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Abstract

Determination of the youngest active domains in fault zones that are not overlain by Quaternary sedimentary cover
is critical for evaluating recent fault activity, determining the current local stress field, and mitigating the impacts of
future earthquakes. Considering the exhumation of a fault zone, the youngest active domain in a fault zone is
supposed to correspond to the activity at the minimum fault depth of a buried fault, such that the most vulnerable
area, which possesses the lowest rock/protolith density ratio, is assumed to be indicative of this recent fault activity.
However, it is difficult to measure the density of fault rocks and map the rock/protolith density ratio across a given
fault zone. Here, we utilize medical X-ray computed tomography (CT), a non-destructive technique for observing
and analyzing materials, to investigate the fault characteristics of several fault zones and their surrounding regions
in Japan, and attempt to determine the lowest density domain of a given fault zone based on its CT numbers,
which are a function of the density and effective atomic number of the fault rock and protolith. We first investigate
the density, void ratio, and effective atomic number of active and inactive fault rocks, and their respective
protoliths. We then calculate the CT numbers after reducing the beam-hardening effects on the rock samples and
study the relationships among the CT number, density, and effective atomic number. We demonstrate that the
density, effective atomic number, and CT number of the fault rock decrease as the youngest active zone, identified
by outcrop observation, are approached, such that the region with the lowest CT number and rock/protolith
density ratio defines the lowest density domain of a given fault zone. We also discuss the relationship between the
lowest density domain and the youngest active domain in major fault zones and investigate the points to be
considered when the youngest active domain is identified from the lowest density domain determined by the CT
number.
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1 Introduction

Determination of the youngest active domain in fault
zones that are not overlain by Quaternary cover is integral
not only for evaluating fault activity and restoring the
most recent stress field using slip data but also for propos-
ing local/regional earthquake disaster mitigation mea-
sures. Various methods have been employed to potentially
determine the youngest active domain in fault zones in
bedrock (e.g., Mizoguchi and Ueta 2012; Shigematsu et al.
2017; Tanaka et al. 2018). Considering the exhumation of
a fault zone, this youngest active domain in a fault zone is
supposed to correspond to the activity at the minimum
fault depth of a buried fault, such that this most vulner-
able area is assumed to be the area that possesses the low-
est rock/protolith density ratio. Previous studies have
focused on the density of the rocks around the fault zone
(e.g., Morrow and Lockner 2001; Takeuchi et al. 2005);
however, a quantitative density-based classification of fault
rocks has not been performed to date. Rempe et al. (2013)
combined seismic refraction tomography and microstruc-
tural observations of the fault rocks along the San Andreas
Fault to estimate the effect of density reduction as a factor
for the increase in compressional-wave velocity as the
main fault plane is approached. Ikeda et al. (2001) per-
formed geophysical well logging in the borehole through
the Nojima Fault Zone, which was active during the 1995
Hyogo-ken Nanbu Earthquake, and reported that the
non-fractured granite and the fault zone densities were
2.6-2.7 and 1.5-2.5 g/cm?, respectively. However, it is dif-
ficult to measure the density of fault rocks without being
affected by disturbance because fault rock samples are
very fragile. Here, we utilize medical X-ray computed
tomography (CT) to quantitatively determine the lowest
density domain in each fault zone based on its CT
numbers.

X-ray CT is a non-destructive technique that images
the three-dimensional (3D) internal structure of mate-
rials continuously in a short time. The potential of X-ray
CT in geoscience was recognized soon after its develop-
ment as a medical imaging technique in 1972 (Houns-
field 1973), resulting in numerous geoscience
applications since the 1980s (e.g., Wellington and Vin-
egar 1987; Raynaud et al. 1989; Orsi et al. 1994; Boesp-
flug et al. 1995; Verhelst et al. 1996; Geet et al. 2000;
Ueta et al. 2000). Hirono et al. (2008) used X-ray CT to
analyze the fault rocks generated during the 1999 Chi-
Chi earthquake; however, they were unable to report on
the relationship between the CT number and fault rock
density, owing to the beam hardening (BH) effect.
Aiyama et al. (2017) recently observed the internal struc-
ture of a fault fracture zone using medical X-ray CT and
reported that the CT image of the fault gouge zone was
darker and less dense than that of the surrounding
cataclasite.
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X-ray CT is generally conducted using either indus-
trial- or medical-grade scanners. Industrial scanners
employ high-energy X-rays and are used to examine
dense rocks or minerals. Medical scanners can also be
employed in a geoscience context to study low-
density, unconsolidated sediments (Nishizawa et al
1995). Medical scanners are easier to operate than in-
dustrial scanners, but the resulting CT images, which
are obtained at lower X-ray intensities, include arti-
facts, such as BH (Ketchman and Carlson 2001).
Nakano et al. (2000) observed and analyzed the in-
ternal structures of lake sediment, basalt, and granite
samples using a medical scanner after accounting for
X-ray attenuation and reducing the BH effect. How-
ever, the applicability of their methodology is not
straightforward because a priori knowledge of the X-
ray spectrum of the scanner is required. Ketchman
and Hanna (2014) and Geet et al. (2000) investigated
the use of micro-CT in reducing the BH effects. Geet
et al. (2000) estimated the density and effective
atomic number via the dual-energy method, which
uses CT images acquired at two different tube volt-
ages; this approach is used to discriminate materials
by focusing on changes in the contrast of the CT im-
ages due to the X-ray energy differences of the im-
aged materials.

Iwamori et al. (2020) investigated six different mineral
samples with known densities and effective atomic num-
bers using medical CT images, and defined the CT
values for these minerals, thereby providing an effective
way to reduce the BH effect. Iwamori et al. (2020) also
presented a method for determining the density and ef-
fective atomic number via the dual-energy method, and
a method for estimating the density and effective atomic
number using CT images taken with one tube voltage.

Here, we present a method to determine the lowest
density domain in major fault zones using medical X-ray
CT characteristics on the fault rock densities and effect-
ive atomic numbers. We first investigate the density,
void ratio, and effective atomic number of active and in-
active fault rocks, and their respective protoliths. We
then calculate the CT numbers from CT images where
the BH effects have been reduced and study the relation-
ship among the CT number, density, and effective
atomic number. We also discuss the relationship be-
tween the lowest density domain and youngest active
domain in major fault zones and investigate the points
to be considered when the youngest active domain is
identified from the lowest density domain determined by
the CT number. We reduce the effects of sample thick-
ness variations and CT image quality deterioration due
to the X-ray energy reduction by adjusting the sample
size and imaging direction based on a ~ 10 cm X-ray
transmission thickness.
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2 Geological structural characteristics and rock
structural properties of each analyzed fault

We analyzed three faults, the Median Tectonic Line
(MTL), and the Yamada and Tsuruga faults, for our
medical X-ray CT analysis. We chose the MTL since
it is one of the longest onshore faults in Japan, with
both active and inactive fault outcrops; the protoliths
of the fault rocks consist mainly of Sanbagawa
schists and Ryoke tonalites. We chose the Yamada
Fault as an example of an active fault in granite, and
the Tsuruga Fault as an example of an active fault at
the geological boundary between metabasalt and gra-
nite. We focused on the fault rocks in the basement
rock since the fault rock characteristics of the base-
ment rock and basement rock-sediment contact
zone are thought to be different. The sample details
are provided in Table 1, with the geological outline
of the study region and detailed geological maps of
the investigated faults shown in Figs. 1 and 2, re-
spectively. Here, we define an “active fault” as a fault
that has been active since the late Pleistocene, and
an “inactive fault” as a fault that has no recorded ac-
tivity since the late Pleistocene.

2.1 MTL in the Ina area, Nagano Prefecture (Hiji outcrop;
active fault)
The MTL is the longest onshore fault and extends
across the central part of southwestern Japan for
more than 1000 km (e.g., Okada 1992). The MTL is
an approximately N-S-trending, vertically dipping fea-
ture in the Ina area of Nagano Prefecture (Fig. 2a).
Mylonitic rocks that originated from Hiji tonalite are
distributed within ~ 1 km of the western side of the
MTL in this area, with increasing grain-size reduction
and alteration closer to the MTL; however, fault brec-
cia and fault gouge are scarcely observed (Takagi
1984). Conversely, the Sanbagawa schist on the east-
ern side of the MTL is clayey and/or contains frac-
tured lenticular bodies within a few meters of the
MTL, with minimal macroscopic fractures 10-20 m
from the MTL (Takagi 1984).

The Hiji outcrop (35.80278° N, 138.08278° E) is
located under a playground on the eastern bank of
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Lake Miwa, a dammed reservoir in the Ina area. The
MTL, which forms the boundary between the Hiji
tonalite and the Sanbagawa schist (Fig. 3a), is clearly
exposed, except in spring when the reservoir is full.
The fault is located ~ 80 cm east of the MTL in this
outcrop, where it cuts a < 100 ka terrace gravel
deposit, and extends into the Sanbagawa schist with-
out being displaced by other foliations (Takagi et al.
2019). The strike and dip of the latest fault plane Y
are N3E and 74W, respectively, and the observed
striations on the slip plane possess a rake of 20-30N
(Fig. 3a). The fault gouge zone along fault plane Y
clearly shows a dextral sense of shear (Fig. 3a, b).
The observed displacement of 60 cm at the base of
the terrace gravel deposit due to fault plane Y equates
to a real displacement velocity of 0.012-0.0118 m/ky
along this fault, assuming the gravel layer was depos-
ited 100,000 years ago (Takagi et al. 2019).

Sample HJ-8, which was derived from the Sanbagawa
pelitic schist, was taken from the fault zone that formed
during the most recent fault activity identified as an ex-
tension of the latest active plane Y described above at
the Hiji outcrop. This fault rock sample (Fig. 3b) can be
divided into five zones based on their degree of cohe-
siveness and the classification of Takagi and Kobayashi
(1996). Zones HJ8-2—H]J8-4 are classified as fault gouges,
whereas zones HJ8-1 and HJ8-5 are cataclasites; the
boundary between zones HJ8-2 and HJ8-3 is defined by
the main fault plane Y, which cuts the terrace gravel de-
posit (Fig. 3b).

Protolith sample MZ-5 was collected from an outcrop
(35.79150° N, 138.08269° E) located ~ 20 m east of the
Mizoguchi outcrop (1.2 km south of the Hiji outcrop),
which is where the MTL crops out; this sample was se-
lected for comparison with the fault rocks.

Photomicrographs of the fault rocks are shown in
Fig. 3c, d. The cataclasite zone (HJ8-1) contains
mainly £ 1 mm diameter quartz and albite fragments,
with a dextral sense of slip observed. Fine-grained
clay minerals are distributed uniformly in the fault
gouge zone (HJ8-3), which is adjacent to fault plane
Y, with a dextral sense of slip indicated. Sample MZ-
5 consists mainly of quartz, albite, phengite, calcite,
and chlorite.

Table 1 Locations and fault/protolith details of the analyzed samples (see Figs. 1 and 2 for sample locations)

Fault Location Sample Protolith Fault activity classification
Fault rock Protolith Active Inactive
MTL Hiji HJ-8 MZ-5 schist o
Awano-Tabiki AT, ATR-2,3,4 ATS-1, 2, HA-1 tonalite,schist - o
Tsuruga Oritodani T-3, C-1,C-2 K-1, T-5 granite,metabasalt (greenstone) o
Yamada Mushu YDA YK-1 granite o
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Fig. 1 Simplified geotectonic map showing the location of the study area around the MTL and the Tsuruga and Yamada faults. The stars denote
the approximate locations where the samples were collected (see Fig. 2 for further details on each sample site)

2.2 MTL in the Matsusaka area, Mie Prefecture (Awano-
Tabiki outcrop; inactive fault)

The MTL is an approximately E-W-trending feature in
the Matsusaka area of Mie Prefecture (Nishioka et al.
2010; Fig. 2b) that does not disrupt lower river terrace de-
posits, which means that there has been no known activity
during the late Quaternary (Okada 1992). The Hatai
tonalite is distributed within 2 km of the northern side of
the MTL in this area and consists mainly of plagioclase,
hornblende, and chloritized biotite. The Hatai tonalite is
affected by mylonitization along the MTL and contains fo-
liations that are almost parallel to the MTL (Takagi 1985).

The Awano-Tabiki outcrop (34.44294° N, 136.25292°
E) is located in Awano and Tabiki, Matsusaka City, Mie
Prefecture. This outcrop comprises Ryoke Hatai tonalite
and Sanbagawa schist (Fig. 3e). The Hatai tonalite con-
sists of weathered, light-brown fault rocks with irregular
but well-developed cracks and scarcely observed fault
breccia and fault gouge in the Ryoke Belt. Conversely,
the Sanbagawa schist is partly clayey and shows a dextral
sense of shear within 2 m of the MTL, with minimal
macroscopic fractures10—20 m from the MTL.

Shigematsu et al. (2017) reported that four stages of
deformation have been recorded in the fault zone at this
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Yamada Fault 5 km

outcrop since the Paleocene, with the final stage consist-
ing of Miocene-age normal faulting. Here, we investi-
gated faults on the boundary between the Ryoke and
Sanbagawa belts, with a focus on one of the two faults
that Shigematsu et al. (2017) evaluated as possessing the
youngest active domain.

The fault on the boundary between the Ryoke and
Sanbagawa belts shows good continuity throughout the

outcrop and is not disrupted by other faults. The
most recent fault plane strikes N76E and dips 31N,
with the striations on the slip plane possessing a rake
of 88NNW. The fault gouge zone (1-3 cm wide)
along this fault shows a normal sense of shear, which
is consistent with the observed features that Shige-
matsu et al. (2017) identified as the final stage of de-
formation (Fig. 3e, f).
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Fig. 3 Photographs of the outcrop (a, e), and polished slab (b, f) of the observed brittle fault rocks taken perpendicular to the fault plane and
parallel to the lineations, and photomicrographs (c, d, g, h; cross-polarized light) of the fault rock samples. a The Hiji outcrop of the MTL. b HJ8. c
HJ8-1. d HJ8-3. e The Awano-Tabiki outcrop of the MTL. f AT. g AT-1-AT-2-AT-4. h AT-2-AT-4. The stereoplots show the orientation of fault plane
Y and the direction of slip in the zone formed during the most recent fault movements (a, ). Abbreviations in (g) and (h): P: P foliation; R;: Riedel
shear; P, P, P foliations showing normal and reverse senses of shear, respectively; Ry, Ry, Riedel shear showing normal and reverse senses of
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Sample AT was taken from the fault zone that formed
during the most recent fault movement on the geological
boundary at this outcrop (Fig. 3f). This fault rock sample
can be divided into five zones, based on their degree of
cohesiveness: AT-2 and AT-3 are fault gouges, and AT-
1, AT-4, and AT-5 are cataclasites. AT-1 and AT-2 cor-
respond to the Sanbagawa Belt, and zones AT-3, AT-4,
and AT-5 correspond to the Ryoke Belt, with the bound-
ary between AT-2 and AT-3 representing the main fault
plane (Y) of the geological MTL boundary.

We collected four rock samples from the Ryoke Belt
(ATR and HA samples) and two rock samples from the

Sanbagawa Belt (ATS samples) for analysis. Cataclasite
samples ATR-2 and ATR-3 were collected ~ 5 m to the
north of the MTL (Fig. 3e), mylonite sample ATR-4 was
collected 300 m to the north of the MTL (Fig. 2b), and
protolith sample HA-1 was collected 13.5 km ENE of
the outcrop (Fig. 2b) to provide a comparison of the
fault rock and protolith characteristics with different de-
grees of cohesiveness. Protolith samples ATS-1 (20 m to
the south of the MTL) and ATS-2 (550 m to the south
of the MTL) were collected from the Sanbagawa Belt
(Figs. 3c and 2b). ATS-2 is a solid pelitic schist with
well-developed schistosity, whereas ATS-1 contains 2
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cm diameter quartz crystals. The cataclasite samples
from the Hatai tonalite were analyzed using X-ray CT
imaging (ATR-2) and density and X-ray fluorescence
(XRF) analyses (ATR-3).

Photomicrographs of the fault rocks are shown in
Fig. 3g, h. The thin AT section can be divided into three
zones, AT-1, AT-2, and AT-4, with the latest fault plane
Y extending through the section without being displaced
by other foliations. Zone AT-1, which consists of a San-
bagawa cataclasite, mainly contains < 0.2 mm diameter
albite fragments and shows a reverse sense of shear.
Zone AT-4, which consists of a Ryoke cataclasite, con-
tains < 0.5 mm diameter mylonitized quartz fragments
that have been affected by cataclastic flow and 0.2 mm
wide calcite veins that have been displaced by a reverse
sense of Riedel shearing. Fine-grained clay minerals are
uniformly distributed throughout the fault gouge in zone
AT-2, with a normal sense of slip indicated.

ATS-2, which is a Sanbagawa schist protolith, consists
mainly of fine quartz, albite, phengite, and calcite crys-
tals (< 0.2 mm diameter crystals), and ATS-1 contains
mainly < 0.2 mm diameter quartz, albite, phengite, and
graphite fragments. ATS-2 contains less phengite than
ATS-1, and the schistosities of both samples are regu-
lated by the arrangement of the quartz and albite aggre-
gates and/or phengite.

Samples HA-1 and ATR-4 consist mainly of
quartz, plagioclase, hornblende, and chlorite. HA-1
contains < 2 mm diameter plagioclase and amphibole
crystals and < 0.5 mm diameter quartz and chlorite
crystals. Conversely, the mylonite ATR-4 sample
contains < 1 mm diameter plagioclase and horn-
blende crystals, and voids that are filled with recrys-
tallized quartz aggregates. The cataclasite ATR-3
sample consists mainly of < 0.2 mm diameter plagio-
clase, quartz, and chlorite crystals and mylonitized
quartz fragments that have been affected by cataclas-
tic flow.

2.3 Tsuruga Fault (Oritodani outcrop; active fault)

The Tsuruga Fault is a ~ 25 km long, NE-SW-trending,
right-lateral strike-slip fault in the central Fukui Prefec-
ture (National Institute of Advanced Industrial Science
and Technology 2016). Koujaku granite (Upper Cret-
aceous) and metabasalt (Middle—-Upper Jurassic accre-
tionary complex) from the Mino-Tanba Belt occur
around this fault (Fig. 2c). Kurimoto et al. (1999) per-
formed a trench excavation in the Ikenotani area and re-
ported that the southern part of the Tsuruga Fault was
active between the latter half of the twelfth and end of
the fourteenth centuries, with a vertical displacement of
1.5-2 m and average vertical displacement velocity of
0.5-0.6 m/10 years.
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The Oritodani outcrop (35.53750° N, 136.01906° E),
which is located 1.7 km southwest of the Ikenotani area,
contains exposures of Koujaku granite and metabasalt,
with a 10-20 cm wide fault gouge distributed along the
geological boundary (Fig. 4a). The boundary fault be-
tween the granite and metabasalt is continuous through-
out the outcrop and cuts the terrace gravel deposit. The
strike and dip of the most recent fault plane are N49E
and 78W, respectively, with the striations on the slip
plane possessing a rake of 15N. A very soft fault gouge
(T-3-3 zone), which is in contact with the main fault
plane Y, is developed in the metabasalt along its bound-
ary with the granite fault gouge (T-3-2 zone) and shows
a dextral sense of shear (Fig. 4b, e).

Sample T-3 was taken from the fault zone, involving
T-3-3 described above, that formed during the most re-
cent fault activity at the Oritodani outcrop. This fault
rock sample (Fig. 4b) can be divided into four zones
based on their degree of cohesiveness: T-3-1, T-3-2, and
T-3-3 are fault gouges, and T-3-4 is a cataclasite. T-3-1
and T-3-2 correspond to the Koujaku granite, and T-3-3
and T-3-4 correspond to the metabasalt, with the main
fault plane (Y) of the Tsuruga Fault extending through
T-3-3. The brown (T-3-1) and white (T-3-2) fault gouge
zones are slightly harder than the T-3-3 zone, with the P
foliations in T-3-2 that have developed near the bound-
ary with T-3-1 exhibiting a dextral sense of slip (Fig. 4b),
which indicates that the zone up to 10 cm from the
main fault plane was possibly affected by the most recent
fault activity.

We collected cataclasite samples C-2 and C-3 and pro-
tolith sample K-1 from the Koujaku granite at the Orito-
dani outcrop to compare the degrees of cohesiveness in
the samples. We also collected cataclasite sample C-1
and protolith sample T-5 from the metabasalt of the
Mino—Tanba Belt.

Photomicrographs of the fault rocks are shown in
Fig. 4c—e. The latest fault plane Y extends through
T-3-3 without being displaced by other foliations.
Fine-grained clay minerals are distributed uniformly
throughout fault gouge T-3-3 and developed P folia-
tions with a dextral sense of slip are present. Con-
versely, fault gouge T-3-2 mainly contains < 0.2 mm
diameter quartz, K-feldspar, and plagioclase frag-
ments and no clear fault plane (Fig. 4c, d). There-
fore, the youngest activity of this fault is thought to
have only been recorded in the most vulnerable fault
gouge (T-3-3).

Protolith sample K-1 mainly consists of < 3 mm diameter
quartz, plagioclase, K-feldspar, and biotite crystals. Catacla-
site sample C-2 mainly consists of < 0.3 mm diameter
quartz, plagioclase, K-feldspar, and biotite crystals. Con-
versely, sample T-5 mainly consists of <0.1 mm diameter
hornblende and clinopyroxene crystals, whereas sample C-1
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Fig. 4 Outcrop photographs (a, f), observed brittle fault rocks in the outcrops, photographs taken perpendicular to the fault plane and parallel to
the lineations (b, g), and photomicrographs of the fault rock and protolith samples (c, d, e, h, i: cross-polarized light). a The Oritodani outcrop of
the Tsuruga Fault. b T-3. ¢ T-3-2-T-3-3. d T-3-2. e T-3-3. f The Mushu outcrop of the Yamada Fault. g YDA. h YDA-4. i YDA-2-YDA-3. Stereoplots
show the orientation of fault plane Y and slip direction in the zone formed during the most recent fault movements (a, f). Abbreviations: P: P-
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mainly consists of hornblende, chlorite, and plagioclase frag-
ments, and fewer hornblende crystals than in sample T-5.

2.4 Yamada Fault (Musyu outcrop; active fault)

The Yamada Fault Zone is an ENE-WSW-trending dex-
tral fault that forms the ~ 33 km long Yamada Fault
Zone at the base of the Tango Peninsula, northern
Kyoto Prefecture (Earthquake Research Committee
2004). This fault zone is composed of the Yasukeyama,
Yamada, and Koryuji faults; we hereafter identify the
Yamada Fault Zone as the Yamada Fault. Miyazu granite
(Upper Cretaceous—Paleogene) is present around the
Yamada Fault (Fig. 2d).

The Mushu outcrop (35.51722° N, 136.00797° E)
contains a cataclasite zone of Miyazu granite and a
fault with a 1-2 cm wide fault gouge that is continu-
ous throughout the outcrop (Fig. 4f). The strike and
dip of the latest fault plane are N55E and 62W, re-
spectively, with striations on the slip plane possessing
a rake of 20S. The fault gouge zone is very soft and
shows a dextral sense of shear. Aiyama et al. (2017)
investigated the activity of this fault in the Mushu
outcrop and reported that the main fault plane, which
has been active during the Quaternary, contains a
fault gouge zone. Aiyama et al. (2017) also character-
ized this fault gouge zone as a layered structure with
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ten fault gouge layers that are indicative of repetitive
activity after smectite crystallization. Iwamori et al.
(2015) studied the activity of the Yamada Fault over
the last ~ 200,000 years based on the faults that cut
the sedimentary layer above the Mushu outcrop, and
reported that the youngest fault activity occurred be-
tween 2000 and 200 years B.P.

Sample YDA was taken from the fault zone that
formed during the most recent fault activity, which is an
extension of the latest active plane that cuts the Holo-
cene sediments, at the Mushu outcrop (Fig. 4g). This
fault rock sample can be divided into four zones based
on their degree of cohesiveness: YDA-1 and YDA-2 are
fault breccias, YDA-3 is a fault gouge, and YDA-4 is a
cataclasite. The boundary between YDA-2 and YDA-3
represents the main fault plane Y, and the fault breccias
are dark brown due to iron oxide deposition. We col-
lected a Miyazu granite protolith sample (YK-1) at Kara-
kawa, ~ 6 km WSW of the Mushu outcrop (Fig. 2d), for
comparison with the fault rocks.

Photomicrographs of the fault rocks are shown in
Fig. 4h, i. The latest fault plane Y extends along the
boundary between the YDA-2 and YDA-3 fault gouge
zones without being displaced by other foliations. YDA-
3 consists of a fine-grained clay mineral matrix that con-
tains a mainly uniform distribution of < 0.2 mm diam-
eter quartz, K-feldspar, and plagioclase fragments, and
possesses a P foliation that indicates a dextral sense of
slip. Conversely, fault breccia YDA-2 mainly consists of
< 0.3 mm diameter quartz, K-feldspar, plagioclase, and
biotite fragments in a matrix of brown clay minerals.
Cataclasite YDA-4 mainly consists of < 0.2 mm diameter
quartz, K-feldspar, plagioclase, and biotite fragments in a
clay mineral matrix. Conversely, protolith sample YK-1
is mainly composed of quartz, plagioclase, K-feldspar,
and biotite (< 5 mm diameter crystals).

3 Density, porosity, and effective atomic number
3.1 Measurement method

Different methods were employed to obtain density
measurements for the protolith and fault rock samples
since the fault rock samples generally contained many
voids. The density analysis for the protolith samples was
performed according to the standard Japanese test
method for determining the bulk density of rocks
(JGS2132-2009; The Japanese Geotechnical Society
2017). The densities of the fault rock samples were
determined via mercury intrusion porosimetry (AutoP-
ore IV 9500, Version 2.02; Micromeritics; Norcross,
Georgia, USA) at the Central Research Institute of Elec-
tric Power Industry (CRIEPL Abiko-shi, Chiba, Japan);
this analysis also allowed an examination of the micro-
cracks and pores within each sample.
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The effective atomic number, Z, of a compound
consisting of multiple types of atoms is defined as:

Ze = (sf, 259", (1)

where f; is the fraction of electrons on the ith atomic
number species. For example, the effective atomic num-
ber of a crystal composed of one silicon atom (Z = 14)
and two oxygen atoms (Z = 8) is (14/30 x 143® 4+ 16/30
x 838138 - 11.85. Here we calculated the effective
atomic number, Z, of each sample based on the con-
tents of the main components (SiO,, TiO,, Al,Os,
Fe,O3, MnO, MgO, Ca0, Na,0O, K,0, and P,0Os), which
were measured via XRF analysis. Fused glass bead sam-
ples underwent XRF analysis using a spectrometer at
CRIEPI (XRF-1500, Rh X-ray tube; Shimadzu Co., Ltd,;
Nakagyo-ku, Kyoto, Japan) to obtain the Z values.

3.2 Measurement results

The density, p,, porosity, ¢ and Z. measurement re-
sults are shown in Table 2 and Fig. 5, and Table 3
contains the XRF analysis results, which were used to
calculate Z.

The p, values of the rock samples decrease as it ap-
proaches the latest active plane Y of each analyzed fault
identified by the outcrop observation. (Fig. 5a). The
mean p, values are 2.69 g/cm3 (standard deviation (SD)
= 0.10 g/cm®) for the protolith, 2.28 g/cm® (SD = 0.24 g/
c¢m®) for the cataclasite, 2.16 g/cm3 (SD = 0.21 g/cmg)
for the fault gouge along the inactive faults, 1.92 g/cm?
(SD = 0.16 g/cm?®) for the fault gouge along the active
faults, and 1.73 g/cm® (no SD calculated since there were
only two samples) for the fault breccia (Table 2).There is
an ~24% increase in ¢ as p, decreases by 1 g/cm?, re-
gardless of rock type (fault rock or protolith; Fig. 5b).
The mean ¢ values are 1.5% (SD = 1.0%) for the proto-
lith, 12.6% (SD = 6.9%) for the cataclasite, 12.0% (SD =
4.8%) for the fault gouge along the inactive faults, 17.4%
(SD = 4.6%) for the fault gouge along the active faults,
and 32.2% for the fault breccia (Table 2). The fault
gouge along active faults has a smaller density and larger
porosity than the fault gouge along inactive faults. The
average density and porosity of the three cataclasite sam-
ples located near the fault gouge along the inactive faults
(AT-1, AT-4, and AT-5) are 2.44 g/cm® and 7.8%, re-
spectively, whereas those of the four cataclasite sam-
ples adjacent to the fault gouge along the active faults
(HJ8-1, HJ8-5, T-3-4, and YDA-4) are 2.03 g/cm® and
19.7%, respectively. Furthermore, the density of the
fault rock samples increases and the porosity de-
creases with increasing distance from the latest active
fault plane. For example, the average density and por-
osity of two cataclasite samples located ~ 50 cm from
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Fault Location Material Sample number  Bulk density Porosity Effective atomic number Fault gouge Protolith
name classification
[o ® Zot Active Inactive
MTL Hiji Cataclasite HJ8-1 2.03 19.5 12.30 - - schist
Fault gouge HJ8-2 1.70 254 12.04 o -
Fault gouge HJ8-3 1.89 139 12.24 o -
Fault gouge HJg-4 1.80 19.8 12.12 o -
Cataclasite HJ8-5 1.87 17.7 1211 - -
Mizoguchi Protolith MZ-5 277 1.2 12.38 - -
Awano-Tabiki  Protolith ATS-2 2.66 24 12.64 - - schist
ATS-1 261 15 12,63 - -
Cataclasite AT-1 2.26 144 1134 - -
Fault gouge AT-2 1.79 200 11.52 - o
Fault gouge AT-3 2.31 74 11.36 - o tonalite
Cataclasite AT-4 261 1.7 1145 - -
Cataclasite AT-5 244 74 1142 - -
Cataclasite ATR-23" 256 33 1217 - -
Mylonite ATR-4 265 1.0 1213 - -
Protolith HA-1 2.76 0.6 12.72 - -
Tsuruga Oritodani Protolith K-1 2.58 03 12.16 - - granite
Cataclasite C3 247 46 1211 - -
Cataclasite C-2 2.16 16.1 12.10 - -
Fault gouge T-3-1 2.28 10.1 11.96 - o
Fault gouge T-3-2 227 104 12.08 - o
Fault gouge T-3-3 215 134 12.54 o - metabasalt
Cataclasite T-3-4 223 189 1355 - -
Cataclasite C-1 243 124 14.10 - -
Protolith T-5 2.90 35 13.96 - -
Yamada Mushu Fault breccia YDA-1 1.84 280 1243 - - granite
Fault breccia YDA-2 161 363 1243 - -
Fault gouge YDA-3 2.05 14.3 11.99 o -
Cataclasite YDA-4 1.98 227 12.05 - -
Karakawa Protolith YK-1 261 1.7 1245 - -
- Material Number of samples Bulk density ~ STD Porosity STD Fault activity
classification
Mean of all samples Fault breccia 2 1.73 - 322 - Active fault
Fault gouge 5 1.92 0.16 174 46 Active fault
Fault gouge 4 2.16 0.21 120 48 Inactive fault
Cataclasite 11 2.28 0.24 126 6.9 -
Protolith,Mylonite 8 2.69 0.10 15 1.0 -

“"ATR-2 was used for X-ray CT image analysis and ATR-3 was used for density and XRF analysis.

the latest active plane Y (C-1 and C-2) are 2.30 g/cm®
and 14.3%, respectively, and those of a cataclasite sample
located ~ 20 m from the same fault plane Y (C-3) are
247 g/cm® and 4.6%, respectively. The density and

porosity of sample ATR-3, which is ~ 3 m away from the
youngest fault plane of an inactive fault, are 2.56 g/cm?®
and 3.3%, respectively. Zhang et al. (2020) conducted an
experimental study on the behavior of fault gouge under
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frictional shear to examine gouge dilation, frictional
strength, stability, and healing, and reported that gouge
dilation decreased with increasing normal stress. There-

fore, the porosity of the

is larger than that of the fault gouge along the inactive
faults because the fault gouge along active faults forms
at shallower depths and has a larger dilatancy than

fault gouge along the active faults

or adjacent

the fault gouge along inactive faults. For example, the
average porosity of the cataclasite samples adjacent to
the fault gouge along active faults (C-1 and C-2;
14.3%) is larger than those of the cataclasite samples
that are either distal from active faults (C-3; 4.6%)

to the fault gouge along inactive faults

(ATR-3; 3.3%).
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Table 3 XRF analysis and effective atomic number (Z,) results for the rock samples

Faultname Location Material Sample SiO, TiO, ALO; Fe,0; MnO MgO CaO Na,O K,O P,Os ig.loss’ Total Effective
number atomic
number
of rock
sample
effective atomic number 1185 1913 1134 2356 2326 1087 1836 1042 1811 1237 - - -

MTL Hiji Cataclasite  HJ8-1 6705 072 1396 6.57 028 323 061 141 221 010 386 100.00 1230
Fault HJ8-2 6183 071 1504 757 014 615 108 043 075 005 625 100.00 12.04
gouge
Fault HJ8-3 63.71 073 1407 815 020 523 100 071 085 005 530 10000 12.24
gouge
Fault HJ8-4 6228 074 1510 7.73 037 567 111 041 056 008 595 100.00 1212
gouge
Cataclasite HJ8-5 6734 062 1202 6.69 020 541 071 043 137 006 515 100.00 12.11

Mizoguchi Protolith ~ MZ-5 6622 060 1498 549 013 202 165 225 344 010 310 10000 1238
Awano- Protolith  ATS-2 6495 070 1710 6.16 019 205 093 262 380 018 133 100.00 12.64
Tabiki ATS-1 5710 076 1734 922 189 163 069 158 360 015 604 100.00 1263
Cataclasite  AT-1 5636 033 696 392 015 593 1023 123 104 007 1378 10000 1134
Fault AT-2 5953 069 1323 423 010 475 466 056 207 010 1008 100.00 11.52
gouge
Fault AT-3 5290 054 1099 517 015 589 815 021 176 008 14.16 10000 1136
gouge
Cataclasite  AT-4 5793 073 1259 868 012 485 181 036 018 012 1263 100.00 1145
Cataclasite  AT-5 56.18 052 1073 6.15 013 574 587 007 131 014 1316 10000 1142
Cataclasite ATR-23 7028 068 1572 3.98 006 060 036 286 291 014 241 100.00 12.17
Mylonite  ATR-4 6544 052 1605 397 007 142 350 333 190 010 370 100.00 1213
Protolith HA-1 5797 085 1614 751 013 322 595 277 169 015 361 100.00 12.72

Tsuruga Oritodani  Protolith K-1 7687 007 1263 126 004 007 042 359 464 001 039 100.00 12.16
Cataclasite C-3 7665 006 1278 119 001 012 048 353 450 001 066 10000 12.11
Cataclasite C-2 7748 005 1203 087 002 015 084 288 474 001 092 100.00 12.10
Fault T-3-1 7291 005 1206 134 008 040 329 171 431 002 383 100.00 11.96
gouge
Fault T-3-2 7648 005 1269 164 001 043 052 212 449 002 157 100.00 12.08
gouge
Fault T-3-3 6755 094 1252 648 010 191 243 152 298 022 334 100.00 12.54
gouge
Cataclasite T-3-4 5534 321 1160 1402 026 437 415 137 137 059 372 100.00 1355
Cataclasite C-1 4973 284 1304 1639 027 406 667 306 098 080 216 100.00 14.10
Protolith  T-5 5024 180 1189 1231 023 647 1135 302 130 018 1.0 100.00 13.96

Yamada Mushu Fault YDA-12 7022 037 1470 428 012 037 109 320 413 008 145 100.00 1243
breccia
Fault YDA-3 7097 062 1610 332 000 079 077 058 296 023 366 100.00 11.99
gouge
Cataclasite  YDA-4 7445 029 1451 152 001 046 081 212 407 008 167 100.00 12.05

Karakawa  Protolith  YK-1 7001 043 1498 330 008 082 200 365 404 010 060 100.00 1245

“ig.loss indicates ignition loss of each sample

Every rock type yielded a positive correlation be-
tween p, and Z. (Fig. 5c), even though the p, and Z
are expected to vary among different rock types. Fault
breccia YDA-1 and YDA-2 of the Yamada Fault both

exhibit maximum p; decreases of ~ 40%, whereas the
Zo: values are almost the same as that for protolith
YK-1, which means that the relationship between p;
and Z, for the fault breccias is quite different from
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those of the other samples. This is because YDA-1
and YDA-2 have been strongly affected by weathering,
as evidenced by their dark-brown color at outcrop
and an Fe;Oj3; content of 4.28 wt%, which is much
higher than those of the fault gouge, cataclasite, and
protolith samples (Table 3). Therefore, the fault brec-
cia samples were excluded from the subsequent study
of the p—Z. relationships among the collected rock
samples.

4 X-ray CT image analysis, and relationships
among the CT number, density, and effective
atomic number

We conducted X-ray CT image analysis on the fault rock
and protolith samples to determine how their CT values,
which determine the degree of brightness of the CT
image, may relate to p, and Z,. We also attempted to
quantitatively evaluate the characteristics of the fault rocks
using CT values. We analyzed 28 samples, excluding the
fault breccia samples (YDA-1 and YDA-2) because of their
heterogeneity relative to the other samples.

4.1 X-ray attenuation principle

CT imaging captures the 3D X-ray attenuation distribu-
tion in a sample (e.g., Nakano et al. 2000; Tsuchiyama
et al. 2000; Ketchman and Carlson 2001). The basic
equation for the attenuation of a monoenergetic beam
through a homogeneous material is given by Beer’s Law:

I =1y exp (-uS), (2)

where I, is the initial intensity of the incident X-ray
beam, I is its emergent intensity, S is the sample thick-
ness, and g is the linear X-ray attenuation coefficient
(LAC) of the sample. The LAC depends on both bulk
density, p, and the atomic number, Z (Wellington and
Vinegar 1987):

h=p (6! + bZ&S/ES.Z)’ (3)

where E is the X-ray energy (keV), a is a nearly
energy-independent coefficient this is termed the Klein—
Nishina coefficient, and b is a constant. Eq. (3) is applic-
able for monochromatic X-rays, such as those from a
synchrotron radiation facility. However, this equation
does not hold for most commercial X-ray CT scanners,
which use polychromatic X-ray beams, because y de-
pends on the X-ray energy (e.g., Nakano et al. 2000; Tsu-
chiyama et al. 2000). The photoelectric absorption of a
compound consisting of multiple types of atoms is pro-
portional to the effective atomic number calculated via
Eq. (1) (Wellington and Vinegar 1987).

The CT number, Nct, which determines the contrast
of a CT image, is defined as:
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Ner = 1000 X (u—pay,) / (4)

where p,, is the X-ray attenuation coefficient of pure
water. A polychromatic X-ray CT scanner will allow 4 to
vary depending on the X-ray energy (effective energy), as
described above. The influence of the variations in p
with the energy differences in an X-ray energy distribu-
tion is reduced by calculating Nct, which is standardized
using the p ratio in Eq. (4). Substitution of Eq. (3) into
Eq. (4) therefore highlights the dependence of Ncr on p
and Z, when the tube voltage and X-ray effective energy
of a medical scanner are held constant.

4.2 CT image analysis methods

A CT image is essentially a bitmap of each pixel's CT
number; however, it also contains various artifacts due
to the X-ray photography and image reconstruction.
Therefore, the effects of these artifacts, especially BH,
must be eliminated or reduced to ensure the accuracy of
the CT numbers and therefore provide an accurate
quantitative analysis.

BH artifacts cause the edges of a CT image to appear
brighter than the center, such that the CT numbers
along the edges of a sample are greater than those in the
center. This occurs because the lower-energy X-rays are
absorbed more readily than the higher energy ones when
polychromatic X-rays pass through a sample near its
center, where the transmission thickness is large.

Geet et al. (2000) estimated the density, p, and effect-
ive atomic number, Z,, via the dual-energy method using
a micro X-ray CT scanner. The yg coefficient, which is
the effective LAC corresponding to the effective energy
of the X-rays, is derived from Eq. (3) as:

pg/p = A(E) + B(E)Z>*, (5)

where A and B are constants depending on E. The rela-
tionships among p, Z., and y are expressed as follows,
using the A and B values calculated by approximating
the relationship between yg/p and Z.>*® values at two dif-
ferent tube voltages:

p = (Buptg - Bitg)/ (BnAi - BiAn) (6)

and

Ze = [(Aipgy, - Anpiy)/ (Buptg - Bipgy, )] (1/3.8),  (7)

where the h and 1 subscripts refer to the values derived
from the high- and low-energy scans, respectively.
Iwamori et al. (2020) used the dual-energy method
(tube voltages: 140 and 100 kV) to analyze the medical
CT images of six different minerals with known densities
and effective atomic numbers (quartz, calcite, fluorite,
rhodochrosite, cryptomelane, and hematite). They found
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Table 4 Relationship among Neny (calculated from the CT images at 140kV), p,, and Z for each of the samples

Fault Location Material Sample Pixel Ncrw SD pc=ANctm+B pc  (pc— Zot  Zoc = CNermtD Zoe  (Zoc
name number count of ﬁ P/ Pt ﬁ —Z)/
Nctm Zet
MTL Hiji Cataclasite  HJ8-1 113570 1333 277 203 954x10* 076 203 00% 1230 267x10* 118 1216 -1.1%
Fault gouge HJ8-2 122389 1109 192 170 182 71% 1204 1210 0.5%
Fault gouge HJ8-3 73380 994 176 189 171 95% 1224 1207 -14%
Fault gouge HJ8-4 61075 1065 170  1.80 178 -11% 1212 1208 -0.3%
Cataclasite  HJ8-5 39613 1281 312 187 198 59% 1211 1214 0.2%
Mizoguchi Protolith MZ-5 132804 2056 112 277 272 -18% 1238 1235 -0.2%
Awano-Tabiki  Protolith ATS-2 119482 1961 129 266 108x10° 056 268 08% 1264 157x10° 947 1255 -0.7%
ATS-1 63283 1640 177 233 -107% 1263 1204 -4.7%
Cataclasite  AT-1 202405 1765 171 226 247 93% 1134 1224 7.9%
Fault gouge AT-2 17591 1209 143 179 187 45% 1152 1137 -13%
Fault gouge AT-3 11968 1665 104 1.19x10° 040 238 30% 1136 331x10° 587 1138 02%
Cataclasite  AT-4 103475 1864 161 262 04% 1145 1204 52%
Cataclasite  AT-5 52123 1718 123 244 244 00% 1142 1156 1.2%
Cataclasite  ATR-23 80661 1943 90 256 271 59% 1217 1230 1.1%
Mylonite ATR-4 132075 1820 210 265 257 -30% 1213 1189 -2.0%
Protolith HA-1 134722 1908 209 276 267 -33% 1272 1219 -4.2%
Tsuruga Oritodani Protolith K-1 311751 1656 186 258 123x107° 045 249 -35% 1216 283x10% 116 1207 -0.7%
Cataclasite  C-3 234228 1699 164 247 254 28% 1211 1208 -0.2%
Cataclasite  C-2 241788 1471 93 2.16 226 46% 1210 1202 -0.7%
Fault gouge T-3-1 94154 1492 70 228 229 04% 1196 1202 0.5%
Fault gouge T-3-2 64118 1428 121 227 221 -26% 1208 1200 -0.7%
Fault gouge T-3-3 19558 1185 140 215 547x10™* 142 207 -37% 1254 766x107 121 1301 37%
Cataclasite  T-3-4 78628 1622 206 223 231 36% 1355 1334 -15%
Cataclasite  C-1 203854 1981 177 243 250 29% 1410 1362 -34%
Protolith T-5 201781 2590 204 290 284 -21% 1396 14.08 0.9%
Yamada Mushu Fault gouge YDA-3 49921 1108 130 205 979x10* 085 193 -59% 1199 695x10°* 112 1197 -02%
Cataclasite  YDA-4 165093 1333 119 198 216 91% 1205 1213 0.7%
Karakawa Protolith YK-1 329517 1730 244 261 254 -27% 1245 1240 -0.4%

that the modal CT number, Ncy, which is calculated
from the two-dimensional (2D) CT image whose periph-
eral CT values are excluded due to significant BH, could
be used to estimate the p and Z, values of the mineral
samples. Iwamori et al. (2020) also reported that the re-
corded CT values for a single tube voltage (140 kV) can
be used to estimate p and Z. for the mineral samples
since these parameters possess a positive correlation.

We have already highlighted the positive correlation
between p and Z, for each analyzed fault and rock type
in this study (Fig. 5¢). Therefore, we investigated the re-
lationship among Ncr, p, and Z, using the recorded CT
images taken for a single tube voltage (140 kV).

We used a third-generation medical X-ray scanner
(Aquilion Precision TSX-304A 160-row multi-slice CT;

Canon Medical Systems Co., Ltd; Otawara, Tochigi,
Japan) at CRIEPI. The scanner has a 0.25 mm slice
thickness and 0.098-0.313 mm pixel size. The X-ray
tube has a W target and a 0.4 mm x 0.5 mm focal size.
Three-dimensional CT images were acquired using a
single tube voltage (140 kV) and a 300 mAs tube
current-time product. AIDR 3D (Canon Medical Sys-
tems) was used for iterative approximation reconstruc-
tion (hybrid iterative reconstruction method), with the
FC30 reconstruction function employed. A CT image
(1,024 x 1,024 pixels) of an arbitrary 2D cross section
near the center of the sample was extracted from the 3D
CT image. The effective energy of 140 kV was set to
64.1 keV based on Hubbell’s (1982) measurement results
for fixed irradiation using an aluminum plate.
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Fig. 6 X-ray CT image analysis results for the Hiji outcrop samples. CT images of samples a HJ-8 and b MZ-5. CT number histograms for ¢ HJ8-1, d
HJ8-3, and e MZ-5. The modal CT number, Ncry, for each zone was calculated near the center (within the white dotted line), with the peripheral CT
numbers excluded. CT number profiles for f HJ-8 and g MZ-5, with the values calculated along the dash-dotted lines in (@) and (b), respectively
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4.3 Results

Table 4 shows the X-ray CT image, density, and XRF ana-
lysis results. Ncry was obtained from the central part of
each 2D CT image (within the white dotted perimeters in
Figs. 6, 7, 8 and 9). The periphery of each CT image, where
BH is significant and determined relative to the median CT
value, NcTumedians Calculated for the entire arbitrary cross-
sectional line (along the white dash—dotted line) using the
method outlined in Iwamori et al. (2020), was excluded.

4.3.1 The MTL at the Hiji outcrop
The CT images for sample HJ-8, which is from the fault
fracture zone in the Sanbagawa Belt, is dark at the fault

gouge zones (HJ8-2, HJ8-3, and HJ8-4; Fig. 6a). The
Nctm values are in the 994—1109 range across the fault
gouge, with the smallest value obtained within zone
HJ8-3, which is in contact with the latest main fault
plane Y. The cataclasite zones (HJ8-1 and HJ8-5), which
are outside the fault gouge zones, appear brighter than
the fault gouge, with Ncty values in the 1281-1333
range.

The CT images for sample MZ-5, a pelitic schist pro-
tolith in the Sanbagawa Belt, exhibit a striped pattern
corresponding to planar schistosity (Fig. 6b) and pos-
sesses a Ncry value of 2056. A narrow band (£ 1 mm
wide) that is brighter than the rest of the image is
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Fig. 7 X-ray CT image analysis results for the Awano-Tabiki outcrop samples. CT images of the a AT, b HA-1, and ¢ ATS-2 samples. CT number
histograms for the d AT-1, e AT-2, f AT-4, g HA-1, and h ATS-2 samples. The Ny value for each zone was calculated near the center (within the
white dotted lines in (a)-(c)), with the peripheral areas excluded. CT number profiles for i AT, j HA-1, and k ATS-2, with the values calculated

inferred to be a phengite vein, which has a greater effect-
ive atomic number than either quartz or albite.

Example histograms of the CT values in each of the
sampled zones are shown in Fig. 6c—e. Approximately

40,000-130,000 pixels are analyzed in each region, with
the Ncry values generally following a normal distribu-
tion and possessing a standard deviation of 112-312
(Table 4). There may either be an increase in the
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Fig. 8 X-ray CT image analysis results for the Oritodani outcrop samples. CT images of samples a T-3, b K-1, and ¢ T-5. CT number histograms for
d T-3-1, e T-3-3, f T-3-4, g K-1, and h T-5. The Ny, value in each zone was calculated near the center (within the white dotted lines in (a)-(c)),
with the peripheral values excluded. CT number profiles for i T-3, j K-1, and k T-5, with the values calculated along the dash-dotted lines in
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frequency to values lower than Ncry, or a small side
peak that is lower than Ncry; if the sample contains
many cracks; however, Ncty corresponds to the CT
value of the matrix, with the influence of cracks
excluded.

Figure 6 f and g show the CT value distributions along
the white dash—dotted lines in the CT image. We note
that the Ncrmedian Values (HJ-8: 991-1278, MZ-5: 2088)
are almost consistent with the Ncry values that were
calculated from the 2D CT images.

The Ncram—p: relationship for Sanbagawa pelitic schist
possesses a high positive correlation (p, = 9.54 x 107*
NcrMm + 0.76, y = 0.958; Fig. 10a). The calculated density
from this equation, p, is consistent with the real value,
pv and possesses an error of < 9.5% (Table 4).

The Ncra—Ze relationship (Zee = 2.67 x 107* N +
11.8) can be derived from the abovementioned Ncty—p
relationship; the p,—Z relationship is shown in Fig. 5¢
(Zet = 0.28p¢ + 11.6, y = 0.847). The effective atomic
number calculated from this equation, Z., is consistent
with the real value, Z, and possesses an error of < 1.4%
(Table 4).

4.3.2 The MTL at the Awano-Tabiki outcrop
The imaging results for samples AT, HA-1, and ATS-2
(Fig. 7a—c) are representative of the seven samples (AT,
ATR-2, ATR-3, ATR-4, ATS-1, ATS-2, and HA-1) col-
lected from the Awano—Tabiki outcrop.

The CT image for sample AT, which was taken from
rocks in the fault fracture zone that formed during the
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Fig. 9 X-ray CT image analysis results for the Mushu outcrop samples. CT images of the a YDA and b YK-1 samples. CT number histograms for ¢ YDA-
3,d YDA-4, and e YK-1. The Ny values were calculated near the center (within the white dotted lines in (@) and (b)) of each zone, with the peripheral
areas excluded. CT number profiles for f YDA and g YK-1, with the values calculated along the dash—dotted lines in (a) and (b), respectively

most recent fault activity, appears dark in the fault gouge
(AT-2 and AT-3) surrounding the main fault plane Y
(Fig. 7a), with Ncry values in the 1209-1665 range. The
smallest Nory value was observed in AT-2, which is in
contact with the latest main fault plane Y. The cataclasite
samples (AT-1, AT-4, and AT-5), which are outside of the
fault gouge zone, produce brighter images than the fault
gouge ones, with Ncry values in the 1718-1864 range.
Sample HA-1, a Hatai tonalite protolith from the
Ryoke Belt, possesses both dark-gray and mottled white

regions throughout the CT images (Fig. 7b), with a
Nctm value of 1908. A 1-2 mm thick band that appears
brighter than the rest of the image is inferred to be
hornblende and chlorite, both of which have larger ef-
fective atomic numbers than quartz and plagioclase.
Sample ATS-2, a pelitic schist protolith from the San-
bagawa Belt, possesses striped patterns corresponding to
planar schistosity in the CT images (Fig. 7c), with a
Ncrwm value of 1961. A narrow band (at most ~ 1 mm
wide) that appears brighter than the rest of the image
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is inferred to be a thin layer containing phengite and
calcite, both of which have larger effective atomic num-
bers than quartz.

Example CT value histograms for each zone are shown
in Fig. 7d-h. Approximately 12,000-200,000 pixels are
analyzed in each zone, with the Ncty values generally
following a normal distribution and possessing a stand-
ard deviation of 90—210 (Table 4). There may be a slight
increase in the frequency to values higher than Ncry
due to the influence of minerals with a large effective
atomic number in some instances; however, Ncty cor-
responds to the CT value of the matrix, with the influ-
ence of these minerals excluded.

Figure 7 i—k show the CT value distributions along the
white dash—dotted line in the CT image. We note that
the NcrMedian values (AT: 1386-1801, HA-1: 1965,
ATS-2: 1953) are almost consistent with the Ncram
values calculated from the 2D CT images.

The Ncrv—p: relationships for the Sanbagawa pelitic
schist and Ryoke tonalite possess high positive correla-
tions (pelitic schist: p, = 1.08 x 107 Nery + 0.56, y =
0.857; tonalite: p, = 1.19 x 107> Ney + 0.40, y = 0.813;
Fig. 10b, c). The p. values are consistent with the p;
values and possess errors of < 10.7% (Table 4).

The Ncry—Ze relationships (pelitic schist: Zy, = 1.57
x 107 Nepwm + 9.47; tonalite: Zo, = 3.31 x 107> Ny +
5.87) can be derived from the abovementioned Ncry—p:
relationships; the p—Z. relationships are shown in
Fig. 5c¢ (pelitic schist: Z, = 1.45p, + 8.7, y = 0.827; tonal-
ite: Zo = 2.78p, + 4.76, y = 0.802). The Z.. values are
consistent with the Z. values and possess errors of <
7.9% (Table 4).

4.3.3 The Tsuruga Fault at the Oritodani outcrop
The CT results for samples T-3, K1, and T-5 (Fig. 8a—c)
are representative of the five samples (T-3, C-2, K-1, C-
1, and T-5) collected from the Oritodani outcrop.
Sample T-3, which was taken from the rocks in the
fault fracture zone that formed during the most recent
fault activity, appears dark in the fault gouge (T-3-1, T-
3-2, and T-3-3) around the main fault plane Y in the CT
image (Fig. 8a), with Ncry values in the 1185-1492
range. The smallest Ncty value is in T-3-3, which is in
contact with the latest main fault plane Y. We consider
T-3-2 to be possibly affected by the most recent fault ac-
tivity based on our abovementioned analysis, but its
Ncrm value is 1428, which is about the same as that in
T-3-1 and exceeds that in AT-2, a fault gouge along an
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inactive fault. Furthermore, the observed microstruc-
tures in T-3 suggest that repetitive fault activity, which
is indicative of an active fault, is limited to fault gouge
T-3-3. Therefore, we classify T-3-1 and T-3-2 as inactive
fault gouge, and T-3-3 as active fault gouge in this ana-
lysis. The cataclasite (T-3-4) outside of the fault gouge
appears brighter than the fault gouge, with a Nty value
of 1622.

Sample K-1, a Koujaku granite protolith, possesses
dark-gray and fine-grained white areas throughout the
CT images (Fig. 8b), with a Ncry value of 1656. The
small white areas (< 2 mm diameter) in the image are in-
ferred to be biotite, which has a larger effective atomic
number than either quartz or plagioclase.

Sample T-5, which is a metabasalt protolith, is largely
gray in the CT image, with the exception of a white area
at the upper right of the sample (Fig. 8c) and has a
Ny value of 2590.

Example CT value histograms for each zone are shown
in Fig. 8d—h. Approximately 20,000-310,000 pixels are
analyzed in each region, with the Ncry values generally
following a normal distribution and possessing a stand-
ard deviation of 70—206 (Table 4). There may be a slight

increase in the frequency to values above Ncry; due to
the influence of minerals with a large effective atomic
number in some instances, but Nty corresponds to the
CT value of the matrix, with the influence of these min-
erals excluded.

Figure 8 i—k show the CT value distributions along the
white dash-dotted lines in the CT images We note that
the Ncraedian Values (T-3: 1204—1553, K-1: 1706, ATS-
2: 2612) are almost consistent with the N1y values cal-
culated from the 2D CT images.

The Ncrm—p: relationships for Koujaku granite and
metabasalt have high positive correlations (granite: p, =
1.23 x 107 Ney + 045, y = 0.872; metabasalt: p, = 547
x 107 Nerm + 142, y = 0.967; Fig. 10d, e). The p. values
are the p, values and possess errors of <3.7% (Table 4).

The Nepyv—Ze: relationships (granite: Ze, = 2.83 x 107*
Nerm + 11.6; metabasalt: Z., = 7.66 x 107* Nerm +
12.1) can be derived from the abovementioned Ncry—p
relationships; the p—Z. relationships are shown in
Fig. 5c (granite: Z, = 0.23p, + 11.5, y = 0.528; metaba-
salt: Zo = 1.40p, + 10.1, y = 0.669). The Z.. values
are consistent with the Z. values and possess errors
of < 3.7% (Table 4).
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Table 5 Comparison of p, Ze, Nerw, and the rock/protolith ratios (o, and Ze>®) for each of the analyzed samples

Fault  Location Material Sample p; Zo Nctm Rock/Protolith ratio andcompared Remarks
name number protolith (No.)
o Ze® protolith (No.)
MTL Hiji Cataclasite HJ8-1 203 1230 1333 073 0.98 (MZ-5) schist Hiji
Fault gouge HJ8-2 1.70 1204 1109 061 0.90 (MZ-5)
Fault gouge HJ8-3 189 1224 994 0.68 0.96 (MZ-5)
Fault gouge HJ8-4 1.80 1212 1065 0.65 0.92 (MZ-5)
Cataclasite HJ8-5 187 1211 1281 068 092 (MZ-5)
Mizoguchi Protolith MZ-5 277 1238 2056 1.00 1.00 (MZ-5)
Awano-Tabiki Protolith ATS-2 266 1264 1961 1.00 1.00 (ATS-2) schist Awanotabiki
ATS-1 261 1263 1640 098 1.00 (ATS-2)
Cataclasite AT-1 226 1134 1765 085 0.66 (ATS-2)
Fault gouge AT-2 1.79 1152 1209 067 0.70 (ATS-2)
Fault gouge AT-3 231 1136 1665 084 0.65 (HA-1) tonalite Ryoke
Cataclasite AT-4 261 1145 1864 095 0.67 (HA-1)
Cataclasite AT-5 244 1142 1718 0.89 0.66 (HA-1)
Cataclasite ATR-2 256 1217 1943 093 0.85 (HA-1)
Mylonite ATR-4 265 1213 1820 096 0.83 (HA-1)
Protolith HA-1 276 1272 1908 1.00 1.00 (HA-1)
Tsuruga Oritodani Protolith K-1 258 1216 1656 1.00 1.00 (K-1) granite Koujaku
Cataclasite C3 247 1211 1699 096 0.98 (K-1)
Cataclasite C-2 216 1210 1471 084 0.98 (K-1)
Fault gouge T-3-1 228 1196 1492 088 0.94 (K-1)
Fault gouge T-3-2 227 1208 1428 0.88 0.98 (K-1)
Fault gouge T-3-3 215 1254 1185 074 0.67 (T-5) metabasalt  Metabasalt
Cataclasite T-3-4 223 1355 1622 077 0.89 (T-5)
Cataclasite C-1 243 1410 1981 0.84 1.04 (T-5)
Protolith T-5 290 1396 2590 1.00 1.00 (T-5)
Yamada Mushu Fault gouge YDA-3 205 1199 1108 0.79 0.87 (YK-1) granite Miyazu
Cataclasite YDA-4 1.98 1205 1333 0.76 0.88 (YK-1)
Karakawa Protolith YK-1 261 1245 1730 1.00 1.00 (YK-1)
Mean of all samples Fault gouge - 192 1219 1092 069 0.86 - Avtive fault
Fault gouge - 216 1173 1449 082 0.82 - Inactive fault
Cataclasite - 228 1225 1637 084 0.86 - -
Protolith, Mylonite - 269 1263 1920 1.00 1.00 - -

4.3.4 The Yamada Fault at the Mushu outcrop
Sample YDA, which is from the Miyazu granite in the
fault fracture zone at the Mushu outcrop, appears dark
in the fault gouge of the CT image (YDA-3; Fig. 9a),
with a Ncpym value of 1108. The smallest Ny value is
in YDA-3, which is adjacent to the latest main fault
plane Y. The cataclasite zone (YDA-4), which is outside
of the fault gouge, is brighter than the fault gouge, with
a Ncrm value of 1333.

Sample YK-1, a Miyazu granite protolith, possesses
dark-gray and fine-grained white areas throughout the

CT images (Fig. 9b), with a Ncry value of 1730. The
white area (< 2 mm diameter) in the image is inferred to
be biotite, which has a larger effective atomic number
than both quartz and plagioclase.

Example CT value histograms for each zone are shown
in Fig. 9c—e. Approximately 50,000—330,000 pixels were
analyzed in each region, with the Ncry values generally
following a normal distribution and possessing a stand-
ard deviation of 119-224 (Table 4). There may be a
slight increase in the frequency to values above Nctym
due to the influence of minerals with a large effective
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Table 6 Statistics of the determined Nery values and rock/protolith ratios (o, and Ze>®)

Item Nerm Rock/Protolith p, ratio Rock/Protolith Z.:>® ratio
Fault Fault gouge Cataclasite Protolith, Fault Fault gouge Cataclasite Fault Fault gouge Cataclasite
gouge (Inactive) Mylonite  gouge (Inactive) gouge (Inactive)

(Active) (Active) (Active)

Max 1185 1665 1981 2590 0.79 0.88 0.96 0.96 0.98 1.04

75% 1109 1535 1815 1985 0.74 0.88 091 0.92 0.95 0.98

Median 1108 1460 1699 1864 0.68 0.86 0.84 0.90 0.82 0.89

25% 1065 1373 1402 1712 0.65 0.80 0.77 0.87 0.69 0.76

Min 994 1209 1281 1640 0.61 067 0.68 0.67 0.65 0.66

STD 62 163 239 288 0.06 0.09 0.09 0.10 0.14 0.13

Mean 1092 1449 1637 1920 0.69 0.82 0.84 0.86 0.82 0.86

Number 5 4 11 8 5 4 1 5 4 11

of data

atomic number in some instances; however, Ncty cor-
responds to the CT value of the matrix, with the influ-
ence of these minerals excluded.

Figure 9 f and g show the CT value distributions along
the white dash—dotted lines in the CT image. We note
that the Ncraedian values (YDA: 1105-1325, YK-1:
1782) are almost consistent with the Nty values that
were calculated from the 2D CT images.

The Ncrp—pe relationship for Miyazu Granite has a
high positive correlation (p, = 9.79 x 107 Neum + 0.85,
y = 0.893; Fig. 10f). The p. value is consistent with p;
and possesses the error of < 9.1% (Table 4).

The Nepav—Ze relationship (Zee = 6.95 x 107 Nery +
11.2) can be derived from the abovementioned Ncry—p;
relationship; the p.—Z relationship is shown in Fig. 5¢
(Zey = 0.71p, + 10.6, y = 0.975). The Z, value is consist-
ent with Z, and possesses an error of < 0.7% (Table 4).

5 Discussion

We have concluded that Ncty can be used to estimate
pr and Z, for the protolith and fault rock samples. Here
we further investigate the p—p. and Z.—Z.. relation-
ships, the lowest density domain, and the youngest ac-
tive domain relationships in major fault zones, as well as
the fault rock characteristics based on the Ncry—rock/
protolith ratio (p, and Z.) relationship, to validate the
feasibility of employing CT-based methods to
characterize fault zones.

5.1 pr—pc and Zy—Z relationships

There is no significant difference in the p—¢ relationship
for various fault rock and protolith types (Fig. 5b),
whereas the trend of the p—Z. relationship appears to
be dependent on the analyzed fault rock/protolith type
(Fig. 5¢). This indicates that Ny, which is a function
of p and Z., must be treated as an effective parameter
for examining fault rock and protolith characteristics by
fault rock/protolith type. We observe strong correlations

between p. and p,, and Z.. and Z for each fault rock
and protolith type, as shown in Fig. 11 (p: y = 0.944, Z.:
y = 0.895). Therefore, Nctpg, which is calculated by fault
rock/protolith type, should be a reliable parameter for
calculating the p, and Z values of a given rock sample
and determining its fault rock/protolith characteristics.

5.2 Fault rock characteristics based on the Ncpy—-rock/
protolith ratio (p, and Z,) relationship

We have demonstrated that p,, Z., and Ncry all
decrease as the main fault plane, identified by outcrop
observation, is approached Furthermore, p; is affected
by Z., as shown in Fig. 5c, with a distinct p—Z
relationship for each fault and protolith type. There-
fore, the effect of Z,, on p, is suppressed by using the
rock/protolith density ratio of each fault and protolith
type.

Table 5 shows the results of the analyzed fault rock
characteristics based on the relationships between Nctyvm
and the p, and Z rock/protolith ratios. The statistics of
the determined Ncry values and the p, and Z rock/
protolith ratios are provided in Table 6 and Fig. 12a—c.

The Ncrym values (taken at 140 kV) were ~ 1900 + 300
for the protoliths, ~ 1650 + 250 for cataclasite, ~ 1450 +
200 for the fault gouge along inactive faults, and ~ 1100
+ 100 for the fault gouge along active faults, as shown in
Fig. 12a. Both the Ncty values and Ncty variations de-
crease as the fault rock becomes more heavily deformed
and the main fault plane is approached.

The rock/protolith p; ratio was ~ 0.8 + 0.15 for cata-
clasite and the fault gouge along inactive faults, and ~
0.7 £ 0.1 for the fault gouge along active faults, as shown
in Fig. 12b. The p; ratio decreases as the fault rock be-
comes more heavily deformed and the main fault plane
is approached, whereas the variation in the p, ratio is ap-
proximately constant. Furthermore, the p, ratio differ-
ences among the different rock types are smaller than
the Ncrym differences.
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The rock/protolith Z. ratio was ~ 0.85, with no major
difference between the analyzed fault rock types, as
shown in Fig. 12c. Therefore, Z is not closely related to
the fault rock types, which indicates that any distinct
characteristics are dependent on differences in the pro-
tolith type (Fig. 5¢).

This study demonstrates that analysis of the Nctym
values in CT images provides the best proxy for de-
tecting changes in fault rocks characteristics as the
youngest active domain of a fault zone is approached.
Furthermore, the p. ratio of the active fault is smaller
than those of other fault rocks, and the Z. ratio de-
creases by ~ 15%, regardless of the protolith type. This
occurs because Ncty, which is a function of both p
and Z, is affected by both the changes in p
(dependent on the fault rock type) and decreases in

Z.. This is also due to how Ncry and the rock/pro-
tolith ratios are calculated: Ncry is calculated from
more than 12,000 pixels of data by eliminating the
sample area due to the influence of cracks or min-
erals with a large effective atomic number, with the
rock/protolith p; and Z ratios also calculated using
only a portion of each sample area.

The Ncrm—rock/protolith p, ratio relationship is
shown in Fig. 12d. Both Ncty and the rock/protolith
pr ratio decrease as the main fault plane is
approached and/or the degree of fracturing increases.
However, there is a significant overlap between the
Ncrm—pe ratio distribution areas for the fault gouge
along the inactive fault and cataclasite, making it
difficult to classify them using Nctym and the p;
ratio. This is due to the porosity increase, Ncrum
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decrease, and rock/protolith p, ratio decrease of the
cataclasite adjacent to the fault gouge along active
faults (HJ8-1, HJ8-5, T-3-4, YDA-4), which indicate
that the fault activity affected the cataclasite at
shallow depth.

5.3 The lowest density domain and youngest active
domain relationships in major fault zones

The lowest Ncty value for each analyzed fault is at the
fault gouge (HJ8-3, AT-2, T-3-3, and YDA-3), which is
in contact with the latest main fault plane Y, and the
rock/protolith p; ratio is also the lowest at or near fault
plane Y; these low values are due to the fact that the
depth at which these samples are affected by the youn-
gest fault activity is the shallowest at/near the active
fault plane. Therefore, the lowest density domain of a
fault may correspond to the youngest active domain of
each fault, and the youngest active domain may be esti-
mated using the Ny, which is a function of the density
and effective atomic number. However, it should be
noted that the lowest density region of a fault may not
necessarily correspond to the youngest active domain of
the fault because the density reduction of fault rocks
may result from shear damage due to the fault activity,
as well as the formation of secondary minerals due to
mineral precipitation, phase transition, dissolution into
groundwater, and other mechanisms. The possibility that
the lowest density domain identified by the Ncry corre-
sponds to the youngest active domain should be care-
fully examined in conjunction with detailed outcrop and
microstructural observations to confirm the presence of
lineations and composite planar fabric in the fault gouge
due to shearing. Outcrop observations of each fault
gouge from the youngest active domain identified in the
four analyzed faults highlighted lineations and composite
planar fabric due to shearing and possessed the lowest
density domain identified by the Ncty. Therefore, the
four faults in this study can be classified as cases in
which the lowest density domain corresponds to the
youngest active domain of fault activity.

It may therefore be possible to recognize the youngest
active domain of a fault zone via a joint analysis of the
lowest density domain identified by the Ncry, and fault
outcrop and fault gouge microstructure observations. It
is expected that the accuracy of the p; and Z, values ob-
tained from the CT values in the fault fracture zone will
be further enhanced as more studies conduct CT ana-
lyses on both active and inactive faults, and a greater di-
versity of protoliths.

6 Conclusions

This study considered fault rock and protolith samples
that were derived from pelitic schist, tonalite, metabasalt,
and granite along active faults (MTL, and Tsuruga and
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Yamada faults) and an inactive fault (MTL). The density,
porosity, and effective atomic number were determined
for the different fault and protolith types, and relation-
ships among the CT value, density, and effective atomic
number were investigated. Our major findings and con-
clusions are as follows.

(1) The fault rock density, p,, decreases as it approaches the
youngest active fault plane, and the porosity, ¢, tends to
increase by ~24% as p; decreases by 1 g/cm®, regardless
of the fault rock or protolith type. The porosity of the
cataclasite adjacent to the fault gouge along the active
faults is 19.7%, which is significantly larger than those of
the other cataclasite sample locations; this increased
porosity may be due to the shallow depth that is
affected by this proximal fault activity.

(2) The mean ¢ values are 1.5% (SD = 1.0%) for the
protoliths, 12.6% (SD = 6.9%) for cataclasite, 12.0%
(SD = 4.8%) for the fault gouge along the inactive
fault, 17.4% (SD = 4.6%) for the fault gouge along
the active faults, and 32.2% for the fault breccia.

(3) There is a positive correlation between p, and the
effective atomic number, Z, which is unique to
each fault and protolith type.

(4) The modal CT number, Ncry, which is calculated
from a 2D CT image (excluding the periphery
where BH is significant, and the influences of cracks
and minerals with a large effective atomic number)
can be used to estimate the p, and Z,; values of the
protolith and fault rock samples.

(5) The Ncrum values were ~ 1900 + 300 for the
protolith, ~ 1650 + 250 for cataclasite, ~ 1450 +
200 for fault gouge in the inactive fault, and ~ 1100
+ 100 for fault gouge in the active faults. Both
Ncrm and the variation in Nery; decreased near the
main fault plane. The Ncry of the fault rock in
each fault is the lowest in the fault gouge from the
youngest active domain.

(6) The rock/protolith density ratio was ~ 0.8 + 0.15
for cataclasite and fault gouge along the inactive
fault and ~ 0.7 + 0.1 for fault gouge along the active
faults.

(7) The change in fault rock characteristics due to the
transition to the youngest active domain of the fault
zone is more distinct when analyzing Ncry, which
is a function of the p; and Z, than the rock/
protolith (p, and Z,,) ratios.

(8) The Nctm can be used to identify the lowest
density domain of a fault.

(9) It may be possible to recognize the youngest active
domain in major fault zones via a joint analysis of
the lowest density domain identified using the
Ncrym and fault outcrop and fault gouge
microstructure observations.
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