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ABSTRACT 

The migration process of contamination materials in the porous rock mass was visualized and analyzed by X-ray CT 
image data. In this study, Kimachi sandstone, which had approximately 26% porosity, was used as a rock sample. Here 
two cases of diffusion phenomena were analyzed. One is the case that solute diffuses into the porous rock mass from the 
crack surfaces, and it simulates the contamination process of rock mass. Another is the case that the solute diffuses out 
of the porous rock mass, and it simulates the process that the contamination materials spread from highly contaminated 
sources. It was found that the diffusion phenomena were clearly visualized by X-ray CT method. By introducing the 
parameter, coefficient of tracer density increment α, quantitative analysis of tracer density became possible, and the 
relation between the density distribution of tracer and the crack apertures and the relation between the density distribu- 
tion and porosity distribution became clear. 
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1. Introduction tion is mainly caused by the fluid flow in the cracks, and 
the studies such as the analysis of migration process us- 
ing 3-dimensional channel network system [10] are con- 
ducted. Moreover the evaluation of uncertainties related 
to conceptual models and parameters, such as crack ap- 
ertures, used in the migration process analysis has been 
conducted [11,12]. On the other hands, in the case of 
sedimentary rocks, still the water flow through fractures 
is a serious problem [13], and rock masses are porous in 
many cases and the retardation effect of the contamina- 
tion materials due to the matrix diffusion is expected [14, 
15]. However, once the contamination materials are fully 
stored in the porous rock, it has to be also considered the 
process that the materials diffuse out of the rock mass 
into the fractured region. Therefore, not only the water 
flow through fractures but also the processes of the dif- 
fusion into and diffusion out of the rock matrix are in- 
evitable factors of the material migration problem in the 
sedimentary rocks. 

Japan has been operating nuclear power plants since 
1963. The disposal of the high level radioactive wastes is 
a serious problem. Because of the problems of the costs 
and the security, the permanent storage of the high level 
radioactive wastes on the surface is very difficult, and the 
geological disposal is thought to be one and the only so- 
lution to this problem [1]. 

In order to access the safety of the disposal site, the 
leakage of the wasted materials from the disposal site to 
the biosphere is the crucial factor in the projects. Here 
the advection and diffusion of the wasted materials due 
to the water flow in the rock mass is thought to be the 
main reason, and the evaluation of rock mass as a natu- 
ral barrier is an important issue in the rock engineering 
[2-4]. Fractures in the rock masses have important roles 
in the material transportations and a number of analyses 
of water and material flow in the fractured rock, such as 
radionuclide transport in geological repositories [5,6], 
groundwater contamination in fractured aquifers [7], are 
conducted. In Japan, the studies related to the material 
migration problem have been conducted towards mainly 
two types of rocks, that is, the crystalline rocks such as 
granite [8] and the sedimentary rocks such as sandstones 
[9]. In the case of crystalline rocks, the material migra- 

The purpose of this study is to analyze and evaluate 
the migration and diffusion processes of contamination 
materials in the porous rock mass. The characteristic 
point of this study is that the processes are visualized and 
analyzed by X-ray CT image data. The X-ray CT is one 
of the useful non-destructive inspection systems, and the 
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applications of the system to the rock engineering field 
are increasing recently [16-18]. When the target rock 
mass is porous rock such as sedimentary rocks, the con- 
tamination materials migrates with diffusion phenomena 
into the rock mass. In order to simulate the material mi- 
gration with diffusion phenomena, Kimachi sandstone 
which has approximately 26% porosity is used as a rock 
sample. Here we consider the two cases of material mi- 
grations. One is the case that firstly the contamination 
materials flow in the cracks and that the materials dif- 
fused into the rock matrix part. This is the process that 
the rock has been contaminated by materials. Here high 
density tracer, the mixture of Potassium Iodide (KI) solu- 
tion and a medical contrast agent [19], is used as con- 
tamination materials. Another is the case that rock is 
fully contaminated by materials at first. In this case, the 
water is flowing in the crack, and the process that mate- 
rials diffuse out of the rock matrix into the water in the 
crack through crack surfaces is simulated. These migra- 
tion processes stated above are visualized by X-ray CT 
scanner system and analyzed through the X-ray CT im- 
age data. Generally speaking, the X-ray CT image is very 
convenient to confirm the geometry of the sample and 
the transitional phenomena. However, X-ray CT image 
contains a lot of noise and false information [20]. In or- 
der to get rid of the unnecessary information and extract 
the information related to the tracer migration, the image 
subtraction method [21] is applied to the X-ray CT image 
data. Moreover, a new parameter, the coefficient of tracer 
density increment, is defined. This is the parameter 
which expresses the density of the tracer in the pores and 
crack from the X-ray CT images, and the migration and 
diffusion process can be quantitatively evaluated. In this 
study, the influence of the crack structure, sedimentary 
layers and pores towards the material migration process 
is discussed. 

2. X-Ray CT Scanner System 

Rock mechanics group of Kumamoto University has 
been operating industrial use of X-ray CT scanner system 
(TOSCENNER-20000RE) since 1997 [21] (Figure 1). 
The maximum X-ray tube voltage is higher than the 
medical use (300kV/2mA). Therefore, it is suitable for 
the visualization of higher density materials such as rock 
samples, and it has been applied to several studies related 
to rock engineering [17,18,21]. Other important factor of 
X-ray CT scanner is the number the pixels which com- 
poses a CT image. Generally an image is consisted by n 
x n pixels, and the maximum number is n = 2048 in the 
case of our system. As for the visualization area, two 
modes such as  = 150mm and 400mm can be selected. 
If the pixel number of n = 2048 and visualization area of 
 = 150 mm are chosen, the minimum pixel size of 
0.073mm is available. However, the value means only  

 

Figure 1. X-Ray CT scanner operated by Kumamoto uni-
versity (TOSCANNER-20000RE). 
 
the pixel size and different from the definition of the spa- 
tial resolution. In order to take one CT image, the scan- 
ner has three scan modes such as half, full and double 
scan mode. The necessary times for tomographying are 3, 
5 and 10 minutes respectively. As the scan time becomes 
longer, the amount of obtained data become lager and the 
quality of images becomes better. These differences of 
scan times correspond to the time resolution of the X-ray 
CT scanner system. In this study, the area of  = 150 mm, 
pixel size of n = 2048 and the full scan mode are selected. 

3. Experimental Methods and Rock Sample 

3.1. Rock Sample 

A 100 mm × 100 mm × 100 mm cubic Kimachi sand- 
stone sample shown in Figure 2 is used for the tracer 
diffusion test. The mean porosity of the sample is 26%. 
At first, the shear test is conducted and the one major 
crack was induced at the center of the sample. Acrylic 
boards are fixed at the side surface of the sample in order 
to fix the separated blocks (Figure 2(a)). Other surfaces 
which do not include cracks are sealed by epoxy resin. 
The coordinate system and tomography regions are also 
shown in Figure 2(b). As this figure shows, x-axis is 
taken in the direction perpendicular to the major crack 
surface. Since tomographying on the horizontal plane is 
possible in the case of the X-ray CT scanner used in this 
study, five planes parallel to x-y plane are set as tomo- 
graphy regions. 

3.2. Experimental Apparatus and Procedure of  
Diffusion Tests 

In order to observed diffusion phenomena through cracks, 
two different states are considered in this study. One is 
the case that the high density tracer flows in the crack, 
and the solute of the tracer diffuses into the rock matrix  
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(a) 

 
(b) 

Figure 2. Kimachi sandstone rock sample which has share 
crack at the center. (a) Rock sample; (b) Coordinate system 
and tomography region. 
 
part from crack surfaces (Case 1). This can simulate the 
process that the waste materials diffuse into water in the 
cracks and spreads from a contaminated resource. An-
other case is that the rock mass is fully saturated by tra- 
cer initially, and the solute in the rock matrix diffuses 
into the crack from crack surfaces (Case 2). This can simu- 
late that the process the waste materials diffuses into water 
in the cracks and spreads from a contaminated resource. 

The tracer/water flow system used in this study is 
shown in Figure 3. This system is installed in the X-ray 
CT scanner and the images are taken during diffusion 
tests. In order to avoid from the X-ray attenuation during 
diffusion tests, the rock sample is fixed by the acrylic 
board on the turn table. As shown in Figure 2, the rock 
sample is located at which the surfaces of induced crack 
are in the vertical direction. Syringe pump is installed 
above the rock sample and the tracer or water is push into 
the rock sample under the constant flow condition. As 
Figure 4 shows, the tube is fixed at the bottom part of 
the rock sample and the tracer or water is supplied into 
the crack. Therefore, the tracer or water mainly flows 
into the vertical direction in the crack. 

Figure 3. Tracer injection test apparatus. 
 

 

Figure 4. Details of the tracer injection entrance at the bot- 
tom of the rock sample. 
 
lution and a medical contrast agent is applied as a tracer. 
The X-ray CT scanner is the system to visualize the den- 
sity distribution, and it is necessary to detect the density 
change in the rock pores or cracks due to the diffusion 
phenomena. Therefore, the density of the tracer should 
be high enough in order to detect the density change by 
CT scanner. In this study, the initial density of the tracer 
is set to be 1254 kg/m3 which corresponds to 30 weight 
percent. In this study, the mixture of Potassium Iodide (KI) so- 
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4. Visualization of Diffusion Phenomena 

 

4.1. CT Images 

An X-ray CT image in the state that the rock sample is 
fully saturated by water is shown in Figure 5. This is the 
state before the diffusion tests and is called initial condi- 
tion in this study. In the X-ray CT images, relatively 
higher density regions are expressed as brighter region. 
On the other hand, lower density regions are expressed 
dark region. In Figure 5, cracks are filled with water and 
its density is lower than the one of rock matrix part. In 
this case, cracks are expressed dark lines at the center of 
rock sample, and the geometries of induced cracks and 
approximate distribution of crack aperture are easily con- 
firmed. Moreover, sedimentary layers of sandstone are 
also confirmed in the figures. Here, the main crack is 
approximately induced perpendicular to the sedimentary 
layers. 

X-ray CT images during the Case 1 of diffusion tests, 
that is the case the high density tracer is push into the 
crack, are shown in Figure 6. Even though the crack part 
is dark initially, it is confirmed that the crack part is get- 
ting brighter since the nominal density becomes higher 
due to the flow of the high density tracer into the tomo- 
graphy regions (inside of the dotted lines in Figure 6). 
Then, the rock matrix regions along the cracks are also 
getting brighter due to the diffusion of tracer solute into 
rock pores from the crack surfaces. X-ray CT images 
during the Case 2 of diffusion tests are also show in Fig- 
ure 7. In this case, the rock sample is fully saturated by 
the tracer initially and the water is push into the crack. It 
is confirmed that the region along the crack (inside of 
dotted line in Figure 7) is getting darker, since the solute 
in the pores diffuses into the water in the crack and the 
nominal density becomes lower. As these figures shows, 
the diffusion phenomena of the tracer in the porous rock 
can be clearly visualized by the X-ray CT system. 

4.2. Extraction of Tracer Information 

Figure 5. Examples of initial X-ray images. 
 

 
(a) 

 
(b) 

 

It is proved that the tracer diffusion is visualized by 
X-ray CT system. However, those images contain not 
only the information of the density change due to the 
diffusion, but also the various kinds of information such 
as density distribution of rock matrix itself and noise 
components. In order to get rid of the extra information 
except for the density change due to the diffusion, the 
image subtraction method is known as one of the most 
efficient method. By applying the method, it is also pos- 
sible to remove the noise components in the images. So 
called beam hardening (cupping effect) is also the crucial 
problem in the X-ray CT image analysis in the study 
utilizing X-ray CT scanner in which the general X-ray 
tube is installed [20]. This problem becomes serious in 
the case the density of the photographying target is  

(c) 

Figure 6. X-ray CT images during Case 1 of tracer diffusion 
test (Slice1). (a) t = 19 minutes; (b) t = 174 minutes; (c) t = 
1361 minutes. 

Copyright © 2013 SciRes.                                                                                 MSA 



Analysis of the Tracer Diffusion Phenomena through Cracks in the Porous Media by Means of X-Ray CT 

Copyright © 2013 SciRes.                                                                                 MSA 

22 

higher such as rock sample. The image subtraction me- 
thod is also effective to the elimination of the beam 
hardening effect. In this study, the density change due to 
the diffusion is extracted by applying the image subtrac- 
tion method to the X-ray CT images. 

The procedure of the image subtraction method is as 
follows. Photographying has been conducted in the initial 
condition which is the state the rock sample is fully 
saturated by water. This is called initial image. The 
subtraction is conducted between this initial image and 

the images after commencement of diffusion tests. The 
concept of the method is shown in Figure 8. Examples 
after applying the image subtraction method are also 
shown in Figure 9 for Case 1 and Figure 10 for Case 2, 
respectively. As these figures show, heterogeneity of the 
rock sample and beam hardening effect are eliminated in 
both cases. Moreover the information of density changes 
due to the inflow of tracer to the tomography region and 
the diffusion into the rock matrix part is clearly extracted 
in images. 

 

 
(a)                                  (b)                                  (c) 

Figure 7. X-ray CT images during Case 2 of tracer diffusion test (Slice1). (a) t = 19 minutes; (b) t = 186 minutes; (c) t = 1431 
minutes. 
 

 
(a)                                      (b)                                      (c) 

Figure 8. Concept of image subtraction method applied to the tracer test. (a) X-ray CT image after tracer test; (b) Initial CT 
image; (c) Subtraction image. 
 

 
(a)                                  (b)                                 (c) 

Figure 9. Images after applying image subtraction method (Case1 at Slice 1). (a) t = 19 minutes; (b) t = 174 minutes; (c) t = 
1361 minutes. 
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(a)                                  (b)                                 (c) 

Figure 10. Images after applying image subtraction method (Case 2 at Slice 1). (a) t = 0 minutes; (b) t = 186 minutes; (c) t = 
1431 minutes. 
 
4.3. Distribution of CT Value Increment 

The distribution of CT value increment due to the tracer 
inflow and diffusion are obtained from CT image data as 
shown in Figures 9 and 10. In order to identify the 
regions where the tracer diffuses for the Cases 1 and 2, 
CT values of pixels are stacked, and the projections of 
CT values change are evaluated in the y-axis direction. 
The distributions of CT value increment along the x-axis 
are shown in Figure 11. As this figure shows, the region 
where the tracer has been diffused during the tests is 
identified within 20 mm on the both side of the crack sur- 
faces. Therefore, the region is defined as analytical re- 
gion in this study.  

As stated above, the crack direction is almost paral- 
lel to the y-axis. Here simple moving averaging of 41 
pixels along the y-axis is conducted and then the val- 
ues are projected on to the y-axis. The distributions of 
CT value increment along the crack direction (y-axis 
direction) are shown in Figure 12 for Case 1 and in 
Figure 13 for Case 2. As these figures show, CT val- 
ues are increasing with time and it is observed that the 
diffusion progresses faster in the Case 1 (the case the 
tracer diffuses into rock matrix part from crack surfaces). 

5. Analysis of Diffusion Process 

5.1. Definition of Tracer Density Increment 

As stated before, it is possible to extract the increment of 
CT values due to the tracer migration and diffusion from 
X-ray CT image data. However, the value of the incre- 
ment depends on the total amount of the tracer existing 
on the tomography region, and it takes larger value in the 
case that the aperture of induced cracks is larger and the 
more tracer can exist. That is, the increment of CT values 
is also including the information of crack aperture simul- 
taneously. In order to analyze the tracer diffusion phe- 
nomena from crack surface into rock matrix part (Case 1) 
and the one out from rock matrix part (Case 2), it is nec- 
essary to extract the information of density of the tracer 

 

Figure 11. Distribution of CT value increment due to the 
tracer diffusion extracted by image subtraction method for 
Case 1. 
 

    
(a)                          (b) 

Figure 12. Extraction of CT value increment by image sub- 
traction and moving averaging for Case 1. (a) CT image; (b) 
Distribution of CT values. 
 
in the rock sample. The procedure of the method is as 
follows. 

Here, the region which contains rock matrix parts and 
induced cracks becomes an analytical region, and the 
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analytical region Vl is set as shown in Figure 14. The 
value l represents the number as the analytical region. 
Since the region contains a crack, the region is separated 
into three parts, that is Section A, crack part and Section 
B. The porosity of the rock and the crack aperture are 
denoted by and wl respectively. At first, let us consider 
the dry condition of rock, that is, the condition that the 
inside of cracks and pores are filled with air. The projec- 
tion pl of the analytical region Vl into the x-axis direction 
is given by 

       
       

1  d

             1 d

Air Air
l m cA

Air Air
c l m cB

p C x C x

C w C x C

 

 

  

   



  x
 (1) 

where Cm is the CT value of minerals which compose the 
rock sample. Cc is also the CT value of the liquid which 
fills cracks and rock pores, and the superscript of (Air) 
represent the kind of liquid. 

The Equation (1) is express as the summation of three 
projections of rock sample. That is, 

1) The projection of rock minerals; 
2) The projection of the liquid in the rock pores; 
3) The projection of the liquid in the cracks. 
Here also, the projection when the cracks and pores of 

rock sample are filled with water is given by 
 

    
(a)                          (b) 

Figure 13. Extraction of CT value increment by image sub- 
traction and moving averaging for Case 2. (a) CT image; (b) 
Distribution of CT values. 
 

 

Xl
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Projection pl
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Figure 14. Analytical region for the evaluation of the tracer 
density increment. 
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(2) 

where  is the CT values of water. Water
cC

When the high density tracer flows in cracks as Case 1, 
the water initially existed in cracks is gradually replaced 
by the tracer. Moreover, the tracer diffuses into the rock 
matrix part and the nominal density of the liquid in the 
pores gradually changes. In the case of Case 2, the tracer 
diffuses out of the rock matrix part into the water in the 
crack, and the nominal density of the liquid in the pores 
and crack also gradually changes. That is, the density and 
the CT value of tracer is a function of time t due to the 
flow and diffusion. Therefore, the projection after com- 
mencement of diffusion tests  is given by    T

lp t

          
            

1  d

              1 d

l m cA

T T
c l m cB

p t C x C t x

C t w C x C t

 

 

  

   





T T

x
 

(3) 

where  is the CT values of the liquid when the 
tracer migrates and diffuses in the analytical region. Here 
let us take a subtraction between Equations (1) and (2), 
and the following relation is obtained. 

   T
cC t

        
         

d

       d

Water Air Water Air
l l c cA

Water Air Water Air
c c l c cB

p p C C x

C C w C C





  

   



 x



(4) 

This procedure corresponds to the image subtraction 
between the dry condition and the fully saturated condi- 
tion by water. The  in the Equation (4) is 
the difference of CT values between the air and water. In 
the same way, the subtraction between Equations (3) and 
(2) are given by as follows. 

  Water Air
c cC C

            
           

d

       d

T Water T Water
l l c cA

T Water T Water
c c l c cB

p t p C t C x

C C w C t C





  

   



 x
(5) 

From Equation (5), it is confirmed that this equation 
contains not only the information of density change due 
to the tracer flow and diffusion, but also the information 
related to the geometry of the rock such as crack aperture 
wl and porosity . 

Let us consider the difference of projections after 
commencement of diffusion tests given by Equation (5) 
is proportional to the difference of the projection be- 
tween the water and air. When the ratio between Equa- 
tions (5) and (4) is noted by , the following relation is 
obtained. 

          T Water Water Air
l l l lp t p p p      (6) 

Copyright © 2013 SciRes.                                                                                 MSA 



Analysis of the Tracer Diffusion Phenomena through Cracks in the Porous Media by Means of X-Ray CT 

Copyright © 2013 SciRes.                                                                                 MSA 

25

Then the  is given by (7) 
here, let us discuss the meaning of the Equation (7). 
When the region which contains only rock matrix part as 
a analytical region, cracks does not exist and crack aper- 
ture wl is 0. Therefore, Equation (7) is rewritten as fol- 
lows.  

      
    

T Water
c cA B

Water Air
c cA B

C t C dx

C C d









 


 


 x

        (8) 

When the integrations in Equation (8) are conducted in 
the same intervals, the  represents the quantity which 
the density difference between the tracer in the rock sam- 
ple and the water is normalized by the density difference 
between the water and the air. Moreover, when only the 
crack part is set as an analytical region, Equation (7) is 
rewritten as follows. 

      
     lcc

lcc

wCC

wCtC





AirWater

WaterT

            (9) 

In this case also, the  represents the quantity which 
the density difference between the tracer in the crack and 
the water is normalized by the density difference be- 
tween the water and the air. That is, the relations stated 
above show that it is possible to extract only the informa- 
tion related to the density of the tracer itself in the pores 
and cracks of rock sample. Here after, this value is called 
the coefficient of tracer density increment. When the ro- 
ck sample has very dense structure and the porosity is 
very low such as granite rock, Equation (7) is approxi- 
mated as Equation (9) by assuming  = 0. In this case, 
the amount of tracer due to the diffusion is negligible, 
and it is possible to extract the tracer information even if 
the analytical region includes rock matrix part. 

5.2. Relation between Rock Structure and  
Tracer Diffusion 

The coefficients of tracer density increment in the rock 
matrix are evaluated from the CT value distribution on 
each tomography region obtained by diffusion tests. At 
first, the results of the Case 1 are shown in graphs (c) of 
Figures 15-19. As for the value of , the moving aver- 
aging in the y-axis direction is conducted and the value 
of each pixel is projected on the y-axis. As stated before, 
the large value of  represents that the density change in 
the analytical region is larger. That is, the more tracer 
diffused in the region during relatively short time com- 
pare with the other regions. As for the Case 2, initially 

the rock sample is fully saturated by tracer and the tracer 
diffuses out of rock matrix part from the crack surfaces 
during the test. Therefore, the density change from the 
fully saturated condition is analyzed in the Case 2. Here, 
the deference of the coefficient  from the initial value, 
that is , is evaluated. The distributions of  are 
shown in graphs (d) of Figures 15-19. In this case also, 
the moving averaging in the y-axis direction is conducted 
and the value  of each pixel is projected on the y-axis. 
For the comparison, X-ray CT images of the analytical 
regions which include induced cracks, crack aperture 
distributions are also shown in Figures 15-19.  

Firstly, let us discuss the relation between tracer diffu- 
sion and crack structure for Case 1. By focusing on the 
crack aperture distribution and the distribution of tracer 
diffusion, the value of  tends to become smaller at 
where the crack aperture is larger in the case that the sin- 
gle crack exists in the tomography region such as Slice 3 
(Figure 17, region A). On the other hand, the value of  
tends to become larger at where the crack aperture is 
smaller as shown in region B of Figure 15 and in region 
C of Figure 16. This means that the much tracer diffused 
into the rock mass at the region near the small aperture. 
The water in the small crack region is easily replaced by 
the tracer, and also the tracer is rapidly supplied at the 
region. This is because that the tracer is injected into the 
crack under the constant flow condition and that the flow 
velocity in the region of small crack aperture will be 
faster. As a result, the tracer density in the crack of small 
aperture tends to be relatively higher and the density gra- 
dient becomes larger. Secondly, let us focus on the re- 
gion where the multiple cracks exist in a region. As Fig- 
ure 16 (a) shows, another crack, except for the induced 
crack which consists the main fracture, is very small and 
it may be separated from the major crack. Here let us call 
these cracks are sub-cracks. Region G in Figure 16 
(Slice 2) is an example that the sub-crack is observed, 
and the value of  in the rock matrix part is larger. In this 
case, the area of crack surfaces is larger due to the exis-
tence of sub-cracks, much tracer can diffuse into rock 
matrix part. 

Let us discuss the relation between tracer diffusion and 
crack structure for Case 2. The relation between the 
crack aperture distribution and the distribution of tracer 
which diffuses out of the rock matrix part is discussed. 
Generally the value of  becomes larger at the region 
where the crack aperture is relatively small. The Slice4 
and 5 (Figure 18 and Figure 19) are examples that the 
crack aperture distribution is small all over the tomogram- 
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(a)                (b)                           (c)                                 (d)    

Figure 15. Distribution of the coefficient of tracer density increment in the rock matrix part (Slice 1). (a) CT image; (b) 
Crack aperture distribution; (c) Distribution of a during diffusion test of Case 1; (d) Distribution of a during diffusion test of 
Case 2. 
 

 
(a)                (b)                           (c)                                 (d) 

Figure 16. Distribution of the coefficient of tracer density increment in the rock matrix part (Slice 2). (a) CT image; (b) 
Crack aperture distribution; (c) Distribution of a during diffusion test of Case 1; (d) Distribution of a during diffusion test of 
Case 2. 
 

 
(a)                (b)                          (c)                                 (d) 

Figure 17. Distribution of the coefficient of tracer density increment in the rock matrix part (Slice 3). (a) CT image; (b) 
Crack aperture distribution; (c) Distribution of a during diffusion test of Case 1; (d) Distribution of a during diffusion test of 
Case 2. 
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(a)                (b)                          (c)                               (d) 

Figure 18. Distribution of the coefficient of tracer density increment in the rock matrix part (Slice 4). (a) CT image; (b) 
Crack aperture distribution; (c) Distribution of a during diffusion test of Case 1; (d) Distribution of a during diffusion test of 
Case 2. 
 

 
(a)                (b)                          (c)                                (d)   

Figure 19. Distribution of the coefficient of tracer density increment in the rock matrix part (Slice 5). (a) CT image; (b) 
Crack aperture distribution; (c) Distribution of a during diffusion test of Case 1; (d) Distribution of a during diffusion test of 
Case 2. 
 
phy region, the  take relatively lager values. Let us 
discuss this tendency in the local regions, such as region 
E in Figure 15 and region C in Figure 16. In these re- 
gions, crack aperture is relatively small in each tomo- 
graphy region and the value of  takes relatively lager 
values. On the other hand, in some region where crack 
aperture is relatively larger, such as region F in Figure 
16, the value of  takes relatively small values. This is 
because that the flow velocity in the crack will be faster 
at the region of small crack apertures, and the diffused 
tracer is smoothly flown out of the tomography region. 
Therefore, the density gradient between the water in the 
crack and the rock matrix is always larger and much 
tracer is diffused out of the matrix. 

At the region where the sub-crack exists, such as re- 
gion G in Figure 16, the value  also tends to take rela- 
tively lager values at the region. However, Slice 1 (Fig- 
ure 15) also contains sub cracks, the value  is not so 
larger. The amount of migrated material is influenced by 

the connectivity of cracks and how much cracks contrib- 
ute to the fluid flow. 

5.3. Relation between Porosity and Tracer  
Diffusion 

The relation between the porosity of the rock sample and 
the diffusion phenomena is discussed. The porosity dis- 
tribution is evaluated from CT images, and the procedure 
is as follows. The rock sample is firstly dried completely 
under the temperature of 104 degrees Centigrade. The 
dry condition is confirmed by measuring the weight 
change. Then, the rock sample is fully saturated by water. 
Samples are put in the water vessel and the vessel is kept 
in the vacuum chamber. Saturation is also confirmed by 
measuring the weight change. Here, X-ray CT images are 
taken in both dry and water saturated conditions. By ap- 
plying image subtraction method to the images, the in- 
crement of CT value which corresponds to the density 
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change due to the water saturation is extracted. The in- 
crement of CT value represents the volume of the water 
which is permeated into the rock sample, and it corre- 
sponds to the porosity. 

 

Let us discuss the relation between the porosity and 
the amount of tracer stored in the rock matrix. The dist- 
ibution of porosity along the crack, the distributions of α 
when the rock sample is fully saturated by tracer, that is 
the condition of initial state of Case 2, are shown in Fig- 
ures 20-23 together with the CT images on the slice and 
the CT value distribution of rock matrix part. The ten- 
dency is confirmed that amount of stored tracer depends 
on the porosity. The regions A, B and C in Figure 20 are 
the region where the porosity is relatively is relaively 
higher and the much tracer is stored. The same tendency 
is observed in region G in Figure 23. On the other hand, 
the amount of tracer is smaller in the region F in Figure 
23 which is relatively low porosity region. However, the 
region E in Figure 22 is the opposite example that the 
relatively much tracer is stored in the low porosity region. 
The region D in Figure 21 is another example of the 
higher porosity region due to the existence of relatively 
large pore as shown in X-ray CT image. However, the 
value of α at the initial condition of Case 2 is not so high. 
This is because of the large pore confirmed in region D is 
almost isolated from others and the connectivity of pores 
is also an important factor. Figure 24 shows the 3-imen- 
ional pore distribution image of Kimachi sandstone taken 
by micro-focus X-ray CT system. The bright region 
represents pores, and it is confirmed that the relatively 
larger pores are connected by very narrow paths like as a 
bottle neck. In this case, the tracer has to diffuse though 
these narrow paths and the amount of diffused tracer is 
not only governed by the porosity but also by the narrow 
paths. 

5.4. The Change of α with Time 

(a)            (b)                        (c) 

Figure 20. Relation between porosity, CT value distribution 
of rock matrix part and the amount of diffused tracer at the 
initial condition of Case 2 (Slice 2). (a) CT image; (b) Pros-
ity distribution; (c) Initial distribution of α for Case 2. 
 

 
(a)            (b)                        (c) 

Figure 21. Relation between porosity, CT value distribution 
of rock matrix part and the amount of diffused tracer at the 
initial condition of Case 2 (Slice 3). (a) CT image; (b) Pros-
ity distribution; (c) Initial distribution of α for Case 2. 
 

 

The change of the mean value of α with time on each 
slice is shown in Figure 25. This is the mean value of α 
in the analytical region and it represents the mean density 
of tracer which exists in the pores of rock sample. Fig- 
ures 25(a) and (b) are the distribution for Case 1 and 
Case 2 respectively. As for Case 1, the rapid increase of 
 is observed for each slice, since the density gradient at 
the initial stage of diffusion is very large. The absolute 
value of α is in order of the distance from the inlet sur- 
face, that is the slice number. The slice 1 is the closest 
tomography region and the density of the tracer in the 
crack should be higher. As the distance from the inlet 
surface is longer, the tracer has diffused into the rock 
matrix part and the density in the crack becomes lower 
when the tracer reaches to the farther tomography region. 
As a result, the mean value of α on the farther tomogram- 
phy region is smaller. In the case that some contaminated  

(a)            (b)                        (c) 

Figure 22. Relation between porosity, CT value distribution 
of rock matrix part and the amount of diffused tracer at the 
initial condition of Case 2 (Slice 4). (a) CT image; (b) Pros-
ity distribution; (c) Initial distribution of α for Case 2. 
 
fluid flows in the fractured rock masses, the solute of the 
fluid diffuses in the rock mass during the flow process. 
That is, this result represents that the density of the con- 
taminated solute in fluid becomes smaller at the farther 
point from the contamination source and that the porous 
media such as sandstones works as rapping system of 
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(a)            (b)                        (c) 

Figure 23. Relation between porosity, CT value distribution 
of rock matrix part and the amount of diffused tracer at the 
initial condition of Case 2 (Slice 5). (a) CT image; (b) Pros-
ity distribution; (c) Initial distribution of α for Case 2. 

(a) 

 

 
Figure 24. Three-dimensional pore distribution image of 
Kimachi sandstone taken by micro-focus X-ray CT system. 
 
contamination materials. 

The significant differences depends on the distance 
from the inlet surface, that is the slice number, are not 
observed as for the Case 2. In this case, the mean density 
gradient between the water in the crack and the tracer in 
the pores at the initial condition should be almost same at 
each slice. Then the tracer diffuses almost simultane- 
ously from the crack surfaces. That is, once the fractured 
rock mass is fully contaminated by some materials, the 
solute in stored in the pores are gradually and equally 
diffuses out of rock mass. 

6. Conclusions 

The purpose of this study is to analyze and evaluate the 
migration process of contamination materials in the po- 
rous rock mass. Especially we focused on the two dif- 
ferent kinds of diffusion phenomena between the fluid in 
cracks and porous rock mass. One is the case that the 
high density tracer flows in the crack, and the solute of 
the tracer diffuses into the rock matrix part from crack 
surfaces (Case 1). Another case is that the rock mass is 
fully saturated by tracer initially, and the solute in the 
rock matrix diffuses into the crack from crack surfaces 
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(b) 

Figure 25. Change of the mean value of α with time. (a) 
Case 1; (b) Case 2. 
 
(Case 2). The characteristic point of this study is that the 
diffusion phenomena is visualized and analyzed by X-ray 
CT image data. In order to extract the density change due 
to the diffusion, the coefficient of tracer density incre- 
ment is defined and the quantitative relation between the 
geometry of porous rock sample and amount of diffused 
tracer for each Case 1 and Case 2. 

As for Case 1, it is found that the value of α tends to 
become larger at where the crack aperture is smaller in 
the case that the single crack exists by focusing on the 
crack aperture distribution. The velocity of the fluid be- 
comes faster in the small crack region since the fluid is 
injected under the constant flow condition. The water in 
the region is easily replaced by the tracer, and also the 
tracer is rapidly supplied at the region. As for Case 2, it 
is also found that the value of αbecomes larger at the 
region where the crack aperture is relatively small. This 
is also the same reason as the Case 1 that the fluid veloc- 
ity becomes faster at the small crack region and the den- 
sity gradient tends to be larger. The existence of sub- 
crack also influences the results. However, it depends on 
the connectivity of cracks and how much cracks contrib- 
ute to the fluid flow.  
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Porosity is another factor which influences the diffu- 
sion phenomena. In many cases, the region where the 
porosity is relatively higher and the much tracer is stored. 
However, in the case of Kimachi sandstone, the rela- 
tively larger pores are connected by very narrow paths 
like as a bottle neck. In this case, the tracer has to diffuse 
though these narrow paths and the amount of diffused 
tracer is not only governed by the porosity but also by the 
narrow paths. 

The change of mean value of α with time on each to- 
mography region is also evaluated for both cases. As for 
Case 1, the rapid increase of α is observed for each slice, 
since the density gradient at the initial stage of diffusion 
is very large. The absolute value of α is in order of the 
distance from the inlet surface. However, the significant 
differences depended on the distance from the inlet sur- 
face are not observed as for the Case 2. This is because 
that the mean density gradient between the water in the 
crack and the tracer in the pores at the initial condition 
should be almost same at each slice. Then the tracer dif- 
fuses almost simultaneously from the crack surfaces. 
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