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This study examines plastic flow in fault rocks exposed along the Hatagawa Fault Zone (HFZ) of NE Japan.
The fault zone, developed in 110 Ma granitoids, ceased activity by 98.1 & 2.5 Ma. Three different fault
rocks (mylonites with microstructures A and B, and cataclasite) are exposed along the fault. Micro-
structure A formed at the brittle-plastic transition. The temperature conditions for microstructure B
were higher than those for microstructure A; those for the cataclasite were lowest. Microstructure A is
exposed in limited areas (maximum length extent of approximately 6 km) along the HFZ. The distri-
bution of microstructure A is considered to represent the latest-stage localised zones of plastic flow,
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Faﬁlt Zone associated with strain weakening accompanied by dynamic recrystallisation of feldspar, suggesting the
Brittle-plastic transition restriction of plastic displacement to certain intervals at depth ranges with P-T conditions of the brittle—
Fault rocks plastic transition. Many zones of localised deformation containing crush zones are observed in rocks with

microstructure A, suggesting that numerous fractures nucleated due to the ductile fracturing of highly
deformed fine-grained feldspar in the outcrop extent of microstructure A. The nucleation of large
earthquakes was possibly promoted by interaction between fractures that nucleated by ductile fracture
and stress concentrations associated with the restricted development of plastic displacement.

© 2009 Elsevier Ltd. All rights reserved.

Heterogeneous plastic flow

1. Introduction One possible nucleation mechanism of large inland earthquakes
is interaction between the plastic behaviour of the deeper parts of

The hypocentres of inland earthquakes are generally located in crustal-scale fault zones and the frictional behaviour of shallower

the shallow part of the Earth’s crust, and mainshocks usually occur
in the deepest part of the seismogenic zone (Sibson, 1982, 1984; Das
and Scholz, 1983; USGS Staff, 1990; Nakamura and Ando, 1996). The
temperature of the base of the seismogenic zone is between 300
and 400 °C (Ito, 1999), corresponding to the brittle-plastic transi-
tion in the Earth’s crust (Sibson, 1982, 1984). These observations
suggest the important role of plastic behaviour along the deep-level
extensions of seismogenic faults in the generation of large inland
earthquakes (Shimamoto, 1989; Scholz, 1990).
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E-mail address: n.shigematsu@aist.go.jp (N. Shigematsu).
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parts (lio and Kobayashi, 2002; Shibazaki, 2002; lio et al., 2004). To
understand this interaction, it is necessary to determine the
behaviours of fault zones around the base of the seismogenic zone
(depth = 10-20 km), which presumably are located near the
brittle-plastic transition; however, such regions are generally
inaccessible along major active faults. Therefore, the investigation
of exhumed crustal-scale fault zones for which deeper crustal
sections (including the vicinity of the brittle-plastic transition) are
exposed at the surface is an important strategy in understanding
fault behaviour in such regions (e.g., Stewart et al., 2000).

Mixed brittle-plastic fault rocks reported along the Hatagawa
Fault Zone (HFZ) of NE Japan (Takagi et al., 2000; Tomita et al.,
2002; Shigematsu et al., 2004) represent an exhumed fault zone
deformed in the vicinity of the brittle-plastic transition. In the
present study, fault rocks were examined along the HFZ with the


mailto:n.shigematsu@aist.go.jp
www.sciencedirect.com/science/journal/01918141
http://www.elsevier.com/locate/jsg

602 N. Shigematsu et al. / Journal of Structural Geology 31 (2009) 601-614

aim of understanding fault behaviour around the base of the seis-
mogenic zone.

2. Hatagawa Fault Zone

Two NNW-SSE-trending major crustal-scale faults are exposed
at the eastern margin of the Abukuma Mountains, NE Japan. The
western fault, the HFZ (Watanabe et al., 1953; Sendo, 1958) (Fig. 1),
separates the Abukuma belt from the South Kitakami belt (Kubo
and Yamamoto, 1990; Kubo et al., 1990). The Abukuma belt, which
lies to the west of the HFZ, consists mainly of magnetite-free
Cretaceous granitoids; the South Kitakami belt, which lies to the
east, is dominated by magnetite-bearing Cretaceous granitoids. The
HFZ contains three structural zones: a cataclasite zone of up to
100 m in width, mylonite zones with a sinistral sense of shear and

a maximum width of >1 km, and small shear zones of less than 1 m
in width (Takagi et al., 2000; Shigematsu and Yamagishi, 2002;
Tomita et al., 2002) (Fig. 2). An undeformed granodiorite porphyry
dike intruded into the cataclasite zone has been dated at
98.1 +£2.5 Ma, indicating that major activity along the HFZ had
ceased by this time (Tomita et al., 2002).

We studied a 45-km-long section along the HFZ (Fig. 1), focusing
on the relationship between the cataclasite and mylonite zones.

3. Fault rocks within the HFZ
3.1. Mylonite zones with a sinistral sense of shear

Mylonite zones with a sinistral sense of shear are heteroge-
neously exposed along the entire 45km length of the HFZ
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Fig. 2. Outcrop maps of fault rocks along the Hatagawa Fault Zone. (a) Summary geological map of the Abukuma Mountains, showing the locations of the maps presented in (b-d).
Also shown are outcrop maps of fault rocks in the northern (b), central (c; modified from) Shigematsu et al., 2004, and southern (d) parts of the study area.

examined in this study (Fig. 2). These zones contain well-developed
subvertical foliations that strike N-S and subhorizontal stretching
lineations that trend N-S. The orientations of lineations near the
Ukedo River are especially important in terms of the later discus-
sion. Fig. 3 shows that lineations in mylonite near the Ukedo River
are shallowly plunging, with consistent trends throughout the area.
The lineations plunge gently to the north in the northern part of the
area (Fig. 3b-d), and to the south in the southern part (Fig. 3e).
Shigematsu and Yamagishi (2002) identified two types of
microstructures (A and B) along the HFZ, based solely on the
microstructure of quartz; however, in the present paper we use this
scheme to describe the general microstructures of the mylonites.
In microstructure A, quartz displays core-mantle structures
(Fig. 4a) (White, 1976), whereby coarse ribbon grains (long axes of
several hundred micrometres) are surrounded by fine grains
(diameter <10 pum). The coarse ribbon grains are strongly flattened,

with aspect ratios sometimes exceeding 20, and exhibit undulatory
extinction, occasional deformation lamellae, and commonly
contain well-developed subgrains. The fine quartz grains are
equant in shape.

Shigematsu and Yamagishi (2002) reported that recrystallisa-
tion in microstructure A occurred predominantly by progressive
subgrain rotation, based on optical and TEM observations; that is,
the quartz was deformed under the conditions of regime 2 of Hirth
and Tullis (1992). The lattice preferred orientations (LPOs) of quartz
c-axes are characterised by type I crossed girdles (Shigematsu and
Yamagishi, 2002). No myrmekite is observed associated with K-
feldspar porphyroclasts, and feldspar porphyroclasts are commonly
fractured (Fig. 4b). In strongly deformed mylonite with micro-
structure A, fine-grained feldspar layers are developed, with
a typical grain size of approximately 1 pm (Fig. 4b and c). In such
layers, fine plagioclase and K-feldspar grains are commonly
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Fig. 3. Lineations in mylonite near the Ukedo River.(a) Geological map of the Ukedo River section. The rectangle indicates the location of Fig. 7a. (b-e) Stereoplots of lineation data

from sub-areas in (a), arranged from north (b) to south (e). Lower hemisphere, equal-area projections.
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Fig. 4. Photomicrographs of microstructures within mylonites with a sinistral sense of shear, located along the Hatagawa Fault Zone. (a) Quartz (qz) microstructure within
a mylonite with microstructure A (cross-polarised light). Pl: plagioclase porphyroclast. (b) K-feldspar porphyroclast (Kf) within a mylonite with microstructure A (cross-polarised
light) (c) Back-scattered electron image of fine-grained feldspar within a mylonite with microstructure A. The contrast in the image enables different mineral phases to be
distinguished. pl: fine-grained plagioclase; PI: plagioclase porphyroclast; kf: fine-grained K-feldspar; Kf: K-feldspar porphyroclast; qz: quartz; hb: hornblende. (d) Quartz micro-
structure within a mylonite with microstructure B (cross-polarised light). (e) K-feldspar porphyroclast (Kf) surrounded by myrmekite (my) within a mylonite with microstructure B
(cross-polarised light). Pl: Plagioclase porphyroclast; qz: quartz. (f) Back-scattered electron image of fine-grained polymineralic aggregate (fPA) within a mylonite with micro-
structure B. Kf: K-feldspar; pl: plagioclase; qz: quartz. Black arrowheads indicate fine-grained quartz within fPA. The arrows at the top of the figure indicate the sense of shear. The
samples shown in (a)-(c) were collected at locality 1 in Fig. 5c. The samples shown in (d) and (e) were collected at locality 2 in Fig. 5c. The sample shown in (f) was collected at

locality 3 in Fig. 5c.

clustered in aggregates with a shape preferred orientation parallel
to the foliation (Fig. 4c). This type of microstructure has also been
described in small shear zones along the HFZ, for which dynamic
recrystallisation (Tullis and Yund, 1985, 1987) has been suggested
as the deformation mechanism leading to its development
(Shigematsu, 1999; Shigematsu and Tanaka, 2000).

In microstructure B, quartz grains have a smaller aspect ratio
than those in microstructure A. The aspect ratio is invariable with
grain size, and undulatory extinction is less strongly developed
than in microstructure A (Fig. 4d). The minimum grain size of
quartz is approximately 20 pm. Shigematsu and Yamagishi (2002)
reported that recrystallisation in microstructure B occurred by both
grain boundary migration and progressive subgrain rotation; that
is, the quartz was deformed under the conditions of regime 3 of
Hirth and Tullis (1992). The LPO patterns of quartz c-axes are

characterised by a Y-maximum (Shigematsu and Yamagishi, 2002).
K-feldspar porphyroclasts are replaced by myrmekite, a plagio-
clase-vermicular quartz symplectite (Simpson, 1985; Simpson and
Wintsch, 1989; Vernon, 1992; Tsurumi et al., 2003; Ree et al., 2005)
(Fig. 4e). Strongly deformed mylonite contains a fine-grained
feldspar-dominated matrix (grain size, 10-20 pm) of fine-grained
plagioclase, K-feldspar, and quartz (Fig. 4f) (Tsurumi et al., 2003).

Some samples show a microstructure intermediate between
that of A and B (herein termed “intermediate microstructure”), in
which quartz displays the features of microstructure A, yet feldspar
shows features of microstructure B. In such rocks, myrmekite is
well developed around K-feldspar porphyroclasts, and the matrix
consists of fine-grained plagioclase, K-feldspar, and quartz.

Fig. 5 shows the regional distribution of microstructures A and
B. Mylonite with microstructure B is exposed along the entire
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45 km length of the examined HFZ, whereas mylonite with
microstructure A is only locally exposed. The largest single outcrop
of microstructure A extends for approximately 6 km along the HFZ
(herein referred to as “largest outcrop extent of microstructure A”),
with a width of 750 m, located to the east of the cataclasite zone
near the Ukedo River (Fig. 5¢). The eastern and northern margins of
this largest outcrop extent of microstructure A (where a change in
microstructure occurs) are located in older granodiorite of the
South Kitakami belt. Microstructure A is also observed west of the
cataclasite zone near the Ohta River (Fig. 5c), east of the cataclasite
zone near the Tomioka River (Fig. 5d), and at a locality in the
northern part of the study area (Fig. 5b).

The compositions of fine-grained K-feldspar (orthoclase) and
adjacent plagioclase were analysed using an electron probe
microanalyser (EPMA; JEOL JXA 8800R housed at the Geological
Survey of Japan, AIST, Japan) to constrain the syn-deformation
temperature. The mole fractions of Na in orthoclase are shown in
Fig. 6. The mole fraction of Na in orthoclase within microstructure A
ranges from 1.7% to 3.47%, whereas values exceeding 5% are found
in the samples with microstructure B and intermediate micro-
structure, although the compositions are widely variable.
Microstructure B and the intermediate microstructure yield similar
mole fractions of Na in orthoclase.

Many zones of localised deformation are heterogeneously
distributed throughout the largest outcrop extent of microstructure
A (Fig. 7). The exposure shown in Fig. 7a lies on a slope dipping at
45° to the N; the figure represents a projection into the horizontal
surface of the intersection between the zones of localised defor-
mation and the slope. The zones of localised deformation generally
contain dark-coloured ultramylonite zones; in places, weakly
deformed protomylonite changes into strongly deformed ultra-
mylonite over a distance of just several centimetres (Fig. 7b).

The width of the zones of localised deformation is variable,
ranging from several millimetres to several tens of centimetres
(Fig. 7a). The lengths of narrow localised zones are generally shorter
than those of wide zones: those zones of localised deformation
narrower than 1 cm extend for only several metres, whereas those
wider than several centimetres continue for more than several tens
of metres, commonly beyond the limits of the exposure.

Ultramylonites within the dark-coloured ultramylonite zones
are commonly cataclastically fragmented, forming crush zones
(Fig. 7b and c). The crush zones are only developed in the dark-
coloured ultramylonite zones, and are oriented parallel to the trend
of the zones of localised deformation. In some samples, the foliation
in rock fragments is dragged in the direction of the sense of shear
recorded in adjacent ultramylonite zones (arrow in Fig. 7d).

3.2. Cataclasite zone

A conspicuous cataclasite zone with a maximum width of 100 m
extends continuously for at least 40 km along the HFZ (Fig. 2). The
cataclasite consists of fragments of mylonite, undeformed granit-
oids, and pseudotachylyte (Figs. 8 and 9) within a matrix of chlorite,
epidote, and calcite, but not montmorillonite, indicating that the
cataclasite zone formed at temperatures above 220 °C (Tomita
et al., 2002). This interpretation is based on the fact that in active
geothermal fields, epidote and chlorite are stable at temperatures
above 200 °C, and montmorillonite is stable below 220 °C (Henley
and Ellis, 1983).

The sample from locality E shown in Fig. 2c contains pseudo-
tachylyte developed in cataclasite (Fig. 8). Fragments in this cata-
clasite are in permanent extinction under cross-polarised light
(Fig. 8b and c), suggesting an amorphous structure such as that of
glass; i.e., the fragments were originally pseudotachylyte, and there

occurred repeated earthquakes along the cataclasite zone, without
plastic deformation.

The microstructure of fragments in the cataclasite zone changes
along the strike of the HFZ. Most of the fragments consist of
undeformed granitoids at exposures A, B, and F shown in Fig. 2b
and c. The microstructure at exposure B is shown in Fig. 9a and b.
The cataclasites at exposures C and G shown in Fig. 2c and d contain
fragments of mylonite and undeformed granitoids. The micro-
structure at exposure C is shown in Fig. 9c and d. Most of the
fragments at exposure D shown in Fig. 2c, where the exposure is
adjacent to the largest outcrop extent of microstructure A (see also
Fig. 5c¢), consist of mylonite (Fig. 9e and f).

In quartz fragments within cataclasite at exposure D, very fine
grains (diameter <10 um) occur along the boundaries of larger
grains (Fig. 9h), whereas at exposure C the sizes of such grains are
several tens of micrometres (Fig. 9g). This observation, together with
the relatively intensive development of undulatory extinction at
exposure D (Fig. 9h), suggests that the quartz microstructure in
fragments of cataclasite at exposure D is microstructure A, while that
at exposure C is microstructure B. The shape preferred orientation
does not help to identify the type of microstructure in fragments of
cataclasite, as the fragments themselves are randomly oriented.

4. Discussion
4.1. Deformation conditions of fault rocks along the HFZ

It has been suggested that the various types of fault rocks along
the HFZ were deformed under different temperature conditions. In
considering microstructure A, Shigematsu and Yamagishi (2002)
suggested that quartz was deformed in regime 2 dislocation creep
(see Hirth and Tullis, 1992), and reported that the LPO of c-axes
shows a type I crossed girdle. For microstructure B, the authors
suggested that quartz was deformed in regime 3 dislocation creep
(Hirth and Tullis, 1992), and in this case the LPO of c-axes typically
shows a Y-maximum.

The mole fractions of Na in fine-grained orthoclase (Fig. 6)
suggest a difference in syn-deformation temperature between
microstructures A and B. The following findings suggest that the
chemical composition of fine-grained feldspar grains changed during
deformation. Observations by transmission electron microscopy
(TEM) (Shigematsu, 1999; Shigematsu and Tanaka, 2000) suggest
that the fine grains in microstructure A formed by dynamic recrys-
tallisation. During this process, feldspar composition can change via
both grain boundary diffusion and migration processes (Yund and
Tullis, 1991). In such a case, the migration of a grain boundary by
1 um (the size of feldspar grains) would change the composition of
feldspar grains, resulting in a more rapid change in composition than
that expected for diffusion-dominated processes. Observations of
microstructure B (Tsurumi et al, 2003) suggest that feldspar
composition changed via the syn-deformation myrmekite-forming
reaction (Simpson and Wintsch, 1989; Tsurumi et al., 2003).

The equilibrium composition of orthoclase is constrained by the
solvus curve in the NaAlSi3Og-KAISi3Og system (e.g., Yund and
Tullis, 1983; Brown and Parsons, 1989), and a smaller mole fraction
of Na in orthoclase is expected at lower equilibrium temperatures.
Alkali ions have high diffusion coefficients (Yund, 1983; Chris-
toffersen et al., 1983), and Na-K exchange between orthoclase and
plagioclase can occur even under lower temperatures; therefore, in
the present case some of the mole fraction of Na in orthoclase
might have been reduced during cooling of the granitic bodies after
attaining an equilibrium composition at the syn-deformation
temperature.

Fine-grained orthoclase grains in microstructure B and the
intermediate microstructure contain more Na than do grains in
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Fig. 6. Mole fraction of Na in fine-grained orthoclase in the mylonite with a sinistral sense of shear along the HFZ. The locations of the maps are shown in Fig. 1. The shaded area in

the map shown in (a) indicates the largest outcrop extent of microstructure A.

microstructure A (Fig. 6). This observation, together with the
difference in microstructure between microstructures A and B
(Fig. 4) (Shigematsu and Yamagishi, 2002), suggests that the syn-
deformation temperature of microstructure B was higher than that
of microstructure A. The wide variety of mole fractions of Na in
orthoclase may reflect the cooling of granitic bodies after defor-
mation. The largest mole fractions of Na in fine-grained orthoclase
within sample A-3 (see Fig. 6a), combined with the composition of

adjacent plagioclase grains, yield a temperature of 346 °C using
a two-feldspar geothermometer (Whitney and Stormer, 1977),
assuming the measured feldspar compositions were in equilibrium
at a pressure of 300 MPa. A comparable analysis of sample A-6 (see
Fig. 6) yields a temperature of 40 °C.

Several features within the outcrop extent of microstructure A
suggest an association between fracturing and plastic deformation
(Fig. 7). Many zones of localised deformation contain dark-coloured
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ultramylonite zones, which in turn contain crush zones (Fig. 7a-c)
oriented parallel to the trend of the zones of localised deformation.
In some samples, the foliation in fragments is dragged in the
direction of the sense of shear recorded in adjacent ultramylonite
zones (Fig. 7d). These structures are similar to those reported
previously in a small shear zone along the HFZ that shows evidence
of repeated fracturing and plastic deformation (Shigematsu et al.,
2004). These observations suggest that the deformation conditions
leading to microstructure A were close to those of the brittle-
plastic transition. Although the matrix minerals in cataclasite
suggest deformation at temperatures above 220 °C (Tomita et al.,
2002), the cataclasite zone was deformed within the brittle/
cataclastic regime, at temperatures lower than those at the
brittle-plastic transition.

4.2. Limited outcrop extent of microstructure A

The outcrop extent of microstructure A is largely limited to
a length of approximately 6 km along the strike of the HFZ (Figs. 5b
and 6a). The microstructures of fragments in cataclasite (Fig. 9)
suggest that the outcrop of microstructure A did not originally
extend along the entire length of the fault zone. Most of the frag-
ments consist of undeformed granitoids exposed in situ in outcrops
located far from the largest outcrop extent of microstructure A (A, B,
and F in Fig. 2; see also Fig. 9a and b). In contrast, most of the
fragments in the exposure located next to the largest outcrop
extent of microstructure A (D in Fig. 2; see also Fig. 9e and f) consist
of mylonite that shows microstructure A (Fig. 9h). It is therefore
unlikely that some of the rocks bearing microstructure A were

obscured beyond recognition by the overprinting effects of later
cataclasis.

Two possibilities can account for the outcrop extent of micro-
structure A: (1) plastic flow was localised during cooling of the
granitic bodies, with the outcrop extent of microstructure A
corresponding to the latest-stage localised zones of plastic flow at
low temperatures; or (2) contrasting exhumation levels arising
from late-stage tectonic movements. We believe that the former
possibility is more likely than the latter. In a study of a mylonite
with microstructure B along the HFZ, Tsurumi et al. (2003)
demonstrated changing deformation conditions with progressive
strain localisation (i.e., the localisation of plastic flow during cool-
ing of the granitic bodies), based on an analysis of quartz c-axis
fabrics and the composition of fine-grained feldspar.

In terms of the latter possibility, the occurrence of microstruc-
ture A would correspond to a basin or a downthrown block, thereby
requiring the existence of structures responsible for the differences
in the present-day exhumation level. The largest outcrop extent of
microstructure A is surrounded by cataclasite zones (Fig. 5c);
however, the eastern and northern margins of this outcrop extent
are located in older granodiorite of the South Kitakami belt, indi-
cating that the cataclasite zones do not control the outcrop extent.
It is also unlikely that other, as yet unidentified, structures
controlled the varying levels of exhumation, as the plunges of
lineations are largely consistent throughout the largest outcrop
extent of microstructure A (Fig. 3), and we have not found any
young faults that cut the HFZ.

Although K-Ar ages can be used to constrain the exhumation
level rate based on the contrasting closure temperatures of
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Fig. 8. Example of cataclastic microstructure containing a pseudotachylyte vein. The sampling locality is locality E shown in Fig. 2c. (a) Pseudotachylyte vein (arrows) developed in
cataclasite. (b, ¢) Rock fragments in the same cataclasite as that shown in (a). (b) Plane-polarised light. (c) Cross-polarised light. Note that the fragments are extinct under cross-
polarised light, suggesting they were originally pseudotachylyte and indicating several stages of pseudotachylyte formation.

hornblende and biotite (Dodson and McClelland-Brown, 1985), K-
Ar ages reported for hornblende and biotite along the HFZ all
cluster around 110 Ma (Kubo and Yamamoto, 1990; Kubo et al,,
1990; Tomita et al., 2002; Ohtani et al., 2004). These ages indicate
that the cooling rate of the granitic bodies was too rapid (relative to
the errors in K-Ar ages) to enable the exhumation rate to be
determined.

Given the above observations, the history of the HFZ at the
present-day exhumation level can be summarised in terms of the
following four stages. (1) Plastically deformed mylonite with
microstructure B formed along almost the entire length of the HFZ
(shaded area in Fig. 10a). Activity within the HFZ started at
approximately 110 Ma, just after the emplacement of granitic
intrusions. (2) During cooling of the granitic bodies, P-T conditions
approached those of the brittle-plastic transition. Plastic flow
became highly localised, restricted to the narrow present-day areas
of microstructure A (shaded area in Fig. 10b). During this stage,
those rocks showing microstructure A experienced alternating
periods of plastic flow and fracturing. (3) The deformation condi-
tions subsequently changed, with the present-day exhumation
level deformed by brittle/cataclastic processes at temperatures
above 220 °C (at lower temperatures than those for microstructure
A); accompanying seismic activity is indicated by the generation of
pseudotachylyte (Fig. 8). Cataclasite formed along almost the entire
length of the HFZ (solid lines in Fig. 10c). (4) Finally, tectonic activity
ceased by 98.1 & 2.5 Ma (intrusion age of undeformed granodiorite
porphyry dikes) (Tomita et al., 2002).

4.3. Implications of localised plastic flow for the generation of large
earthquakes

The outcrop extent of fault rocks in the present case represents
a schematic cross-section of deformation styles along the HFZ
(Fig. 10d). In the depth range for which the P-T conditions corre-
sponded to the brittle-plastic transition, the fault was partitioned
into sections undergoing plastic flow (the present-day extent of
microstructure A) and those not undergoing plastic flow. In contrast,
displacement along the fault occurred along almost its entire length
in the depth ranges for which rocks were subjected to plastic flow
recorded by microstructure B, or brittle deformation. To accommo-
date the compatibility of displacement along the fault, displacement
via brittle/cataclastic processes must have occurred along those
sections not affected by plastic flow in the depth range for which the
P-T conditions corresponded to the brittle-plastic transition.

The localisation of plastic flow during cooling of the granitic
bodies has been reported previously in a study of a mylonite with
microstructure B along the HFZ (Tsurumi et al., 2003). Such local-
ised flow probably continued after the deformation conditions had
changed to those that resulted in the formation of microstructure A.
Further localisation of deformation in the outcrop extent of
microstructure A was possibly due to strain weakening accompa-
nied by dynamic recrystallisation of feldspar (Tullis and Yund, 1985;
Rutter, 1999), which is commonly observed within zones of local-
ised deformation developed in the outcrop extent of microstructure
A (Fig. 4b and c; see also Fig. 7) (Shigematsu, 1999; Shigematsu and
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Fig. 9. Examples of cataclastic microstructure along the Hatagawa Fault Zone. The sampling localities are indicated in Fig. 2. (b, c) Microstructure of cataclasite at exposure B in
Fig. 2c, in which most of the fragments are undeformed granitoids. (c, d) Microstructure of cataclasite at exposure C shown in Fig. 2c, which contains fragments of mylonite and
undeformed granitoids. (e, f) Microstructure of cataclasite at locality D shown in Fig. 2c. Most of the fragments are mylonite. (g,h) Detailed quartz microstructures in fragments of
cataclasite at exposures C and D, respectively. The positions of (g) and (h) are indicated in (d) and (f), respectively. (a), (c), and (e): Plane-polarised light. (b), (d), (f), (), and (h):
Cross-polarised light. The fragments labelled Q in (b), (d), and (f) are undeformed quartz; those labelled DQ are dynamically recrystallised quartz.

Tanaka, 2000). For this deformation mechanism, once the critical Crush zones are commonly developed within zones of localised
strain necessary for the onset of strain weakening is attained, deformation in the outcrop extent of microstructure A (Fig. 7).
localised plastic flow can develop spontaneously (Rutter, 1999). Shigematsu et al. (2004) suggested that similar structures found in

This mechanism may have resulted in the development of a small shear zone within the HFZ formed via ductile fracturing of
numerous zones of localised deformation (Fig. 7). highly deformed fine-grained feldspar, as recently confirmed
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Fig. 10. (a-c) History of the Hatagawa Fault Zone (HFZ) at the present-day exhumation level. (a) Shading indicates areas that underwent plastic flow when the present-day
exhumation level was subjected to deformation and metamorphic conditions favouring fully plastic mylonite-forming deformation (microstructure B). Dashed lines indicate
present-day cataclasite zones. (b) Following the cooling of nearby granitic bodies, plastic deformation became highly localised at the P-T conditions of the brittle-plastic transition.
Shading indicates the areas that underwent plastic flow when the present-day exhumation level was subjected to P-T conditions of the brittle-plastic transition (outcrop extent of
microstructure A). Dashed lines indicate present-day cataclasite zones. (c) Further cooling of nearby granitic bodies led to a change in deformation conditions to brittle/cataclastic
deformation. Solid lines indicate brittle/cataclastic deformation that occurred at temperatures above 220 °C. (d) Schematic cross-section showing the deformation styles along the
active HFZ, as estimated from the outcrop extent of various fault rocks (Fig. 5). Also shown are the locations of the areas presented in Figs. 2 and 5.

experimentally (Rybacki et al., 2008). It is likely that many fractures
nucleated via the ductile fracturing that accompanied extreme
strain localisation in the outcrop extent of microstructure A.
Within the HFZ, plastic displacement was restricted to regions in
the depth range of crust that experienced P-T conditions of the
brittle-plastic transition (Fig. 10d). Such heterogeneity of displace-
ment is likely to have resulted in a significant stress concentration in
surrounding regions undergoing plastic flow, possibly leading to the

nucleation of large earthquakes (e.g., Shibazaki et al., 2004). It is also
possible that large earthquakes nucleated as a result of interaction
between fractures that nucleated by ductile fracturing within plas-
tically flowing regions (Fig. 7) and stress concentrations due to
heterogeneous plastic displacement.

The localisation of plastic flow at the base of the seismogenic
zone seems to have played an important role in the nucleation of
large earthquakes in the HFZ; however, several problems remain to
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be explained. For example, the limited outcrop extent of micro-
structure A suggests that the large strain necessary for the onset of
strain weakening was only attained within restricted regions at the
P-T conditions of the brittle-plastic transition. One possible expla-
nation in this regard is the heterogeneous nature of the plastic
displacement recorded by microstructure B along the HFZ, and that
the large strain required to initiate strain localisation at the P-T
conditions of the brittle-plastic transition was simply inherited from
the large plastic strain recorded by microstructure B. The mylonite
zone near the Ukedo River (Fig. 2b) (close to the largest outcrop
extent of microstructure A) is more than 1 km wide, whereas that in
the northernmost part of the study area (Fig. 2a) is just several
hundred metres wide, suggesting the heterogeneity of plastic
displacement recorded by microstructure B. This heterogeneity
could have resulted from the intrusion of a younger granodioritic
rock body east of the largest outcrop extent of microstructure A
(Figs. 3a and 5c¢) (Kubo and Yamamoto, 1990: Kubo et al., 1990).

With regard to the above findings, few studies have reported
comparable heterogeneity along other exhumed crustal-scale fault
zones. Furthermore, it is unclear whether the findings of the
present study are consistent with geophysical observations. For
example, many large inland earthquakes appear to occur in areas
with a steep gradient in the depth of the base of the seismogenic
zone (Ito, 1999). Some hypocentres of the mainshocks of inland
earthquakes are located in zones with distinctive P- and S-wave
velocities and Poisson’s ratio (Zhao and Negishi, 1997). Accordingly,
additional research is necessary to improve our understanding of
fault behaviour around the base of the seismogenic zone.

5. Conclusions

We documented the occurrences of fault rocks along the Hata-
gawa Fault Zone (HFZ) of NE Japan, with the aim of understanding
the behaviour of faults around the base of the seismogenic zone.
We draw the following conclusions based on the obtained results.

(1) Three different fault rocks (mylonites with microstructures A
and B, and cataclasite) are exposed along the HFZ. The micro-
structures of these rocks and the chemical composition of fine-
grained feldspar indicate that deformation conditions leading
to the formation of microstructure A were close to those of the
brittle-plastic transition. The syn-deformation temperatures
estimated for mylonite with microstructure B are higher than
those of the brittle-plastic transition, whereas the tempera-
tures estimated for cataclasite are lower.

(2) Microstructure A occurs in limited regions along the HFZ, along
a maximum length of approximately 6 km. This outcrop extent
of microstructure A is considered to represent the final local-
ised zone of plastic flow within the HFZ. Displacement by
plastic flow occurred only in restricted regions at the depth in
the crust where P-T conditions were equal to those of the
brittle-plastic transition.

(3) The localisation of deformation to the outcrop extent of
microstructure A possibly resulted from strain weakening
accompanied by the dynamic recrystallisation of feldspar. This
mechanism also resulted in the development of numerous
zones of localised deformation.

(4) Many zones of localised deformation (also containing crush
zones) developed within the outcrop extent of microstructure
A, suggesting that the extreme strain localisation led to ductile
fracturing of highly deformed fine-grained feldspar. It is likely
that numerous fractures nucleated in these rocks due to ductile
fracture.

(5) The occurrence of plastic displacement in the restricted regions
of crust for which the P-T conditions approached those of the

brittle-plastic transition resulted in a significant stress
concentration. Interaction between this stress concentration
and fractures nucleated via ductile fracture possibly promoted
the nucleation of large earthquakes.
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