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Abstract

In this study, paleostress and deformation conditions of the Late Cretaceous granitoids
in Chubu region were estimated using deformation microstructures. Paleostress analysis of
Cretaceous granitoids is important to discuss the geological structure.

Chapters 1 and 2 are introduction and geological background, respectively.

In Chapter 3, paleostress orientation was estimated using healed microcracks (HC)
developed in quartz grains in granitoids. Since HC preferentially forms perpendicular to the
minimum principal stress (o3) axis whereas difficult perpendicular to the maximum principal
stress (o) axis, paleostress directions can be estimated on the basis of the orientation
distribution of HCs. In previous studies, only the orientation of the o; axis could be estimated.
Recently, a new method that represents orientation distribution of crack poles by probability
density function had been proposed. This method allows to quantify the full paleostress (o1,
03, and intermediate principal stress: o) orientations and stress ratio. Moreover, it allows to
decompose overprinted crack distribution into multiple probability density distributions.
Therefore, even if microcracks have recorded different paleostress fields during several
tectonic stages, the new methods can separate each paleostress stage. In this study,
adjustment parameters in order to apply the new method for HC analysis is proposed, which
allow to and developed a method to estimate the orientation distribution of HCs in quartz
grains more accurately than in previous studies. Thereafter, the HC formation conditions and
paleostress of granitoids were determined for the samples collected from 1) the transect
parallel to the MTL from Shinshiro Tonalite and Tenryukyo Granodiorite; and 2) the transect
normal to the MTL from Shinshiro Tonalite, via. Busetsu Granite, Mitsuhashi Granodiorite,
Inagawa Granodiorite to Toki Granite. Based on the microthermometric analysis of fluid
inclusions constituting the HC, the formation temperatures of HCs were estimated to be 300—
450°C on average. Therefore, the formation age of the HCs approximates the cooling age,
75—64 Ma, of analyzed granitoids. As a result of the paleostress analysis, the o; axis shows
orthogonal to the MTL strike in vicinity of the MTL, while it tends to rotate counterclockwise
away from the MTL and roughly parallel to the MTL strike in the Toki Granite at about 60 km
away from the MTL. The o, and o, orientations show no correlation with the distance from
the MTL, however, regardless of the difference of rock bodies, they yield similar orientations
within the domain of about 10 km diameter.

In Chapter 4, paleostress orientation and the stress conditions of the ductile-to-brittle
regime have been assessed along the Asuke Shear Zone (ASZ) transected in the Inagawa

Granodiorite. Along the ASZ, pseudotachylyte and mylonitized pseudotachylyte are locally
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developed together with cataclasite. Mylonitized pseudotachylytes in the ASZ was considered
the products of deformation in the ductile-to-brittle transition regime (300-400°C). Since the
deformation temperature overlaps, the ASZ can be considered to be activated at the same time
of the formation of the HC described above. The paleostress orientation can be estimated
separately by two methods different from that of the HCs. One is from the fault kinematics of
the Asuke shear zone, and the other is from a distribution of the glide direction on the e-twin
plane of the twinned calcite in amygdules formed in the pseudotachylyte. Moreover,
deformation temperature and differential stress were determined using recrystallized quartz
grains in the mylonitized pseudotachylyte. The distribution of the glide direction on the
e-twin plane of the twinned calcite suggest that the trend and plunge of oy and of o3 axes are
228°/55° and 320°/1°, respectively. The twinning ratio and e-twin morphology indicate
differential stresses of 40—80 MPa at 150-200°C. The simultaneous operation of dislocation
creep and grain-size-sensitive creep, as indicated by the coexistence of the Z-maximum and
relatively random c-axis lattice preferred orientations as well as the sizes of dynamically
recrystallized quartz grains (6.40-7.79 pum) in the mylonitized pseudotachylyte, suggest
differential stresses of 110-130 MPa at ~300°C. Based on kinematic indicators in the fault
rocks, the stress conditions estimated from calcite twins, and the cooling history of the
granitic protolith, the ASZ is inferred to have been activated under a stress state that caused
sinistral normal movements before and after pseudotachylyte formation at 70-50 Ma.

In Chapter 5, the regional paleostress field in the Cretaceous granitoids during their
cooling stage was discussed based on the results of above paleostress analyses. The timing of
HC formation (75-65 Ma) and activity of the ASZ (70-50 Ma) are nearly overlapped, and the
orientation of o3 axes estimated from HCs around the ASZ the deformation structures in the
ASZ indicate similar orientation. Since the orientation of o3 axis estimated from the shear
zone and HC are harmonious, it is considered that the paleostress recorded in HC reflects the
regional stress field rather than the local stress as the sample scale. Therefore, it is considered
that the orientation of the o3 axis estimated from HC has recorded the regional stress field at
75—-65 Ma. The activity of the MTL at the Ichinokawa phase (63—-58 Ma) has been considered
to be extensional fault movement which caused juxtaposition of the Ryoke complex against
the Sanbagawa metamorphic rocks. The dominant o3 axis (NW-SE) normal to the MTL in the
vicinity of the MTL is considered to be related to the extensional faulting of the MTL in
Ichinokawa Phase. On the other hand, the dominant o5 axis (NE-SW) parallel to the MTL at a
distance from the MTL suggests the influence of plate convergence direction (NW) at about
75—64 Ma rather than the influence of MTL-normal extension. The rotation of the orientation

of the o; axis with respect to the distance from the MTL can be explained by relative strength
v



of the effects of tensile stress field that had developed around the MTL and of overall plate
convergence in Chub region. This study clarified the paleostress from the Cretaceous

granitoids that causes the normal fault movement of the MTL at the Ichinokawa phase.
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Chapter 1: Introduction

The Cretaceous granitoids are exposed throughout SW Japan from Kyushu to Kanto
Region, extending for nearly 1000 km in length and width of 30-50 km. These granitoids
were formed in the eastern part of the East Asia continent in the Middle—Late Cretaceous
(e.g., Okudaira et al., 2009). In addition, several left-lateral strike-slip faults such as Median
Tectonic Line (MTL) are considered to be active during this period (e.g. Yamakita and Otoh,
2000). Therefore, the record of igneous activity (Uyeda and Miyashiro, 1974; Kinoshita,
1995; Suzuki and Adachi, 1998; Okudaira et al.,, 2001; Sakashima et al., 2003) and
deformation (Takagi, 1984, 1985, 1986; Michibayashi et al., 1997; Jefferies et al., 2006;
Adachi and Wallis, 2008) of the Cretaceous granitoids are important to discuss the tectonics
of the plate convergence zone. The Cretaceous granitoids are widely distributed in Chubu
region, and many studies such as radiogenic dating (e.g. Suzuki and Adachi, 1998),
correlation of chemical compositions (Ishihara and Chappell, 2007), deformation analysis of
mylonite around the MTL (Takagi, 1984, 1985), structural analysis of macroscopic fracture
(Ishise et al., 2006) have been conducted. Although the Chubu region rotated due to opening
of Sea of Japan (Otofuji et al., 1985, 1999; Hoshi et al., 2015) and following collision of the
Izu-Ogasawara arc (Itoh, 1988; Takahashi and Saito, 1997; Otofuji et al., 1999) against the
Honshu arc on the basis of the paleomagnetic studies, it is possible to analyze the Cretaceous
paleostress by using the strike of the MTL as a marker of rotation (Shimada et al., 1998;
Aizawa and Takagi, 2008). Paleostress analysis has been carried out using microcracks
developed in the Cretaceous granitoids in Chubu region (Aizawa and Takagi, 2008; Takagi et
al., 2008, 2012). In this study, the new analysical method (Yamaji et al., 2010; Yamaji and
Sato, 2011) was used to estimate the paleostress analysis of healed microcracks (HCs) from
samples collected over a wide area in Chubu region. Furthermore, the deformation conditions
and paleostress were estimated along the Asuke Shear Zone (ASZ) extended in Toyota city,
Aichi Prefecture. These paleostresses from different methods were compared, and the
paleostress field during the cooling of the Late Cretaceous granitoids in the plate

convergence continental margin were discussed.



Chapter 2: Geotectonic framework in Chubu region

2.1. Basement geology of the Japanese Island

The basement rocks of the crustal surface layer of the Japanese Island are composed of
past accretionary complex and their high-pressure metamorphic terrains, and volcanic arc
granites that intruded into them (Fig. 2.1; Isozaki et al., 2010; Taira et al., 2016). The
Japanese Island can be divided into NE Japan and SW Japan arcs, which are separated by the
Fossa Magna. The SW Japan is divided into the Inner Zone on the north side and the Outer

Zone on the south side by the MTL. The Ryoke Belt, the southernmost belt of the Inner Zone

Legend 140°E v
Geological Terranes o
Inner Zone of SW Japan NE Japan
[ ]Hida belt [ Nemuro belt
[] Hida-Gaien belt [] Tokoro belt /'0
[ Joetsu belt [] Hidaka belt .o
Bl Oki belt [] sorachi - Yezo belt
[C]Renge belt [] Northern Kitakami-Oshima belt
] Akiyoshi belt [ Matsugadaira-Motai belt
[ Sangun belt [] Nedamo belt {
[ Maizuru belt [T southern Kitakami belt 4
[ Uttra-Tanba belt ] Abukuma belt )
[] Mino-Tanba-Ashio belt
[ Ryoke belt Metamorphism
[]Higo belt [+ Low-P/T ¢ N
N Hi . o
Outer Zone of SW Japan High-P/T [ K

[ sanbagawa belt Major Faluts

[ Chichibu belt MTL: Median Tectonic Line )
Il Kurosegawa belt ISTL: ltoigawa-Shizuoka Tectonic Line TTL é

% IShianni-o b;lt TTL: Tanakura Tectonic Line
zu-Bonin ridge

130°E

Fig. 2.1. Major tectonic units of Japan, modified after Isozaki et al. (2010) and Taira et al. (2016).
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and the Sanbagawa Belt, the northernmost belt of the Outer Zone contact longitudinally by

the MTL. In the Inner Zone, granitods intruded during the Cretaceous to the Paleogene are

widely distributed (Kinoshita, 1995; Isozaki et al., 2010).

2.2. Geological settings and petrography of Ryoke—Sanyo granitoids

2.2.1 Cretaceous—Early Paleogene granitic province

The Cretaceous—Early Paleogene granitic province in the SW Japan is the largest in the

Japanese Islands (Fig. 2.2). It extends from central Japan to Kyushu Island on the northern

side of the MTL, and the eastern margin of China, the Korean Peninsula, the Sikhote-Alin

and Okhotsk—Chukotka region of Russia (Ishihara, 1977; Kinoshita, 1995; Wakita, 2013;

Legend

[ ] Cretaceous - Paleogene volcanic rocks
- Cretaceous - Paleogene plutonic rocks
MTL: Median Tectonic Line

ISTL: Itoigawa-Shizuoka Tectonic Line

TTL: Tanakura Tectonic Line

130°E

140°E

Fig. 2.2. Distribution of Late Cretaceous to Paleogene plutonic rocks and volcanic rocks in Japan,
modified after Kinoshita (1995) and Wakita (2013).
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Nakajima et al., 2016; Fig. 2.2).The province is divided into three arc-parallel zones which,
from forearc to back-arc position, are called Ryoke, Sanyo and San-in belts (Nakajima, 1996;
Okudaira and Suda, 2011). The Sanyo and San-in belts are composed of volcano—plutonic
complex, while the Ryoke belt is a plutono—metamorphic belt accompanying migmatites
(Nakajima et al., 2016). Granitic rocks in both Ryoke and Sanyo belts are entirely Cretaceous
(115-65 Ma), while those in the San-in belt are of Middle Cretaceous—Early Paleogene age
(110-55 Ma) (Suzuki et al., 1994b, 1996; Suzuki and Adachi, 1998; Kawakami and Suzuki,
2011; Miyake et al., 2016).

In Chubu region of the SW Japan, Sanyo and Ryoke granitoids are widely distributed
(Fig. 2.3; Table 2.1). Ryoke Research Group (1972) classified the granitoids intrusion into
nine stages based on intrusion relationship at outcrop. Harayama et al. (1985) classified the
magmatic activities in the Cretaceous to Paleogene in Chubu region into five stages, in which

the activities of Ryoke—Sanyo granitoids were classified as stage I and II. The stage I (120—
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Fig. 2.3. Geological map of the Ryoke—Sanyo granitoids in Chubu region and sampling locations,
partly modified after Yamada et al. (1974).
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90 Ma) is the activity of plutonic rocks that caused Ryoke metamorphism (Harayama et al.,
1985). These granitoidss are developed as the sheet-like bodies that having a gneissose
structure in harmony with Ryoke metamorphic rocks (Harayama et al., 1985; Okudaira and
Suda, 2011). The stage II (90-65 Ma) is the activity of the plutonic rocks (Harayama et al.,
1985). These plutonic rocks and Sanyo granitoids were intruded as relatively small stock-like
bodies cross-cutting the general structure of the weakly metamorphosed host rocks (Okudaira
and Suda, 2011). Ryoke granitoids intruded in stages I and II are called Ryoke older and
younger rocks, respectively. Monazite CHIME age of Ryoke older and younger granitoids
have been reported 95-90 Ma and 90-70 Ma, respectively as an intrusive age of them (Suzuki
et al., 1994a, 1994b; Morishita and Suzuki, 1995; Suzuki et al., 1995; Nakai and Suzuki,
1996; Suzuki and Adachi, 1998). On the other hand, biotite K—Ar ages agree with the values
of 75-65 Ma for both Ryoke older and younger granite (Shibata et al., 1979; Shibata and
Takagi, 1988; Uchiumi et al., 1990; Yamada et al., 1992; Yuhara, 2011; Yuguchi et al., 2011;
Yamasaki, 2013).
Tenryukyo Granodiorite, Shinshiro Tonalite, Mitsuhashi Granodiorite, Inagawa
Granodiorite, Busetsu Granite and Toki Granite are used for paleostress analysis. Inagawa
Granodiorite has a wide range of distribution and several studies on the classification of rock

facies have been proposed (Nakai, 1976; Yamasaki and Ozaki, 2012; Miyake et al., 2016).

Table 2.1. Intrusion stages, classification and radiometric ages of Ryoke—Sanyo granitioids.

Granitoids Intrusion stage Intrusion stage Classification Monazite Biotite
(R.R.G.*, 1974) (Harayama, 1985) CHIME age K-Ar age

Kamihara Tonalite Stage-1 Stage-| older Ryoke 94.9-945 (1) 71.0-704 @
Hiji Tonalite Stage-1 Stage-I older Ryoke - 65.2 @
Tenryukyo Granodiorite Stage-2 Stage-| older Ryoke 92.2-89.7 (1.2 64.4-63.9 9
Kiyosaki Granite Stage-3 Stage-ll younger Ryoke 82.6-81.9 (2 -
Katsuma quartz diorite Stage-3 Stage-Il younger Ryoke - 62.8 8
Shinshiro Tonalite Stage-3 Stage-Il younger Ryoke 86.0-852 @3 68.0 (10
Mitsuhashi Granite Stage-4 Stage-Il younger Ryoke 84.1-838 45 714-707 )
lkuta Granite Stage-4 Stage-Il younger Ryoke - -

Inagawa Granodiorite Stage-5 Stage-Il younger Ryoke 826-819 70.7-66.4 (7)
Ichida Granite Stage-6 Stage-l| younger Ryoke 794 ® -

Busetsu Granite Stage-7 Stage-ll younger Ryoke 789-75.0 (9 71.4-708 )
Otagiri Granite Stage-7 Stage-Il younger Ryoke 77.4-76.3 (8 -

Takato Granite Stage-8 Stage-Il younger Ryoke - 65 (11)
Kisokoma Granite Stage-8 Stage-II younger Ryoke - -

Toki Granite Stage-9 Stage-Il Sanyo 68.3 (2 785-59.7 (12
Naegi Granite Stage-9 Stage-II Sanyo 67.2 (5 66.1-64.3 (13)
Agematsu Granite Stage-9 Stage-Il Sanyo - 66.1 -64.6 (13)

*: Ryoke Research Group. References cited are: 1 (Nakai and Suzuki, 1996), 2 (Suzuki and Adachi, 1998), 3 (Morishita and
Suzuki, 1995), 4 (Suzuki et al., 1994a), 5 (Suzuki et al., 1994b), 6 (Suzuki et al., 1995), 7 (Yamasaki, 2013), 8 (Shibata and
Takagi, 1988), 9 (Shibata et al., 1979), 10 (Uchiumi et al., 1980), 11 (Yuhara, 2011), 12 (Yuguchi et al., 2011), 13 (Yamada et
al., 1992).
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In this study, the rock facies of the Inagawa Granodiorite were divided into massive facies
and gneissose facies, following Miyake et al. (2016). Emplacement and cooling ages of each

Ryoke—Sanyo granitoids determined by several methods of radiogenic dating are shown in

Fig. 2.4.

Tenryukyo Granodiorite
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) ——-a:
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Toki Granite

—kK—11
Movement phase of the MTL
pre-Tobe Ichinokawa Kashio-II Kashio-|
14,15 14 oo— — 13 — 3
T T T T T
20 40 60 80 100
Age (Ma)

Fig. 2.4. Radiometric ages with 1o error bars of the Ryoke—Sanyo granitoids and age of major
activity phases of the MTL. References cited are: 1 (Nakai and Suzuki, 1996), 2 (Shibata et al.,
1979), 3 (Morishita and Suzuki, 1995), 4 (Uchiumi et al., 1990), 5 (Suzuki et al., 1994), 6
(Yamasaki, 2013), 7 (Suzuki and Adachi, 1998), 8 (Miyake et al., 2016), 9 (Murakami et al., 2006),
10 (Nakai and Suzuki, 2003), 11 (Yamasaki and Umeda, 2012), 12 (Yuguchi et al., 2011), 13
(Takagi, 1997), 14 (Takagi and Shibata, 1992), 15 (Takagi et al., 1992).

2.2.2 Petrography of sample

(1) Tenryukyo Granodiorite (Fig. 2.5a): Medium—coarse-grained biotite hornblende
Granodiorite which has gneissose texture defined by the preferred orientation of mafic
minerals. It is mainly composed of quartz, plagioclase, biotite, hornblende, and K-feldspar,
with accessories of apatite, zircon and opaque minerals. Quartz (0.2—4.6 mm long) occurs as
anhedral grains and shows undulose extinction. Quartz grain boundaries are often sutured.

Plagioclase (0.2-10.9 mm long) occurs as subhedral-euhedral grains with weak zoning.



Fig. 2.5. Photomicrographs of the Late Cretaceous granitoids (XPL; crossed polarizers). (a)
Tenryukyo granodiorite (sample Tn-6). (b) Shinshiro tonalite (sample Sn-3). (c) Mitsuhashi
granodiorite (sample Mt-1). (d) Inagawa granodiorite (sample In-2). (¢) Busetsu Granite (sample
Bs-2). (f) Toki Granite (sample AK).

Biotite (0.2-2.2 mm long) occurs as subhedral grains and some of them form
glomeroporphyritic texture. Hornblende (0.4-5.9 mm long) occurs as subhedral-euhedral
grains. K-feldspar occurs as anhedral grains.

(2) Shinshiro Tonalite (Fig. 2.5b): Medium-grained biotite hornblende tonalite with

equigranular texture and rarely porphyritic texture. It is mainly composed of plagioclase,
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quartz, biotite, hornblende and rarely K-feldspar with accessories of apatite, opaque minerals,
zircon and titanite. Plagioclase (0.3-3.5 mm long) occurs as subhedral-euhedral grains.
Quartz (0.2-3.3 mm long) occurs as anhedral grains and shows undulose extinction. Biotite
(0.3-5.6 mm long) occurs as subhedral grains and some of them show glomeroporphyritic
texture. Hornblende (0.4-5.9 mm long) occurs as subhedral-euhedral shape. Hornblende
phenocrysts as large as 1.2 cm in length were observed. K-feldspar occurs as anhedral grains.

(3) Mitsuhashi Granodiorite (Fig. 2.5¢): Medium-grained biotite hornblende granodiorite
with weak gneissose texture defined by the preferred orientation of biotite and plagioclase. It
is mainly composed of plagioclase, quartz, biotite, hornblende and K-feldspar with
accessories of apatite, zircon, titanite and opaque minerals. Plagioclase (0.2—6.4 mm long)
occurs as subhedral-euhedral grains with weak zoning. Quartz (0.2—6.0 mm long) occurs as
anhedral grains and shows undulose extinction. Biotite (0.2-4.0 mm long) occurs as
subhedral grains and some of them show glomeroporphyritic texture. Hornblende (0.4-0.7
mm long) occurs as subhedral-euhedral grains. K-feldspar occurs as anhedral grains.

(4) Inagawa Granodiorite (gneissose facies; Fig. 2.5d): Medium-grained porphyritic biotite
hornblende granodiorite. Samples In-1, In-2 and In-4 correspond to this facies. It has
gneissose texture defined by the preferred orientation of mafic minerals. It is mainly
composed of plagioclase, quartz, biotite, K-feldspar and hornblende, with accessories of
apatite, zircon, titanite and opaque minerals. Plagioclase (0.2-5.1 mm long) occurs as
subhedral-euhedral shape with weak zoning. Quartz (0.2-4.5 mm long) occurs as anhedral
grains and shows undulose extinction. Biotite (0.2—2.4 mm long) occurs as subhedral grains
and some of them show glomeroporphyritic texture. K-feldspar occurs as anhedral grains.
Hornblende (0.7-6.7 mm long) occurs as subhedral-euhedral grains.

(5) Inagawa Granodiorite (massive facies): Coarse-grained biotite hornblende granodiorite.
It is mainly composed of plagioclase, quartz, K-feldspar, biotite and hornblende, with
accessories of apatite, zircon, titanite and opaque minerals. Plagioclase (0.4-10.2 mm long)
occurs as subhedral-euhedral grains with weak zoning. Quartz (0.3-4.9 mm long) occurs as
anhedral grains and shows undulose extinction. K-feldspar occurs as anhedral grains. Biotite
(0.5-3.4 mm long) occurs as subhedral grains. Hornblende (0.3-3.8 mm long) occurs as
subhedral-euhedral grains.

(6) Busetsu Granite (Fig. 2.5¢): Fine—coarse-grained biotite muscovite granite. It is mainly
composed of quartz, plagioclase, K-feldspar, biotite and muscovite, with accessories of
apatite, garnet, zircon, and opaque minerals. These mineral composition and high Al contents
(Ishihara and Chappell, 2007) suggest that the Busetsu Granite belongs to S-type granitoid.

Plagioclase (0.2-2.4 mm long) occurs as subhedral-euhedral grains with weak zoning. Quartz
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(0.2-3.0 mm long) occurs as anhedral grains. K-feldspar occurs as anhedral grains. Biotite
(0.2-2.0 mm long) and muscovite (0.2—1.6 mm long) occur as subhedral grains.

(7) Toki Granite (Fig. 2.5f): Fine-grained biotite muscovite granite with an equigranular
texture or rarely porphyritic texture. It is mainly composed of quartz, plagioclase, K-feldspar,
biotite and muscovite, with accessories of apatite, allanite, titanite, zircon, and opaque
minerals. Plagioclase (0.2-1.4 mm long) occurs as subhedral-euhedral grains with weak
zoning. Plagioclase phenocrysts as large as 7.1 mm in length were observed. Quartz (0.3-2.0
mm long) occurs as anhedral grains. Quartz phenocrysts as large as 8.3 mm in length were
observed. K-feldspar occurs as anhedral grains. Biotite (0.2-1.0 mm long) and muscovite

(0.2—0.4 mm long) occur as subhedral grains.

2.3. Regional metamorphism of the Ryoke Belt

The Ryoke metamorphic rocks have been subdivided into a number of mineral zones,
with the highest-grade zone being lower granulite facies (800°C at 600 MPa; lkeda, 2002,
2004). The main metamorphism occurred during mid-Cretaceous times (c. 100 Ma; Suzuki
and Adachi, 1998). The protolith of the metamorphic rocks is considered to be a Jurassic
accretionary complex of the Mino—Tanba Terrane (Nakajima, 1994; Okudaira and Suda,
2011). The Ryoke metamorphism was caused by the intrusion of the older Ryoke granitoids
(Ikeda, 1998; Okudaira et al., 2001; Miyazaki, 2010).

2.4. Deformation events of the Ryoke Belt

Three generations of ductile deformation structures are recognized within the Ryoke
Belt (D;, D, and D;; Hara et al., 1991; Okudaira et al., 1993, 2001; Okudaira and Suda, 2011).
D, is the time of schistosity-forming deformation during the intrusion of the older granitoids
(Wallis and Okudaira, 2016). Many kinds of asymmetric deformation structures such as
intrafolial folds with axial planes parallel to the schistosity, slightly rotated boudins of
quartzo—feldspathic veins and thin layers of metachert, extensional crenulation cleavages,
and rotated porphyroblasts are reported (Wallis and Okudaira, 2016). The deformation at the
D, occurs at the time of low-pressure high-temperature type metamorphism (Okudaira and
Suda, 2011) and D, is considered to be about 100 Ma from the monazite CHIME age of
metamorphic rocks (Suzuki et al., 1994a, 1994b). D, is the time of localized deformation that
formed granite mylonites near the MTL (Okudaira and Suda, 2011). D, mylonite zone,
referred to as the Kashio mylonite zone or the Ryoke southern marginal shear zone, formed
within the Ryoke Belt during sinistral top-to-the-west shearing along the MTL (Takagi, 1986;
Sakakibara, 1996; Shimada et al., 1998). Two deformation periods (1st: 95-85 Ma and 2nd:
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70—65 Ma) are known, and the deformation condition is >450°C and 450-300°C, respectively
(Michibayashi and Masuda, 1993; Takagi, 1997). Djs is the time of the series of uplifting folds
with east—west-trending axes, which occurred during and/or after D, mylonitization (Shimada
et al., 1998; Okudaira et al., 2001). The younger granitoids intruded during and after the
formation of the D3-uplift folds (Nishiwaki and Okudaira, 2007; Wallis and Okudaira, 2016).

2.5. Movement history of the MTL

About the history of the activity of the MTL, Yehara (1936) suggested that there are
multiple stages in the activity of the MTL, and Kobayashi (1941) reported that there were
four activity stages. After that, Ichikawa (1980) subdivided the activity stages into five: the
Kashio phase, the Ichinokawa phase, the Tobe phase, the Ishizuchi phase and the Shobutani
phase. A study to estimate the timing of the MTL activity was conducted after the latter half
of the 1980s, K—Ar dating of authigenic mica clay mineral (e.g. illite) in fault gouge (Shibata
and Takagi, 1988; Shibata et al., 1988; Takagi et al., 1989, 1991; Shibata and Uchiumi, 1992;
Tanaka et al., 1992), fission-track (FT) dating of zircons in tuff (Kashima and Takechi, 1996;
Narita et al., 1999) and K—Ar dating of biotite in tuff (Takeshita et al., 2000). I summarize the
movement of the MTL in each activity stage following Kubota and Takeshita (2008).

The Kashio phase is the birth stage of the MTL, which formed as granite mylonite
zones by sinistral shear in the southern marginal part of the Ryoke Belt (Hara et al., 1977,
Takagi, 1997; Kubota and Takeshita, 2008). The mean grain size of recrystallized quartz
shows a value of 50 um or less within 500 m from the MTL (Hayashi and Takagi, 1987,
Takagi, 1986; Michibayashi and Masuda, 1993).

The Ichinokawa phase (63—58 Ma; Takagi and Shibata, 1992) is the movement stage of
the MTL, during the formation of the sedimentary basin of the Upper Cretaceous Izumi
Group, and its subsequent juxtaposition against the Sanbagawa metamorphic rocks occurred
(Kubota and Takeshita, 2008). Since this phase is in agreement with the oldest age of the
MTL fault gouge (Shibata et al., 1989) and pseudotachylyte developed in the Ryoke granites
(Takagi et al., 2010), it is considered that the MTL started to deform in a brittle manner in
this phase. The [zumi sedimentary basin formed as a pull-apart basin, which resulted from a
left-lateral strike-slip along the MTL in this phase (Miyata et al., 1980). Fault, boudinage and
north-vergent folds in the [zumi Group along the MTL show normal faulting along the MTL
(Kubota and Takeshita, 2008). Therefore, the MTL movement in the Ichinokawa phase is
thought to include the left-lateral strike-slip and top-to-the-north normal faulting associated
with the early stage of exhumation of the Sanbagawa schist (Kubota and Takeshita, 2008).

The pre-Tobe phase (45-25 Ma; Takagi and Shibata, 1992; Takagi et al., 1992) defined
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by a north—south-directed shortening, which is responsible for a large-scale folding of the
Izumi Group and thrusting of the Northern over the Southern Izumi Belt (Kubota and
Takeshita, 2008).

The Tobe phase (16—15 Ma; Kubota and Takeshita, 2008; Takeshita, 2010) defined as
the movement stage of the MTL when the Izumi Group thrust over the Lower Miocene Kuma
Group (Takagi et al., 1992; Takahashi, 1992). Dragging deformation of the Kuma Group
(Takahashi, 1992), cataclastic deformation of the Izumi Group (Kubota, 2015) and thrust of
dolomitic schist between the Izumi Group and the Kuma Group (Takagi et al., 1992) are
reported as the deformation structures due to the thrust of the MTL.

The Ishizuchi phase (14-10 Ma; Takagi and Shibata, 1992) defined as the intrusion of
igneous rock of the Middle Miocene along the MTL (Shibata and Nozawa, 1968; Tazaki et al.,
1990; Tatsumi et al., 2010) and Subsequent faulting that cut these (Suyari and Akojima, 1974;
Takagi et al., 1992). Takagi et al. (1992) pointed out that a top-to-the-north normal faulting
has overprinted in this phase in the dolomitic schist which was thrusted at the Tobe phase.

The Shobutani phase (2 Ma—present; Ichikawa, 1980; Kubota and Takeshita, 2008)
defined as the phase when the MTL has been reactivated as right-lateral strike-slip active

fault in southwest Japan (Okada, 1973; Sangawa, 1977; Okada, 2012).
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Chapter 3: Determination of the regional paleostress field using healed microcracks

3.1. Introduction

Granitic bedrocks contain macroscopic fractures (joints, faults), mesoscopic cracks
(mesocracks) and microscopic cracks (microcracks). Since the meso- to microcracks affect
physical properties of bedrocks such as strength, elastic wave velocities, a thermal
conductivity and permeability, many studies on the effects of meso- to microcracks have been
reported (Yoshida et al., 1989; Takemura and Oda, 2002; Nara and Kaneko, 2006; Ishise et al.,
2006; Takeuchi et al., 2013). If anisotropy of rocks and constituent minerals due to the
existence of cleavage is negligible, the microcracks preferably form normal to the minimum
principal stress (o3) axis (Tuttle, 1949). Therefore, after this description by Tuttle (1949),
many studies have been carried out to estimate the paleostress direction based on the
orientation distribution of microcracks in quartz grains (Plumb et al., 1984; Lespinasse and
Pecher, 1989; Vollbrecht et al., 1991; Takeshita and Yagi, 2001; Takagi et al., 2008, 2012;
Nadan and Engelder, 2009; Sato and Takagi, 2010). The microcrack has an advantage that it
is possible to estimate deformation histories from a small oriented sample taken from an
outcrop or from a drilling core (Kowallis et al., 1987; Takagi et al., 2008). In previous studies,
only the orientation of the o3 axis could be estimated. However, orientations of all principal
stress axes and a stress ratio can be recently estimated (Baer et al., 1994; Yamaji et al., 2010).
These methods are extended further, even if microcracks recorded several tectonic stages,
new methods can separate and detect the paleostress per stage (Yamaji and Sato, 2011;
Yamaji, 2016). In this study, applicable conditions to use the new method for microcrack
analyses were examined, and a method to estimate the orientation distribution of microcracks
was developed. Furthermore, the paleostress during the Late Cretaceous granitoids in Chubu

region was estimated.

3.2. Microcrack
3.2.1. Previous studies of the microcrack

A microscopic crack in rocks and minerals is called microcrack. Simmons and Richter
(1976) defined the word “microcrack” as “an opening that occurs in rocks and has one or two
dimensions smaller than the third. For flat microcracks, one dimension is much less than the
other two and the width to length ratio, termed crack aspect ratio, must be less than 10 and
is typically 107 to10~. The length...typically is of the order of 100 pm or less”. Many studies

have been reported using microcracks as described below. The process of healing and sealing
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of crack based on the cathode luminescence observation (Sprunt and Nur, 1979; Laubach et
al., 2004; Laubach and Diaz—Tushman, 2009). Estimate the deformation conditions such as
temperature, pressure, salinity and other compositional data using fluid inclusions and
secondary minerals form microcracks (Hay et al., 1988; Evans, 1995; Lespinasse, 1999;
Laubach, 2003; Fischer et al., 2009). Estimate the paleostress conditions using the orientation
distribution of microcracks (Plumb et al., 1984; Lespinasse and Pecher, 1986; Vollbrecht et
al., 1991; Takeshita and Yagi, 2001; Takagi et al., 2008; 2012; Nadan and Engelder, 2009;
Sato and Takagi, 2010).

3.2.2. Classification and occurrence of microcracks

Microcracks are classified into three types (healed microcrack, sealed microcrack and
open microcrack; Fig. 3.1) on the basis of origin (Padvani et al., 1982). Healed microcrack
(HC) is a fracture that has been healed by the same mineral of mother crystal. HC is
recognized as the fluid inclusion plane under the microscope. However, not all of fluid
inclusions constitute the HC. Fluid inclusions are classified into four types (primary inclusion,
secondary inclusion, pseudosecondary inclusion and exsolution inclusion; Fig. 3.2a) on the
basis of the formation processes (Takenouchi, 1975; Roedder, 1983, 1984; Sander and Black,
1988). Primary inclusions are trapped during the growth of the surrounding host crystal.
Primary inclusions are distributed randomly within the cores of crystal and sometimes show a
distinctive shape called negative crystal. Secondary inclusions are formed after the crystal
growth has completed. If a fracture has been formed after the crystal growth, some fluids may
enter the fracture and become trapped as fluid inclusions. The process of splitting from the
large inclusion to small inclusions called necking down (Roedder, 1962; Fig. 3.2b).
Pseudosecondary inclusions have been formed by the same process as secondary inclusions,
but fracturing and healing have taken place at some point or points during the growth of the
crystal. Therefore, unlike the secondary inclusion, pseudosecondary inclusions are not
continuous to the outside of the crystal. Exsolution inclusions form as a result of internal
isochemical phenomena within the crystal (Sander and Black, 1988). Among these fluid
inclusions, secondary and pseudosecondary inclusions are able to use to estimate the
paleostress. However, since it is difficult to identify the types of the fluid inclusions, all of
the fluid inclusion planes that can be observed under the microscope were used to analysis.
Sealed microcrack (SC) is a fracture has been sealed by secondary minerals such as carbonate
minerals, chlorite, K-feldspar, plagioclase, prehnite, barite, pyrite and magnetite (Hay et al.,
1988; Takeshita and Yagi, 2001; Laubach, 2003). Open crack (OC) is a fracture that surface is

opened.
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Fig. 3.1. Photomicrographs of microcracks developed in quartz grains (XPL). (a) Several kinds of
microcracks (sample In-9). (b) Intercrystalline and intracrystalline HCs showing similar orientation
(sample Tn-6). (c) Cross-cutting relationships between earlier HC and SC (sample Tn-6). (d) Fluid
inclusions constituting HC in quartz (sample MT-1).

Microcracks are also classified into four types (grain boundary crack, intracrystalline
crack, intercrystalline crack and cleavage crack; Fig. 3.2c) on the basis of the occurrence
(Kranz, 1983). Grain boundary cracks are those along the grain boundary. Intracrystalline
cracks are relatively small, usually less than a grain diameter in length and about 1 pm or less
in width. Intercrystalline cracks are longer and often wider than the intracrystalline cracks,
but are otherwise morphologically similar. Intercrystalline cracks are transgranular and are
casily seen at low magnifications. Cleavage cracks are spaced and separated crakcs along
cleavage planes in the mineral. They are often seen to occur in parallel sets of various lengths
within one grain. The intergranular and intragranular microcracks in quartz grains were

analyzed to estimate the paleostress.



15

(®) b-1 b-2

process ‘—#

Fig. 3.2. (a) Schematic occurrence of healed crack (modified after Sawaki, 2003). (b) Formation
process (modified after Roedder, 1962). (b-1) Forming a fracture, (b-2) infiltration of a liquid, (b-3)
Solution and rprecipitation of material from the liquid on the fracture surface results in dendritic
growths, which meet and close off small volumes of liquid, (b-4) decreasing gradually lose surface
area and become rounded bubbles or hollow negative crystals. (¢) Occurrence of microcracks,
modified after (Randive et al., 2014).

3.2.3. Conditions of microcrack formation

Healing of microcracks is caused by diffusion of silica on the crack surface and in the
fluid (Smith and Evans, 1984; Brantley et al., 1990; Sawaki, 2003). Although the healing rate
is affected by the shape and the opening width of the crack surface and silica concentration of
a fluid, it is expressed as an exponential function of temperature (Hickman and Evans, 1987).
According to Smith and Evans (1984), a crack that heals completely in 2 days at 400°C would
require several months to years at 200°C. The formation conditions of fluid inclusions
constituting the HC can be estimated by fluid inclusion microthermometry (Sawaki, 2003;
Takagi et al., 2008, 2012; Jang and Kang, 2011), and it is considered that the HC is formed at
a temperature of above 200°C. On the other hand, a low temperature below 200°C causes the
healing rate decrease and formation of the SC (Takeshita and Yagi, 2001). Sealing by

secondary minerals can be faster than the growth of crystal at this temperature (Lander and
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Laubach, 2014). Takagi et al. (2008, 2012) have been reported the cross-cutting relationship

between earlier HC and later SC, and the same cutting relationship was observed in this study

(Fig. 3.1¢).

3.3. Dike method

The method to estimate paleostress based on the orientations of dilational fractures
such as dikes, mineral veins and microcracks are called dike method (Anderson, 1951).
Studies and progress of the dike method have been reviewed by Marinoni (2001) and Yamaji
(2012). Extension fractures have been thought to be perpendicular to the regional o3 axis (e.g.
Anderson, 1951; Nakamura, 1977). In other words, orientations of o3 axis can be estimated by
the maximum concentration orientation of dike poles. This method is applied to microcracks
and many studies have been estimated paleostress using the orientation distribution of
microcracks (Plumb et al., 1984; Lespinasse and Pecher, 1986; Vollbrecht et al., 1991;
Takeshita and Yagi, 2001; Takagi et al., 2008; 2012; Nadan and Engelder, 2009; Sato and
Takagi, 2010).

However, earlier studies can estimate only the orientation of o3 axis. The method to
estimate the orientation of the maximum and intermediate compressive principal stress (o,
and o,) axes has been developed by Delaney et al. (1986) and subsequent studies (e.g. Baer et
al., 1994; Jolly and Sanderson, 1995, Yamaji et al., 2010). Delaney et al. (1986) formulated

the criterion for re-opening of pre-existing fractures as
P > oy (3.1)

where Py is the pressure of the fluid which makes dikes or cracks, and oy is the tectonic
normal stress acting on the fracture surface. Although this criterion neglects tensile strength
of pre-existing fracture, the criterion will be satisfied with oy is low. In other words, dikes or
cracks are easy to form perpendicular to the o; axis and difficult to form perpendicular to the
o, axis. In this case, the variation in the orientation of dikes or cracks is determined by stress
ratio defined as @ = (0, — 03)/(6; — 03) and dimensionless normalized fluid pressure defined
as p=(p; —03)/(c; —03) (Yamaji et al.,, 2010). Therefore, by assuming a frequency
distribution of p, it can be expressed the orientation distribution of dikes or cracks in the
distribution function. Yamaji et al. (2010) assumes an exponential distribution as a frequency
distribution of p and proposed a method to determine all principal stress axes orientations and
the stress ratio by fitting the Bingham distribution (Bingham, 1974; Fig. 3.3) to the
orientation distribution of the dike poles. The Bingham distribution has the probability

density,
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Fig. 3.3. Probability densities of the Bingham distribution with different x; and x, values on the
sphere. The contour intervals are different on each projection: the range between the minimum and
maximum densities is divided into 10 intervals

Py(v|K,E) = %exp(vTETKEV) (3.2)

where v is the unit vector representing an orientation, 4 is the normalization constant, T
indicates matrix transpose, E = (e, e,,e;) is the orthogonal matrix representing the axes of
the minimum, intermediate and maximum concentrations, respectively, and K = diag(x, x,,0)
is the matrix characterizing the distribution (Bingham, 1974; Onstott, 1980; Yamaji et al.,
2010). The parameters, k; and k, (k; <k, <0) are negative in sign, and their absolute
values denote concentrations. In this case, stress ratio, @, correspond with x,/k;, and the
correspondence of the oy, 0, and o; axes with the minimum, intermediate and maximum
concentration axes, respectively (Yamaji et al., 2010). The development of this approach,
dike method has evolved as a method can estimate the o}, 0, and o3 axes and stress ratio.
Incidentally, rocks commonly contain several HC clusters reflecting differences in
stress orientation over geologic history (e.g. Dezayes et al., 2000; Laubach and Diaz—
Tushman, 2009). In this study, several HC clusters were detected using mixed Bingham

distribution model (Yamaji and Sato, 2011; Fig. 3.4). The mixed Bingham distribution has the
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probability density,

K

Pop(vl0, @) = ) @ Py(v[x") (3.3)

k=1
where x is a five-dimensional vector one-to-one correspondence with (K,E), Pg(v[x) is the
probability density of the Bingham distribution with the parameters that are denoted by x, K
is the number of elliptical clusters or girdles, and w* is the compounding ratio or the mixing
coefficient (Bishop, 2006) of the kth Bingham distribution of which parameters are
represented by x* (Yamaji and Sato, 2011). The coefficients satisfy 0 < w* <1 and

o'+ @+ ok =1; ot

means the significance of the kth subset. The argument, 0, of the
function P,z in Eq. (3.3) stands for all the K vectors: 0 = {xl,xz,---,xK}, and another
argument of the function is @ = {wl,wz,u-,wK}. Yamaji and Sato (2011) introduce the
Bayesian information criterion (BIC; Schwarz, 1978) to estimate the number of clusters, K.

The function of the BIC described as
BIC = —2L (0, ®) + (6K — 1)log, N (3.4)

where N is the number of data. L(0, ™) is the logarithmic likelihood function to evaluated the

goodness of mixed Bingham distribution,

N
L0, @) = )’ log, Pp(v,|0, ) (3.5)

n=1

where v, is the unit vector indicating the nth datum. The mixed distribution that best fits the
N data is given by the optimal parameter set, (6,1%), that maximizes this eq. 3.5. BICs are
evaluated for various K values, and the values corresponding to the minimum BIC is chosen
as the best. The mixed Bingham distribution with the best K value is thought to be the
optimal mixture model for the given data (Yamaji and Sato, 2011). According to this, one of
the HC that formed by any stress of the K stress, the probability of kth stress is quantitatively

determined as ’kaB(V|Xk). HC with a pole orientation v belong in the probability of

Bingham distribution 1 Bingham distribution 2 Bingham distribution 3 Mixed Bingham
distribution

Fig. 3.4. Equal-area projections showing probability densities of the Bingham distributions 1-3,
and their mixture distribution. The contour intervals are different on each projection: the range
between the minimum and maximum densities is divided into 10 intervals.
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Py <V|X1), SO PB(leK) to each K clusters. The responsibility of the kth one for the nth datum
or the membership of the datum to the kth group is determined as P]3(v|xk)/2,{<=1 PB(V|Xk).
To estimate the optimal parameter set, (é,(f;) , Yamaji and Sato (2011) introduce
expectation—-maximization (EM) algorithm and Yamaji (2016) introduce the method that
combines the genetic algorithm and EM algorithm. In this study, the parameter was estimated

using the method by Yamaji and Sato (2011).

3.4. Estimates of orientation distribution of HC

Procedure to estimate the orientation distribution of HC is the following four steps: 1)
Make a thin-section, 2) Measurement of the orientation of HC, 3) Correct the observation
bias and estimates three-dimensional orientation distribution of HC, 4) Make a contour
diagram (Fig. 3.5). The paleostress was detected from each sample by fitting the mixed

Bingham distribution of the estimated orientation distribution of HC by above four processes.
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Fig. 3.5. The explanation for estimating the distribution of HCs, the example for sample Bs-3. (a)
The relationship between three orthogonal observation planes (XPL). (b) Picture of universal-stage
attached with microscope. (c) Overview of thin sections with quartz grains that can be observed in
the universal-stage (red grains). (d) Pole figures of HCs with the direction that can be measured in
the universal-stage (gray area), lower-hemisphere, equal-area projections. (e) Superposed
projections of pole figures for HCs from three orthogonal observation planes. (f) Superposition of
observation ranges from three orthogonal observation planes, modified after Vollbrecht et al.
(1991). Pole of HCs in the numbered area can be measured in only one observation plane. (g)
Gaussian contour diagram with levels are 10 % to 90 % (in 10 % increments) of the maximum
density.
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3.4.1. Thin-section preparations

An oriented samples were collected from outcrop and each thin-section of three
orthogonal orientations (horizontal plane, N—S—vertical plane, E-W—vertical plane; Fig. 3.5a)
were prepared. Since the dip of HC is measured using the information in the thickness
direction of the thin-section, the thickness of thin-section was set at 0.05-0.10 mm. In this
case, interference color of quartz indicates purple in the first order to blue in the second

order.

3.4.2. Measurement of the orientation of HC

The orientation of HCs in each thin-section was measured using a universal-stage (Fig.
3.5b). By the mechanical constraints of the universal-stage, the range that can be observed in
thin-section is limited to about one-third of the thin-section in the center (Fig. 3.5¢). Previous
studies have measured about 300 pieces of HCs in total by measuring the HCs of about 100
pieces from each thin-section (e.g. Takagi et al., 2008, 2012; Sato and Takagi, 2010). For
Shinshiro Tonalite and Tenryukyo Granodiorite, measured the orientation of HCs about 100
pieces in each thin-section by randomly selected quartz grains following the method of the
previous studies. For Busetsu Granite, Mitsuhashi Granodiorite, Inagawa Granodiorite and

Toki Granite, measured the orientation of HCs from all observable quartz grains.

3.4.3. Correction of observation bias of the HC

The three-dimensional orientation distribution of HCs was estimated by integrating the
orientation data measured from three orthogonal thin-sections (Fig. 3.5d, e¢). However, the
orientation of HCs in each thin-section has an observation bias by the difference in the
observable area and attitude of HC. Therefore, the method to correct the observation bias was
examined, and the following three corrections have been made.

(1) Terzaghi correction (Terzaghi, 1965): Observation frequency of the planar structure
such as the HC is proportional to the sine of the angle of intersection with the observation
plane, 8. Therefore, the observed frequency of the HC with an intersection angle, 6, is 1/sin 6.

(2) Universal-stage correction (Vollbrecht et al., 1991): By the mechanical constraints of
the universal-stage, there are HCs which can be observed from two orthogonal orientations of
thin-sections and only from one orientation of thin-section (Fig. 3.5f). Therefore, the
observed frequency of HCs which can be observed from only one orientation of thin-section
is 2-fold. Three-fold overlap was avoided by limiting the tilt angle of the universal-stage to
35°.

(3) Area correction: Since the total of the cross-sectional area of the observed quartz grains
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in each thin-section is different, it is necessary to correct the observation bias of the HC
depending on the abservation area. The value obtained by dividing the largest value of the
observation area of the three orthogonal thin-sections by observation area of each
thin-section was defined as a correction value. The observation area for Shinshiro Tonalite
and Tenryukyo Granodiorite was the sum of the areas of quartz grains, that were used to
measure the HCs in each thin-section. The procedure of the measurement contains the
following four steps: 1) take a photograph of quartz grains under a microscope, 2) a photo
printed enlarged in A4 and trace the grain boundaries manually, 3) reads the traced grain
boundaries by the scanner, 4) obtains the number of pixels in the grains using an image
analysis software Image J (public domain), and convert the number of resulting pixels into an
actual area. On the other hand, an observation area for Mitsuhashi Granodiorite, Busetsu
Granite, Inagawa Granodiorite and Toki Granite was the sum of the areas of all observable
quartz grains. The procedure of measurement contains following two steps: 1) trace the grain
boundaries manually using the pen tool in Photoshop (Adobe), 2) obtains the number of
pixels in the grains using image analysis software Image J, and convert the number of

resulting pixels into an actual area.

3.4.4. Estimating the density distribution of orientation
Create a pole figure and estimate the density distribution (Fig. 3.5g) based on the
weighted Gaussian model by Robin and Jowett (1986). Contour levels are 10 % to 90 % (in

10 % increments) of the maximum density.

3.5. Results of paleostress analysis

The pole figure of HCs, contour diagrams by using a weighted Gaussian model, the
result of clustering as a mixed Bingham model and their parameters are shown in Figs. 3.6—
3.8 and Table 3.1. For example, four paleostress sets are detected from sample Mt-2.
Principal stress axes in each of four paleostress sets are denoted by the symbol of a circle, a
rhombic, an inverted triangle, a square and a triangle. The symbol colors red, green and blue
show o1, 0, and o3, respectively. The membership of the HC for the four paleostress sets is
represented by the color of the pole. For example, the pole has greater membership in the
cluster 1 shows red and in the case of cluster 4 shows black. Since several paleostresses were
detected from each sample, the paleostress that has g3 axis closest to the orientation of
maximum density was deal with the prominent stress in the sample at the timing of HC
formation (Fig. 3.9). Since sample In-2 has two peaks of the same degree of density, dealing

wo paleostresses (cluster 1 and 2) as prominent stresses. The prominent stress grouped by
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Fig. 3.6. Equal-area and lower hemisphere projections showing the pole figure. Pole symbol shows
observation side wher HC was measured.

each granitoids are shown in Fig. 3.10. Prominent stresses detected from Tenryukyo
Granodiorite except for the sample Tn-04 show o3 axis trends NW-SE and plunges at the low
angle, whereas o, and o, axes are distributed in great circle normal to o3 axis. For the sample

Tn-04, o; axis trends 200° and plunges 80°, o, axis trends 91° and plunges 3°, and o, axis
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Fig. 3.7. Equal-area and lower hemisphere projections showing the Gaussian contours. The
Gaussian contours with levels are 10 % to 90 % (in 10 % increments) of the maximum density.

trends 0° and plunges 9°. Samples were taken from the close location such as Tn-6 and Tn-7,

and Tn-1 and Tn-2 show the same orientation of the principal stress axis of prominent stress.
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Fig. 3.8. Equal-area projections showing the optimum mixed Bingham distribution model. Contour
levels are 10 % to 90 % (in 10 % increments) of the maximum density. The axes of stress are
denoted by the symbol of a circle, a rhombic, an inverted triangle, a square and a triangle. The
symbol colors red, green and blue show o, 0, and o3, respectively. The tetrahedron with red, green,
blue and black (K=2-4) or trigonal bipyramidal with red, green, blue, black and white (K=5)

indicate the correspondence of the memberships with colors.
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Fig. 3.10. Projections of principal stress axes of prominent stress grouped by the granitoid body
(lower-hemisphere, equal-area projections).

Prominent stress detected from Shinshiro Tonalite, Busetsu Granite, Mitsuhashi

Granodiorite, Inagawa Granodiorite and Toki Granite show the similar orientations of

principal

stress axes in the close location (c. 10 km) irrespective of the variation of the rock

body. Therefore, these samples were classified into six groups A-F on the basis of their

locations,

Group A:

Group B:

Group C:

Group D:

Group E:

Group F:

and principal stress axes of each group are described below (Fig, 3.11).

o5 axis trends NW—-SE and plunges at a low angle, o, axis trends SW with low angle
plunge and o, axis trends N~E and plunges at a high angle.
o3 axis trends ESE and plunges at a low angle, o, axis trends N~ESE and plunges at
a high angle and o, axis trends SW and plunges at a middle to low angle, hough the
variation of stress axis orientation in the group is large.
o3 axis trends NNW-SSE and plunges at a low angle, o, axis plunges approximately
vertical and o axis trends NE and plunges at a low angle.

o; axis trends NW-SE and plunges at a low angle, o, axis trends NE-SW and
plunges at a low angle and o axis plunges approximately vertical.

o3 axis trends E-W and plunges at a low angle, o, axis trtends N with about 60°
plunge and o, axis trends S with about 30° plunge.

o3 axis trends W and plunges at a low angle, o, and o, axes trends N or S with
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middle-angle plunges.
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Fig. 3.11. Projections of the principal stress axis of prominent stress grouped by distance from the
MTL ( lower-hemisphere, equal-area projections).

3.6. Estimates of the condition and timing of HC formation

It is possible to estimate the trapping temperature of fluid inclusion constituting the HC
using the homogenization temperature (Th) and freezing point temperature (Tm) of fluid
inclusion (Vollbrecht et al., 1991; Takeshita and Yagi, 2001; Takagi et al., 2008, 2012). Th
and Tm of 20 fluid inclusions constituting different HCs were measured in Shinshiro Tonalite,
Mitsuhashi Granodiorite, Busetsu Granite, Inagawa Granodiorite and Tenryukyo Granodiorite.
The doubly-polished thin sections with the thickness of 200-250 um, the size of about 7 mm
square were prepared, and L-600A/LK-600M (Linkam Scientific Instruments) was used for
the stage heating and cooling. The mean value of Th and Tm of each sample is 173.5°C and
—3.6°C for Sn-3, 192.5°C and —5.3°C for Mt-1, 230.0°C and —3.5°C for In-6, 216.6°C and
—3.5°C for In-8, 204.2°C and —3.6°C for Bs-4, and 161.0°C and —3.0°C for Tn-6 (Fig. 3.12).
The fluid isochores were estimated by the method of Bodnar and Vityk (1994), and the
trapping temperature of the fluid were estimated by assuming the emplacement depth (Fig.
3.12). The emplacement depth is estimated from the contact metamorphism given to the
surroundings by the intrusion of granitoids, 12 km for Inagawa Granodiorite (Miyake et al.,

2016) and 8.5-9.0 km for Shinshiro Tonalite and Mitsuhashi Granodiorite (Endo and
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Fig. 3.12. Th (homogenization temperature) —Tm (melting temperature) diagrams (left) and
pressure—temperature constraints for the trapping condition (right) of fluid inclusions consisting of
HCs in quartz. Grey and black isochores indicate each data and their mean, respectively.

Yamasaki, 2013). Based on above conditions, the trapped temperatures of fluids are 260—
340°C for Sn-4, 300-370°C for Mt-3, 410-500°C for In-6, 340—-460°C for In-8. Assuming
that the Busetsu Granite was also emplaced at the same depth (10 km) as these granitoids, the
trapping temperatures of Bs-4 are estimated as 320—420°C. For the Toki Granite, the trapping
temperature of 300—400°C is estimated with an intrusion depth of 3.5 km from the DH-15
core drilled by the Japan Atomic Energy Agency (Takagi et al., 2008). However, there is
estimation that the intrusion depth of Toki Granite is 5—7 km from phase equilibrium diagram
of Qtz—Or—Ab—H,0 system of felsic magma (Yamasaki and Umeda, 2012), the trapping
temperature of fluid of Toki Granite is estimated to be 340—480°C based on this condition.
The emplacement depth of the older Granitoids is considered to be 15-20 km in the Chugoku
region (Takahashi, 1993) and Kii Peninsula (Nishiwaki and Okudaira, 2007) by the amount of
Al in the hornblende. Assuming that emplacement depth of the Tenryukyo Granodiorite is
15-20 km, the trapped temperature of the fluid is estimated 320-520°C for Tn-6. Assuming
that the host rock and fluid were in temperature equilibrium, the trapping period of the fluid
can be estimated from the cooling curve of the host rock. The cooling curve of granitoids and
fluid trapping period were estimated using the radiometric dating as shown in Fig. 2.4, where

closure temperatures of the Pb system of monazite is 700°C (Suzuki et al., 1994a; Suzuki and
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Adachi, 1998), the K—Ar system of hornblende is 500°C (Harrison, 1982) and the K—Ar
system of biotite is 300°C (Dodson and McClelland-Brown, 1985). For Toki Granite, since
the uplifting and cooling rates are different for each rock type (Yuguchi et al., 2011), only the
radiometric age of biotite muscovite granite was used. Estimated formation age of HC is 69—
67 Ma for Shinshiro Tonalite, 73—71 Ma for Mitsuhashi Granodiorite, 75—68 Ma for Inagawa
Granodiorite, 73—71 Ma for Busetsu Granite, 74—69 Ma for Toki Granite, and 67-64 Ma for

Tenryukyo Granodiorite.

3.7. Discussion
3.7.1. Effect of the observation bias correction

In previous studies, only universal-stage correction has been applied to correct the
observation bias of HCs (e.g. Vollbrecht et al., 1991; Takeshita, 1995; Takagi et al., 2008,
2012; Sato and Takagi, 2010). In this study, the Terzaghi correction and the area correction
were added to correct the observation bias. To examine the effect of these corrections, the
contour diagrams with the variation of the applied correction are shown in Fig. 3.13.
According to Fig. 3.13, Terzaghi correction and the universal-stage correction do not have a
significant variation in the pattern of the contour diagrams. On the other hand, the area
correction causes a large difference in the pattern and density of the contour diagrams. This is
because the correction coefficient of the area correction is larger than the other two
corrections. In the case of using a universal-stage to observe the HC, the correction value of
Terzaghi correction and the universal-stage correction is limited to 1.23 and 2, respectively.
On the other hand, there is no upper limit of the correction coefficient of area correction. In
previous studies, the paleostress has been estimated on the basis of the maximum
concentration orientation of the poles to HCs, and the maximum concentration orientation has
been estimated by the observation from three orthogonal orientations with the universal-stage
correction (e.g. Vollbrecht et al., 1991; Takagi et al., 2008, 2012; Sato and Takagi, 2010).
However, the previous method cannot estimate the exact shape of the density distribution.
Since the new dike method used in this study estimate the paleostress based on the variation
of the orientation distribution of the HCs expressed in the shape of the density distribution,
the area correction is indispensable to estimate an accurate orientation distribution of the HCs.
In the case of Shinshiro Tonalite and Tenryukyo Granodiorite, about 100 HCs have been
measured from each three orthogonal thin-sections based on the method of previous studies.
However, if the performing the area correction, it is desirable to equalize the observation area
of three orthogonal thin-sections in order to reduce the correction coefficient of area

correction. Therefore, in the case of Busetsu Granite, Inagawa Granodiorite, Mitsuhashi
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Granodiorite and Toki Granite, the method to equalize the observation area of three
orthogonal thin-sections were devised by observing all of the quartz grains that can be

observed in each thin-section.
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Fig. 3.13. Equal-area, lower hemisphere projections showing the poles and Gaussian contours with
different corrections for samples Tn-6 and Tn-2. Gaussian contours with levels are 10 % to 90 % (in
10 % increments) of the peak maximum. n is number of cracks observed in each side of
observation. A4 is the correction value of the area correction for each side of observation. Max. is the
maximum density of the Gaussian contour. (a, h) Pole figure; pole symbols indicate the observation
side for each HC measurement. (b, i) Uncorrected data. (c, j) Data corrected using a Terzaghi bias
correction (Cor. T). (d, k) Data corrected using a universal-stage correction (Cor. U). (e, 1) Data
corrected using both Cor. T and Cor. U. (f, m) Data corrected using an area correction (Cor. A). (g,
n) Data corrected using Cor. T, Cor. U, and Cor. A.

3.7.2. Relationship of the multiple clusters mixed in each sample

Several paleostresses sets have been detected from HCs in all samples (Fig. 3.8). The
presence of such multiple stresses can be explained considering that it has experienced a
plurality of different tectonic stress. On the other hand, even in a single tectonic stress, it is

considered that HC can form perpendicular to o; and o, axes of tectonic stress by thermal
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stress (Vollbrecht et al., 1991; Takeshita, 1995). On the basis of the experiments that caused
the microcracks in the granite by heating and cooling under uniaxial stress conditions,
forming the microcracks normal to the loading axis is suppressed (Ehara et al., 1986). These
experiments show that the tectonic stresses constrain the orientation of HCs; whereas thermal
stress is generated in order to heat expansion is hindered. Vollbrecht et al. (1991) considered
that perpendicular clusters are formed by thermal stress orphaned by the release of elastic
strain due to the occurrence of cracks. In previous studies, several perpendicular stresses
have been estimated based on the orientation distribution of HCs, and these stresses are
considered that formed by thermal stress described above (e.g. Takagi et al., 2008, 2012).
However, this claim requires a re-examination by the following reasons. In previous studies,
k-means method (Pecher, 1986) has been used to detect clusters from the data. Clustering of
directional data by k-means method is estimating the membership of the data and cluster
center as to minimize the sum of the angular difference between the cluster center and each
datum. Although the k-means method is easy to calculate, there are four problems mentioned
below: 1) Assume the existence of a circular shape cluster on the stereo net, not captured well
the elliptical or girdle shape cluster, 2) It may not be possible to separate the cluster with a
different concentration, 3) The center of the cluster is likely to show an orthogonal
relationship to each other, 4) Not be able to separate the clusters that have a close orientation
of maximum concentration. Moreover, although the k-means method is necessary to specify
the number of clusters k, the statistical basis for estimating the &k (e.g. Gap statistics;
Tibshirani et al., 2001) is not described in previous studies. The clustering results from the
mixed Bingham distribution model and the k-means method applying a sample Tn-4 are

compared to examine the variations in the result of stress analysis based on the difference of

the clustering method (Fig. 3.14). Using the mixed Bingham model, detected two of the three
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Fig. 3.14. Equal-area, lower hemisphere projections showing principal stress axes orientations
estimated by clustering of the data for sample Tn-4. (a) Mixed Bingham distribution model
clustering. (b) k-means method clustering.
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o3 axes are close and show a high angle plunge. On the other hand, using the k-means method,
detected three o; axes have trends 331.3° and plunges 0.4°, trends 82.2° and plunges 8.0° and
trends 180.0° and plunges 77.5°, respectively. Each o; axes estimated by the k-means method
is showing an orthogonal relationship, the orthogonal relationship of paleostress in previous
studies might have been affected by clustering method. In this study, many detected
paleostresses from each sample does not show an orthogonal relationship of o; axes.
Therefore, HC distribution cannot be explained only the effect of the thermal stress described
above, considered granite experienced several paleostresses by temporal and spatial
differences. Further studies are needed in order to refer to the relationship of multiple

paleostresses in each sample.

3.7.3. Variation of paleostress in each region

Prominent stress detected from each sample show a variation in each region. In this
study, 1) the variation of paleostress along the transect parallel to the MTL from Shinshiro
Tonalite and Tenryukyo Granodiorite; and 2) the variation of paleostress along the transect
normal to the MTL from Shinshiro Tonalite, Busetsu Granite, Mitsuhashi Granodiorite,
Inagawa Granodiorite and Toki Granite are discussed.

First, the paleostress along the transect parallel to the MTL are examined. Sampling
locations are distributed in the range of about 80 km parallel to the MTL. Distance from the
orthogonal direction from the MTL to Shinshiro Tonalite and Tenryukyo Granodiorite are
2.2—6.4 km and 2.1-4.5 km, respectively. Prominent stress detected from Shinshiro Tonalite
shows that g3 axis trends NNW-SSE with low angle plunges. Except for the sample Sn-2, o,
axis trends WSW with low angle plunges, and o, axis trends N and high angle plunges. For
Tenryukyo Granodiorite, except for sample Tn-4, prominent stress shows that o3 axis trends
NW-SE with low angle plunges, and o, and o, axes are distributed on the great circle normal
to the o3 axis. Since the detected prominent paleostress shows a similar orientation over the
wide area of each granitic body, this paleostress is considered as a regional tectonic stress.
Since the orientation of o3 axis trends normal to the strike of the MTL with a low angle
plunge, the tensile stress field is considered to have been developed with the o3 axis oriented
normal to strike of the MTL within 2—7 km from the MT in 75-60 Ma. However, it is difficult
to explain the distributions of o, and o, axes in a simple tensile stress field model, more
presence of the local stresses is suggested.

Second, the paleostress along the transect normal to the MTL are examined. Sampling
locations are distributed in the range of 2—-60 km from the MTL. From Fig. 3.11, o, and oy

axes show unrelated variation the distance from the MTL, however, o3 axis shows a tendency
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to rotate counterclockwise with increasing the distance from the MTL. To confirm this
relationship, the correlation between the orientation of principal stress and distance from the
MTL are examined. Directional data are roughly classified into vectorial data or axial data
and circular data or spherical data (e.g. Mardia and Jupp, 1999): principal stress axis is
classified to the spherical axial data. Since such a directional data has the feature that
circulates (e.g. 0° = 360°), it is necessary to use a method developed for the directional data
to estimating a correlation between linear data (no circulate data) such as distance. For the
spherical data, the method to estimate the correlation between vectorial data and linear data is
developed (Jupp and Mardia, 1980), however, to estimate the correlation between axial data
and linear data is not known. On the other hand, for the circular data, the methods to estimate
the correlation are developed for both vectorial and axial data (Mardia, 1976). Therefore, the
circular—linear correction (Mardia, 1976) are used to evaluate the orientation of the principal
stress axis with respect to the distances from the MTL. In order to apply this method, the
dimension is reduced by the principal component analysis (Fig. 3.15a, b, Table 3.2). The
circular—linear correlation is calculated by using circular data projected on the optimal great
circle obtained by principal component analysis. The reference orientation of projected
circular data was set to the mean orientation; however, correlations will not change by the
reference orientation. The circular—linear parametric correlation,R3,[0,1], and non-parametric
correlation, Dy, [0,1], for o1, 0, and o3 axes were calculated 0.09, 0.12 and 0.48, and 0.06,
0.09 and 0.43, respectively (Fig. 3.15c, Table 3.2). The greatest value of a correlation
coefficient indicates the stronger relationship. These correlation coefficients indicate that the
orientations of o, and o axes are uncorrelated and orientation of o3 axis is correlated between
the distances from the MTL. Effect of dimension reduction by principal component analysis
can be evaluated by the cumulative contribution ratio of the second principal component, as
the value is close to 100 % indicating that the effect of dimension reduction is small. For o;
axis, projected two-dimensional data by principal component analysis may explain the 94.5 %
of the data of the three-dimensional complete data. Even considering the loss of data due to
dimension reduction, there is a weak correlation between the orientation of o3 axis and
distance from the MTL. The orientation of o3 axis is normal to the strike of the MTL close to
the MTL and almost parallel to the strike of the MTL in regions away from the MTL.
Moreover, the orientation of o; axis rotates counterclockwise with increasing the distance

from the MTL.
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Fig. 3.15. (a) Equal-area, lower hemisphere projections showing principal stress axes from
prominent stress. (b) Best-fit great circle (thick line) from principal component analysis and
projections of principal stress axes from prominent stress projected onto the best-fit great circle,
lower-hemisphere, equal-area projections. (c¢) The relationship between angular differences of
stress axes projected onto the best-fit great circles and distance from the MTL.

Table 3.2. The results of principal component analysis and correlation between angular differences
of stress axes projected onto the best-fit great circles and distance from the MTL.

Stress Pole of best fit great circle Eigenvalue Accumulated proportion [%] Correlation coefficient
axis (Trend / Plunge [°]) 1st  2nd  3rd 1st 2nd 3rd Ray Degy
Lot 320.1/32.7 103 73 33 491 841 100.0 0.09 0.06
a2 2318/61.6 97 84 30 461 859 100.0 0.12 0.09

O3 41.3/24.4 145 53 1.2 69.0 945 100.0 0.48 0.43
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Chapter 4: Determination of the stress conditions of the Asuke Shear Zone

4.1. Introduction

The Asuke Shear Zone (ASZ) is a shear zone developed in the Inagawa Granodiorite
and is considered to record the deformation conditions in the cooling process of the Inagawa
Granodiorite. Sakamaki et al. (2006) considered that the deformation along the ASZ took
place in the ductile-to-brittle transition regime based on the occurrence of the fault rocks,
shear sense, and microscopic observations. However, more detailed deformation conditions
such as differential stress and orientation of paleostress have not been clarified. In this study,
new data on 1) the deformational conditions of the ductile-to-brittle transition regime, as
inferred from lattice preferred orientations (LPOs) and the grain size of dynamically
recrystallized quartz in the mylonitized pseudotachylytes; and 2) that, as inferred from the

deformation twins (e-twins) of calcite in the amygdules of the pseudotachylytes are presented.

4.2. Geological settings of the Asuke shear Zone

The ASZ transects the Inagawa Granodiorite in the Ryoke Belt ~30 km NW of the
Median Tectonic Line (MTL), and it extends NE-SW for ~14 km and is several tens to
hundreds of meters wide (Fig. 4.1a, b). The ASZ comprises small-scale shear zones with
thicknesses of several millimeters to more than ten centimeters and left-stepping en échelon
arrangements (Sakamaki et al., 2006). Cataclasites are observed along the entire length of the
ASZ, and pseudotachylytes and cataclasites coexist everywhere except in the northern
segment; pseudotachylytes, cataclasites, and mylonites coexist only in the central segment
from Korankei to Oshima (Fig. 4.1c). Kinematic indicators and stretching lineations in the
mylonites, foliated cataclasites, and foliated pseudotachylytes indicate a sinistral-normal
movement (Sakamaki et al., 2006). Pseudotachylyte fault veins were generated mainly along
the P-shear surfaces, whereas cataclasites formed along the Y- and R;-shear surfaces.
Therefore, frictional fusion occurred under a relatively transpressional context (the P-shears)
on the mesoscopic scale, but also in a transtensional (sinistral-normal shear) context on the
macroscopic scale (Sakamaki et al., 2006). The coexistence of mylonitized pseudotachylytes
and crushed mylonites suggests that the ASZ formed within the ductile-to-brittle transition
regime. The reactivation of cataclasites at shallower crustal depths, if at all, did not modify

the pre-existing deformational fabrics (Sakamaki et al., 2006).
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Fig. 4.1. Geological map of the Asuke Shear Zone. (a) Index map showing the location of the study
area. (b) Geological map of the Asuke Shear Zone and surrounding Ryoke granitoids, modified after
Nakai (1976), Ishihara and Chappell (2007) and Sakamaki et al. (2006). (c) Distribution of various
fault rocks and orientations of small-scale shear zones constituting the central part of the Asuke
Shear Zone (lower-hemisphere, equal-area projection.), simplified after Sakamaki et al. (2006).

4.3. Petrography of fault rocks
4.3.1. Mylonitized pseudotachylyte from the Oshima outcrop

Mylonitized pseudotachylytes with a preferred orientation of crushed fragments occur
at Korankei, Unjobashi, and Oshima (Fig. 4.1¢). Pseudotachylytes, cataclasites, mylonites,

and mylonitized pseudotachylytes can be observed in the Oshima outcrop (Fig. 4.2). Small
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shear veins with a mean thickness of several millimeters to 3 cm, and striking NE-SW to
ENE-WSW and dipping 50-70° to the NW are developed in the Oshima outcrop (Sakamaki et
al., 2006). A mylonitized pseudotachylyte sample is used to estimate the stress conditions of
plastic deformation after brittle deformation (Fig. 4.3a). The long side of the analyzed thin
section is parallel to the lineation, which approximates the principal strain axis X
(elongation), and the short side is normal to the foliation, which approximates Z (shortening).
A zone of relatively high strain (hereinafter, the shear-zone center) has developed around the
fault vein of the foliated pseudotachylyte (Fig. 4.3b). Sinistral shear is indicated by the
relative orientations of the fault and stretching lineations, which can be defined by the
elongation of the deformed quartz aggregates and single quartz crystals (Fig. 4.3c, d), S—
C’-type shear bands (Fig. 4.3c), and fragments with asymmetric pressure shadows.
Dynamically recrystallized quartz aggregates can be observed not only in the host rock, but
also in the fault vein and injection vein of the pseudotachylyte. Fig. 4.3e—j shows the
recrystallized quartz aggregates in the shear-zone center (Fig. 4.3e—g), fragments in the
injection vein of pseudotachylyte (Fig. 4.3h, i), and the deformed host rock located away
from the shear-zone center (Fig. 4.3j). The shapes of the quartz aggregates in all domains are
serrate—interlobate. The stress conditions of deformation were estimated by analyzing the

LPO pattern and grain size of recrystallized quartz in six analysis domains (Fig. 4.3a, e—j).
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Fig. 4.2. Map showing occurrence and attitude of fault rocks in the Oshima outcrop. Original
outcrop map was provided by Mr. Hideaki Sakamaki.
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Fig. 4.3. Occurrence of mylonitized pseudotachylyte from the Oshima outcrop. (a, b)
Photomicrograph (a: PPL) and sketch (b) of the mylonitized pseudotachylyte. (b, ¢) Close-up view
of the shear-zone center (c) and injection vein (d) (PPL). Sheared and stretched fragments, and S—
C’-type shear bands in (c) indicate sinistral shear. (e—j) Recrystallized quartz grains in the
shear-zone center (e—g), in a fragment in the injection vein (h, i), and in the deformed host rock (j)
(XPL). The squares of A—F in the pictures e—j show the areas analyzed by the SEM-EBSD. XPL,
crossed polarized light; PPL, plane polarized light; S.L., stretching lineation.



39

(g)Shearzonelcente BEES S uR
23 - -

o G,

Fig. 4.3. Continued.

4.3.2. Pseudotachylyte from the Taburi outcrop

Pseudotachylytes and cataclasites can be observed in the Taburi outcrop (Fig. 4.4). In
particular, an exceptionally thick pool of pseudotachylyte was observed (Fig. 4.5a). Small
shear veins with a mean thickness of several millimeters to 3 cm, and striking NE-SW to

ENE-WSW and dipping 40—70° to the NW are developed in the Taburi outcrop (Sakamaki et
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Fig. 4.4. Outcrop map showing occurrence and attitude of fault rocks in the Taburi outcrop, after
Sakamaki et al. (2006).
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Fig. 4.5. (a) Photograph of a polished slab and (b—f) photomicrographs of the thickest (11 c¢m in
diameter) pseudotachylyte from the Taburi outcrop. (b) Evidence of melt and quench textures in the
thickest pseucotachylyte; amygdule filled with quartz mantle and calcite core, spherulitic
microlites, and rounded quartz fragments (Plg) (PPL). (¢) Mylonitized quartz fragment (XPL). (d)
Largest amygdule (1.45 mm in diameter) (PPL). (e) Calcite cements in amygdules showing varying
densities and orientations of twins and rounded altered plagioclase fragments (PPL). (f) Thick
straight twins (type II) in calcite cement in an amygdule (XPL). Am, amygdule; Mc, microlite; Frg,
fragment; Qtz, quartz; Cal, calcite.

al., 2006). The exceptionally thick pseudotachylyte (Fig. 4.5a) was used for the analysis
because it is necessary to observe many amygdules for the stress inversion method, as

mentioned later. The pool of pseudotachylyte was probably formed by melted material
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flowing into a pull-apart segment during sinistral movement (Sakamaki et al., 2006). Similar
phenomena have been reported by Techmer et al. (1992) and Ferré et al. (2014). This thick
pseudotachylyte pool has been used for zircon fission-track dating (Murakami et al., 2006a).
Melting and quenching textures such as amygdules, microlites, spherulitic microlites, and
rounded quartz fragments with embayment textures can be observed, especially in this thick
pseudotachylyte pool (Fig. 4.5b). Fragments of dynamically recrystallized quartz aggregates
can be observed (Fig. 4.5¢).

Altogether, 11,092 pieces of amygdules have been observed in specimens of this thick
pseudotachylyte pool. The outlines of these amygdules were traced, and the particle diameter
and aspect ratio of an ellipse fitted are calculated by the image analysis software Image J.
The mean diameter and aspect ratio were 105 pm and 1.19, respectively. The maximum
diameter of the major axis was 1.45 mm (Fig. 4.5d). Some amygdules have core—mantle
structures with calcite at the core and quartz at the mantle. Hematite grains can also
occasionally be observed in the mantles. Amygdules with such core—mantle structures
amounted to 2535 (22.9%) of the 11,092 pieces; the other amygdules were filled only with
quartz. In the case where, the diameter of an amygdule was several hundred microns or less,
most of the mantle quartz was a single crystal, but for larger diameters, the mantle quartz was
polycrystalline. Core calcite mostly comprised a single crystal, regardless of the diameter of
the amygdule. The calcite commonly displayed deformation twinning with varying twin
densities and twin attitudes (Fig. 4.5¢). Using the classification of calcite deformation twins
provided by Burkhard (1993), most calcites contained thin (<1 pum) straight twins (type I) and

subsidiary numbers of thick (>1 um) straight twins (type II; Fig. 4.51).

4.4. Quartz LPO analysis
4.4.1. Principles

The LPOs of polycrystalline quartz are considered to reflect the deformation
mechanism. Grain-size-insensitive (GSI) creep (dislocation creep) produces a distinct LPO
pattern, whereas grain-size-sensitive (GSS) creep, including grain-boundary sliding (GBS)
and diffusion creep, does not or else it produces very weak LPO (Boullier and Gueguen,
1975; Rutter and Brodie, 2004; Hiraga et al., 2010; Kilian et al., 2011). Furthermore, in the
case of dislocation creep, LPO patterns can be used to estimate the activated slip system and
the deformation temperature (Bouchez, 1977; Takeshita and Wenk, 1988; Sakakibara, 1996;
Heilbronner and Tullis, 2006). The grain size of recrystallized quartz is a function of
differential stress and it has been used as a paleopiezometer (Twiss, 1977; Stipp and Tullis,

2003). By obtaining the deformation temperature and differential stress, it is possible to
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calculate the strain rate using the flow laws of minerals with assuming the values for other
parameters such as water content (Okudaira and Shigematsu, 2012). In addition, it has been
reported that the differential stress and the strain rate can be estimated from coexisting

activated deformation mechanisms determined from microstructures (Okudaira and

Shigematsu, 2012).

4.4.2. Analytical methods

The LPO patterns of deformed polycrystalline quartz in mylonitized pseudotachylyte
from the Oshima outcrop have been measured using electron backscatter diffraction (EBSD)
with a scanning electron microscope (the SEM-EBSD method). The SEM (Hitachi S-3400N
at Waseda University) operating and sample conditions were as follows: accelerating voltage
20 kV, working distance 30 mm, specimen tilted by 70°, low-vacuum mode (30 Pa), and
uncoated samples. The HKL Nordlys detector (Oxford Instruments) was used to detect the
electron backscatter patterns (EBSP), and the HKL Channel 5 software (Oxford Instruments)
was used to index the EBSP. EBSD mapping was performed lengthwise and crosswise with
250 points at 0.5 um intervals (125 x 125 um), and a band contrast map magnified by 2 times
(500 x 500 pixels) was used to create the grain boundary map. These points with relatively
low band contrast were treated as candidates for the grain boundary. The critical
misorientation angle for the quartz grain boundary is generally >10° (White, 1977).
Thereafter, candidates with a misorientation angle >10° were treated as a grain boundary.
Tracing a grain boundary was undertaken using the 1-pixel pen tool in Adobe Photoshop.
After determining the grain boundaries, the crystallographic orientation of one point in each
grain was determined as a representative crystallographic orientation of the grain. Thereafter,
the c-axis LPO pattern was determined by visual inspection, and the randomness of the LPO
was evaluated by the M-index (Skemer et al., 2005). The index varies between 0 and 1, and it
is calculated based on the distribution of misorientation angles from the complete set of all
possible grain pairs; an M-index value close to 0 means the LPO distribution is random. The
grain size and aspect ratio of the quartz grains were determined following Stipp et al. (2002),
using the image analysis software Image J. The long (a) and short (b) axes of the best-fit
ellipse for grain shape were determined using the Analyze tool in Image J, and the geometric
mean (d = m) was used as the two-dimensional size of individual grains. The grain size
distribution of dynamically recrystallized quartz grains commonly presents a lognormal
distribution (Ranalli, 1984). In this study, the mean grain size in each domain was calculated
as the exponential of the arithmetic mean of the log of individual grain size; i.e., the

geometric mean grain size. Grains that were transected by the edge of the analysis area and
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that did not have many indexed points were excluded from the indexing process.

4.4.3. Results

The Euler map, band contrast map, grain boundary map, two-dimensional grain size
distribution, and pole figures for the c-axis [0001] and a-axis <11-20> of the quartz grains are
shown in Fig. 4.6. The parameters of the distance from the shear-zone center, number of
grains, grain sizes, aspect ratio, and values of the M-index in the analyzed domains are listed
in Table 4.1. Domains A, B, and C (Fig. 4.3e—g), located in the shear-zone center, have mean
grain sizes that vary from 6.40 to 6.95 um (average: 6.61 um), mean aspect ratios varying
from 1.59 to 2.00 (average: 1.73), M-index values that range from 0.093 to 0.215, and c-axis
LPO patterns that show Z-axis concentrations (Z-maximum). Domain D (Fig. 4.3h), located
in the injection vein of the pseudotachylyte 1.52 mm from the shear-zone center, has a mean
grain size of 7.69 um, a mean aspect ratio of 1.81, M-index value of 0.054, and c-axis LPO
pattern that shows Z-maximum. Domain E (Fig. 4.3i), located in the injection vein of the
pseudotachylyte 4.56 mm from the shear-zone center, has a mean grain size of 6.95 um, a
mean aspect ratio of 1.83, M-index value of 0.031, and c-axis LPO pattern that is
characterized by a weak XY girdle. Domain F (Fig. 4.3j), located in the host rock 6.49 mm
from the shear-zone center, has a mean grain size of 7.51 um, a mean aspect ratio of 1.80,
M-index value of 0.018, and c-axes that are relatively randomly oriented. Thus, domains A-D,
located in and close (1.5 mm) to the shear-zone center, have Z-maximum LPO patterns and
relatively large M-index values, whereas domains E and F, located away (>4.5 mm) from the
shear-zone center, have weak and random LPO patterns and relatively small M-index values.
The mean grain size shows relatively small variations in domains located in the shear-zone
center, whereas the aspect ratio does not show any clear difference between each domain.
Anhedral-shaped subgrains are observed in every domain, and the shape of the quartz
aggregates is serrate—interlobate. Based on these results, the six domains were classified into
three domain sets according to their location: (1) domains A-C, located at the shear-zone
center, show Z-maximum LPO patterns; (2) domain D, located at the injection vein of
mylonitized pseudotachylyte, close to the shear-zone center (within 1.5 mm), also shows a
Z-maximum LPO pattern; or (3) domains E and F, located far from the shear-zone center

(>4.5 mm), show a weak XY girdle and a relatively random orientation.
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Fig. 4.6. SEM-EBSD analytical data for recrystallized quartz showing Euler maps, band contrast
maps, grain boundary maps, two-dimensional grain size (d) distributions of recrystallized quartz,
and pole figures (lower-hemisphere, equal-area projections) of the c-axis and a-axis of
recrystallized quartz. Color of each analyzed point in the Euler map represents the Euler angle. The
brightness in the band contrast map represents the band quality of each analyzed point that shown
in lighter color as the contrast (quality) is high.. Analyzed domains are shown in Fig. 4.3a, d—i.
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4.5. Calcite e-twin analysis
4.5.1. Principles
Deformation e-twin in calcite forms under a shear stress of ~10 MPa on the e-planes
(Burkhard, 1993; Fig. 4.7a). Calcite slip data, using a combination of glide directions and the
attitudes of the e-planes, can provide an estimate of the principal stress axis and the stress
ratio, @ = (o, — 03)/(01 — 03), as well as fault slip data (Weiss, 1954; Turner, 1962). This
method has been applied to calcite twins in limestone (Groshong, 1975; Engelder, 1979),
calcite veins (Kilsdonk and Wiltschko, 1988; Jaya and Nishikawa, 2013), marble (Craddock
et al., 1991), or more rarely, to amygdules filled with calcite (Craddock and Magloughlin,
2005). Moreover, the density of e-twins has been used as a differential stress meter (Rowe
and Rutter, 1990; Sakaguchi et al., 2011). Calcite can form e-twins on three planes because of
the three-fold symmetry of calcite around the c-axis (Fig. 4.7b). The greater the differential
stress acting on the calcite grain, two (doublet) or three (triplet) sets of e-twins on
symmetry-related e-planes could be formed. Using the above features, Yamaji (2015)
proposed a method for estimating the differential stress based on the ratio of twinned and

untwinned planes (twinning ratio) and the percentages of n-plets (n =0, 1, 2, and 3) grains.

(b)

Fig. 4.7. (a) Geometry of calcite e-twins. Schematic diagram of the angular relationships between
the c-axis of the host domain (cy) and the c-axis of the twinned domain (ct), the pole to the e-plane
(e), and the glide direction (g). (b) Lower-hemisphere equal-area projection showing the three-fold
symmetry in relation to the e-twins, modified after Burkhard (1993).

4.5.2. Analytical methods

The paleostress conditions have been estimated using e-twins of calcite that fill
amygdules in the thick pseudotachylyte pool from the Taburi outcrop (Fig. 4.5d-f). The
mutual relationships between the c-axis orientation of the host and the twinned domain,
attitude of the e-plane, and direction of gliding are well understood and they can be expressed

in terms of the geometry of calcite (Fig. 4.7). Based on these relationships, it is possible to
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measure two of the four orientations noted above, and the remaining two can be calculated. In
previous studies, the c-axis orientation of the host domain and the attitude of the e-plane were
measured using a universal-stage (Jaya and Nishikawa, 2013). However, the universal-stage
method suffers from mechanical limitations that prevent the assessment of all the twin data in
three dimensions. To overcome this problem, therefore slip data was determined using the
SEM-EBSD method, making it possible to measure fully the crystallographic orientations of
the host and twinned domains (Fig. 4.8). The slip data were prepared by following five steps.
1) The crystallographic orientations of the host and twinned domains were measured by
mapping or by line-scanning using the SEM-EBSD analysis (Fig. 4.8a, b). The analysis area
was set to cover the grain. The SEM-EBSD analysis of calcite was performed under the same
conditions except for the setting the analysis area as outlined above for quartz. 2) The mean
orientations of the c-axis of the host and twinned domains were calculated (Fig. 4.8c). 3)
Orientations of the poles to the e-twin planes was determined. These bisect the acute angles
between the c-axis orientations of the host and twinned domains (Fig. 4.8c). 4) The glide
directions were calculated. The glide direction lies 90° from the pole to the e-twin plane and
within the plane that contains both the e-twin plane pole and the c-axis of the host domain
(Fig. 4.8c). 5) The data were then converted from the sample coordinate system into a system
with N-S, E-W, and top-bottom coordinates. Calcite can form e-twins on three different
planes because of the three-fold symmetry of calcite around the c-axis. If two or three
orientations of the twin plane occur in one calcite grain, all the differently oriented planes
must be treated as different slip data. During this study, 1871 sets of slip data from 2535
calcite grains in the amygdules were prepared. In addition, the percentages of n-plet grains

were calculated using the results of this SEM-EBSD analysis.

Fig. 4.8. (a) Photograph of the calcite grain in the amygdules (plane polarized light). (b) Euler map
on band contrast map. Color of each analyzed point in Euler map represents the Euler angle. (c)
Lower-hemisphere equal-area projection showing calculated mean orientations of the c-axis of the
host (cy) and twinned domains (ct), pole of e-plane (e) and gliding direction (g) with analyzed
c-axis orientations of the host and twinned domain.
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Several methods for reconstructing the principal stress axis and the stress ratio from

slip data have been proposed (Turner, 1953; Angelier and Mechler, 1977; Yamaji, 2000;
Yamaji et al., 2006). These methods estimate the stress state based on the Wallace—Bott
hypothesis that the displacement direction of the fault is parallel to the resolved shear stress
(Wallace, 1951; Bott, 1959). In this study, the Hough-transform-based inversion method
(Yamaji et al., 2006; Sato, 2006) was used. This method is advantageous because it can
identify statistically valid multiple peaks using the generalized Hough-transform (Yamaji et
al., 2006; Sato, 2006). To assist in the determination of the paleostress state, HIM
(Hough-transform Inverse Method main processor) software version 1.10 (Sato, 2010a) was
used to estimate the stress solution, and Peak Picker software version 1.01 (Sato, 2010b) was

used to detect the peak of the stress solution.

4.5.3. Results

Fig. 4.9 shows the estimated orientations of the principal stress axes and stress ratios,
and their optimum solutions, tangent-lineation diagram and distribution of misfit angles from
the calcite twins in amygdules of the pseudotachylyte pool in the Taburi outcrop. The
optimum estimated o axis trends 228° and plunges 55°, whereas the o3 axis trends 320° and
plunges 1°. The stress ratio is 0.78. Only one stress solution was detected with the Peak
Picker software. The percentages of n-plet grains are as follows: zeroplets 43.1%, singlets

40.9%, doublets 15.0%, and triplets 0.9%. The twinning ratio is 24.6%.

4.6. Discussion
4.6.1. Deformation mechanisms in recrystallized quartz

Tthree types of c-axis LPO patterns as Z-maximum, weak XY girdle, and relatively
random were determined. Therefore, the M-index was used as an auxiliary of the c-axis LPO
pattern estimated by visual inspection. If this classification by visual inspection is correct,
the M-index values should be larger in the Z-maximum and smaller in the random c-axis LPO
pattern. As the M-index values do show such a trend, this classification by visual inspection
is generally correct. However, because the unique M-index value for the boundary between
these types of c-axis LPO patterns has not been defined, it has not been possible to determine
the LPO patterns using only the M-index.

Distinct Z-maximum c-axis LPO patterns for domains A—D suggest that deformation
has occurred by dislocation creep. The quartz grains in the analyzed domains have low-angle
boundaries in the band contrast maps, as shown in Fig. 4.10, and the recrystallized grains are

of similar sizes to the subgrains. These observations suggest the deformation by dislocation
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Fig. 4.9. (a) Detected stress state from calcite e-twins. Each tadpole-shaped symbol indicates a
candidate for the stress solution, and the tails attached to the circles of theo; and o3 axes show the
azimuths of the corresponding o, and o3 axes, respectively. A triangle and a star symbols show the
optimum solutions. Lower-hemisphere, equal-area projection. (b) Tangent-lineation diagram of the
analyzed twin planes and glide directions. Pink and Gray arrows indicate theoretical glide
directions for the stresses and observed glide directions. (c) Histogram of misfit angles for the
best-fitting stress tensor.

creep was accompanied by subgrain rotation recrystallization, and that grain size reduction
has not occurred after the subgrain rotation recrystallization. The LPO pattern for domain E
shows a weak XY girdle. The deformation under dislocation creep and the activation of the
prism [c] slip system can produce an X-axis concentration (X-maximum) c-axis LPO pattern
(Bouchez et al., 1984). It is considered that the activation of the prism [c] slip system acts at
temperatures >550-600°C (Mainprice et al.,, 1986; Okudaira et al., 1995). However,
activation of the prism [c] slip system was unlikely in our sample because mylonitization of

the sample occurred after the pseudotachylyte formation in the brittle regime. On the other
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Fig. 4.10. Grain boundaries of quartz grains in the band contrast maps of (a) dmain B and (b)
dmain D. White lines show high angle (>10°) boundaries. Connection of the relatively dark color
band contrast points show subgrain boundaries (white arrows).

hand, quartz deformation by dissolution—precipitation creep, classified into grain boundary
diffusion creep (i.e., Coble creep; Coble, 1963), could make the X-axis concentration c-axis
LPO pattern (Takeshita and Hara, 1998; Hippertt and Hongn, 1998). This development of
LPO pattern is attributed to anisotropic growth/dissolution rates on different crystallographic
directions of quartz (Tullis, 1989). GBS, which is classified as a GSS creep as well as the
diffusion creep, causes weakening of the former existing LPO (Casey and McGrew, 1999;
Bestmann et al., 2011). Although domain E is considered to have been deformed by GSS
creep, it is difficult to determine whether the deformation mechanism is diffusion creep or
GBS by the c-axis LPO pattern. The relatively random LPO pattern for domain F suggests
deformation by GSS creep, similar to domain E.

Grain size reduction (Rutter and Brodie, 1988; Bons and Urai, 1992) and stress drop
(Rutter and Brodie, 1988; Wightman et al., 2006) are considered to cause a transition from
GSI creep to GSS creep. Observation of the subgrains suggests grain size reduction occurred
by subgrain rotation recrystallization; however, the mean grain size of each domain is within
+1 standard deviation of the grain size (Table 4.1). Static grain growth could occur in the
diffusion creep field (Tullis and Yund, 1982; Wightman et al., 2006); however, it is unlikely
that the grain sizes in domains E and F, away from the shear-zone center, are smaller than in
the shear-zone center before static grain growth occurs. Therefore, the transition from GSI
creep to GSS creep cannot be explained only by grain size reduction. As the grain size is
roughly equal, diffusion creep occurs at a lower differential stress than dislocation creep

(Rutter, 1976). Takeshita and Hara (1998) reported a host-controlled and X-maximum c-axis
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LPO patterns from a quartz vein deformed under greenschist-facies conditions and they
explained that the variations in c-axis LPO patterns indicate that the two deformation
mechanisms (i.e. dissolution and dissolution-precipitation creep) were active as a result of
the variations in the differential stress. Similarly, in our sample, it is inferred that the
variations in differential stress resulted in a change in deformation mechanism. That is,
grains in the shear-zone center are deformed in the dislocation creep field with relatively
large differential stress, and the grains away from the shear-zone center are deformed in the
GSS creep field with relatively small differential stress. Therefore, deformation by
dislocation creep and grain size reduction occurred in each of the six domains at the
beginning; thereafter, stress localization and/or stress drop caused the transition from
dislocation creep to GSS creep in domains E and F. In order for GSS creep deformation to
occur in domains E and F, while retaining the distinct LPO pattern in domains A-D, two
mechanisms (dislocation creep and GSS creep) acted together during the deformation of the
mylonitized pseudotachylyte. Therefore, the deformation must have occurred in the transition

region of dislocation creep and GSS creep.

4.6.2. Estimates of temperature based on the quartz LPO patterns

The Z-maximum LPO pattern for domains A—D indicates deformation under dislocation
creep and activation of the basal <ag> slip system (Lister and Hobbs, 1980; Schmid and Casey,
1986). Activation of the basal <a> slip system indicates deformation under greenschist-facies
conditions at temperatures of 300-400°C (Takeshita and Wenk, 1988; Bhattacharya and
Weber; 2004). The estimated temperatures, together with the coexistence of mylonites and
pseudotachylytes in the ASZ, suggest that shearing in this granitoids took place in the
ductile-to-brittle transition regime (300-400°C; Brace and Kohlstedt, 1980; Stockhert et al.,
1999). However, such a low temperature could also have caused activation of the rhomb <a>
slip system and the formation of the type-I crossed girdle LPO pattern (Lister and Hobbs,
1980; Schmid and Casey, 1986). Therefore, the Z-maximum LPO pattern has been reported to
occur as the sole pattern (Hippertt and Hongn, 1998) or in coexistence with the type-I crossed
girdle LPO pattern (Lacassin, 1987; Sakakibara et al., 1992). The condition for forming the
Z-maximum LPO pattern has been considered as requiring relatively higher shear strain than
for forming the type-I crossed girdle LPO pattern (Lloyd et al., 1987; Hippertt and Hongn,
1998).

4.6.3. Differential stress estimated from the grain size of recrystallized quartz

Figure 4.11 shows the two-dimensional mean grain sizes with standard deviations from
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two domain sets on the grain size paleopiezometer diagram for dislocation creep (after Stipp
and Tullis, 2003). Differential stress is estimated to have been 110-130 MPa. Further from
the shear-zone center, the mean grain size increases and therefore, the differential stress

decreases.

Domain D

Domains A & B & C . (Injection vein)
(Shear-zone center)

1000
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Differential stress (MPa)
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Fig. 4.11. Recrystallized grain size paleo-
piezometer diagram modified after Stipp and
Tullis (2003). Horizontal bars at the top of the
ode — figure represent the mean grain sizes of quartz
Grain size (um) with standard deviation in each domain sets.
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4.6.4. Estimates of differential stresses and strain rates based on the boundary between
dislocation creep and GSS creep fields
Two mechanisms, dislocation creep and GSS creep, acted together during the
deformation of the mylonitized pseudotachylyte. For quartz grains, in order to constrain the
stresses and strain rates, differential stress vs. grain size maps for dislocation creep and GSS
creep was estimated following the work of Okudaira and Shigematsu (2012). The GSS creep
map contained two mechanisms, GBS and diffusion creep. The dislocation creep flow law is
represented by the following equation (Hirth et al., 2001):
¢ = A(fy0) *exp (‘R_’;L> (@.1)
where ¢ is the strain rate (s''), o is the differential stress (MPa), T is the absolute
temperature (K), R is a gas constant (8.314 J/mol/K), 4 is a material parameter (log 4 =—11.2
MPa */s), fino is the water fugacity, p is the water fugacity exponent, and Hy is the molar
activation enthalpy (135 x 10° J/mol). The value of fi,0 is obtained from pressure and
temperature at depth (Todheide, 1972; Kerrick and Jacobs, 1981; Holland and Powell, 1991).
When the model is applied to low-temperature conditions, the values of fy,o for a pressure of
300 MPa and temperatures of 300 and 400°C are ~25 and ~60 MPa (Todheide, 1972), and
~24 and ~62 MPa (Holland and Powell, 1991), respectively. In this study, the model proposed
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by Holland and Powell (1991) was used, following Okudaira and Shigematsu (2012).

The GBS flow law is represented by the following equation (Gifkins, 1976):

12
&= %GZGXP <_R—I;G> 4.2)

where b is the Burgers vector (4.92 x 107" m), u is the shear modulus of quartz (42 x 10°
MPa), k is the Boltzmann constant (1.381 x 10** J/mol/K), d is the three-dimensional grain
size (m), and Hg and Dg are the molar activation enthalpy (137 x 10° J/mol) and a
pre-exponential factor (3.7 x 107'° m?/s), respectively, for the bulk or effective diffusion
coefficient of silicon in the presence of water (Farver and Yund, 2000). Various methods for
estimating three-dimensional grain size from two-dimensional data have been proposed
(Underwood, 1973; Hughes, 1978; Kong et al., 2005). In this study, the method of obtaining
three-dimensional grain sizes by multiplying the two-dimensional grain sizes by 4/n (Kong et
al., 2005) was adopted.

The diffusion creep flow law is represented by the following equation (Coble, 1963):

10° x 148QD W ~-Hg
£ = oexp (4.3)
7kTd? RT

where Q is the atomic volume and W is the grain boundary thickness (1 x 10’ m). Q was
approximated by kV/R (Okudaira and Shigematsu, 2012), where V is the molar volume of
quartz (2.6 x 10” m*/mol).

Based on Eqgs. (4.1)—(4.3), the deformation mechanism maps for quartz at temperatures
of 300 and 400°C were constructed, indicating a mean grain size with the standard deviation
from three domain sets (Fig. 4.12). Based on the deformation mechanism maps and the mean
grain sizes at which the change in the dislocation creep and GSS creep occurs, the differential
stresses and strain rates are estimated to have been 110-130 MPa and 7.0 x 107" to 1.0 x 10~
257" at 300°C, and 45-53 MPa and 6.0 x 10 to 1.0 x 107" s at 400°C. As the differential
stress is estimated to have been 110-130 MPa (using the grain size paleopiezometer), the

temperature during deformation is inferred to have been 300°C.

4.6.5. Stress inversion using calcite twins

Figure 4.13 shows the foliation and lineation of the fault rock at Taburi, and the
orientation of the optimum principal stress axis solution from the calcite e-twin inversion
method. The optimum slip direction was calculated assuming that the detected principal
stress axis operated to the observed fault foliation. The misfit angles between the optimum
slip direction of the detected stress and the observed lineation were 26.3° and 14.9° in the

case of the pseudotachylytes, and 7.5° and 23.2° in the case of cataclasites; the mean misfit
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Fig. 4.12. Deformation mechanism map of differential stress versus recrystallized quartz grain size
at (a) 300°C and (b) 400°C, modified after Okudaira and Shigematsu (2012). Horizontal bars at the
top of each figure represent the mean grain sizes of quartz with standard deviation in each domain

sets.

angle for four fault rocks was 18.0°. A value for the misfit angle of less than 30° (Saintot et

al., 2011) or 25° (Navabpour et al., 2010) is acceptable, as the faults have been affected by

only a single stress regime. Therefore, it can be inferred that the small shear zone at Taburi

was activated under a stress state that was approximately equal to the stress state from calcite

e-twins. It is inferred that the ASZ was activated under a stress state that caused sinistral

normal movements, both before and after pseudotachylyte formation.

Foliation and lineation of the fault rocks at Taburi outcrop

/I'“ Pseudotachylite, Observed lineation

A Cataclasite, Observed lineation
/O—\ Cataclasite, Optimum slip direction

/D’“ Pseudotachylite, Optimum slip direction

Fig. 4.13. Relationship between the observed lineation and optimum slip directions based on the
optimum stress solution of the calcite e-twin inversion method (after Fig. 4.9). Great circles
represent foliations in the fault rocks. Lower-hemisphere, equal-area projection.
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4.6.6. Estimates of differential stress from calcite twins

Based on the result of the stress inversion, an only optimum solution was detected as
the peak solution by the Peak Picker software. Assuming that the deformation twin is formed
under certain conditions, it is possible to estimate the differential stress from the twinning
ratio, the twinning incidence and the percentages of n-plet grains (Yamaji, 2015). Figure 4.14
shows the relationship between the twinning ratio, the twinning incidence and the
percentages of n-plet grains with respect to the differential stress. The observational bias is
related to the difficulty of observing twin planes when they make a small angle with the
thin-section plane (Terzaghi, 1965; Yamaji, 2015). The observational bias is increased when
there are many twins parallel to the observation plane. Considering the twin deformation as a
shear deformation, the e-twin plane tends to develop parallel to the attitude of the shear zone
(sub-parallel to the XY plane at large shear strains). As the present sample was cut in an
orientation close to the XZ plane, the observation bias is considered less than in the case
where the sample is cut parallel to the XY plane. Although the maximum percentage of
singlets is ~28% for the biased case, the percentage of singlets is 40.9% in our sample. Since
it is unlikely that large observational bias occurred, the differential stress was estimated

based on the unbiased case. The estimated differential stress from the twinning ratio (24.6 %)
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is ~50 MPa, whereas from the percentages of n-plet grains, it is ~60 MPa from the zeroplets
and doublets and ~41 MPa from the triplets. Although the measured percentage of singlets is
higher than the maximum value of theory, the closest value suggests a stress of ~80 MPa.
Accordingly, the differential stress recorded by the calcite twins in the amygdules of the
analyzed pseudotachylyte is estimated to have been 40—-80 MPa. However, non-harmonic slip
data exists for the optimal solution on the tangent-lineation diagram (Fig. 4.9c), and the

estimation result of the differential stress is less reliable than the stress inversion result.

4.6.7. Timing of the formation of deformation twins

The ASZ provides evidence of repeated plastic (mylonite formation) and brittle
(pseudotachylyte and cataclasite formation) deformations, as in the case of the Oshima
outcrop. In the Taburi outcrop, however, little cataclastic reactivation of the fault at shallower
depths or near surface has been overprinted after the formation of the pseudotachylyte veins.
In addition, mylonitization has not been observed in the quartz infillings of the amygdules. A
peak stress solution for the calcite twin was detected only once with the Peak Picker software.
Hence, it is inferred that most calcite twins in the amygdules formed during a single stage of
deformation or during several stages of deformation with similar stress states that cannot be
distinguished by statistical methods. The morphology of the e-twins in the amygdules is one
of predominantly thin straight twins (<200°C; Burkhard, 1993; Passchier and Trouw, 2005) or
thick (>1 pum) straight twins (150-300°C; Burkhard, 1993; Passchier and Trouw, 2005),
suggesting the twins in the amygdules formed at 150-200°C. The stage of e-twinning that
followed the formation of the pseudotachylyte can be placed on the cooling curve for the
Inagawa Granodiorite (Fig. 4.15). Zircon U-Pb and fission-track (FT) ages have been
reported for a thick pseudotachylyte vein in the Taburi outcrop and for the surrounding host
granitoids (Murakami et al., 2006a). At a distance of 70 cm from the thick pseudotachylyte
vein, the host granodiorite yielded a zircon U-Pb age of 73 = 3 Ma and an FT age of 73
+7 Ma. The thick pseudotachylyte vein and the cataclasite in contact with the thick
pseudotachylyte pool yielded U-Pb ages of 76-67 Ma, within the error of the U-Pb age of the
host granodiorite, whereas the FT ages are 62—56 Ma for the cataclasite and 53 £ 9 Ma for the
pseudotachylyte (Murakami et al., 2006a). Track length measurements indicate that the FT
system of zircon was completely reset, and that the age of 53 Ma is therefore considered the
age of formation of the pseudotachylyte (Murakami et al., 2006a). The annealing of zircon
FTs is completed within a few seconds at ~1000°C (Murakami et al., 2006b), and the melting

point of quartz is ~1100°C at a pressure of >200 MPa in the system SiO,—H,0 (Kennedy et al.,
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Fig. 4.15. Cooling and deformation history of the Inagawa granodiorite. The radiometric ages are
zircon U-Pb ages (76—67 Ma; Murakami et al., 2006a), a biotite K—Ar age (66.7 Ma; Yamasaki and
Ozaki, 2012), and a zircon FT age (73 Ma; Murakami et al., 2006a). Closure temperatures for the
U-Pb and FT systems of zircon are 950°C (Hodges, 2005) and 250°C (Hurford, 1986; Tagami et
al., 1998), respectively, and for the K—Ar system of biotite the closure temperature is 300°C
(Dodson and McClelland—Brown, 1985).

1962); therefore, the temperature of frictional melting can be considered to have been
>1000°C. Based on the cooling curve, the host rock around the pseudotachylyte must have
cooled to ~200°C at around 53 Ma, when the pseudotachylyte was made. The deformation
twins of calcite in the amygdules were formed, therefore, at around 50 Ma following the
formation of the pseudotachylyte. The timing of exhumation of the Inagawa Granodiorite to
the surface has been estimated at 18.7 £ 1.0 Ma using FT dating (Sasao et al., 2011) of the
tuff beds in the Miocene Iwamura Group that unconformably overlies the Inagawa
Granodiorite 30 km NNE of the ASZ. Based on the cooling history and the estimated stress
state mentioned above, it is inferred that the ASZ was activated under a stress state that

caused sinistral-normal movements during the period 70—-50 Ma.



59

Chapter 5: Discussion and conclusions

5.1. Comparison of paleostress estimated from HC and shear zones

The formation temperature of HC of each sample is 300-450°C on average. Assuming
that the ASZ deformed in the brittle-to-plastic transition regime of quartz, its deformation
temperature is considered to be 300-400°C (Brace and Kohlstedt, 1980; Stockhert et al.,
1999). Therefore, there is a possibility that the formation of HC and the activity of the ASZ
may indicate the same period of paleostress in the time range when the deformation
temperature overlaps. Beside the ASZ, the shear zone considered to overlap the deformation
temperature has been reported from the Busetsu Granite (Ito and Miyake, 2011; Yamasaki and
Ozaki, 2012). This shear zone extends NE-SW to ENE-WSW, and it is considered that it was
deformed under the stress with the o; axis trending NW-SE (Ito and Miyake, 2011). The
c-axis LPO pattern of dynamically recrystallized quartz shows type-I crossed girdle and
type-1I crossed girdle, and each LPO pattern suggesting that the deformation has occurred at
300-450°C and 450—-600°C (Schmid and Casey, 1986; Takeshita and Wenk, 1988; Takeshita,
1996; Passchier and Trouw, 2005). Therefore, the deformation temperature of this shear zone
and the formation temperature of HC developing in the Busetsu Granite (320—420°C) are
nearly overlapped. The orientation of o; axis expected from the shear sense of the above two
shear zones is NW-SE to WNW-ESE from the ASZ located on the north side, and NNW-SSE
to NW-SE from the shear zone in the Busetsu Granite located on the south side. The
orientations of o3 axis expected from the shear sense of the above two shear zones suggest
counterclockwise rotation farther from the MTL similar to the orientation of the o3 axis
estimated from HC. Moreover, the orientation of o3 axis expected from above two shear zones
and detected from the HC of Group C is roughly coincides with NW—SE trend and low angle
plunge. It is considered that these shear zones of the scales of tens of kilometers were formed
reflecting the regional stress field. Since the orientation of o3 axis estimated from the shear
zone and HC are harmonious, the paleostress recorded in HC reflects the regional stress field
rather than the local stress as the sample scale. Therefore, the orientation of the o; axis

estimated from HC records the regional stress field at 75-64 Ma.

5.2. Paleostressfield developed in the Ryoke belt at the Late Cretaceous

HCs used to paleostress analysis are considered to have been formed in 75-64 Ma.
Activities of Kashio phase-II (70-65 Ma; Takagi, 1997) and Ichinokawa phase (63—58 Ma;
Takagi and Shibata, 1992) of the MTL are close to the formation age of HCs. The activity of
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the MTL at Kashio phase-II caused the mylonitization of Ryoke granitoid distributed in
approximately 800 m from the MTL (Takagi, 1986). No evidence of mylonitization such as
grain size reduction was detected in the closest sample of the Shinshiro Tonalite and the
Tenryukyo Granodiorite at 2.1-2.2 km away from the MTL. Therefore, prominent
paleostresses detected from the HCs are not caused by the activity of the MTL at Kashio
phase-1I. The activity of the MTL at Ichinokawa phase is normal fault movement caused
juxtaposition against the Sanbagawa metamorphic rocks (Kubota and Takeshita, 2008).
Ichinokawa phase is considered to be consistent with the deformation timing of the D,
deformation phases of the Sanbagawa metamorphic rocks (Kubota and Takeshita, 2008), and
the deformation of the D, phase is considered to have developed a normal fault in the upper
domain of the Sanbagawa belt (Osozawa and Pavlis, 2007; El-Fakharani and Takeshita, 2008).
Since the MTL commonly dips to the north, and therefore Ryoke rocks overlie the Sanbagawa
schists the tensile stress field that has been detected from the HCs of the Shinshiro Tonalite
and the Tenryukyo Granodiorite distributed along the MTL is harmonic with the formation of
the normal faulting. Accordingly, the formation timing of the HCs is probably older than the
activity of the MTL in the Ichinokawa phase if the K-Ar age (63—58Ma) of fault gouges is
adopted. However, the K-Ar age for fault gouges and the timing of the major activity of the
MTL may not acculately coincide each other, therefore, it is considerd that the tensile stress
field with the orientation of o3 axis normal to the MTL has been developed along the MTL as
a preparatory stage of the activity of the MTL in the Ichinokawa phase just after the sinistral
mylonitization of the Kashio phase II at about 70Ma. The correlation between the orientation
of 03 axis and the distance from the MTL can be explained by the effect of tensile stress field
become weekend with increasing the distance from the MTL.

The detected stress field away from the MTL is interpreted that the plate driving forces
give constraints on the stress field (Zoback, 1992). Strike of the MTL and magmatic arc
before the opening of the Japan Sea is considered to be about N30°E in the Late Cretaceous at
the eastern margin of East Asia (Maruyama et al., 1997; Yamakita and Otoh, 2000; Ishida et
al.,, 2003; Kojima et al., 2008). A number of studies reconstructed a plate movement
subducted to the Eurasian plate in the Late Cretaceous; Pacific plate was moved in the
velocity of 10.4 cm/year to N50°W at 74-53 Ma (Engebretson et al., 1985; Maruyama and
Seno, 1986) and Izanagi plate was moved in the velocity of about 24 cm/year to N40°W or 17
cm/year to N30°W at 80 Ma and 60 Ma, respectively (Miiller et al, 2016). Applying the
relationship between the strike of the paleo MTL (N30°E) and plate motion subducted to the
Eurasian plate at the timing of HC formation to the strike of the current MTL (N60°E), there

is a possibility that the effect of compressive plate boundary forces has been recorded in the
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orientation of the current N—S to N20°W. The orientation of ¢, and o, axes of prominent
stress detected from Group F are distributed on the great circle normal to the poles trends
260° and plunges 7° (Fig. 3.13). Since the strike of this great circle (N10°W) and the
orientation of compressive plate boundary forces (N-S to N20°W) are consistent, the
orientation of o; and o, axes of prominent stress from Group F is considered to have been
limited by the movement of the plate.

I arrive at the conclusion that the Cretaceous granitoids are affected by the compression
by the plate convergence as a whole, and the influence of the paleostress related to the normal
fault movement of the MTL at the Ichinokawa phase more strongly in the vicinity of the MTL.
The study about the normal fault movement of the MTL at the Ichinokawa phase was mainly
based on the deformation analysis of the Sanbagawa Belt, however, this study clarified the
orientation of the paleostress that causes the normal fault movement from the Cretaceous

granitoid along the MTL.
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