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Abstract

The distribution and petrological characteristics of fault rocks in a shallow fault zone (1,140m depth) of
granitic origin were examined in a fault zone in the NIED (the National Research Institute for Earth Science
and Disaster Prevention) drill core (NIED core) penetrating the Nojima fault, which was activated during the
1995 Hyogo—ken Nanbu Earthquake (M=7.2). The NIED core consists of granodiorite and porphyritic
intrusive rocks including a Nojima fault zone which involves six thin shear zones (A to F zones). These shear
zones are generally surrounded by fault related rocks that are less pulverized and less altered (WPAR). The
fault zone architecture is clarified as follows: (1) The total thickness of the Nojima fault zone at a depth of
1,140m is close to, but thicker than Ca. 70m. (2) All shear zones were evolved from the WPAR, indicating that
pulverization and alteration of recent activity were more diffused at the initial stage of faulting, becoming
gradually localized to individual shear zones. (3) Centralized layers of the shear zones contain ultracataclesite,
and the D shear zone contains pseudotachylite, indicating that shear zones A to F can be regarded as a high
velocity frictional zone, centralized by D zone. (4) The hanging wall and footwall of each shear zone typically
shows explosion brecciation texture with carbonate and zeolite matrices, respectively, which are also regarded
as dilatant co-seismic shear zones. It is possible that these zones function as a trap zone for fluid or gas during
post-/interseismic periods. (5) The thick foliated clay gouge zone, which is one of the typical fault rocks in
a shallow fault zone, was not detected at the 1,140m fault zone in the NIED core.

Key words : Hyogo-ken Nanbu earthquake, Nojima fault, Fault rock distribution, Microstructure, Deforma-
tion, Alteration

long along the preexisting NE-SW striking Nojima

At 5: 46 AM, on the January 17, 1995, an M=7.2
earthquake struck the southern part of Kobe city and
the northwestern part of Awaji island (Hyogo-ken
Nanbu earthquake). The epicenter was located at the
Akashi straight and the focal depth was reported to be
14km. Surface rupture appeared more than 10 km

fault (Awata et «l., 1996). Maximum displacement of
surface rupture was observed at Nojima-Hirabayashi
located at the northern part as 180cm right lateral and
130cm reverse components (Nakata ef al., 1995 ;
Awata et al., 1996). In 1995, the National Research
Institute for Earth Science and Disaster Prevention
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(NIED) began a drilling project to explore the natural
state of the fault zone just after the big earthquake at
Nojima Hirabayashi, and successfully penetrated the
fault zone recovering the drill core of some 800m in
length (1,000 to 1,800m depths) containing almost
complete fault rocks from across the fault zones. The
drill core is referred to as NIED core in this paper.

Fault rock distribution is one of the most important
issues in understanding the dynamics of the fault zone
during seismic cycles (Tanaka and Itaya, 1998).
However, previous studies of the natural fault rocks
in a brittle regime, from the seismogenic depth to the
surface have been limited for the following two rea-
sons, (1) processing the brittle fault rocks can be
problematic since they are generally very soft and
fragile, and (2) outcrop observation is limited because
they are easily eroded and if present, they are usually
modified mechanically and chemically by weathering
in a surface condition. The NIED core contains not
only fault rocks that have experienced a big earth-
quake but also a perfect succession from host rock to
fault rocks all of which have never been weathered by
surface conditions. The Cajon Pass Project is well
known as a fault related drilling project (Zoback et
al., 1988). The main purpose of this project was to
investigate the geothermal anomaly along the San
Andreas Fault, and drilling was performed about 4km
northeast of the San Andreas Fault trace (Zoback and
Lachenbruch, 1992). Therefore, detailed geological
examinations of the NIED core are worthwhile for a
better understanding of the fault zone architecture at
shallow depths of the granitic crust. In the first
instance, we have attempted to conduct a detailed
analysis of fault rock distribution, and of the charac-
terization of deformation/alteration microscopic tex-
tures.

3. Outline of geology along the Nojima surface
rupture and drill core

The Nojima fault is an 8km long right-lateral
active fault with a minor reverse component (The
research group for active faults of Japan, 1991). This
fault runs along the northwestern margin of Awaji
Island (Fig. 1), trending northeast and dipping south-
eastwards at a high angle (Mizuno et al., 1990). The
fault juxtaposes Cretaceous granitic rocks (Nojima
Granodiorite, 66 to 88 Ma ; Takahashi, 1992) partly
overlain by Neogene and Quaternary sediments on the
southeastern side with Neogene and Quaternary sedi-
ments on the northwestern side. The sediments on
both sides belong to the middle Miocene Kobe Group
and Plio-Pleistocene Osaka Group. These groups are

Early to Middlie Mmeene
(Kobe Group)

Iwaya Granite

Fig. 1 Geological map around the northwestern part
of Awaji Island. The NIED drilling site is
located at Nojima Hirabayashi, along the
northern part of Nojima fault. The drilling
site of the University group is also shown on

this map.

composed mainly of sand and gravel beds intercalated
with thin layers of mud (Mizuno et al., 1990).

The surface rupture was basically generated along
the Nojima fault but extended farther southwest. The
total length was estimated as 10km (Awata ef al.,
1996) to 18km (Lin and Uda, 1996). The southwestern
part of the surface rupture deviated from the Nojima
fault to the west and extended into Neogene sedi-
ments (Awata ef al., 1996). The NIED drilling site
was located about 300m southeast of the surface
rupture of the Nojima fault near Nojima-Hirabayashi
(Fig.1). Drilling was performed down to a depth of
1,822m along the direction of the drilling, with an
average inclination of about 88 degrees to the north-
west. It succeeded in penetrating and recovering the
drill core containing the surface of the Nojima fault at
drilling depths of 1,140m, 1,300m and 1,750m, respec-
tively (see Ikeda et al., 2001). The dip of the Nojima
fault is inferred to be Ca. 60°degrees at 1,140m depth
from a spatial relationship among the outcrop of
surface rupture, the depth of the fault surface in the
GS]J drilling hole and the 1,140m fault surface of the
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NIED drill hole and the dip of the fault surface in the
drill core. The 1,140m fault zone of the NIED core
mainly consists of Nojima granodiorite accompanied
by minor porphyry intrusions. The fault rocks are
distributed at depths extending from about 1,000 to
1,200m, and detailed examinations of fault rock distri-
bution were performed at depths ranging from
1,054.00 to 1,189.55m, as described below. Several
shear zones exist in a fault zone and each shear zone
is relatively narrow and surrounded by fault related
rocks that are less deformed and altered, and that are
distributed over a wide area. This type of fault rock
is referred to as weakly pulverized and altered rock
(WPAR) in this paper (Tanaka et al., 1999).

3. Fault rock distribution along the 1,140m fault
zone of the NIED core
3.1 Analytical methods

Repeated failures during core processing led us to
develop the method outlined in Tanaka et «l., (2000).
The method was applied to depths extending from
1,054.00m to 1,189.55m, where most of the core was
composed of soft and fragile fault rocks.

Basically, each core piece was carved into three
parts. Figure 2 shows the method of carving the core
pieces into AH (Archive Half) and WH (Working
Half) and further carving AH into AA (for Analyzing)
and AS (Slab for preservation). After carving, the
carved surface was fixed again using resin. AA was

Core piece ﬁXGd by res“i‘ B i

Fig.2 The method of carving a core piece into three
slabs, AA, AS, and WH. See text for detailed
explanation.

utilized mainly for chemical composition and crystal
structure analysis, AS for texture observations and
non-destructive measurements/analysis (such as color
analysis) and long term preservation after the sur-
faces had been polished, and WH for various kinds of
measurements/observations and analysis requiring
large volumes of the core.

In order to understand the whole trend of fault rock
distribution in the NIED core, the surfaces of the
entire drill core (1,054.00to 1,189.55m) were first obser-
ved visually and a rough fault rock distribution map
was prepared. After completion of core processing,
fault rock distribution was re-examined via an obser-
vation of some 1,300 pieces of the polished slabs (AS).
Then, 134 thin sections were prepared throughout the
core for observation of deformation/alteration mi-
crostructures. The results of the detailed description
are shown in the Appendix. The rock types in the drill
core were categorized into the following six types: (1)
granodiorite (host rock), (2) altered porphyry intrusive
rocks, (3) weakly pulverized and altered fault-related
rocks (WPAR), (4) fault breccia, (5) ultracataclasite,
and (6) pseudotachylite. Categories (3) to (6) corre-
spond to the fault rock classification of Higgins (1971)
and Sibson (1977) that was partly modified by Chester
et al. (1993). The original fault rock distribution map
was revised to create a precise fault rock distribution
map.

3.2 Petrological characteristics of host and fault
rocks from the NIED drill hole
3.2.1 Granodiorite (host rock)

The occurrence and texture of Nojima granodiorite
was in detail described by Mizuno ef al. (1990). The
mesoscopic textural characteristics are as follows
(Fig. 3a). Short, column-shaped hornblende crystals
and thin crystals of biotite are scattered in larger
quartz and feldspar crystals. Feldspars are milky
white in color and quartz is relatively clear. Xeno-
liths, several centimeters in diameter, are occasionally
included. The xenoliths have a relatively dark color,
possibly due to a greater abundance of mafic min-
erals. Biotite K-Ar ages were reported to be 81 Ma
for this rock (Takahashi, 1992). In the drilled core,
although some feldspar grains had altered to become
an orange color, few other alteration or deformation
features were observed on the polished surfaces.

Under the microscope, the host rock shows some
intercrystalline cracks containing carbonate and
zeolite minerals, although their density is quite low
and they are usually very narrow (Fig. 4a). Coexist-
ing euhedral zeolite and carbonate minerals are occa-
sionally observed in these veins. Rare micro shear
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Fig. 3 Photographs showing mesoscopic textures observed on the polished surfaces of AS of each
type of host and fault rocks. Bar scale: 1 cm for a couple of thick white and black bars.
a, Granodiorite (host rock ; 54-32: 1,178.26 to 1,178.35m depth) showing a “fresh” ocurrence
in the 1,140 m depth fault zone. b, Weakly pulverized and altered fault-related rock (WPAR ;
39-18: 1,104.90 to 1,104.99m). Typical occurrence of the WPAR with carbonate alteration.
¢, Typical occurrence of the WPAR with zeolite alteration (46-25 : 1,145.75 to 1,145.83m).
d, Ultracataclasite (44-26-1: 1,135.12 to 1,135.25m). e, Ultracataclasite (39-13 : 1,103.90 to
1,104.00m). Hydraulic brecciation texture with carbonate matrix. Note the visible pores
(black arrow) present in the matrix. f, Porphyry intrusive rock (44-11-2: 1,133.00 to
1,133.24m). g, Foliated ultracataclasite (45-25-2 : 1,140.72 to 1,140.96m). h, Pseudotachylite
(45-24-1: 1,140.57 to 1,140.66m). An arrow indicates an injection vein of pseudotachylite
into the adjacent ultracataclasite layer.
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o

Fig. 4 Photographs showing microscopic textures observed in the thin sections of each type of host and fault rocks. a,
Granodiorite (54-32: 1,178.26 to 1,178.35m depth). Hornblende crystal (bottom center of the photograph) is partly
replaced by mafic carbonate minerals and biotite. b, WPAR with carbonate alteration (42-4-1: 1,122.29 to
1,122.43m). Note that center portion of plagioclase is partly replaced by carbonates (black arrow). ¢, WPAR with
zeolite alteration (39-18: 1,104.90 to 1,104.99m). Note that plagioclase is mostly replaced by zeolites (black arrow).
d, Fault breccia originated from porphyry intrusive rock. Small, lath shape crystals of plagioclase remain in the
sheared matrix (43-16: 1,128.32 to 1,128.37m). e, Ultracataclasite showing hydraulic brecciation texture with
carbonate matrix (39-13: 1,103.90 to 1,104.00m). Larger crystals of calcite surround a pore, indicating that CO, rich
fluid was filled in the pore. f, Foliated ultracataclasite with precipitation of iron hydroxide minerals (45-25-2:
1,140.72 to 1,140.96m). g, Dark, opaque pseudotachylite grains involved in the matrix of ultracataclasite (45-24-1:
1,140.57 to 1,140.66m). This type of fault rocks is referred to as pseudotachylite in this paper. h, A pseudotachylite
clast in a vein filled with crushed, ultrafine matrial within ultracataclasite (45-19B: 1,140.03 to 1,140.16m). A spiral
texture, presumably formed by turbulent flow, is preserved in the clast.
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zones contain a matrix of crushed grains of the host
granodiorite and carbonate micro grains and clasts of
quartz, feldspars, zeolites and carbonate minerals.
Wavy and blocky extinction and healed intra-grain
cracks are commonly observed in quartz grains.
Feldspar grains are less deformed than quartz, but
occasionally weak wavy extinction of the feldspars
can be observed. However, core portions of plagio-
clase crystals are commonly replaced by micro grains
of carbonate, zeolite and sericite. Some biotite grains
are partly altered to chlorite. Carbonate minerals
occasionally occur as microlenses along biotite cleav-
ages. Kink bands are well developed in some grains of
biotite at large angles to their cleavages. Hornblen-
des are partly altered to carbonate minerals and
biotite along their cleavages (Fig. 4a).

3.2.2 Altered porphyry intrusive rocks

Minor porphyry intrusive rocks were observed close
to the center zone of the fault (Fig. 5). They are more
or less altered and deformed. Phenocrysts varying in
color from milky white to light brown are scattered in
light brown colored groundmass. Grayish white veins
are apparent in the heavily altered part (Fig. 3f).
Porphyritic rocks are altered in a similar manner to
the fault rocks of granitic origin indicating that por-
phyry had intruded prior to the recent activity of the
Nojima fault.

Under the microscope, the groundmass is composed
of plagioclase laths, quartz, biotite and mafic carbon-
ate (Fig. 4d). Phenocrysts are dominated by plagio-
clase accompanied by quartz, biotite and relict crys-
tals of hornblende. The plagioclase phenocrysts are
commonly replaced by fine-grained carbonate and

zeolite minerals especially in the heavily altered por-
tion. Within the most heavily altered part, the ground-
mass of the porphyry has commonly altered to
become cryptocrystalline materials (Fig. 4d). Few
mafic minerals are preserved in these porphyritic
rocks. All of these textures are commonly cut by
carbonate and zeolite veins.

3.2.3 Weakly pulverized and altered fault rocks

(WPAR)

The WPAR shows varying degrees of pulverization
and alteration. Thus, we tentatively subdivided the
WPAR based on the qualitative measure of degrees of
pulverization and alteration apparent at the mesos-
copic scale (Table 1). General mesoscopic descriptions
of WPAR are as follows. Host rock texture is distur-
bed and mafic minerals are generally reduced both in
size and amount due to pulverization and alteration
(Fig. 3b, ¢). The mafic minerals are generally re-
placed by grayish green to grayish brown colored
minerals. The cores of feldspar grains are altered and
generally change color becoming grayish white or
light orange. The density of the shear surfaces is low,
and the shears are generally filled with grayish white,
brown and greenish gray materials. The disappear-
ance of mafic minerals and alteration of feldspar
grains are common along these shear surfaces.

Intragranular cracks are prominent in quartz grains
and are commonly filled with carbonate (calcite and
mafic carbonates) and zeolite (laumontite and stilbite)
minerals (Fig. 4b, c¢). Intragranular cracks are less
common in feldspar grains, but the filling materials
are similar to those in quartz. Intergranular cracks
are also prominent features. They are filled with the

Table 1 Criteria for qualitative, visual classification of the WPAR. “Density of shear surfaces”
is defined as the area ratio occupied by shear surfaces to the area of the core slab (AS
in Fig. 2), and “Contents of residual mafic minerals” is defined as the ratio of mafic
mineral contents of the sample to that of the fresh host rock sample.

Pulverization | Density of shear -
y Characteristics of cracks and shear surfaces
Index (PI) surfaces
0 < 10% healed cracks
1 < 30% carbonate and zeolite veins
2 <50% carbonate, zeolite and clay veins,
and/or shear surfaces containing crushed host rock minerals
. ntents of -
Alteration C? tents ! . Characteristics of
residual mafic Alteration of feldspars .
Index (Al) , secondary minerals
minerals
0 > 70% - -
change in color into light gra Replacement of mafic
1 >20% li h%brown and li htg orai z , minerals (spot
& & & distribution)
2 > 5% change in colgr as same as above + abundant veins
reduction in contents
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same minerals as the intragranular cracks, but con-
tain relatively large, euhedral carbonate and zeolite
crystals. Micro shear surfaces are abundant and
commonly contain clasts of crushed igneous, carbon-
ate and zeolite minerals and a matrix of fine grained
quartz, feldspar, carbonate, zeolite and iron hydroxide
minerals. They commonly show a random fabric
texture. The cores of many feldspar grains are re-
placed by fine-grained mafic carbonate and zeolite
minerals (Fig. 4b, ¢). Lath shaped crystals (possibly
stilpnomelane) occasionally overprint feldspars. A
comparison of the alteration of feldspar grains on the
polished surfaces with those in thin sections clarifies
the fact that the brown or orange colored feldspar on
the polished surfaces corresponds to replacement by
mafic carbonate minerals and grayish white colored
feldspar corresponds to replacement by zeolite min-
erals. Biotite grains are less abundant and smaller in
size than those in the host rocks, mainly due to pulver-
ization and alteration. Mafic carbonate and/or zeolite
minerals showing a spindle shape or forming irregular
aggregates are deposited between the cleavages of
biotite grains. Some biotite grains show complete
pseudomorphic replacement by these carbonates.
Other examples of deformation and alteration of
biotite include (1) kink bands which bend the intra
-cleavage carbonate and zeolite minerals and (2) ex-
foliation brecciation along cleavages to fine grain
size, which are commonly incorporated into shear
surfaces and cracks. Hornblende crystals also show
complete pseudomorphic replacement by biotite and/
or cryptocrystalline dark materials (possibly mafic
carbonate). These characteristics of pulverization
and alteration, including the density of intra-and inter
-granular cracks, micro-shear zones, degree of altera-
tion of feldsper grains and mafic minerals become
more intense with decreasing distance from the core
part of each shear zone (Fig. 5).
3.2.4 Fault breccia

Feldspar grains generally change in color to light
brown or light orange and are greatly reduced in
abundance. Few mafic minerals are observed in the
texture. Anastomosing development of micro shear
zones, over bmm thick, are commonly observed. They
contain crushed fragments of host rock minerals sur-
rounded by a matrix of brown-colored alteration
products and/or ultrafine crystals of zeolite. The
mean size of the clasts is 3mm, and the maximum is
more than 50mm. Some clasts are rounded in shape,
possibly due to wear and/or dissolution. The texture
of the host rock or WPAR is occasionally preserved in
the larger clasts. The fault breccia basically shows a

random fabric, but a mesoscopic foliated texture is
observed in which the fault breccia adjoins other types
of fault rock, such as ultracataclasite or WPAR.
Fault breccia is more intensely pulverized and altered
with decreasing distance to the ultracataclasite zone.

The texture of the host rock can no be longer
observed under the microscope, and the typical tex-
ture is one in which larger clasts are surrounded by a
finer-grained matrix. The matrix is composed of
crushed crystals of quartz and feldspars, mafic car-
bonate, iron hydroxide, and zeolite minerals. Clasts
include quartz, healed aggregates of quartz and feld-
spars, and carbonate and zeolite minerals. Feldspar
grains are heavily altered to carbonate and/or zeolite
minerals. The biotite grains are greatly reduced in
size and abundance due to comminution and altera-
tion. Hornblendes and their pseudomorphic crystals
are no longer observed. Foliation is recognized where
iron hydroxide minerals are concentrated, although
random fabric is dominant texture. The foliation is
cut by veins containing iron hydroxide and mafic
carbonate minerals.

3.2.5 Ultracataclasite

The general characteristics of ultracataclasite are
well described by Chester and Logan (1986), and
Chester et al. (1993). The texture of the host rock and
most of the minerals derived from the host rock
derived are obliterated except those in relatively lar-
ger clasts. Instead, ultracataclasite is composed of
very fine-grained materials showing various colors
such as light grayish brown, light brown and light
gray (for example, Fig. 3d, e, g). Small amounts of
fine-grained and rounded clasts are scattered in the
variably colored matrix. The ultracataclasite is grad-
ually developed by overprinting the fault breccia.
However, in some cases, direct contact with the
WPAR or fault breccia bounded by shear surfaces is
observed. Foliations are commonly recognized by the
color banding of these materials (Fig. 3d, g).

The ultracataclasite shows typical “clasts support-
ed by matrix”, random fabric texture (Fig. 4e, f). The
matrix is composed of submicron-sized crystals of
quartz, zeolites, carbonates, iron hydroxides, and
minor quantities of clay minerals. The clasts are
composed of crushed quartz, aggregates preserving
the texture of hydraulic brecciation, carbonate min-
erals and zeolites. The clasts are finer and more
rounded in shape than those in fault breccia. Most of
the feldspars are replaced by carbonate and/or zeolite
minerals. Mafic minerals are no longer observed even
under high magnifications. Foliations are developed
where iron hydroxide minerals are precipitated in
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micro shear zones, resulting in the formation of color
banding in the ultracataclasite. These textures indi-
cate that micro foliations are formed at the same time
or after the precipitation of the iron hydroxide min-
erals. These textures are further overprinted by a
hydraulic brecciation texture in some places (Fig. 4e),
especially at the margins of the ultracataclasite zone.
The matrix of this breccia is composed of fine
-grained carbonate minerals and the clasts are com-
posed of brecciated grains of ultracataclasite itself
(Fig. 4e).

3.2.6 Pseudotachylite

Pseudotachylite is found as thin gray colored layers
and interspersed with ultracataclasites at a depth of
1,140m in the Nojima fault zone (Fig. 3h). Pseudota-
chylite, which is referred to here, is tentatively
categorized on the basis of the meso-and microscopic
characteristics. Few fragments are observed in the
pseudotachylite at the mesoscopic scale; thin, dark
gray colored materials are intercalated. Foliations
are recognized by dark gray/gray color banding and
the parallel arrangement of micro fragments. An
injection structure of pseudotachylite into ultracata-
clasite layer is clearly observed (Fig. 3h). The injec-
tion structure and the foliations in the pseudotachylite
are cut at a low angle by the surface of the boundary
shear between the ultracataclasite and the pseudota-
chylite (Fig. 3h). The foliation developed in the
ultracataclasite is also cut by the surfaces of the
boundary shear. These observations indicate that the
pseudotachylite was generated prior to the ultracata-
clasite and the newest structure is the boundary shear
surface.

The fundamental texture is “clasts supported by
matrix” at the microscopic scale (Fig. 4g). The
matrix is predominantly composed of cryptocrystal-
line materials, with very fine-grained quartz and
minor quantities of very fine grained carbonates scat-
tered through it. The pseudotachylite does not con-
tain iron hydroxide minerals, which are concentrated
in the ultracataclasite. One of the most prominent
features of the pseudotachylite in the NIED core is
that fragments of pseudotachylite are scattered as
clasts or thin layers in the ultrafine grained matrix
(Fig. 4g). Wavy foliations are occasionally preserved
in these clasts. Spiral / vortex texture is preserved in
some of these grains (Fig. 4h). The whole texture of
the pseudotachylite is cut by thin and anastomosing
shear surfaces containing clay minerals. These facts
also indicate the pseudotachylite is older than
ultracataclasite.

4. Characterization of alteration of the fault
rocks

Most of the alterations to host and fault rocks are
basically categorized into the following three types
based on the microtextural observations (see Appen-
(1) Carbonate type (C type):
Typical meso-/microscopic textures are shown in Fig.
3b and Fig. 4b. The crack fillings are dominated by
carbonate minerals. Further, plagioclase crystals are
more or less replaced by carbonates. Microspherules

dix for reference).

of mafic carbonate are commonly observed between
the cleavages of biotite. (2) Zeolite type (Z type):
Typical textures are shown in Fig. 3c and Fig. 4c. The
crack fillings are dominated by zeolite minerals.
Plagioclase crystals are replaced by zeolite. Microlen-
ses of zeolite are observed between cleavages of
biotite as well as carbonate spherules. Fault rocks
with Z type alteration are generally overprinted by C
type alteration, which means coexisting types of alter-
ation are commonly observed. This type of alteration
is referred to as Carbonate/Zeoite type (C/Z type). (3)
Mafic Carbonate/Iron Hydroxide type (MC/IH type) :
Typical textures are shown in Fig. 3g and Fig. 4e, f.
This type of alteration is deeply involved with fault
breccia and ultracataclasite. The ultrafine grain size
of the mafic carbonate/iron hydroxide minerals
serves as the matrix of these fault rocks. Clasts in
those fault rocks commonly preserve textures of C, Z
and C/Z types. While clasts of ultracataclasite are
preserved in a hydraulic breciatiation texture with
carbonate matrix (Fig. 3e, Fig. 4e), indicating repeated
process of brecciation coupled with C and MC/IH
types alteration. It should be noted that flow textures
are prominent where iron hydroxide minerals are
precipitated.

5. Discussion
5.1 Distribution and structural evolution of each
shear zone in the Nojima fault

Detailed fault rock distribution is shown in Fig. 5.
At the mesoscopic scale of observation, fault related
comminution and alteration gradually increase in the
NIED core from the top and bottom to the core zone
of the Nojima fault (around 1,140m) (Fig. 5). Fresh
host rocks are not present even in the shallower and
deeper parts in the extent except the depth range of
from 1,184.70m to 1,185.27m. Thus, the entire extent
from the depth of 1,054.00m to 1,189.55m is treated as
the Nojima fault zone in this paper. The fault zone
may extend to shallower and greater depths, since
pulverization and alteration are observed even at the
top and bottom of the analyzed extent. In the Nojima
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fault zone, several shear zones, showing similar char-
acteristics, are present.

Analysis of fault rock distribution clarifies the fact
that the Nojima fault zone contains six major shear
zones, from shallower to deeper levels, these are the A
to F zones. Each shear zone is surrounded by the
WPAR. Among these, the C and D zones are the
candidates for the core zone of the Nojima fault for
the following reasons. (1) The C and D zones are
relatively thick as a whole, and have sub-shear zones
(C1 to C3 and D1 to D2). (2) The C and D zones contain
fault breccia, relatively thick ultracataclasite, and the
(3) Density,
porosity, elastic wave velocity and other physical

D zone has a pseudotachylite layer.

logging data show a distinct change or anomalies
especially in these zones. The degree of change in
these data is greater in the D zone than in the C zone
(Ikeda et al., 2001, Omura et al., 2001), indicating that
the D zone is more likely to have been activated
during the 1995 earthquake. These results suggest
that the C and D zones contain localized fault surfaces
formed by co-seismic events and that the D zone
might have been formed at more recent, including
current, seismic events, while the C zone is consoli-
dated, and thus is the older shear zone. Therefore, we
offer a tentative definition of the Nojima fault surface
as the fault surface that appeared at the bottom of the
D2 subzone, the boundary between the ultracataclasite
and fault breccia (1,141.24m depth). Results of mineral
assemblage analysis (Matsuda et al., 2001) indicate
that the fault surface is a boundary between
laumontile (hanging wall) and laumontile + stillbite
(footwall) assemblages. This indicates that the fault
surface at this depth has experienced large displace-
ments with reverse components, since higher tempera-
ture assemblage appears at the shallower depths.
Meanwhile, chemical composition data (Matsuda et
al., 2001) shows anomalously high concentrations of
HFSE (High Field Strength Elements) around the
depth of 1,125m, which corresponds to the D1 subzone.
Concentration of HFSE is considered to be one of the
typical characteristics of the frictional fault zone
(Goddard and Evans, 1995 ; Evans and Chester, 1995).
Thus, another candidate of the main fault surface of
the 1995 event is at the boundary between the
ultracataclasite and fault breccia in the center of the
D1 subzone (1,129.12m depth, Fig .5). In addition, it
should also be noted that the A or B shear zone might
have been activated during the 1995 earthquake, based
on the distinct anomalies of geophysical logging data
(Omura et al., 2001).

The history of the evolution of the Nojima fault

zone in the NIED core, clarified by meso-and micro-
scopic observations is as follows. Deformation and
alteration of the WPAR overprint porphyry, suggests
that the WPAR was formed after intrusion of por-
phyry. The WPAR is overprinted by fault breccia,
which is further overprinted by ultracataclasite in-
dicating the formation sequence of these fault rocks.
A crosscutting relationship between micro shear sur-
faces and foliations both in the ultracataclasite and
pseudotachylite shows that the pseudotachylite was
formed after the ultracataclasite. The presence of an
injection structure of the pseudotachylite into the
ultracataclasite also supports this observation. From
the above mentioned observations and considerations,
it is possible to assert that fault rocks in the NIED
1,140m fault zone were basically formed in the follow-
ing order (1) Host rocks, (2) Porphyry intrusive rock,
(3) WPAR, (4) Fault breccia, (5) Ultracataclasite and
(6) Pseudotachylite. This result suggests that every
shear zone, including zones A to F were evolved from
WPAR overprinting host rocks. Although there are
several ultracataclasite zones present in the C and D
zones, a lack of clear evidence of overprinting rela-
tionships among them precludes further interpretation
of their formation sequence. However, it should be
pointed out that the juxtaposition of several ultracata-
clasite layers and the absence of a clay gouge layer is
one of the prominent features in the 1,140m fault zone
of the NIED core, which contrasts with the character-
istics observed at the GS]J Hirabayashi core (Tanaka
et al., 2000 ; Fujimoto et al., in press; Ohtani ef al.,
2000).

Three additional thin shear zones containing fault
breccia are also recognized in the Nojima fault zone
(Fig.5). Although they may be regarded as nucleations
of shear localization, further examinations are neces-
sary to clarify this issue.

5.2 Characterization of each shear zone and the
WPAR in the Nojima fault zone

Each shear zone shown in Fig. 5 is basically di-
scriminated by the mode of fault rock distribution and
by the deformation/alteration modes of fault rocks.
Generally, each shear zone is centralized by the fault
rocks that have experienced the heaviest pulveriza-
tion and alteration, such as ultracataclasite, fault
breccia, and pseudotachylite with MC/IH type altera-
tion. Fault rocks in the hanging wall are character-
ized by C and C/Z type alteration, while those in the
footwall are by Z type alteration. These contracting
characteristics help distinguish between individual
shear zones (Fig. 5). This trend is also common in the
GSJ core (Tanaka et «l., 2000). Among the six major
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shear zones distinguished in the NIED core, the A, B,
E and F zones are less well characterized mainly due
to of the narrowness of these zones and the absence of
microstructural data. Thus, we have omitted these
zones from the present discussion in order to concen-
trate on clarifying the mechanisms of faulting during
seismic cycles at shallow depths.

The C, subzone in the C zone and both subzones in
the D zone (D; and D) have thick ultracataclasite
layers. We will focus on the deformation and altera-
tion of these three subzones. Microstructural observa-
tion of the fault rocks in the center zones of each
subzone reveals that (1) the most dominant texture is
random fabric and foliations are rarely observed,
except in thin layers filled with MC/IH minerals
developed in fault breccia and ultracataclasite, and (2)
the wavy/spiral foliation, which is similar to the flow
lines of turbulence are observed within dark brown
clasts in the pseudotachylite layer in the D, zone (Fig.
4g, h). The former suggests that minor flow deforma-
tion likely occurred after the inflow of Fe®** rich fluids
into the core (part) of the shear zone. The latter
suggests that fluidization or melting occurred during
high velocity, co-seismic movement within the D?
zone as proposed by Ohtsuki (2000). In the GS] core,
dark brown materials contained in the pseudota-
chylite are inferred to be graphite by chemical analy-
sis (Tanaka et al., 2000). If this is the case, the only
possible origin of the graphite is the carbonate min-
erals or CO, gas, suggesting that deoxidation occurred
in this pseudotachylite, possibly caused by frictional
heating under the low oxygen conditions that are
present during the co-seismic period (Tanaka et al.,
2000). From these considerations, it can be assumed
that the D, shear zone was formed by localized, high
-velocity frictional motion of the fault.

C type alteration, commonly observed at the hang-
ing wall of each shear zone could be the result of
surface water, since it generally contains a large
amount of CO, gas. Dilatancy is a necessary charac-
teristic for the inflow of such fluids into the zone.
Thus, this zone could have been formed during co
-seismic periods. The characteristics of Z type altera-
tion at the footwall of each shear zones are as fol-
lows; (1) abundant zeolite veins in the matrix of
hydraulically brecciated rock, and (2) feldspar crystals
being mainly altered to zeolite. Co-seismic activity of
this zone is clearly evidenced by (1), which also sug-
gests the super-hydrostatic condition of the footwall
of each shear zone at the seismic faulting. The fact of
(2) also implies a slower rate of fluid flow containing
similar chemical composition of plagioclase. From

these considerations, the footwall of each shear zone
could have been a fluid-rich, co-seismic brecciation
zone during seismic cycles. This fluid could be der-
ived from a slower flow rate through the intracrystal-
line path in feldspars, which is then trapped in this
shear zone. The fluid is possibly of deeper origin,
because the relatively thick, impermeable layers of
the fine grand material in the fault core (ultracata-
clasite and pseudotachylite) (Naka et al., 1998 ; Lock-
ner et al., 2000) preclude the down flow of fluids of
meteoric origin.

The WPAR is widely distributed, surrounding the
every shear zone in the NIED core. During post- and
interseismic periods they could be the conduit for fluid
flow, due to the opening of cracks and dilatancy
caused by seismic failure (Caine ef al., 1996 ; Seront et
al., 1998 ; Caine and Forster, 1999). This could be
proved by the presence of euhedral, large grains of
carbonate and zeolite filling cracks.

5.3 Mechanical roles of each shear zone during
seismic cycle in the Nojima fault

Recently the concept of a shear zone architecture
has undergone major revisions mainly based on mi-
crostructural observations, chemical measurements
and permeability measurements (Chester and Logan,
1986 ; Chester ef al., 1993 ; Evans and Chester, 1995 ;
Goddard and Evans, 1995 ; Caine ef al., 1996 ; Caine
and Forster, 1999 ; Evans et al., 1997 ; Lockner et al.,
2000). To date, two distinct zones have been recog-
nized in the fault zone from these results. One is the
fault core, which is characterized by relatively low
shear strength and very low permeability mainly
caused by very-fine grained nature of the fault rocks
in this zone. Another is the damaged zone, which has
a tabular form and surrounds the fault core. The
damaged zone is characterized by moderate strength
and moderate to high permeability (Lockner et al.,
2000). These two zones are further surrounded by the
protolith (host rock) which shows a higher shear
strength and very low permeability. The fault core -
damaged zone model is quite reasonable as a means of
understanding the fault zone architecture and the
mechanics of the Nojima fault zone in the NIED core
at a depth of 1,140m. We will attempt to construct a
realistic model because we now have a detailed under-
standing of the fault rock distribution as a result of a
vast amount of core observation of polished surfaces
and microstructural observations of 134 thin sections,
as described so far. Figure 6 shows a mechanism map
of the fault zone of the NIED core at a depth of
around 1,140m. Physical logging results, mesoscopic
and microstructural observations all indicate that the
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Fig. 6 Mechanism map of the Nojima fault zone interpreted from fault rock distribution and
meso-/microstructural observation, showing that several, high velocity shear zones exist
in a fault zone. The thickness of the fault zone is presented using the log scale. See text

for detailed explanations.

centralized zone in the Nojima fault zone is the D,
and/or D, shear zone. Both zones are composed of
three parts, each of which played a different role
during earthquakes. The hanging wall of the shear
zone is characterized by dilatant, crack dominated
deformation and inflow of CO, rich fluids which are
possibly of surface water origin. This part may play
the role of the trapped zone for surface fluid during an
interseismic period and the hydraulic brecciation zone
during a coseismic period. Microtexturral character-
istics of the footwall of the shear zone are basically
similar to the hanging wall. However, Z type altera-
tions are prominent instead of C type alterations.
Where minor C type alteration is observed, it over-
prints the Z type alteration. Thus, the footwall shear
zone may be formed by one of the following two
mechanisms. (1) Z type alteration occuring through-
out the fault zone at older stages, and somehow being
preserved in the footwall shear zone. (2) Z type
alteration occuring during recent interseismic periods
especially at the footwall which have played the role
of hydraulic brecciation zone during coseismic
periods. Although, both cases are possible, it should
be pointed out that fluid flow in the hanging wall has
not connected with that in the footwall shear zone,
since the mode of alteration differs between the two.

The centralized layer of the shear zone is character-
ized by the highly fine grained nature of the fault
rocks, the absence of veins filled with secondary

minerals, and possible evidence of heat generation and
minor flow deformation where iron hydroxide min-
erals are precipitated. These features suggest that the
centralized layers of the shear zones could play the
role of frictional, high-velocity, large displacement
zone during coseismic periods. Precipitation of iron
hydorxide minerals and minor flow deformation
within them may represent an inflow of Fe®* rich fluid
during a coseismic period and post seismic creep
deformation. A common characteristic of the center
zone of the fault is a very fine grained nature of the
matrix of fault rocks, suggesting that the core could
be a fluid barrier during interseismic periods (Chester
et al., 1993 ; Lockner et al., 2000). This consideration
would be supported by the fact that alteration mode is
different between the hanging and footwalls.

Few clay-rich shear zones were observed in the
NIED core at the depth of 1,140m, which was observed
in the GSJ core and which is regarded as an interseis-
mic, creeping shear zone by Tanaka et al. (2000).
Instead, many thin layers (<1 cm thick) showing
“flow texture” filled with clay, iron hydroxide and self
crushing materials are distributed throughout the
fault, suggesting that the creep zone may not be local-
ized at this depth. Dominant flow textures are obser-
ved at the 1,300m fault zone (Kobayashi ef af., 2001),
suggesting another possible explanation, that the 1,300
m fault zone could have a function of flow deforma-
tion.
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6. Conclusion

We have performed fault rock distribution analysis
and microstructural observations on deformation and
alteration throughout the shear zone at a depth of
1,140m in the NIED core. These data lead to the
following conclusions.

The whole fault zone is thicker than 67m in and
contains six major shear zones which are denoted as
shear zones A to F becoming gradually deeper. Every
shear zone is surrounded by weakly pulverized and
altered fault-related rocks (WPAR). Detailed micros-
tructural observations have been performed for the C
and D shear zones. Both shear zones have subzones
(Ci to Cs, and D, and D,), which have formed during
recent activities of the Nojima fault. However, the C
zone was formed at an early, older stage than the D
zone.

The C and D zones are located at depths of around
1,095m and 1,140m, respectively. Both zones are
characterized by random fabric fault breccia,
ultracataclasite and pseudotachylite. The micros-
tructural examination clarifies that these zones are
regarded as the high-velocity co-seismic zones as-
sociated with heat generation. The hanging wall and
the footwall of these two zones are characterized by
dominant hydraulic brecciation texture. These zones
are regarded as a fluid trapped zone formed during
the post-/interseismic periods and a hydraulic explo-
sion zone formed during the coseismic periods. The
fact that the mode of alteration in the hanging wall (C
type) is different from that in the footwall (Z type)
suggests that center zones of the fault (C, D zones)
would have acted as the fluid barrier during interseis-
mic periods. Broadly, the C and D shear zones are
regarded as the co-seismic fault core, in which each
part behaves differently. There is no clay rich, slow
velocity creeping zone in this depth range of the NIED
core. This may suggest that the creep zone is located
at another depth range, or that creeping may have
occurred in scattered thin shear zones. The WPAR
surrounding these shear zones is characterized by
numerous cracks containing carbonate and zeolite
minerals. This zone is regarded as a dilatant, co
-seismic zone at the marginal part of the main shear
surfaces, and as a fluid conduit during post- / inter-
seismic periods.
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Fault Rock Distribution Analysis along the Nojima Fault Hirabayashi NIED Core at 1,140m Depth, Awaji Island, Southwest Japan—H. TANAKA et al.
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Fault Rock Distribution Analysis along the Nojima, Fault Hirabayashi NIED Core at 1,140m Depth, Awaji Island, Southwest Japan—H. TANAKA ef al.
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Fault Rock Distribution Analysis along the Nojima Fault Hirabayashi NIED Core at 1,140m Depth, Awaji Island, Southwest Japan—H. TANAKA e¢f al.
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Fault Rock Distribution Analysis along the Nojima Fault Hirabayashi NIED Core at 1,140m Depth, Awaji Island, Southwest Japan—H. TANAKA e¢f al.
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