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Internal structure and permeability of the Nojima fault, southwest Japan
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Abstract
We conducted permeability measurements on representative fault rocks and surrounding country rocks taken from the Nojima fault zone,
which was activated during the 1995 Kobe earthquake, under isotropic confining pressures up to 180 MPa. The results show that the Nojima
fault zone consists of a low-permeability fault gouge zone (10�20e10�19 m2 at 180 MPa) within a high-permeability damaged zone of fault
breccia and fractured host rock (10�18e10�14 m2 at 180 MPa). The fault gouge zone acts as a barrier to fluid flow across the fault, whereas
the surrounding damage zone acts as a fluid conduit. The nature of this proposed permeability structure is consistent with the results of tests
conducted on drillcore samples collected from the Nojima fault at depths of 0.6 and 1.8 km. We therefore propose that the permeability of a fault
measured from fault rocks exposed at the surface can be used as a representative value for the fault to depths of up to 2 km. We also examined
the possibility that thermal pressurization occurred upon the Nojima fault during the Kobe earthquake, based on the obtained permeability data.
We found that frictional heating during the Kobe earthquake would have led to an increase in pore pressure at depths below 4 km, thereby re-
sulting in a marked reduction in frictional resistance upon the fault.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Permeability is one of the key hydraulic parameters in mod-
eling fluid flow in rocks. The permeability of crystalline and
sedimentary rocks has been measured intensively for nearly
a century (Schön, 1996), and data have recently been reported
for fault-related rocks found along natural faults (Evans et al.,
1997; Seront et al., 1998; Kitagawa et al., 1999; Lockner et al.,
2000; Wibberley and Shimamoto, 2003; Tsutsumi et al., 2004;
Uehara and Shimamoto, 2004). The influence of fluids (e.g.,
water) upon fault behavior is closely related to seismic activity
(Healy et al., 1968; Ohtake, 1974; Zoback and Harjes, 1997)
and thermal pressurization associated with seismic fault mo-
tion (Sibson, 1973; Lachenbruch, 1980; Mase and Smith,
1985, 1987). Recent analyses of thermal pressurization based
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on permeability data from natural faults (Noda and Shima-
moto, 2005; Wibberley and Shimamoto, 2005; Bizzarri and
Cocco, 2006a,b; Rice, 2006) have attracted great interest be-
cause the mechanism is able to explain the dynamic weaken-
ing behavior of faults observed during earthquakes; this
behavior is not observed in laboratory-based friction experi-
ments. Thus, it is of great importance to investigate the perme-
ability structure of natural faults.

Permeability is typically measured using one of the follow-
ing three methods: (1) in situ water-injection experiments us-
ing boreholes; (2) laboratory experiments on drillcore
samples; and (3) laboratory experiments on samples collected
from surface outcrops. In situ measurements provide perme-
ability data under the ambient temperature and pressure condi-
tions of the study site; however, in this case the obtained
permeability represents the average value for the volume of
rock that extends several hundred meters from the borehole.
Thus, in situ measurements are of limited use in identifying
the permeability structure of faults that possess a complex
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internal structure consisting of, for example, a fault core,
a damage zone, and the surrounding host rock (Caine et al.,
1996); in such cases, laboratory-based experiments represent
a more suitable approach.

To investigate the permeability of faults at depth, it is nec-
essary to conduct permeability measurements using core sam-
ples obtained at depth; however, most measurements are
performed using samples from surface outcrops because they
are easily obtained at minimal cost. The use of surface sam-
ples makes it possible to conduct many experiments in pre-
cisely measuring the permeability properties under varying
conditions of, for example, pressure, temperature, and defor-
mation; however, it remains to be determined whether surface
samples can be used to investigate the permeability structure
of a fault at depth. Although a comparison of the permeability
at the surface with that at depth has already been performed
for crystalline rocks (Morrow and Lockner, 1994), such a study
has yet to be undertaken for fault-related rocks.

In the present study, we describe the internal structure of
the Nojima fault, Southwest Japan, as observed at two out-
crops (Funaki and Hirabayashi; Fig. 1), and measure the per-
meability of fault-related rocks from these sites under high
pressures and room temperatures.

The Nojima fault was activated during the 1995 Hyogo-ken
Nanbu (Kobe) earthquake (M ¼ 7.2), with a hypocenter depth
of 16.0 km. After the earthquake, a drilling project was carried
out to intersect the fault zone, and the permeability of the zone
Fig. 1. Map of active faults upon Awaji Island and adjacent areas, and geological ma

The open circles show the locations sampled in the present study.
has since been measured via water injection tests within the
boreholes (e.g., Kitagawa et al., 1999) and laboratory-based
measurements of core samples (Lockner et al., 2000). Com-
paring our results with those of these previous studies, we
are able to demonstrate the validity of the use of surface sam-
ples in inferring the nature of permeability structures within
fault zones at depth. Based on the obtained permeability data,
we also examine the possibility that thermal pressurization oc-
curred upon the Nojima fault during the Kobe earthquake.

2. Geological setting

The 9-km-long Nojima fault, which strikes northeast-south-
west and dips steeply to the southeast, runs along the north-
western margin of Awaji Island in Hyogo prefecture,
Southwest Japan, and forms part of a 60-km-long belt of active
faults known as the Rokko-Awaji fault system (e.g., Huzita,
1967, 1969) (Fig. 1). Geologically, the area in which the fault
occurs consists of Cretaceous granite and granodiorite overlain
by the Miocene Kobe Group (sand, conglomerate, and sandy
mud) and the Plio-Pleistocene Osaka Group (silt-clay, sand,
and conglomerate). The east side of the Nojima fault is up-
thrown, bringing granitic rocks into fault contact with the
overlying sediments. The total Quaternary vertical displace-
ment upon the Nojima fault is estimated to be about 500 m,
as estimated from a vertical geological cross-section con-
structed from borehole data (Murata et al., 1998).
p along the trace of the Nojima fault (modified from Awata and Mizuno, 1998).



515K. Mizoguchi et al. / Journal of Structural Geology 30 (2008) 513e524
The outcrops of the Nojima fault analyzed in the present
study are located at Hirabayashi and Funaki (Fig. 1). At Hir-
abayashi, surface fault ruptures associated with the 1995
Kobe earthquake record maximum right-lateral and vertical
(reverse) displacements of 2.0 and 1.4 m, respectively (Awata
and Mizuno, 1998). The surface fault rupture branched at Na-
shimoto, in the southwestern part of the fault. The branch fault
terminates near Funaki, where horizontal and vertical dis-
placements of 0.08 and 0.06 m were recorded, respectively.

3. Structure of the Nojima fault zone
3.1. Funaki outcrop
At Funaki, the southeast side the Nojima fault zone consists
of a zone of fault gouge (about 0.1e0.15 m in width), a zone of
fault breccia (about 2 m in width), and fractured granite host
rock (Fig. 2). On the northwest side of the fault zone, conglom-
erate of the Osaka Group strikes parallel to the fault and dips at
40� to the west. Bedding planes within the conglomerate are off-
set along minor faults that contain injections of clayey gouge.
The contact between the conglomerate and the gouge zone is
highly irregular, and the contact between the gouge zone and
the breccia zone is sharp and planar. The contact between the
fault breccia zone and fractured granite is gradational.

The gouge zone is composed of weakly foliated greenishe
gray clayey gouge (Fig. 3a). The structure of the host rock is
completely obliterated within the gouge zone, and the texture
is typically matrix-supported. Foliation is defined by the pre-
ferred orientation of clay minerals and color banding, with bands
offset along Riedel shears that record a top-to-the-right sense of
shear. The gouge contains angular to subangular fragments of
quartz, alkali feldspar, and plagioclase of 0.05e0.25 mm in
size. Matrix grains are dominated by quartz and clay minerals
such as smectite and kaolinite.
Fig. 2. Sketch of the northern (upper) and southern (down) walls in an excavation

trench is about 2 m and the strike and dip of the faces are as follows: N1, N64E61S;

breccia zone are areas of breccia matrix.
The breccia zone consists of a granitic breccia part and
a fine matrix part. The structure of the host rock is preserved
at the mesoscopic scale in the granitic breccia part, but not in
the matrix part. The microstructure of this zone is character-
ized by relatively large fragments of granite surrounded by
a network of microfractures (Fig. 3b). The mesoscale density
and width of microfractures within the breccia matrix are
greater than those in the granitic breccia.

In the fractured granite, the structure of the host rock is in-
tact, and intra- and intergranular cracks are prominent within
mineral grains. The densities of the cracks and microfractures
increase toward the fault.

The host rock, the Toshigawa granite, is composed mainly
of quartz, plagioclase, and alkali feldspar, with subordinate
hornblende and biotite. Intergranular cracks are rare in these
grains (Mizuno et al., 1990) (Fig. 3d). Feldspar is milky white,
quartz is relatively transparent, and grains of hornblende and
biotite are scattered among larger crystals of quartz and
feldspar.

Samples obtained for permeability measurements were col-
lected from the fault gouge zone, the fault breccia zone, and
the fractured granite zone within an excavated trench. Samples
of fractured granite were also collected 10 m from the fault
trace, and samples of fresh granite (host rock) were taken
100 m from the trace (see Table 1).
3.2. Hirabayashi outcrop
As with the outcrop at Funaki, the Nojima fault at Hira-
bayashi consists of three zones: a fault gouge zone (about
0.5e0.95 m in width), a fault breccia zone (about 2 m in
width), and fractured granodioritic host rock (Fig. 4). Sand-
stone of the Osaka Group occurs on the northwest side of
the fault. The fault gouge zone contains four types of fault
gouge: a zone of brown gouge of about 0.05e0.8 m in width,
trench (see the block diagram to the right) at the Funaki site. The depth of the

N2, N23W50W; N3, N83W59S; S, N81W61S. The unmarked areas in the fault



Fig. 3. Microphotographs of greenishegray clayey gouge (a), fault breccia (b), fractured granite (c), and granite (d) sampled at the Funaki outcrop. Figure (a):

crossed-polarized light; (bed) plane-polarized light. Qz: quartz, Bt: biotite, Kf: alkali feldspar, Pl: plagioclase, Hb: hornblende. Arrows indicate Riedel shear

planes.
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dark brown clayey gouge of about 0.03e0.1 m in width, gray
gouge of about 0.1e0.15 m in width, and blueegray gouge of
about 0.1e0.15 m in width. The thicknesses of the different
types of gouge vary along the fault. The colors of the gouges
indicate that the brown and dark brown clayey gouges are de-
rived from the sandstone, whereas the gray and blueegray
gouges are derived from the granodiorite.

Foliation in the dark brown clayey gouge is defined by
white bands of coarse-grained felsic fragments and the pre-
ferred orientation of clay minerals (Fig. 5a). The brown gouge
contains a weak foliation defined by black bands within the
matrix (Fig. 5b). The host sandstone shows a clast-supported
texture, with no visible bedding (Fig. 5c).

Black layers within the gray gouge at the southern part of the
trench have been reported to be pseudotachylyte (Otsuki et al.,
2003); however, the northern part of the trench contains layers
of granitic cataclasite in the gouge rather than black layers.
Clasts within the gray gouge are smaller and much less abundant
than those in the other gouges (Fig. 5d). The very fine-grained
nature of the matrix means that it appears black when viewed
under an optical microscope in crossed-polarized light.

In the granitic cataclasite, the original texture of the host
rock can be observed at the mesoscopic scale, whereas the
original texture can no longer be observed at the microscopic
scale (Fig. 5e). A foliation is defined by color banding in the
matrix and crushed particles that were aligned during cataclas-
tic flow. Foliation within the blueegray gouge is defined by
thin, elongate layers of opaque minerals in the matrix
(Fig. 5f). In the breccia zone, the mesoscopic structure of
the host rock is no longer visible, and the texture is typically
characterized by large fragments within a fine-grained matrix
(Fig. 5g). In the fractured granodiorite, the structure of the host
rock is retained, and numerous fractures are filled with finely
crushed grains (Fig. 5h).

Samples for permeability measurements were collected
from the fault gouge zone, the fault breccia zone, and the frac-
tured granite zone within an excavated trench. In addition,
sample GR118 (see Table 1) was collected from a microshear
zone in the fractured granodiorite.

4. Experimental procedure

Permeability measurements were conducted on samples of
fault gouge, fault breccia, fractured granite, and non-fractured
granite collected from the two outcrops. For friable fault
rocks, a cylindrical sample was obtained by hammering a cop-
per tube (20 mm internal diameter) or stainless steel tube
(25 mm internal diameter) into the outcrop. For hard rocks,
a cylindrical sample was cored in the laboratory. Cylindrical
axes of all samples we prepared correspond to one of the fol-
lowing three directions. Direction 1 is parallel to the direction
of slip upon the fault plane, Direction 2 is parallel to the fault
plane and perpendicular to the direction of slip, and Direction
3 is perpendicular to the fault plane. Prior to permeability
measurements, the cylindrical samples (20 and 25 mm in
diameter and 5e30 mm in length) were dried at 85 �C until
constant weight was achieved (the maximum weight loss
was 25%).



Table 1

Summary of the results of experiments conducted on fault rocks from the Nojima fault zone where exposed at Funaki and Hirabayashi

Sample Sampling

location

Rock type Measurement

method

Pc [MPa] Pp [MPa] Sample

orientation

Distance from

Fault [m]

Pressurizing path De-pressurizing path

A B A B

GR035* Funaki Greenishegray clayey gouge OPP 30e110 20 1 0 5.29 � 10�11 �4.31 1.81 � 10�18 �0.47

GR049 Funaki Greenishegray clayey gouge OPP 30e50 20 3 0 5.16 � 10�11 �4.99 e e

GR061 Funaki Greenishegray clayey gouge OPP 30e80 20 1 0 1.71 � 10�9 �5.97 6.13 � 10�19 �0.42

GR064 Funaki Greenishegray clayey gouge OPP 30e200 20 1 0 2.99 � 10�10 �5.41 e e

GR043 Funaki Granitic breccia OPP 30e200 20 1 0.2 1.98 � 10�12 �1.62 3.16 � 10�15 �0.39

GR059 Funaki Granitic breccia OPP 30e200 20 1 0.2 1.09 � 10�10 �2.51 e e

GR063* Funaki Granitic breccia OPP 30e200 20 1 0.3 1.57 � 10�11 �1.83 1.98 � 10�14 �0.62

GR056 Funaki Breccia matrix OPP 30e200 20 1 0.8 4.80 � 10�13 �2.14 1.33 � 10�16 �0.64

GR062 Funaki Breccia matrix OPP 30e200 20 1 0.8 1.26 � 10�11 �2.31 7.25 � 10�16 �0.40

GR247 Funaki Granitic breccia CFR 5e200 0e2 1 2 1.26 � 10�12 �1.17 1.95 � 10�14 �0.53

GR158 Funaki Fractured granite OPP 30e200 20 1 3 1.95 � 10�13 �1.52 2.51 � 10�15 �0.72

GR377 Funaki Fractured granite CFR 5e200 0e2 3 3 6.85 � 10�14 �1.58 3.02 � 10�15 �1.08

GR376 Funaki Fractured granite CFR 5e200 0e2 e 10 3.26 � 10�13 �2.16 1.57 � 10�15 �1.22

GR379 Funaki Fractured granite CFR 5e200 0e2 3 10 3.26 � 10�13 �2.51 3.78 � 10�16 �1.28

GR065 Funaki Granite OPP 30e110 20 e 100 1.34 � 10�18 �1.06 e e

GR106 Hirabayashi Sandstone OPP 30e200 20 2 0.3 2.32 � 10�11 �2.40 2.88 � 10�15 �0.70

GR107 Hirabayashi Brown gouge OPP 30e200 20 2 0.2 4.23 � 10�5 �6.34 2.60 � 10�16 �1.44

GR160 Hirabayashi Brown gouge OPP 30e150 20 2 0.1 3.71 � 10�8 �5.49 2.33 � 10�16 �2.23

GR161 Hirabayashi Dark brown clayey gouge OPP 30e70 20 2 0.05 1.89 � 10�8 �5.67 e e
GR115 Hirabayashi Blueegray gouge OPP 30e200 20 3 0.05 2.79 � 10�9 �4.54 7.31 � 10�17 �1.96

GR116 Hirabayashi Granitic cataclasite OPP 30e200 20 3 0.1 1.56 � 10�10 �4.17 1.23 � 10�17 �1.09

GR108 Hirabayashi Breccia OPP 30e199 20 2 0.15 7.89 � 10�11 �2.21 2.87 � 10�15 �0.25

GR109 Hirabayashi Breccia OPP 30e200 20 2 0.55 1.16 � 10�10 �2.24 1.00 � 10�14 �0.42

GR118 Hirabayashi Fractured granite OPP 30e200 20 3 3 6.16 � 10�8 �4.95 3.92 � 10�15 �1.75

OPP: oscillating pore pressure method; CFR: constant flow rate method; *denotes data for the first pressure cycle.
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Experiments were performed using a high-temperature and
high-pressure deformation and fluid-flow gas apparatus at
Kyoto University, Japan (Fig. 6). In each experiment, a rock
sample was placed between the upper and lower pistons,
which are equipped with holes to enable the movement of
pore fluid into and out of the sample. Porous brass spacers
were used to cap the ends of the sample to eliminate flow dis-
turbance at these sites. The sample was jacketed in a heat-
shrink polyolefin tube of 2 mm in thickness to separate the
pore fluid from the confining medium. Two inlets were used
in the confining medium within the pressure vessel (Fig. 6).
The confining medium from the lower inlet not only pressur-
izes the sample but also acts on the upper piston, pushing it up-
wards. The confining medium counteracts this upward motion
by pushing downwards on the upper piston with equal force.

Permeability was measured at room temperature with nitro-
gen gas as pore fluid and using the flow rate method and oscil-
lating pore pressure method (Kranz et al., 1990; Fischer and
Paterson, 1992; ASTM D4525-90, 2001). Pore pressure (Pp)
was less than 1 MPa for the former method, and held constant
at around 20 MPa for the latter. The confining pressure (Pc)
was increased up to 110 MPa for samples with low permeabil-
ity (gouge and non-fractured granite) and 200 MPa for sam-
ples with high permeability (breccia and fractured granite),
as the permeability of the former samples at 110 MPa was
close to the lower limit (10�20e10�19 m2) of our measurement
method.

5. Experimental results

The results obtained for all of the experiments are summa-
rized in Table 1, and Fig. 7 shows the permeabilities of the an-
alyzed samples as a function of effective pressure (Pe). Pe is
defined as Pc � Pp. The permeabilities showed a rapid decrease
as Pe was increased to 180 MPa. Along the de-pressurizing path,
the permeabilities showed a slight increase as Pe was reduced
from 180 to 50 MPa, and a rapid increase as Pe approached
10 MPa. The values of permeability measured during the de-
pressurizing path are consistently lower than those recorded dur-
ing the pressurizing path. The effective pressure-permeability
data obtained during the pressurizing and de-pressurizing paths
are well expressed using a power equation, k ¼ A Pe

B, where k



Fig. 5. Microphotographs of dark brown clayey gouge (a), brown gouge (b), sandstone (c), gray gouge (d), granitic cataclasite (e), blueegray gouge (f), fault

breccia (g) and fractured granodiorite (h) sampled at the Hirabayashi outcrop. Figure (a): crossed-polarized light; (beh) plane-polarized light.
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is permeability, A is permeability at Pe ¼ 0 MPa, and B is
a constant that specifies the rate at which k decreases with in-
creasing Pe (dashed lines in Fig. 7). The calculated values of A
and B are listed in Table 1. The experiments revealed similar
permeabilities for the samples of fault rock collected from the
two outcrops, as described below.
When Pe was increased from 10 to 180 MPa, the permeabil-
ity of the fault gouge (solid symbols in Figs. 7a,c) decreased
more rapidly than that of the other samples by between four
and six orders of magnitude, reaching 10�20e10�19 m2 at
a Pe value of 180 MPa. The clayey gouges (the greenishe
gray clayey gouge and dark brown clayey gouge) have the
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lowest permeability among the examined gouges (less than
10�19 m2 at Pe ¼ 80 MPa).

During de-pressurization, the gouges tended to remember
their permeability values at the highest value of Pe. The per-
meability of the gouges at Pe ¼ 10 MPa on the de-pressurizing
path was three orders of magnitude lower than that on the hy-
drostatic loading path. The permeability of sample cored per-
pendicular to foliation (GR049) was similar to that of samples
cored parallel to foliation.

The permeability of the fault breccia (open symbols in
Fig. 7a and gray symbols in Fig. 7c) decreased by between
one and three orders of magnitude with increasing Pe from
10 to 180 MPa, reaching 10�17e10�14 m2 at Pe ¼ 180 MPa.
The samples of fault breccia showed greater variation in per-
meability than the fault gouge samples. For samples collected
from the fault breccia zone at Funaki, the granitic breccia was
more highly permeable than the breccia matrix.

The permeability of the fractured granite (open symbols in
Fig. 7b) was insensitive to pressure, as with the fault breccia,
and was 10�18e10�16 m2 at Pe¼ 180 MPa. The samples collected
at a distance of 3 m from the fault were more highly permeable
than those collected 10 m from the fault. The fractured sample
(GR118) recorded similar permeability to the fault gouge sam-
ples. Microscopically, sample GR118 is typically matrix-supported,
and the structure of the host rock is no longer visible. These
observations indicate that the sample was collected from fault
gouge within a minor fault that developed in the fractured zone.

Non-fractured granite (solid symbols in Fig. 7b) was insen-
sitive to pressure, and recorded a permeability of 10�20 m2 at
Pe ¼ 90 MPa. The permeability of the sandstone (open square
symbols in Fig. 7c) was also largely insensitive to pressure,
and was about 10�16 m2 at Pe ¼ 180 MPa.

The permeabilities of the clayey gouge (GR035) and brec-
cia matrix (GR056) were measured over two cycles of
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confining pressure (Fig. 8), revealing little difference in the
permeabilities recorded during the first and second deconfin-
ing paths. The effect of pressure cycling was therefore not ap-
parent in this test. This result indicates that the samples
deformed elasticity after the first peak in confining pressure.

6. Interpretations
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Fig. 9. Permeability structure of the Nojima fault at Funaki (a) and Hirabaya-

shi (b). Permeability at Pe ¼ 90 MPa is plotted as a function of distance from

the fault trace. The permeabilities of the samples marked by a gray circle were

greater than 10�14 m2, and the permeability of the sample marked by an open

circle was less than 10�20 m2.
Microscopic observations of the three fault-related rock
types within the Nojima fault zonedfault gouge, fault breccia,
and fractured granitedindicate that each rock type has differ-
ent types of microcavities, crack and pore, that act as conduits
for fluid flow. Intra- and intergranular cracks are predominant
in the fractured granite (Fig. 3c), while the fault gouge con-
tains voids, or pores, within the packing framework of mineral
grains (Figs. 3a and 5a,b,def). The fault breccia contains both
cracks within large fragments and pores in the fine-grained
matrix (Figs. 3b and 5g).

These two types of microcavities play an important role in
controlling fluid flow within fault zones. The present experi-
mental results show that the permeability of the fault gouges
decreases with increasing Pe relative to the fault breccia and
the fractured granite, even though all three rock types have
similarly high permeability at low Pe. This finding indicates
that cracks are less sensitive to changes in pressure than pores.
Thus, the active pathways of fluid flow throughout the Nojima
fault zone consist of both pores and cracks at shallow depths,
but cracks alone at greater depth.
6.2. Permeability structure at the surface
The permeability structure of the Nojima fault zone at Fu-
naki is shown in Fig. 9a. The permeability of conglomerate
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Fig. 8. Permeability data obtained from pressure cycling tests on clayey gouge

(GR035, triangles) and breccia matrix (GR056, circles). Permeability is plot-

ted as a function of effective pressure. Open symbols represent the first cycle

path, and solid symbols the second.
(Osaka Group) exposed in the Funaki trench was not mea-
sured because we were unable to collect undisturbed samples.
The fault gouge zone and granitic host rock have low perme-
abilities of less than 10�19 m2, thereby acting as barriers to
fluid flow across the fault. This result is consistent with mea-
surements of the permeability of fault gouge samples re-
ported in previous studies (Chu et al., 1981; Morrow et al.,
1981, 1984; Faulkner and Rutter, 2000; Wibberley and
Shimamoto, 2003). In contrast, the fault breccia zone and
fractured granitic host rocks are highly permeable (10�18e
10�14 m2), thereby acting as fluid conduits. Thus, the fault
zone has an anisotropic permeability structure, with high per-
meability parallel to the fault and low permeability perp-
endicular. This finding indicates that fluids tend to migrate
parallel to the fault rather than across it, as reported previ-
ously for other faults (e.g., Evans et al., 1997; Seront
et al., 1998; Wibberley and Shimamoto, 2003; Tsutsumi
et al., 2004).

The permeability structure of the Nojima fault at Hira-
bayashi is shown in Fig. 9b. On the side of the fault that
contains Cretaceous granodiorite, the permeability structure
of the fault is similar to that at Funaki: the gouge zone
has a low permeability whereas the breccia zone and frac-
tured granodiorite zone are highly permeable. This result in-
dicates that the Nojima fault has a consistent permeability
structure along its length, although the side of the fault at
Hirabayashi that contains rocks of the Osaka Group exhibits
a different permeability structure from that on the granodio-
rite side. This side of the fault contains a fault gouge zone
with low permeability, but lacks a relatively permeable brec-
cia or fractured zone. This result, of contrasting permeability
structures in the two lithologies, is similar to that reported
in previous studies (e.g., Antonellini and Aydin, 1994), rais-
ing the possibility that faults developed in sandstone have
different permeability structures to those developed in
granite.
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6.3. Comparison of the permeability of surface samples,
core samples, and in situ measurements
After the 1995 Kobe earthquake, the Disaster Prevention
Research Institute of Kyoto University (DPRI) drilled three
boreholes near the Funaki site to depths of 500, 800, and
1800 m. In addition, the National Research Institute for Earth
Science and Disaster Prevention (NIED) of Japan and the Geo-
logical Survey of Japan (GSJ) drilled boreholes to depths of
1838 and 747 m, respectively, at the Hirabayashi site, close
to the central segment of the Nojima fault. The borehole
drilled by the GSJ intersected the Nojima fault at a depth of
624 m, and the borehole drilled by NIED intersected deformed
zones related to the fault at depths of 1140, 1320, and 1800 m.
Where intersected by the boreholes, the fault zone consists of
granodiorite in both the footwall and hanging wall, with a nar-
row clay-rich or fine-grained fault core and a surrounding
damage zone of highly fractured rock (Lockner et al., 2000).

They measured the permeability of core samples from both
the GSJ and NIED boreholes using water as a pore fluid,
obtaining values for the fault core of 10�19e10�18 m2 at
Pe ¼ 50 MPa. This value is similar to that obtained in the pres-
ent study for clayey gouge sampled at the surface (greenishe
gray clayey gouge at Funaki and dark brown clayey gouge at
Hirabayashi). The permeability of the damaged zone at depth
is 10�17e10�16 m2 at Pe ¼ 50 MPa, similar to our estimate for
the fractured granite zone at the surface fault but lower by two
orders of magnitude than the permeability of the fault breccia
at the surface. It should be noted, however, that the results of
Lockner et al. (2000) were obtained using water as a pore
fluid, whereas gas was used in the present study. It has been
reported that gas permeability is higher than water permeabil-
ity, and that the maximum difference is an order of magnitude
for clay-rich rocks (Brace et al., 1968; Faulkner and Rutter,
2000; Tanikawa and Shimamoto, 2006). Considering the per-
meability difference associated with the pore fluids employed
in the two studies, the lowest and most highly permeable zones
at the surface have permeabilities that are an order of magni-
tude lower and higher than those at depth, respectively.

The permeability structure of the Nojima fault at the sur-
face, consisting of an impermeable zone surrounded by highly
permeable zones, is consistent with that estimated at depth. It
should be emphasized that the differences in permeability re-
ported in the two studies is within an order of magnitude for
each of the zones along the fault, suggesting that the estimate
of the permeability structure at the surface is quantitatively
consistent with that at depth.

Several previous studies that undertook in situ measure-
ments report that the permeability of the Nojima fault zone de-
creases from approximately 10�12 to 10�16 m2 with increasing
depth from 0.5 to 3 km (Kitagawa et al., 1999; Kiguchi et al.,
2001; Murakami et al., 2001; Tadokoro et al., 2001). Assum-
ing hydrostatic pore pressure, this depth interval corresponds
to a range in effective pressure from 10 to 45 MPa. Under
these low pressures in the present experiments, we obtained
permeability values of 10�16e10�13 m2 for fault breccia and
fractured granite zones. Even if the effect of pore fluid is
considered, the results of the in situ experiments can be ex-
plained by fluid flow through the zones of fault breccia and
fractured granite.

A comparison of the present results with those obtained
previously based on logging data and core samples indicates
that the permeability at the surface of the Nojima fault is sim-
ilar to that at depth. Accordingly, it is possible to estimate the
permeability of a fault at depths down to several kilometers
based on analyses of samples collected from the surface.
This indicates that the surface estimate of the permeability
of other faults reported in previous studies (e.g., Evans
et al., 1997; Seront et al., 1998; Wibberley and Shimamoto,
2003; Tsutsumi et al., 2004) could be safely extrapolated to
depths of up to 2 km.

For the Nojima fault, it might well be possible to discuss
spatial variations in the permeability structure of the fault at
shallow depths based on data obtained from surface samples;
however, it has yet to be determined whether data obtained
from surface samples is useful in terms of inferring the perme-
ability of the fault zone to depths within the seismogenic zone
(~10 km), which would be relevant to investigations of earth-
quake generation processes. Should a deep borehole be drilled
across a fault in the future, it might be possible to test the
depth limitation of data obtained from surface samples in
terms of permeability analysis.
6.4. Thermal pressurization upon the Nojima fault
Here, we use the permeability structure obtained in the
present study as a basis for examining the possibility that ther-
mal pressurization occurred on the Nojima fault during the
Kobe earthquake. We expect that low-permeability fault gouge
might prevent water heated by frictional slip from escaping
from the gouge zone, thereby leading to an increase in pore
pressure, a reduction in shear strength upon the fault, and lead-
ing in turn to dynamic weakening in association with a high
slip rate.

We consider a one-dimensional fluid- and heat-flow model
in the direction perpendicular to the fault. The three parame-
ters that play an important role in the modeling are hydraulic
diffusivity (Dh), the thermal pressurization coefficient (G), and
the characteristic time for thermal pressurization (J):

Dh ¼
k

hbc

ð1Þ

G¼ faw þ ð1�fÞam� asf

bc

ð2Þ

J¼ rcW0:5

mdG,V
ð3Þ

where k is the permeability of the fault gouge, h is the fluid
dynamic viscosity, bc is the storage capacity of the fault
gouge, f is the porosity of the fault gouge, aw is the thermal
expansivity of water, am is the mineral thermal expansivity, asf

is the thermal expansivity of the porous medium, r is the rock
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density, c is the rock specific heat capacity, W0.5 is the half-
width of the fault gouge zone, md is the dynamic coefficient of
friction, and V is relative slip velocity (Lachenbruch, 1980;
Mase and Smith, 1987; Wibberley and Shimamoto, 2005). If
the length scale of hydraulic diffusion Lh ¼ (DhJ)1/2 is less
than W0.5, we can assume that fluid loss from the gouge zone
is negligible at the time scale of earthquake rupture when heat
is generated (Wibberley and Shimamoto, 2005). In the case of
no fluid loss, the shear resistive stress (t) decreases exponen-
tially due to thermal pressurization:

t¼ mdðsn� piÞ exp

�
� d

VJ

�
ð4Þ

where sn is the normal stress on the fault, pi is the initial pore
pressure, and d is the displacement. Using the values shown in
Table 2, we found that the condition Lh < W0.5 is satisfied
when k < 4.78 � 10�16 m2.

Applying the above relation to the permeability data ob-
tained for the Nojima fault in the present study, thermal pres-
surization occurs provided that Pe exceeds 60 MPa. This
condition corresponds to the ambient pressure at a depth of
4 km, assuming gradients in lithostatic and fluid pressure of
25 and 10 MPa/km, respectively. This finding indicates that
thermal pressurization could have occurred during the 1995
Kobe earthquake at depths greater than 4 km. The slip models
proposed for the Kobe earthquake (e.g., Ide and Takeo, 1997)
show major slip at depths shallower than 5 km. This suggests
that a component of the large slip that occurred at shallow
depths was related to a weakening mechanism other than ther-
mal pressurization, such as the ‘‘high-velocity gouge weaken-
ing’’ that has been documented in friction tests on the Nojima
fault gouge (blueegray gouge in this paper) at seismic slip
rates under lower-than-normal stress condition of less than
1.85 MPa (Mizoguchi et al., 2007).
Table 2

Parameter values employed for analyses of thermal pressurization

Property Value

Storage capacityb, bc 1 � 10�10 Pa�1

Porosityc, f 0.3

Rock densitya, r 2600 kg m�3

Rock heat capacitya, c 1000 J kg�1 K�1

Water viscositya, h 2.89 � 10�4 Pa s

Water expansivitya, aw 6.24 � 10�4 K�1

Mineral expansivitya, am 2 � 10�5 K�1

Porous medium expansivitya, asf 1 � 10�5 K�1

Half-width of the gouge zone, W0.5 0.075 m

Dynamic coefficient of friction, md 0.6

Slip velocityd, V 0.5 m s�1

a Values are taken from Wibberley and Shimamoto (2005).
b bc is assumed to be constant with changing pressure based on the findings

of Wibberley and Shimamoto (2005).
c The porosity value was obtained from Aizawa et al. (manuscript in prep-

aration, 2007).
d Waveform inversion by Ide and Takeo (1997) showed that the slip velocity

on the Nojima fault during the 1995 Kobe earthquake reached a maximum of

0.5 m/s.
7. Conclusions

We measured the permeability of samples taken from a fault
gouge zone, a fault breccia zone, and a fractured granite zone
along the Nojima fault at Funai and Hirabayashi under isotro-
pic confining pressures of up to 180 MPa. The fault gouge re-
cords the lowest permeability (10�20e10�19 m2 at 180 MPa),
thereby acting as a barrier to fluid flow across the fault; in con-
trast, breccia and fractured host rocks are highly permeable
(10�18e10�14 m2 at 180 MPa), acting as fluid conduits. These
permeabilities obtained for surface samples of fault rock are
largely consistent with those obtained for borehole samples
collected at 2 km depth. We therefore propose that permeabil-
ity data obtained from surface samples collected along other
faults in addition to the Nojima fault can be used to infer their
permeability structures to depths of up to 2 km. Based on the as-
sumption that the present experimental results regarding fault
permeability can be extrapolated to depth, we note that thermal
pressurization might have occurred on the Nojima fault at
depths greater than 4 km during the 1995 Kobe earthquake.
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