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ABSTRACT

Field investigations reveal spatial variations in fault zone width along strike-slip
active faults of the Arima—Takatsuki Tectonic Line (ATTL) and the Rokko—Awaji Fault
Zone (RAFZ) of southwest Japan, which together form a left-stepping geometric pattern.
The fault zones are composed of damage zones dominated by fractured host rocks,
non-foliated and foliated cataclasites, and a fault core zone that consists of cataclastic
rocks including fault gouge and fault breccia. The fault damage zones of the ATTL are
characterized by subsidiary faults and fractures that are asymmetrically developed on
each side of the main fault. The width of the damage zone varies along faults developed
within granitic rocks of the ATTL and RAFZ, from ~50 to ~1000 m. In contrast, the
width of the damage zone within rhyolitic tuff on the northwestern side of the ATTL
varies from ~30 to ~100 m. The fault core zone is generally concentrated in a narrow
zone of ~0.5 to ~5 m in width, consisting mainly of pulverized cataclastic rocks that
lack the primary cohesion of the host rocks, including a narrow zone of fault gouge
(<0.5 m) and fault-breccia zones either side of the fault. The present results indicate that
spatial variations in the width of damage zone and the asymmetric distribution of

damage zones across the studied strike-slip faults are mainly caused by local
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concentrations in compressive stress within an overstep area between left-stepping
strike-slip faults of the ATTL and RAFZ. The findings demonstrate that fault zone
structures and the spatial distribution in the width of damage zone are strongly affected

by the geometric patterns of strike-slip faults.

Keywords: Arima-Takatsuki Tectonic Line, Rokko-Awaji Fault Zone, damage zone,

core zone, strike-slip fault, seismic faulting

1. Introduction

Active faults and related fault-zone structures that form at shallow depths within
the upper crust are closely related to the long-term seismic faulting history of
seismogenic faults (e.g., Lin, 1999, 2008; Sibson, 2003; Lin et al., 2010). Accordingly,
the analysis of deformation structures along active fault zones provides important
information in reconstructing the long-term seismic faulting behavior of active faults
and in understanding the tectonic environment and history of such faults.

Active fault zones are generally characterized by damage zones developed on
either side of the fault, and an intervening fault core zone that contains the main slip
surfaces (Fig. 1) (e.g., Bruhn et al., 1994; Kim et al., 2004; Gudmundsson, 2010; Takagi
et al., 2012). The damage zones, which comprise deformed wall rocks that bound the
fault core zone, result from the accumulated seismic slip along faults. These zones
typically contain fractured host rocks, and foliated and non-foliated cataclasites that
retain the primary cohesion of the host rocks. In the case of a mature fault, the width of
the damage zone varies from decameters to kilometers (Fig. 1) (e.g., Cowie and Scholz,
1992; McGrath and Davison, 1995; Lin et al., 2007; Takagi et al., 2012).

In contrast, the core zone consists of cataclastic rocks that have lost the primary
cohesion of the host rocks, including fault breccia and fault gouge in zones that
accommodate the majority of the accumulated seismic slip, which is commonly
concentrated in a narrow zone (<10 m wide) along the main fault plane (e.g., Sibson,
1977, 2003; Lin, 1999, 2001; Kim et al., 2004; Mitchell et al., 2011). In a mature fault
zone, the damage zone commonly contains subsidiary faults with narrow core zones that
include thin zones of fault breccia and fault gouge layers with widths of millimeter to

meters.
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This study presents a case study on the structures of strike-slip fault zones of the
Arima—Takatsuki Tectonic Line (ATTL) and Rokko—Awaji Fault Zone (RAFZ), which
consist of multiple right-lateral strike-slip active faults in southwest Japan. Previous
studies have shown that the ATTL and RAFZ are dextral strike-slip active faults
(Maruyama and Lin, 2000, 2002, 2004), along which the pulverized fault rocks with
numerous ultracataclastic veins are developed (Lin et al., 2001, 2007, 2013; Mitchell et
al.,2011). In this study, we focus on the spatial variations in damage zone width and
fault zone structures along the ATTL and RAFZ based on field investigations, and
discuss the formation mechanisms of damage zone of strike-slip active faults and their

tectonic implications.

2. Geological setting

The study region is located in the marginal zone of the Eurasia plate, and is
bounded by the Median Tectonic Line in southwest Japan (Fig. 2a). The study region
contains two major strike-slip active fault zones: the ENE-WSW-striking ATTL and
the NE-SW-striking RAFZ, which together form a left-stepping geometric pattern (Figs
2b and 3) (Huzita and Kasama, 1982; Research Group for Active Faults of Japan, 1991;
Maruyama and Lin, 2002; Lin et al., 2007). The ATTL is dominated by the
Kiyoshikojin, Rokko, and Ibayama faults, which show mainly dextral strike-slip
movement. These faults occur along the northern margin of the Osaka Basin, extending
for about 60 km (Figs 2b and 3). The average slip rate along the ATTL is 1-3 mm/year
horizontally, with a vertical component of ~0.3 mm/year (Maruyama and Lin, 2002).
Based on trench investigations, it is inferred that the youngest seismic faulting event
along the fault zone was the M 7.25-7.50 Keicho—Fushimi earthquake of 1596
(Sangawa, 1997; Maruyama and Lin, 2002).

The RAFZ contains the Gosukebashi, Otsuki, Koyo, Suwayama, and Nojima
faults, which extend for more than 70 km from the northeastern part of Awaji Island
through the Akashi Strait (where the 1995 M, 7.2 Kobe earthquake occurred; Lin and
Uda, 1996), finally meeting the ATTL to the northeast at an oblique angle (Figs 2b and
3). Co-seismic surface ruptures produced by the 1995 Kobe earthquake occur mainly
along the southern segment of the RAFZ, upon the pre-existing Nojima Fault on Awaji
Island (Fig. 2b) (Lin and Uda, 1996). Based on geological structures and analyses of
topographical features, it is inferred that (i) the total displacement of the ATTL is
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around 17km, and (ii) the ATTL and ARFZ formed after mid-Miocene and is presently
active, with an average dextral slip rate of 1-3 mm/year and a vertical component of
~0.3-0.4 mm/year (Maruyama and Lin, 2000, 2002). The penultimate seismic event (i.e.,
prior to the 1995 Kobe earthquake) upon this fault was the 1596 Keicho—Fushimi
earthquake (M 7.25-7.50), as also found along the ATTL (Lin et al., 1998).

The basement rocks in the study region are composed mainly of Cretaceous
granitic rocks (Rokko granitic rocks), welded rhyolitic tuff (Arima Group),
Oligocene-Eocene sedimentary rocks (Kobe Group), and mid-Pleistocene sedimentary
rocks (Osaka Group) (Fig. 3). The Rokko granitic rocks occur mainly on the southwest
side of the ATTL, whereas the Arima Group occurs mainly on the northern side. The
Kobe Group is dominated by mudstone, sandstone, and conglomerate, and occurs
mainly on the northwest side of the ATTL. The Osaka Group comprises weakly
consolidated to unconsolidated alternating beds of silt, clay, and gravel, mainly in the
southeast part of the study region. Quaternary alluvial deposits are largely restricted to
lowland areas in the southeastern part of the study region, on which terrace risers are

widely developed (Fig. 3).

3. Fracture density and occurrence of fault zones
3.1. Measurements of fracture density and width of the damage zone

Damage zones generally consist of weakly deformed host rocks within which
fault-related fractures and fault rocks are developed in deformation zones of variable
width along the fault. To qualitatively assess the spatial distribution and width of the
damage zones and related deformation structures, we first performed field
measurements of the fracture density along profiles oriented across fault zones of the
ATTL and RAFZ, and then observed the meso- and microstructures of fault rocks
developed within the zones. We selected the sides where the basement rocks are well
exposed due to strongly erosion of the weak fault damage zone, and measured the
fracture density along the profiles across the fault zones. Two typical sites, where the
profiles 3-4 are measured, are shown in Fig. 4. Fractures that were visible to the naked
eye in the field were counted within an area of 1 m” using a square frame (1 x 1 m) with
grid lines at 10-cm intervals. The fractures that intersected each grid line were counted,
and the total number of fractures counted in the 1-m’ frame was defined as the fracture

density.
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The fracture density was measured along six profiles across the ATTL (Profiles
1-6) and three profiles across the Gosukebashi Fault of the RAFZ (Profiles 7-9) (see
Fig. 3 for profile locations). The measurement results are plotted as fracture density vs.
distance from the fault (Figs 5 and 6), and the inferred damage zones are shown on a
topographic map (Fig. 7; for details, see the Discussion). The fracture density varies
from ~150/m” at sites located far from the main fault to 800-900/m” at sites located

close to the main faults, for both the ATTL and RAFZ.

3.2. Occurrences of the damage zone and the core zZone

The damage zone and the core zone show distinct spatial variations in
outcrop-scale deformation structures (Figs 8—10). The basement rocks are strongly
fractured and weathered at sites located close to the main fault (Fig. 8a), and the fracture
density shows a gradual decrease away from the main fault (Fig. 8b—d), as indicated by
the measurement. In both the ATTL and RAFZ, the core zones are generally <10 m in
width and are bounded by the damage zones on either side of the main fault, which are
composed of pulverized fault rocks, including fault gouge and fault breccia, which have
lost the primary cohesion of the host rocks. Figures 9 and 10 show typical outcrops of
faults, illustrating the field occurrences of the damage zone and the core zone of the
ATTL (Loc. 1) and RAFZ (Loc. 2), respectively. These features are described in detail

below.

Loc. 1

A fault within the ATTL is exposed at a contact between granitic rocks and
rhyolitic tuff of the Arima Group (Fig. 3), revealing the fault core zone and the damage
zone (Fig. 9). The core zone (fault gouge and breccia) is ~5 m wide, bounded by two
distinguishable fault planes (F1 and F2) marked by brown, black, and gray layers of
fault gouge in a zone of 10-20 cm wide (Fig. 8). The boundaries between layers of fault
gouge of varying color are generally sharp but locally irregular. Both of the main fault
planes strike ENE-WSW and dip to the SSE at ~80°. Striations on the main fault planes
plunge ENE at 5-10°, indicating that the ATTL has a predominantly strike-slip
component (Fig. 9). The fault gouge zones along the F1 and F2 faults are bounded by
breccia zones (~5 m wide), which comprise fragments of granitic rocks and rhyolitic

tuff of various sizes (Fig. 9).



165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197

Damage zones, which are developed on both sides of the core zone, consist of
foliated and non-foliated cataclasites that originated from granitic rocks and rhyolitic
tuff on the northeast and southwest sides of the fault, respectively (Fig. 9). The
boundaries between the damage zones and the core zones are generally sharp and are
easily recognized in the field. The fault breccia zones are bounded by foliated
cataclasite zones (3—5 m wide) on both sides of the core zone. The foliated cataclasite
zones are bounded in turn by non-foliated cataclasite zones (>100 m wide). The
boundary between the foliated cataclasite and non-foliated cataclasite is generally
gradational. Previous study has reported that the width of damage zone at Loc.1 is ~200
m with a core zone including a breccia zone of ~2 m and fault gouge zone of 8-10 cm in
width (Mitchel et al., 2011), which are comparable with that measured quantitatively in

this study as stated above.

Loc.2

The Gosukebashi Fault is developed in granitic rocks (Fig. 3), and the core zone is
bounded by damage zones on either side of the fault (Fig. 10). The core zone is
composed of fault gouge and fault breccia, in a zone of 1-1.5 m wide. The fault gouge
consists of layers of different colors, as also observed at Loc. 1, within a zone of 20-50
cm wide. The damage zone comprises foliated cataclasite that bounds the fault gouge on
the northwest side of the fault, and non-foliated cataclasite on the southeast side (Fig.
10). The boundaries between the foliated cataclasite and the fault gouge zone, and
between the non-foliated cataclasite and the fault breccia zone are generally sharp and
easily recognized in the field. The foliated cataclasite at this location occurs within a
zone of ~5 m wide. The foliated cataclasite contains an asymmetric fabric of aggregates
of rock fragments, as observed in a polished X—Z section (i.e., perpendicular to the fault
plane and parallel to striations), indicating dextral displacement, consistent with the

displacement inferred from offset terrace risers and gullies (Lin, 1999).

4. Meso- and microstructures
4.1. Mesostructures

To document the structural features of the fault rocks in the damage zone and in
the core zone, we examined polished sections cut from hand samples. For the fault

gouge zone at Loc. 1, we analyzed an X-Z section (i.e., perpendicular to the fault plane
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and parallel to striations). Figures 11 and 12 show typical polished sections of the
various fault rocks.

The structural features of the core zone and the damage zone were observed in the
polished sections. The fault core zone is composed of non-cohesive fault gouge and
fault breccia, in which the primary fabrics of the host rocks are unrecognizable (Fig.
11a—c). The fault gouge zone consists of three thin layers of contrasting color (brown,
black, and gray), as observed in the field, and is characterized by asymmetric fabrics
(Fig. 11a and b) that indicate dextral displacement, consistent with the displacement
inferred from offset terrace risers and gullies (Maruyama and Lin, 2002). The fault
breccia zone consists mainly of angular to sub-angular fragments of various sizes
(sub-micron to 1 cm), and shows a random fabric (Fig. 11c¢).

The damage zone consists of cataclasite and weakly deformed host rocks. The
cataclasite is observed in a narrow zone located <17 m from the main fault plane, within
rhyolitic tuff on the northwest side of the ATTL (Fig. 11d and e). In contrast, the
cataclasite is observed throughout a wide zone (up to ~400 m) within granitic rocks on
the southeast side of the ATTL (Fig. 12). At <100 m from the main fault, the damage
zone is strongly fractured and partially brecciated, and is generally weathered and soft
(Fig. 12a—c). In contrast, the damage zone at 100-300 m from the main fault is a typical
cataclasite, without any apparent brecciation. Compared with the host granitic rocks, the
damage zone located at 400-600 m from the main fault (Fig. 12f~h) contains a higher
density of fractures and microcracks. These observations by the naked eye indicate that
structural variations within the damage zones are strongly controlled by faulting along

the main faults.

4.2. Microstructures

Microstructurally, distinct spatial variations are apparent in the structural features
of the core zone and the damage zone, as also observed in the field and in polished
sections (see above). The fault gouge zone consists mainly of super-fine to fine-grained
matrix and fragments, characterized by microcracks filled by calcite and showing
asymmetric fabrics (Fig. 13a and b). Some calcite veins are dextrally offset along
microcracks oriented parallel to the main fault (as also observed in an X—Z thin section;
Fig. 13a). The asymmetric fabrics and offset calcite veins indicate dextral movement

upon the fault, consistent with the displacement inferred from polished sections of hand
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samples (see above). The fault breccia zone is characterized by angular to sub-angular
microbreccia clasts of various sizes (sub-micron to millimeters) in a fine-grained matrix
(Fig. 13b).

The damage zones are characterized by foliational fabrics, numerous microcracks,
and microbreccias (Fig. 13c—f). The foliational fabrics are observed in the foliated
cataclasites, which are characterized by variable color, visible cracks, and the preferred
orientation of asymmetric aggregates of rock fragments (Fig. 13c).

The foliational fabrics indicate a predominately dextral strike-slip movement upon
the Gosukebashi Fault (Lin, 1999). The non-foliated cataclasite and fractured host rocks
have a random fabric, with microbreccia clasts ranging in size from several tens to
hundreds of microns (Fig. 13d—f). The microcracks are generally filled by fine-grained
angular to sub-angular fragments of granitic rocks. The damage zone contains
cataclasite at up to ~300 m from the main fault (Fig. 13b—g); at >400 m from the main
fault, the granitic rocks are only affected by micro-fractures (Fig. 13h).

The observed microstructures indicate that (i) the cataclasite is developed in a
wide zone (~300 m) and (ii) the damage zone is > ~400 m wide, consistent with field

observations and the measured fracture density.

S. Discussion
5.1. Width of the damage zone

The width of a brittle fault zone has been widely used as an important parameter
in estimating fault length, total displacement, and in understanding the tectonic history
of fault activity (e.g., Sibson, 1977, 2003, Scholz, 1987; Cowie and Scholz, 1992;
Chester and Chester, 1998; Takagi et al., 2012). Brittle fault zones are generally
characterized by damage-zone structures that are subsidiary to the fault core zone,
including localized cataclasites, subsidiary faults, and fractures within the weakly
deformed protolith (e.g., Chester et al., 1993; Lin et al., 2007). The fault core zone is
generally the zone of strongest deformation, along which most of the strain energy
associated with seismic faulting is released. Subsidiary faults are often developed within
mature brittle fault zones, along which fault gouge and breccia zones formed along the
fault planes, such as the Nojima Fault Zone which triggered the 1995 Kobe M,, 7.2
earthquake (Lin et al., 2001) and the Carboneras Fault Zone (Spain) (Rutter et al., 2012).

The F1 and F2 faults observed at Loc. 1 are considered as such subsidiary faults along
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which the fault gouge and breccia zone formed (Fig. 9). The variable colors of fault
gouges developed along the main faults probably reflect oxidation and the presence of
alternating layers of mafic minerals and weathered material that has been affected by
underground water that flowed through the fault zone at shallow depths. Such color
layering structures of fault gouge have been reported in some active fault zones, such as
the Nojima Fault (Japan) (Lin et al., 2001) and the Chelungpu Fault (Taiwan) which
triggered the 1999 M,, 7.6 Chi-Chi earthquake (Lin et al., 2005; Lin, 2008). The width
of damage zone is typically affected by the seismic faulting that occurs on the main
fault planes, and record a much smaller bulk shear strain than the core zone (e.g., Caine
et al., 1996; Lin et al., 2007, 2010). Previous studies have reported a close relationship
between the amount of accumulated fault slip and the thickness of the core zone (e.g.,
Scholz, 2002; Mitchell and Faulkner, 2009), and that the damage zones have
heterogeneous mechanical properties due to variations in fracture density (e.g.,
Gudmundsson et al., 2010).

The fracture-density data shown in Figs 5 and 6 reveal that (i) the fracture density
decreases from 600—900/m’ (in measured values) in the areas around the main faults, to
150-200/m* within the host rocks at sites located far from the main faults; and (ii) the
width of the zone of high fracture density varies along the fault, from a narrow zone of
50-100 m in the southwest segment of the ATTL and the Gosukebashi Fault of the
RAFZ to a wide zone of up to >1200 m on the east side of the fault, where the two fault
zones are merged (Figs 5 and 6). In all profiles, the fracture density is between ~150
and ~200/m” within the undeformed granitic host rock at 100—1000 m from the main
faults of the ATTL and RAFZ (Figs 5 and 6). This narrow range probably reflects the
background fractures that were generated mainly in response to regional tectonic stress
or primary joints that formed in those parts of the host rocks that are not directly
affected by faulting within the fault zones of the ATTL and RAFZ. Therefore, the zones
with a high fracture density (> ~200/m’) are considered to be fault damage zones that
are strongly affected by displacement along the fault zones of the ATTL and RAFZ
(Figs 5 and 6). Our results are comparable with that reported by Mitchell et al. (2011) in
which the damage zone of ATTL is estimated to be ~500 m in width.

Previous studies have shown that the damage zones along the southern segment of
the Kosukebashi Fault (Lin, 1999) and along the Nojima Fault are ~50 m wide (Lin et

al., 2007). The present results, combined with these previous findings, indicate that the
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damage zones vary in width from ~50 m along the faults to ~2000 m in the area where
the ATTL joins the RAFZ (Fig. 7).

5.2. Tectonic implications

Inclined faults commonly show an asymmetric strain pattern around the fault core
zone, which justifies the proposed separation of the damage zone into distinct damage
domains (Berg and Skar, 2005). The asymmetric fracture pattern within damage zones
along mature faults has been related to: (i) geometric controls, (ii) variations in the
stress field during faulting, (iii) contrasting rock properties across the fault, and (iv) the
growth process of the fault zone (e.g., Mandl, 2000; Berg and Skar, 2005).

The strike-slip faults of the ATTL and RAFZ also show an asymmetric
deformation pattern in the damage zones (Figs 5 and 6). The damage zones along the
Gosukebashi Fault of the RAFZ and on the southern side of the Rokko and Ibayama
faults of the ATTL are all developed within the Rokko granitic rocks, indicating that
spatial variations in the width of the damage zone along these faults are not caused by
variations in the lithological properties along the faults. At the western end of the
Ibayama Fault, damage zones within rhyolitic tuff on either side of the fault have a
similar width (50—100 m; Profile-1 in Fig. 5). This finding indicates no distinct
difference in rock properties within the rhyolitic rocks across the faults of the ATTL. In
addition, there is no distinct difference in the growth process of fault zones along the
strike-slip faults of the ATTL and RAFZ. Therefore, mechanisms (iii) and (iv) listed
above had little influence on the development of spatial variations in the width of the
damage zone along these faults.

In fact, the local stress field (mechanism (ii) above) is the main controlling factor
of fracture propagation and arrest, along with associated seismic events along the faults
(e.g., Gudmundsson et al., 2010). The local stresses along fault zones are strongly
associated with geometric irregularities along the faults (mechanism (iii) above; e.g.,
Gabrielsen et al., 1998). Upon en echelon strike-slip faults, the local stresses are
generally concentrated in the jog (or overstep) areas, where compressional or
extensional (dilatational) stresses develop (Scholz, 2002). The presence of a jog within
a fault zone may impede or terminate dynamic rupture, and in some cases may control
rupture initiation (Sibson, 1986; Harris and Day, 1999). Seismic slip transfer across a

compressional jog is further impeded by the enhanced compressive stress on the linking

10
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faults or within the intervening region (Scholz, 2002). The fault zones of the ATTL and
RAFZ show a left-stepping geometric pattern; therefore, a jog (overstep) forms a
contractional area in which compressional stress is concentrated (Fig. 14). Because of
the synthetic movement upon the faults on both sides of the jog, a contractional
environment forms around the overstep area. Previous studies have reported that the
formation of the ATTL and RAFZ was probably related to the opening of the Japan Sea,
which is the dominant tectonic event around Japan since mid-Miocene (Maruyama and
Lin, 2000, 2002). Accordingly, the wide damage zones observed in this overstep area
are considered to be caused by the compressive stress generated since mid-Miocene in

the left-stepping jog area between the strike-slip faults of the ATTL and of the RAFZ.

6. Conclusions
Based on the results presented above, we make the following conclusions
regarding spatial variations in the width of the fault damage zone along the ATTL and
along the RAFZ.
1. The width of the damage zone varies from 50 to 1000 m along the active faults
of the ATTL and the RAFZ.
2. The damage zones are asymmetrically distributed on each side of faults within
the overstep area of left-stepping strike-slip faults of the ATTL and RAFZ.
3. The results demonstrate that fault zone structures and the spatial distribution in
the width of damage zone are strongly influenced by the geometric patterns of

strike-slip faults.
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Damage zone Core zone Damage zone
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Fault plane Fault gouge

Figure 1. Schematic model of a fault core zone and damage zone within a strike-slip
fault zone. The fault core zone consists of fault breccia and fault gouge that have lost the
primary cohesion of the host rocks. The damage zone is composed of foliated and
non-foliated cataclasites and fractured host rocks that retain the primary cohesion of

the host rocks. Red arrows indicate the sense of strike-slip displacement on the fault.
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Figure 2. Index maps of the study region, showing the distribution of active faults of the
Arima—Takatsuki Tectonic Line (ATTL) and Rokko—Awaji Fault Zone (RAFZ). (a)
Index map showing the tectonic setting of Japan. MTL: Median Tectonic Line; ISTL:
Itoigawa—Shizuoka Tectonic Line. (b) Google image showing the distribution of active
faults of the ATTL and RAFZ. Red star indicates the location of the 1995 M,, 7.2 Kobe
earthquake. KF: Kiyoshikojin Fault; RF: Rokko Fault; IF: Ibayama Fault; GF:
Gosukebashi Fault; AF: Ashiya Fault; OF: Otsuki Fault; SF: Suwayama Fault; NF:
Nojima Fault; UF: Uemachi Fault. White arrows indicate the movement sense upon

faults.
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Figure 3. Geological map of the study region (modified from Huzita and Kasama, 1982).

P1-P9 (dashed lines) indicate profiles along which the fracture density was measured.

Locs. 1 and 3: locations of fault outcrops described in this study.
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Figure 4. Photographs of outcrops at Loc. 1 (a) and Loc. 3 (b). Note that granitic rocks
are strongly weathered and eroded along the Rokko Fault. See Figure 3 for detail

locations of Locs. 1 and 3 where the photos were taken.
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Figure 5. Spatial variations in fracture density with increasing distance from the main

faults of the ATTL. (a)—(f) show Profiles 1-6, respectively. Basement rocks are not

exposed on the southeast side of Profile 6. G.F.: Gosukebashi Fault. Profiles 1-2,

Profiles 3-5, and Profile 6 are set across the Ibayama, Rokko, and Kiyoshikojin faults,

respectively. See Figure 3 for the locations of the profiles. Blue areas indicate that part

of the damage zone with a higher fracture density than the background density in the

host rocks (indicated by a red dotted line).
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Figure 6. Spatial variations in fracture density with increasing distance from the
Gosukabashi Fault of the RAFZ. (a)—(c) show Profiles 7-9, respectively. Profile 5
across the Rokko Fault is also shown here, as an extension of Profile 9. See Figure 3 for
the locations of the profiles. Orange areas indicate that part of the damage zone with a
higher fracture density than the background density in the host rocks (indicated by a red

dotted line). Blue area indicates the damage zone in Profile 5.
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the ATTL and RAFZ (base map is a 1:25,000 topographic map published by the

Geospatial Institution Authority of Japan). Profiles 1-9 correspond to those shown in
Figure 3. Data for Profile O are from Lin (1999).
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1.1 m from the main fault, within strongly deformed and weathered granitic rocks. (b)
Outcrop located 46 m from the main fault, within rhyolitic tuff. (c—d) Damage zones at
217 m (c) and 380 m (d) from the main fault, within granitic rocks. Note that the
fracture density decreases with increasing distance from the main fault. The numbers at
top right in each panel indicate the distance from the main fault (negative numbers
indicate the southeast side, within granitic rock; positive numbers indicate the northwest
side, within rhyolitic tuff). (a) Grid interval is 1 m for scale. The signs (- and +) indicate

the northern and southern side from the main fault, respectively.
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Figure 9. Photograph (a) and accompanying sketch (b) of the Rokko Fault (ATTL) and

(c) striations at Loc. 1. See Figure 3 for the location. The core zone is composed of

unconsolidated fault gouge and fault breccia, and the damage zones consist of foliated

and non-foliated cataclasites that bound the core zone on both sides. Striations on the

fault planes (F1 and F2) indicate mainly strike-slip movement. Loc.1: main outcrop

described in the text. (a) Grid interval is 1 m for scale.
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Figure 10. Photographs of the Kosukebashi Fault at Loc. 2. See Figure 3 for the location.
(a) Overview of the outcrop. (b) Close-up view of (a). The core zone is composed of
unconsolidated fault gouge and fault breccia, and the damage zones consist of foliated
cataclasite on the northwest side of the fault, and non-foliated cataclasite on the
southeast side. The fault gouge occurs in a zone that is 20-50 cm wide, and consists of

layers that are brown, gray, and brownish gray in color. F: main fault plane.
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Figure 11. Photographs of polished hand samples from the Rokko Fault. (a) X-Z
section of fault gouge and fault breccia from Loc. 1. (b) Close-up view of (a). The fault
gouge is composed of gray, black, and brownish-gray layers. The fault gouge contains
an asymmetric fabric that indicates a predominately dextral sense of movement. (c¢)
Fault breccia composed of angular to sub-angular fragments of various sizes (~0.1 mm
to 1 cm). (d) Cataclasite developed from rhyolitic tuff at 10 m from the main fault. (e)

Undeformed rhyolitic tuff at 17 m from the main fault.
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Figure 12. Photographs of polished hand samples from the Rokko Fault. (a—e) Granitic
cataclasite from locations at 17 m (a), 30 m (b), 90 m (c), 200 m (d), and 300 m (e) from
the main fault. The granitic rocks are strongly deformed and partially brecciated. (f—g)
Weakly deformed granitic rocks from locations at 400 m (f) and 460 m (g) from the
main fault. Note that cracks are apparent in the rock. (h) Undeformed granitic rock from

a location at 600 m from the main fault.
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Figure 13. Photomicrographs showing the textures of the fault core zone and the
damage zone. (a) The fault gouge is characterized by an asymmetric fabric and offset
calcite veins (Loc. 1) that indicate dextral displacement (red arrows). (b) Fault breccia
comprising angular microbreccia clasts in a fine-grained matrix (Loc. 1). (c) Foliated
cataclasite is characterized by rock fragments and aggregations of fine-grained material
with a preferred orientation, colored layers, and cracks (2 m from the main fault of the
Gosukebashi Fault, at Loc. 2). (d—g) Non-foliated cataclasites derived from granitic
rocks at sites located 30 m (d), 90 m (e), 200 m (f), and 300 m (g) from the main fault of
the ATTL. Note that the granitic rocks are strongly deformed and partially brecciated.
(h) Weakly deformed granitic rock at 600 m from the main fault of the ATTL. (a—c, e, f)
Plane-polarized light, (d, g-h) cross-polarized light.
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Figure 14. Schematic model of a compressional jog within a strike-slip fault zone (a)
and the distribution of damage zones along the ATTL and RAFZ (b). Note that a wide
damage zone is developed in the compression jog between the left-stepping strike-slip

faults. See the text for details.
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