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Abstract: Relationships between gas permeability (k
G
) and sediment texture have been examined for 

28 sediment samples with different grain-size distributions. The purpose was to examine the required 
texture characteristics for an effective seal. These samples are from 908.05 m to 1090.89 m depths in a 
well in northern Canada. Increased clay content is expected to decrease fl uid permeability and increase 
seal capacity.

Results show that grain sizes larger than fi ne sand (>63 µm) form the framework grains of these 
sediments. In this case, the mud fraction (<63 µm), consisting of clay and silt, forms the intergranular 
pore-fi lling material of these framework grains. When the smaller framework grains fi ll intergranular pore 
spaces of the larger framework grains, they reduce the pore space for mud to fi ll and contribute to reduced 
permeability and increased seal capacity. Although the main purpose of a seal is restricting liquid leakage, 
these gas permeability tests have produced useful information.

Résumé : Les rapports entre la perméabilité aux gaz (k
G
) et la texture des sédiments ont été étudiés à 

partir de 28 échantillons de sédiments présentant des répartitions de la taille des grains différentes, afi n 
d’identifi er les propriétés texturales garantes d’une étanchéité effi cace. Les échantillons analysés ont été 
prélevés à des profondeurs allant de 908,05 à 1090,89 m, dans un puits du Nord du Canada. Les résultats 
attendus sont à l’effet que la perméabilité aux fl uides diminue et que l’étanchéité augmente à mesure que 
la teneur en argile s’accroît.  

Les résultats obtenus montrent que les grains d’une taille supérieure à celle d’un sable fi n (> 63 µm) 
constituent la charpente de ces sédiments. La fraction de la boue (< 63 µm), composée d’argile et de 
silt, remplit alors les pores entre les grains de charpente. Lorsque des grains de charpente plus petits 
remplissent l’espace interstitiel entre des grains de charpente plus gros, ils réduisent l’espace poral que 
la boue pourrait remplir et contribuent ainsi à réduire la perméabilité et à accroître l’étanchéité. Bien que 
l’étanchéité soit une caractéristique qui consiste principalement à limiter les fuites de liquides, ces essais 
de perméabilité aux gaz ont permis de générer de l’information utile.
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INTRODUCTION

The relationship between gas permeability (k
G
) and sedi-

ment texture has been examined for twenty-eight sediment 
samples with different grain-size distributions. The purpose 
was to examine the required texture characteristics for these 
unconsolidated sediments to perform as an effective seal. These 
samples are from a depth range of 908.05 m to 1090.89 m 
in the Mallik 2002 gas hydrate production research well 
(Mallik 5L-38 research well) in the Beaufort-Mackenzie 
Basin, Northwest Territories, northern Canada. This well 
was drilled as part of the JAPEX/JNOC/GSC gas hydrate 
project of 2003 (Dallimore et al., 2005)

It is well known that an increased clay content has a 
decreasing effect on fl uid permeability and increases the seal 
capacity of a sediment. These 28 sediment samples consist 
of fi ne- to coarse-grained material, ranging from clay-sized 
grains to coarse sand (Connell-Madore and Katsube, 2007). 
In sedimentary formations, the coarse-grained material forms 
the framework grains (Katsube et al., 1998) with intergran-
ular pores that contribute to fl uid migration and increased 
permeability. On the other hand, the fi ne-grained material 
fi lls these intergranular pore spaces and contributes to 
blocking of the fl uid migration and reduced permeability.

A considerable amount of work has been carried out in 
the past on the relationship between permeability and grain 
sizes (e.g. Masch and Denny, 1966; Domenico and Schwartz, 
1990); however, these generally do not consider seal quality 
and have shown little consideration related to the effect of 
clay. The effect of clay is one of the main subjects in a recent 
paper related to seal quality (e.g. Yang and Aplin, 2007); 
however, limited consideration was given to the effect of the 
framework grain sizes in that paper. For these reasons, this 
paper focuses on the framework grain-size combinations and 
grain sizes of pore-fi lling material. A recent study (Connell-
Madore and Katsube, 2007), using the same samples as in 
this paper, provides an indication of the possible signifi cance 
that the framework grain-size combinations has on perme-
ability; however, the effect of pore-fi lling material was not 
a focus in that study. In this paper, following the description 
of the methods of data acquisition, some sediment-texture 
models related to seal capacity are introduced and their pos-
sible effect on the pore-fi lling material versus seal quality 
relationship are discussed.

METHOD OF INVESTIGATION 
AND RESULTS

Two specimens were taken from each of the 28 samples 
(Table 1) and prepared for the grain-size analysis and gas 
permeability (k

G
) tests (Connell-Madore and Katsube, 2007). 

These specimens were sent to AGAT Laboratories (Calgary, 
Alberta) for the analyses and tests. The k

G
 data used in this 

study have been previously published (Katsube et al., 2005) 
and the grain-size distribution data used in this study have 
recently been published (Connell-Madore and Katsube, 
2007). Grain-size distribution data for samples from the 
same Mallik 5L-38 research well, including the 28 samples 
used in this study, are also available in a published database 
(Medioli et al., 2005), but in less detail. The grain-size dis-
tribution data in the recent publication (Connell-Madore 
and Katsube, 2007) have 92 data points per sample for the 
grain-size range of 0.4 µm to 2000 µm. The grain-size data 
in the database (Medioli et al., 2005) have 18 data points per 
sample, but for a larger number of samples (213 samples) 
and for a slightly wider depth range (885.88–1150.49 m). 
Most details of the analytical techniques used to produce 
these data are described in the references listed within those 
publications (Katsube et al., 2005; Medioli et al., 2005). For 
example, the k

G
 has been determined by routine petrophysi-

cal measuring techniques in accordance to the American 
Petroleum Institute’s recommended practices for core-analysis 
procedure (American Petroleum Institute, 1960). These 
specimens were dried at a temperature of 80°C and mea-
sured at a temperature of 20–21°C. The k

G
 and grain-size 

distribution data used in this study are listed in Table 1 and 
Table 2, respectively.

Sample
number Depth (m) Lithology

Gas permeability,
kG (mD)

P2EJA-11 908.05 Fine sand 1419 
P2EJA-26 910.61 Fine sand 4062 
P2EJA-16 916.19 Fine sand 5209 
P2EJA-17 918.95 Fine sand 4963 
P2EJA-21 920.81 Fine sand 3687 
P2EJA-27 925.09 Fine sand 1813 
P2EJA-7 927.35 Fine sand 4910 
P2EJA-25 933.58 Clay 2.85 
P2EJA-4 937.47 Clay 1.55 
P2EJA-13 939.88 Clay 0.43 
P2EJA-19 953.47 Silty sand 236 
P2EJA-2 955.69 Medium sand 6957 
P2EJA-20 972.05 Clay 2.15 
P2EJA-14 973.08 Sand with organic material 1590 
P2EJA-22 975.67 Silty sand 2464 
P2EJA-5 980.65 Fine sand 3546 
P2EJA-10 982.59 Clay 0.37 
P2EJA-28 987.53 Fine sand 1091 
P2EJA-1 989.73 Fine sand 3257 
P2EJA-8 1004.93 Clay 0.12 
P2EJA-24 1022.42 Fine sand 1904 
P2EJA-15 1028.78 Clay 0.61 
P2EJA-9 1042.12 Clay 0.54 
P2EJA-18 1063.47 Organic shale, clayey coal 0.43 
P2EJA-12 1072.75 Silty sand 194 
P2EJA-6 1076.63 Fine sand 2658 
P2EJA-3 1083.45 Clay 0.32 
P2EJA-23 1089.89 Fine sand 1430

Table 1. Sample descriptions and gas permeability (kG) 
values for the Mallik 5L-38 research well, listed in order of 
increasing depth (Katsube et al., 2005; Connell-Madore 
and Katsube, 2007).



3Current Research 2008-4 T.J. Katsube and S. Connell-Madore

DATA ANALYSIS

The grain-size distributions for these 28 samples from 
the recent publication (Connell-Madore and Katsube, 2007) 
are shown in Figure 1. Some grain-size distribution modes 
displayed in Figures 1a and 1b can actually consist of more 
than one or two modes. For example, many of the grain-size 
modes in Figure 1a suggest the possibility of such cases. 
In this study, the Wentworth grain-size classifi cation sys-
tem (Folk, 1968) is used for classifi cation of the different 
grain sizes. Accordingly, the grain-size ranges for the 28 sam-
ples in this study are classified into clay (<3.9 µm), 
silt (3.9–63 µm), very fi ne sand (63–125 µm), fi ne sand 
(125–250 µm), medium sand (250–500 µm), coarse sand 
(500–1000 µm), and very coarse sand (1000–2000 µm) and 
listed in Tables 2 and 3. This classifi cation system also uses 
mud (<63 µm) as one of its classes, which is a combination 
of clay and silt.

The relationships between the sand volume fractions and 
the gas permeability (k

G
) are shown in Figure 2a, and the rela-

tionships between the clay and silt volume fractions against 
the k

G
 are shown in Figure 2b. The sand versus k

G
 relation-

ships in Figure 2a are rather complex, but a general increase 
of medium sand (MS) and fi ne sand (FS) with increased 
k

G
 can be seen. The very fi ne sand (VFS) fraction initially 

appears to increase with increased k
G
, but then is followed 

by a decrease. On the basis of these results, although rather 
complex, the sand fractions can generally be considered as 
framework grains that contribute to increased intergranular 
pore space and fl uid migration. In Figure 2b, both grain-size 
volume fractions (clay and silt) decrease with increased k

G
. 

This suggests that these two fractions, or the mud fraction, 
can be considered as pore-fi lling material that block fl uid 
migration.

In Figures 3 and 4 the differential volume values for the 
Wentworth grain sizes of the sand fractions are displayed. 
All samples contain a certain amount of clay and silt, or mud 
(<63 µm), but the samples with a mud content above 60% 
are not included in these diagrams. In addition, only the sec-
tions for the grain-sizes above 63 µm are displayed in these 
diagrams. This is because the main purpose of these dia-
grams is to display the framework grain combinations that 
would contribute to fl uid migration. For example, samples 
P2EJA-4, P2EJA-18, and P2EJA-20, which have mud con-
tents above 60%, contain some sand grain size (very fi ne sand 
and fi ne sand) fractions of 10–20% (Table 3) with other sand 
fractions below 5%. In such cases, it is questionable whether 
such low sand fractions could act as framework grains and 
contribute to fl uid migration, so that these samples have not 
been included in these diagrams.

Differential volume (%)
Sample
number Clay

<3.9 mm 
Silt

3.9–63 µm

Very fine 
sand

63–125 µm
Fine sand

125–250 µm
Medium sand
250–500 µm

Coarse sand 
500–1000 µm

Very coarse 
sand

1000–2000 µm Total 
P2EJA-1 4.61 14.42 12.04 27.27 41.96 0.32 0.00 100.00 
P2EJA-2 1.37 3.94 6.39 8.86 42.32 34.05 3.10 99.97 
P2EJA-3 20.70 20.99 9.97 5.87 0.77 0.00 0.00 100.01 
P2EJA-4 18.24 54.97 14.35 16.37 4.21 0.00 0.00 100.04 
P2EJA-5 4.66 13.31 9.02 26.53 47.98 0.00 0.00 99.98 
P2EJA-6 4.81 15.59 11.32 36.18 32.86 0.01 0.00 100.01 
P2EJA-7 3.68 11.59 7.95 18.80 54.65 3.45 0.00 100.01 
P2EJA-8 19.58 63.49 12.80 15.87 0.06 0.00 0.00 100.01 
P2EJA-9 30.85 30.85 0.41 0.00 0.00 0.00 0.00 100.01 
P2EJA-10 26.79 77.05 7.83 1.34 0.05 0.00 0.00 100.02 
P2EJA-11 7.69 23.88 14.03 37.52 18.59 0.00 0.00 99.99 
P2EJA-12 15.51 42.55 29.54 16.79 0.00 0.00 0.00 100.00 
P2EJA-13 21.41 83.54 4.07 0.56 0.00 0.00 0.00 99.99 
P2EJA-14 7.03 21.19 6.32 15.64 41.26 8.28 2.94 99.98 
P2EJA-15 25.30 25.30 3.13 0.38 0.00 0.00 0.00 100.01 
P2EJA-16 1.46 3.76 15.85 57.94 16.53 2.65 0.90 100.03 
P2EJA-17 2.09 5.44 11.96 69.03 11.53 0.00 0.00 99.98 
P2EJA-18 25.81 70.70 12.99 13.81 0.06 0.00 0.00 100.02 
P2EJA-19 6.21 22.73 34.10 35.03 0.15 0.00 0.00 99.99 
P2EJA-20 23.95 65.78 13.55 1.63 0.00 0.00 0.00 100.02 
P2EJA-21 2.62 6.94 17.39 61.49 10.80 0.00 0.00 99.95 
P2EJA-22 5.93 16.39 10.67 26.78 41.20 1.27 0.00 100.00 
P2EJA-23 6.02 20.18 17.33 27.67 28.61 0.09 0.00 100.01 
P2EJA-24 4.56 15.49 15.71 29.84 33.52 0.01 0.00 100.00 
P2EJA-25 9.88 37.10 24.80 28.70 0.15 0.00 0.00 100.03 
P2EJA-26 2.78 8.36 7.79 20.75 46.35 12.41 2.17 100.00 
P2EJA-27 4.14 12.32 21.36 52.64 8.76 0.00 0.00 100.04 
P2EJA-28 13.53 38.20 13.94 36.19 3.65 0.00 0.00 100.04

Table 2. Volume percentages of the different grain-size fractions for the 28 samples from the Mallik 5L-38 research well 
(Connell-Madore and Katsube, 2007).
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When the differential volume values of the sand fractions 
in Figures 3 and 4 are reasonably large, that is at least 1.5 
times the values of the rest, they are considered as differen-
tial volume maximums (with arrows displayed above them 
in the fi gures). Some samples show only one differential vol-
ume maximum, but others show two maximums. Figures 3 
and 4 display the sample groups with one and two differential 
volume maximums, respectively. In Table 3 the 28 samples 
are grouped into those that show one (groups 1A, 1B, 1C) 
and two (groups 2A, 2B) differential volume maximums and 
a mud content (<63 µm) of above 60% (Group Ca). In that 
table, a column for mud (3.9–63 µm) has been added.

Gas permeability (k
G
) as functions of mud content are 

shown in Figure 5. The data points are grouped into samples 
with one differential volume maximum (Group 1-DVM), 

two differential volume maximums (Group 2-DVM), and a 
mud content above 60% (Group ‘Mud’). As seen in this fi g-
ure, the k

G
 values decrease with increased mud content for 

the two sand sample groups (groups 1-DVM and 2-DVM) 
which have mud content values below 60%, as would be 
expected. Figure 5 shows that the sand sample k

G
–mud-con-

tent relationships slightly differ between that for the group 
of samples with the one differential volume maximum and 
that with two differential volume maximums. The k

G
–mud-

content relationship for the latter is slightly steeper than the 
one for the samples with only one differential volume maxi-
mum. All samples in the ‘mud’ group have k

G
 values below 

3 mD and more than 70% of those have k
G
 values below 

1 mD. Those in the latter subgroup, surprisingly, show a 
slight general k

G
 increase with the increased mud content.
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Figure 1. Grain-size distri-
butions for a) ten clay-rich 
samples and b) eighteen 
sandy samples, both groups 
from the Mallik 5L-38 
research well, Northwest 
Territories (Connell-Madore 
and Katsube, 2007).
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Figure 2. The relationships a) between sand volume fractions 
and gas permeability (kG), and b) between mud volume fractions 
and kG. VFS = very fi ne sand, FS = fi ne sand, MS = medium 
sand. Mud represents the volume fractions of silt and clay in this 
diagram.
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Figure 3. Differential volume values of the sand fractions for 
sample groups 1A, 1B, and 1C with one differential volume 
maximum (DVM) (arrow above). Only the sections above the 
mud grain-sizes (>63 m) are displayed for each sample group. 
The sand fractions consist of very fi ne sand (63–125 µm), fi ne 
sand (125–250 µm), medium sand (250–500 µm), coarse sand 
(500–1000 µm), and very coarse sand (1000–2000 µm) as listed 
in Table 3.
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coarse sand (500–1000 µm), and very coarse sand 
(1000–2000 µm) as listed in Table 3.
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DISCUSSION

The relationships between the grain-size volume frac-
tions and the gas permeability (k

G
) in Figures 2a and 2b have 

relatively clearly shown that the role of the mud (<63 µm) 
fractions and sand (>63 µm) fractions are different in these 
sedimentary samples. It is suggested that the latter forms the 
framework of the sedimentary formation from which these 
samples were obtained, with their intergranular pores con-
tributing to fl uid migration, and the mud fractions forming 
the intergranular pore-fi lling material that contributes to 
blocking of the fl uid migration. It is generally understood 
that clay (<2 µm or <4 µm) is the pore-filling material 
(e.g. Yang and Aplin, 2007), but the results of this study sug-
gest that mud is the pore-fi lling material for these samples. It 
is interesting, however, that an increased very fi ne sand con-
tent initially shows a k

G
 increased effect (Fig. 2a) followed 

by a decreased effect. This is likely very fi ne sand perform-
ing as framework grains under certain conditions, such as 
among very fi ne-grained material, but as pore-fi lling material 
under different conditions, such as among larger grains.

Three different trends are seen in the k
G
 results as a function 

of mud content relationships (Fig. 5). Two groups of samples 
show k

G
 values decreasing with increased mud content, with one 

group showing a slightly steeper k
G
 decrease with increas-

ing mud content than the other. Some of the samples with 
mud content above 60% show a slight general k

G
 increase 

with increased mud content. Samples with the slower k
G
 

decrease with increasing mud content (sample groups 1A, 
1B, 1C) have only one differential volume maximum (Fig. 
3). Samples with the steeper k

G
–mud-content relationship 

(sample groups 2A and 2B) have two differential volume 
maximums (Fig. 4). For a formation to have good seal qual-
ity, it is necessary that the intergranular pore-fi lling material, 
which is the mud content for these sediment samples, must 
completely fi ll or exceed these intergranular pore spaces, 
as shown in Figure 6. The magnitude of the intergranular 
pore space depends upon the grain packing and grain-size 
combinations. For an ideal packing of uniform spheres, 
the intergranular porosities are in the range of 26% to 48% 
(Mitchell, 1993). The mud content required to fi ll these 
intergranular pore spaces is the critical mud content. The 
concept for clay being the pore-fi lling material has previ-
ously been discussed (Katsube et al., 2006a), using the 
critical clay content instead of critical mud content. The k

G
 

decreases with increased mud content in Figure 5 because 
the intergranular pore spaces are fi lling up with mud and 
the passages for fl uid migration are becoming blocked.

Differential volume (%)
Group/sample 

number Clay
<3.9 µm

Silt
3.9–63 µm

Mud
<63 µm

Very fine 
sand

63–125 µm
Fine sand 

125–250 µm
Medium sand
250–500 µm

Coarse sand 
500–1000 µm

Very coarse 
sand

1000–2000 µm
Total 

P2EJA-1 4.61 13.80 18.41 12.04 27.27 41.96 0.32 0.00     100.00
P2EJA-2 1.37 3.88 5.25 6.39 8.86 42.32 34.05 3.10 99.99
P2EJA-5 4.66 11.79 16.45 9.02 26.53 47.98 0.00 0.00 99.98
P2EJA-7 3.68 11.48 15.16 7.95 18.80 54.65 3.45 0.00 100.01
P2EJA-14 7.03 18.51 25.54 6.32 15.64 41.26 8.28 2.94 99.98
P2EJA-22 5.93 14.15 20.08 10.67 26.78 41.20 1.27 0.00 100.00

1A

P2EJA-26 2.78 7.75 10.53 7.79 20.75 46.35 12.41 2.17 100.00
P2EJA-11 7.69 22.16 29.85 14.03 37.52 18.59 0.00 0.00 99.99
P2EJA-16 1.46 4.70 6.16 15.85 57.94 16.56 2.65 0.90 100.06
P2EJA-17 2.09 5.37 7.46 11.96 69.03 11.53 0.00 0.00 99.98
P2EJA-21 2.62 7.65 10.27 17.39 61.49 10.80 0.00 0.00 99.95
P2EJA-27 4.14 13.14 17.28 21.36 52.64 8.76 0.00 0.00 100.04

1B

P2EJA-28 13.53 32.74 46.27 13.94 36.19 3.65 0.00 0.00 100.05
1C P2EJA-12 15.51 38.16 53.67 29.54 16.79 0.00 0.00 0.00 100.00

P2EJA-6 4.81 14.83 19.64 11.32 36.18 32.86 0.01 0.00 100.01
P2EJA-23 6.02 20.28 26.30 17.33 27.67 28.61 0.00 0.00 99.912A
P2EJA-24 4.56 16.36 20.92 15.71 29.84 33.52 0.00 0.00 99.99
P2EJA-19 6.21 24.50 30.71 34.10 35.03 0.15 0.00 0.00 99.99

2B
P2EJA-25 9.88 36.50 46.38 24.80 28.70 0.15 0.00 0.00 100.03
P2EJA-3 20.70 62.70 83.40 9.97 5.87 0.77 0.00 0.00 100.01
P2EJA-4 8.24 46.87 65.11 14.35 16.37 4.21 0.00 0.00 100.04
P2EJA-8 9.58 51.70 71.28 12.80 15.87 0.06 0.00 0.00 100.01
P2EJA-9 30.85 68.75 99.60 0.41 0.00 0.00 0.00 0.00 100.01
P2EJA-10 26.79 64.02 90.81 7.83 1.34 0.05 0.00 0.00 100.03
P2EJA-13 21.41 73.96 95.37 4.07 0.56 0.00 0.00 0.00 100.00
P2EJA-15 25.30 71.20 96.50 3.13 0.38 0.00 0.00 0.00 102.01
P2EJA-18 25.81 47.35 73.16 12.99 13.81 0.06 0.00 0.00 100.02

Ca

P2EJA-20 23.95 60.89 84.84 13.55 1.63 0.00 0.00 0.00 100.02

 Table 3. Volume percentages of the different grain-size fractions for the 28 samples listed by groups (1A, 1B,  1C, 2A, 
and 2B) defi ned in Figures 3 and 4, and for samples with mud (clay+silt) content above 60% (Group Ca). Columns 
with bold numbers represent the differential volume maximums of the sample group.
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When the sediments consist of more than one framework 
grain-size, and if the smaller framework grains can fi t into 
the intergranular pore spaces of the larger grains, then the 
intergranular porosity of the larger grains can be reduced 
below that of the ideal packing of uniform spheres, which 
is 26–48% (Mitchell, 1993). This would create less space 
for the mud to fi ll, or a smaller critical mud content value, 
implying that the mud would fi ll the pore spaces of the 
multi-grain-size framework quicker than the case of the sin-
gle grain-size framework, and less mud would be required to 
form a seal. This explains the reason for the k

G
–mud-content 

relationship of the Group 2-DVM samples (Fig. 5), which 
have two differential volume maximums, to be steeper than 
that of the samples with the single differential volume maxi-
mum (Group 1-DVM). No critical mud content values have 
been determined in this study; however, the results in Figure 5 
suggest that it might be possible to use extensions or modi-
fi cations of relationships such as those of k

G
–mud-content to 

determine such values.

The slight k
G
 increase with increased mud content in the 

‘Mud’ group (Fig. 5), for the samples with k
G
 values below 

1 mD, is a trend that is unexpected and an explanation for 

that relationship is not found in this study. Although mud 
represents grain sizes of less than 63 µm in this study, it 
includes various silt grain sizes besides clay (<4 µm), as 
listed in Table 3. It is possible that these silt grains are not all 
spherical, but are of various morphologies, some of which 
might contribute to fl uid passages. These could be subjects 
for future studies.

Although the use of hydraulic permeabilities (k
H
) would 

be reasonable for this type of seal capacity analysis, this 
study has shown that the use of k

G
 does provide information 

of signifi cance on the fl uid migration through a sediment. 
The k

H
 data in suffi cient quantity for these type of sam-

ples are diffi cult to fi nd and are very costly, but should be 
obtained for future studies of this nature. The few k

G
 and 

k
H
 data that do exist, for identical samples from this 

area (Katsube et al., 1996, 1999) or for an unconsolidated 
seafl oor sample from the Canadian east coast (Loman et al., 
1993: Katsube, 2000), indicate that the k

G
 values are about 

100–5000 times larger than the k
H
 values. Theoretical equa-

tions for permeability (e.g. Brace et al., 1968; Freeze and 
Cherry, 1979) suggest that under normal conditions, which 
could imply permeable material, k

H
 and k

G
 should be equal. 

Framework-supported
texture

Framework-supported
texture p

with clay
artially filled

Framework-supported
texture t

with clay
ightly filled

Petrophysical model of mudrock texture

Layered texture of
ramework-supported

texture and clay matrix

clay-filled
f

Clay matrix
texture

Figure 6. Texture models for framework grain structures with no clay fi lling (top left), 
some clay fi lling (top middle), intergranular pores fi lled with clay (top right), clay fi lling 
exceeding intergranular pore space (bottom left), and the matrix structure with clay only 
(bottom right)(Katsube et al., 2006b).
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In extremely low-permeability material, however, the effect 
of the pore-structure conditions are different from those in 
permeable material. The k

G
 usually represents values of a 

dry material, whereas k
H
 represents values of a moist mate-

rial. In such cases, a dry shale for gas fl ow would have no 
adsorbed water layers on the pore surfaces to reduce the 
pore sizes and reduce the k

G
 value. For a wet shale, however, 

adsorbed water layers on the pore surfaces would reduce the 
pore sizes considerably and consequently reduce the k

H
 value 

for that liquid migration. Therefore, k
G
 and k

H
 values can 

differ considerably in low-permeability material. In perme-
able material, the connecting pore sizes can be in the order 
of 1–100 µm, in which case there would be no or little dif-
ference in connecting pore sizes whether they are wet or dry; 
however, in extremely low-permeability material, such as 
shale seals, there are many very small connecting pores that 
are smaller than 3–10 nm (e.g. Katsube, 2000; Bowers and 
Katsube, 2002). Since the adsorbed water layers on each pore 
surface could have a thickness in the order of 1 nm or more 
(Hinch, 1980; Katsube et al., 2000), they could have a sig-
nifi cant effect in reducing the effective pore sizes that control 
fl uid migration and result in signifi cantly reduced k

H
 values.

CONCLUSIONS

Analysis of the relationships between the grain sizes and 
gas permeability (k

G
) of the 28 sedimentary samples, used in 

this study, show that the grain sizes larger than the fi ne sand 
fractions (>63 µm) form the framework grains of the sedi-
mentary formation from which these samples were obtained. 
The same analysis also shows that the mud fraction 
(<63 µm) of these samples, which consists of the clay and 
silt fractions, is the pore-fi lling material of the intergranular 
pores formed by these framework grains.

Two-thirds of these 28 sediment samples have a mud 
content below 60% with their main content being various 
grain sizes of sand. Results of using the Wentworth grain-
size classifi cation show that the framework grains can be 
divided into two grain-size distribution groups, one having 
just one differential volume maximum and the other having 
two differential volume maximums. While the k

G
–mud-

content relationships of the two groups both show a k
G
 

decrease with increased mud content, as expected, the group 
with the two differential volume maximums shows a steeper 
decrease than the other. This suggests that some of the grains 
of the smaller differential volume maximum of the group 
with the two differential volume maximums could be fi ll-
ing the intergranular pore spaces formed by the grains of the 
larger differential volume maximum and reducing the total 
intergranular pore spaces of that group. This would allow 
the mud content to fi ll these pore spaces faster, and result 
in the k

G
–mud-content relationship to be steeper than the 

sample group with only one differential volume maximum. 
This displays an important characteristic of the framework 
grain-size combinations.

An unexpected k
G
–mud-content relationship has been 

seen for most of the samples that have a mud content exceed-
ing 60%, where a slight increase of k

G
 with increased mud 

content is seen. An explanation for this unexpected relation-
ship was not found in this study and its reason is suggested 
to be investigated in the future. Although the characteristics 
of hydraulic permeability (k

H
) are considered most impor-

tant in relation to seal capacity, this study has shown that the 
k

G
 versus texture characteristics have displayed important 

characteristics of a seal that may not have been revealed by 
use of the k

H
 values.
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