters from
experiments with this specific set-up (referred to as static diffusion experiments). Using
Fleming /1999/ approach for this analysis provides estimates of//, (the mean of the
natural log distribution of De), and <7d (the standard deviation of natural log distribution
of De, calculated for multirate diffusion only). The assumed multirate distribution of
diffusion coefficients is lognormal. The correct distribution for the materials in these
experiments is currently unknown.

The code estimates jUd and od by normal inversion. The code iteratively simulates the
experiment and compares the log-space simulation data to the log-space observed data
(M/Mo versus time). Root mean square error (RMSE) was used as a measure of fit, as
log-transformed data shows a greater sensitivity to the late-time, low mass ratios at
which multirate effects are greatest. The parameter estimation statistics have been
provided for the multirate and single-rate interpretations. This information is a useful
statistical estimate of the reliability of the modeling results, and is the primary advan-
tage of using formal parameter estimation techniques as opposed to conventional
manual calibration of the model to the data. The 95% confidence intervals presented in
the results section (Section 4) represents + 2 standard deviations about the best-fit value
of the parameter.

4 Results of image analyses
Results at this time are focused on the fractures in sample KBlam-1, the recrystallized
fracture material in sample KClc-FF, and the altered material in sample KCla-alt. It
was determined that the porosity of the unaltered matrix was too low such that there was
not enough tracer in sample KCla-unalt to make this technique effective.

Porosity estimates

Porosity distributions of the four samples are presented in Figures 3a-1 la-e. A range of
0-25% was used to emphasize the high porosity areas, specifically the gouge-filled frac-
tures and the recrystalized fracture-filling material. When the bulk porosity as measure
in Equation 2 is used to calculate the porosity distribution of KCla-alt (Figure 3a-1 Id)
an area of high porosity is seen in upper right-hand portion of the sample. This area is
thought to be unrealistically high based on other porosity measurements of the altered
matrix. It is likely that there is an error in the bulk porosity measurement. If a more
realistic bulk porosity value of 3.2% /Ota, 1998/ is used, then the porosity distribution
of the sample (Figure 3a-l le) seems more realistic.
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Figure 3a-11. Porosity distribution for each sample ((A) KB lam -1 (sample containing gouge-
filled fractures), (B) KClc-FF (sample containing recrystallized fracture-filling material), (C)
KCla-unalt (sample containing unaltered matrix), (D) KC la-alt assuming a bulk porosity of 6.6%
and (E) KCla-alt, assuming a bulk porosity of 3.2%) (sample containing altered matrix). Note the
range of porosity values shown in each image is 0-25%.
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The partially gouge-filled fractures showed a range in porosity of 7-21 % with an aver-
age value of 13% in the left-hand fracture and 9% in the right-hand fracture (Figure 3a-
1 la). The recrystalized fracture fillings showed a porosity range of 5-24% with an
average value of 13% (Figure 3a-l lb) and the altered matrix showed porosity ranging
from 3-12% (assuming a bulk porosity of 3.2% for the whole sample) with an average
porosity of 4% (Figure 3a-1 le). The reason why the recrystalized fracture fillings
showed higher porosity than the partially gouge filled fracture is not clear. One possible
explanation is that these porosity values are calculated over the integrated sample thick-
ness. The partially gouge-filled fractures are rather narrow in width and the fracture
plane is not parallel to the X-ray beam. Thus some matrix could be included in the inte-
gration over the thickness of the sample. It is also possible that there was some sample
damage to the recrystallized fracture-filling material during shipping and sample prepa-
ration leading to some inappropriately high-porosity fractures in the sample.

Estimates of C/Co and M/Mo

The distribution of C/Co was calculated for all of the film that was digitized. C/Co

distributions at various times in the fractures in sample KBlam-1 are shown in Figure
3a-12. It can be seen that the iodide concentration is clearly decreasing in the fractures.
In addition, the rates at which they are decreasing are different for the two fractures
(note that the same times are shown for both fractures). Finally, the fractures themselves
are clearly heterogeneous with areas where concentrations decrease faster than other
areas. The recrystalized fracture-filling material also shows heterogeneous behavior as
the concentrations decrease non-uniformly in the material through time (Figure 3 a-13).

Diffusion Coefficient estimates

As stated in Section 3, two different methods were used to estimate the diffusion
coefficients for different portions of the samples: an analytical method and a numerical
method employing multiple rates of diffusion.

For both methods of analyses significant assumptions were made. Diffusion is assumed
to be one-dimensional when in fact the materials are heterogeneous and diffusion paths
could be tortuous. It is also assumed that there is there is no diffusion between the por-
tion of the sample analyzed (e.g. the gouge-filled fracture) and the surrounding area. For
example, it is assumed that the diffusion from the surrounding matrix to the fracture is
significantly slow compared to diffusion within the fracture.

Analytical Solution

Diffusion-coefficient values calculated using the methods described in Section 3.3 are
reported in Table 3a-3. The calculations were conducted for each gouge-filled fracture
in KBlam-1, the recrystallized fracture-filling material in KClc-FF and the altered
matrix in KCla-alt. Diffusion rates clearly differ between the gouge-filled fracture,
recrystalized fracture filling material, and altered matrix by as much as an order of
magnitude. These values are approximately an order of magnitude higher than those
reported by Ota/1998/.
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Figure 3a-12. C/Co images of two fractures in sample KBlam-1. Observe diffusion out of the
sample in the upward direction. For scale, each fracture is approximately 10 cm long. Pixel size
is approximately 0.3 mm on a side.
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Figure 3a-13. C/Co images of'recrystalized fracture-filling material in sample KClc-FF. Observe diffu-
sion out of the sample in the upward direction. The region shown is approximately 9.4 x 2.6 cm. Pixel size
is approximately 0.3 mm on a side.
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Table 3a-3. Diffusion coefficient estimates based on analytical method described in
Crank/1975/.

KB1am-1
Left-hand
fracture

KB1am-1
Right-hand

fracture

KCIc-FF
Fracture-filling

material

KC1a-alt
Altered
material

De (m7s)

Da, Ota 71998/

1.1 x10"9 9.5x10 ' 2 .0x10"

2.4x10"'

3.8x10"'

1.8x10"'

Multirate modeling

Numerical modeling results are reported in Table 3a-4. In general, the inverse modeling
did a good job at matching the observed data. At approximately 10 days there is a sharp
break in the data that the inverse model had difficulty in matching, especially when
using the single-rate model. The results from the inverse modeling approximately match
the diffusion coefficients calculated using the analytical solution (see Section 5 for more
discussion on the comparison).

Table 3a-4. Diffusion coefficient estimates based on multirate inverse modeling. De
reported in mVs.

KB1am-1
Left-hand
fracture

KB1am-1
Right-hand

fracture

KCIc-FF
Fracture-hilling

material

KC1a-alt
Altered
matrix

De single rate

95% confidence
range De single rate

De multirate

95% confidence
range Do multirate

crd multirate

95% confidence
range <7d multirate

D , Ota /1998/

7.5x10"' 4.5x10' 4.3x10"' 3 .6x10"

2.9x10"'"-
1.9x10"'

1.2x10"'

4.2x10"'°-
3 .7x10 '

1.1

0.9-1.4

2.1 x 1 0 -
9.6x10"'°

6.2x10"'°

3.3x10"'°-
1.1 x10"9

1.5

1.1-1.8

1.4x10 -
1.4x10"'

9 .6x10"

3.4x10""-
2.7x10"'°

1.3

1.3-1.3

2.4x10""

2 . 5 x 1 0 -
5.1 x 1 0 "

3 .8x10"

2 . 3 x 1 0 " -
6 .3x10"

0.77

0-2.9

1.8x10"

There is not a significant difference between the diffusion coefficients calculated using
the single-rate and multirate model for the fractures in sample KBlam-1. To more fully
evaluate multirate diffusion over two orders of magnitude variation in M/Mo data are
needed. These results indicate that multirate behavior may not be important within the
fractures, however more late-time data is needed to be confident in this interpretation.
The difference in single-rate and multirate Dc values as well as the shorter range in aA

values, indicate that multirate behavior might be more important in the fracture-filling
material.
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5 Summary and discussion
These experiments have successfully demonstrated that diffusion can be an active
process in the different environments of the Kurihashi granodiorite. Specifically, these
experiments have provided the direct observation of diffusion in gouge-filled fractures,
recystallized fracture-filling material and altered matrix. Analogous evidence of diffu-
sion in the Culebra dolomite at the WIPP site was important in convincing an inde-
pendent oversight group (the Environmental Evaluation Group), the State of New
Mexico's Attorney General's Office and the regulatory agency (the U. S. Environmental
Protection Agency) that diffusion is a realistic retardation mechanism. Visualization of
the relative concentration distributions supports different rates of diffusion in the three
types of materials. Through X-ray absorption visualization techniques it is clear that the
materials and diffusion rates are heterogeneous. Based on these interpretations, qualita-
tive comparisons of diffusion rates in the different materials can be made (Figure
3a-14):

• diffusion rates in the fracture gouge are potentially one order of magnitude higher
than diffusion rates in the recrystalized fracture-filling material,

• diffusion rates in the recrystalized fracture-filling materials are approximately a five
times higher than the diffusion rates of the altered material.

There is clearly agreement between the diffusion coefficients calculated using the
analytical solution and by numerical modeling. Differences between the single-rate and
multirate diffusion coefficients are small, especially for the fractures in sample
KBlam-1. There is a notable difference between the diffusion coefficients calculated
from these experiments and those reported by Ota /1998/, which are approximately 1 to
1.5 orders of magnitude lower. There are several reasons why these experiments would
lead to estimates of larger diffusion coefficients than other methods for measuring
diffusion such as through diffusion experiments: 1) X-ray absorption imaging can study
more fragile fracture filling materials whereas through-diffusion experiments require
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Figure 3a-14. Effective diffusion coefficient estimates using a single-rate and multirate model as
compared to the analytical solution results.
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more solid sample which allows sample fabrication, 2) through-diffusion experiments
measure only that diffusion that is able to pass completely through the sample (i.e.,
connected porosity) where as the visualization technique measures diffusion in all
regions.. The diffusion coefficients estimated by these experiments are now being used
in PA-scale calculations to determine the impact of diffusion to increase the FWS on
releases.
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