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a b s t r a c t

Fault-related microstructures and fault orientations in siliceous mudstone were studied at the Horonobe
Underground Research Laboratory site in Japan. Thin dark bands define a weak foliation that exhibits
compactional cataclastic fabrics in thin section. These fabrics were observed both along the faults and
beyond the fault tips, in outcrop and in drill core. Most of the bands are so thin that it was not possible to
measure their thickness in thin section. However, scanning electron microscope images of fault surfaces
revealed evidence of chemical compaction within the bands. Millimeter-scale displacements occur along
similar dark bands in diatomaceous mudstone, which overlies the siliceous mudstone. In all boreholes,
the dominant orientation of unfolded faults is WNWeESE strike and a near-vertical dip. These obser-
vations suggest that the faults formed along compactional shear bands that in turn nucleated under
ductile or brittleeductile conditions. The development of compactional shear bands preceded fault
formation, occurring just prior to folding, in response to EeW compression related to the eastward
migration of the Amurian plate.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The low permeability and high sorption capacity of mudstone
makes it an important natural barrier in radioactive-waste-disposal
facilities (Mazurek et al., 2008, 2011). However, when either shear
stressdinduced by tectonic forcesdor nonhydrostatic stress
exceeds the rock shear strength, brittle or ductile deformation may
occur depending on the brittleness of the mudstone (Bjørlykke and
Høeg, 1997; Nygård et al., 2006). If a mudstone is subjected to
ductile deformation, it is unlikely that mudstone permeability will
increase significantly because ductile deformation is only weakly or
non-dilatant (Dehandschutter et al., 2004, 2005; Ishii et al., 2011a).
However, if a mudstone is subjected to brittle deformation, the
resulting structures may significantly increase the permeability
because brittle deformation is strongly dilatant (Dehandschutter
et al., 2004, 2005; Ishii et al., 2011a). Thus, an understanding of
the relationship between brittleness and deformation behavior in
mudstone is crucial for assessing the long-term efficacy of
mudstone as a barrier in disposal repositories for radioactive waste.

Natural deformation structures observed in the field may record
previous episodes of brittle or ductile deformation behavior, which
can lead to an understanding of the relationship between brittleness
and deformation behavior in a rock. When defined on the basis of
mo.or.jp.
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specific rheological behavior (e.g., Dehandschutter et al., 2004, 2005;
Ishii et al., 2011a), ductile deformation is characterized by weakly
dilatant or non-dilatant behavior associated with strain hardening
(in response to compaction). In contrast, brittle deformation is
characterized by strongly dilatant behavior unrelated to strain
hardening. So, for example, compactional shear bands, which are
deformation bands (tabular discontinuities) often observed in
sandstones (e.g., Aydin et al., 2006; Fossen et al., 2007), can be indi-
cators of ductile deformation (Ishii et al., 2011a) because they are
associated with physical/chemical compaction (strain hardening)
processes such as alignment/rotation/disaggregation, cataclasis/
comminution, and the pressure solution of constituent materials
(Aydin et al., 2006; Fossen et al., 2007; Schultz and Fossen, 2008;
Fossen, 2010). On the other hand, joints (opening mode fractures)
are indicators of brittle deformation because they form by dilatant
deformation that is unrelated to strain hardening (Ishii et al., 2011a).
However, faults (slip surfaces) alone are insufficient indicators of
ductile or brittle deformation because faults are not known to
nucleate and self-propagate (Crider and Peacock, 2004; Aydin et al.,
2006). Faults are generally associated with other deformation
structures such as compactional shear bands or joints. When faults
originate from compactional shear bands, fault initiation is thought
to occur in a ductile regime through strain hardening (the formation
of compactional shear bands) followed by strain softening (the
formation of faults) (e.g., Schultz and Siddharthan, 2005; Torabi and
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Berg, 2011). On the other hand, when faults originate from joints, the
ensuing faults are sheared/faulted joints (e.g., Wilkins et al., 2001;
Myers and Aydin, 2004) that developed during brittle deformation.

Detailed observations of fault microstructures will reveal the
mechanism of fault nucleation; i.e., brittle or ductile deformation.
In particular, where faults nucleate from ductile deformation
processes, detailed microstructural characterization of the fault
reveals evidence of strain hardening (compactional deformation)
during fault nucleation. For example, the development of faults in
sandstones is well understood, as is their detailed textural evolu-
tion, where numerous faults originate as compactional shear bands
with porosity-reducing structures (e.g., Aydin et al., 2006; Fossen
et al., 2007). Vannucchi et al. (2003) studied faults in scaly clay
using a scanning electron microscope (SEM) to observe the fault-
related microstructures of faults, revealing that the faults origi-
nated from localized zones of aligned clay minerals. However, few
studies have examined the microstructure of faults with a view to
understanding the origin of faults in mudstone (Dehandschutter
et al., 2004, 2005). In siliceous rocks, shear and tensile deforma-
tion mechanisms of fault formation have been studied (e.g., Gross,
1995; Wilkins et al., 2001; Ishii et al., 2010). However, the rheol-
ogies and microstructures of faults developing from shear defor-
mation have received little attention.
Fig. 1. Geological map and geological cross-section of the Horonobe area (after Ishii et al., 2
and directions of plate movement shown in the inset map are from Wei and Seno (1998).
Abundant faults occur in siliceous mudstone at the Horonobe
Underground Research Laboratory (URL) site in Japan; their origin
has not previously been identified. This study draws upon field
descriptions, analyses of thin section, SEM observations of fault
microstructures, and fault orientations in boreholes to determine
the origin of faults developed in siliceous mudstone.

2. Geological background

The Horonobe URL site is located on the eastern margin of
a Neogene to Quaternary sedimentary basin on the western side of
northern Hokkaido, in a Quaternary, active foreland fold-and-
thrust belt near the boundary between the Okhotsk and Amurian
plates (e.g., Yamamoto, 1979; Wei and Seno, 1998; Ikeda, 2002)
(Fig. 1). The basin fill consists of the Wakkanai, Koetoi, Yuchi, and
Sarabetsu formations, from bottom to top (Figs. 1 and 2).

The Wakkanai Formation, a Neogene siliceous mudstone, is
poorlyexposed at theHoronobeURL site. The siliceousmudstone, for
the most part, is a single, massive, homogeneous lithofacies (Mitsui
and Taguchi, 1977; Iijima and Tada, 1981; Hiraga and Ishii, 2008),
though weakly developed bedding planes can be recognized by
electrical micro-imaging in boreholes (Ishii et al., 2006). Mineral-
ogically, siliceous mudstone consists of 40e50 wt.% silica (mainly
008), showing the locations of boreholes and the Horonobe URL site. Plate boundaries
F1, F2, and F3 are specific fold hinges analyzed in this study.



Fig. 2. Schematic columnar section of theHoronobe area (Ishii et al., 2010). Sb: Sarabetsu
Formation; Yc: Yuchi Formation; Kt: Koetoi Formation; Wk: Wakkanai Formation.

E. Ishii / Journal of Structural Geology 34 (2012) 20e2922
opal-CT),19e33wt.% clay (10e18wt.% smectite and7e13wt.% illite),
quartz (9e13 wt.%), feldspar (7e13 wt.%), pyrite (0e4 wt.%), and
carbonate (0e1 wt.%), based on normative calculations (Mazurek
and Eggenberger, 2005; Hiraga and Ishii, 2008). The effective
porosity is 30%e50% (Sanada et al., 2009). The siliceous mudstone
formed from the induration of diatomaceous mudstone during
progressive burial diagenesis of silica minerals, involving the disso-
lution of opal-A and the precipitation of opal-CT within pore spaces
(Ishii et al., 2011b). A massive and relatively soft diatomaceous
mudstone, the Koetoi Formation, overlies the siliceous mudstone.
Mineralogically, the diatomaceous mudstone consists predomi-
nantly of opal-A (40e50 wt.%) and clay (17e25 wt.%, comprising
9e17 wt.% illite and 0e11 wt.% smectite) with lesser amounts of
quartz (7e10 wt.%), feldspar (5e10 wt.%), pyrite (0e2 wt.%), and
carbonate (0e2 wt.%), based on normative calculations (Mazurek
and Eggenberger, 2005; Hiraga and Ishii, 2008). The effective
porosity is 45e65% (Sanada et al., 2009). The lithological boundary
between the two mudstones is a gradual, conformable transition.

Burial and subsidence of the Wakkanai, Koetoi and Yuchi
formations occurred during the NeogeneeQuaternary. The sili-
ceous mudstone was buried to a depth of more than 1 km at the
time ofmaximum burial (Ishii et al., 2008; Kai andMaekawa, 2009).
Subsequently, uplift and denudation started at about 1 Mawith the
deposition of the Sarabetsu Formation, which followed flexural
folding that began between 2.2 and 1.0 Ma in response to regional
EeW compression (Ishii et al., 2008). Some anticline hinge lines
(e.g., F1, F2, and F3 in Fig. 1) developed with NWeSE to NNWeSSE
trends, plunging gently to the northwest or southeast.

In the folded siliceous mudstone, abundant predominantly
strike-slip faults crosscut bedding planes at a high angle, and
bedding-parallel faults are observed in outcrop and in drill core
(Ishii and Fukushima, 2006; Ishii et al., 2010). The strike-slip faults
with fault breccias occur at shallower depths in the siliceous
mudstone and are associated with numerous splay joints. Such
faults are highly permeable structures (Ishii et al., 2010) whose
origin and nucleation age are poorly constrained.

This study focuses on the faults that crosscut bedding planes at
a high angle, which are simply called “the faults” or “faults” herein.
A “fault” is defined as a slip surface with slickensides, associated
with fault rocks, slickenlines, and/or slickensteps.
3. Observations and results

3.1. Microstructures

Dark bands are closely associated with the faults in siliceous
mudstone outcrops. The dark bands are observable at and beyond
fault tips near faults with fault breccias (Fig. 3a). Although dark
bands are too thin to measure in the field, they are recognized by
their dark color, which contrasts with the surrounding siliceous
mudstone. The bands can be traced over lengths of less than 10 cm.
Dark bands are also observed at and beyond isolated faults that lack
fault breccias (Fig. 3b and c). The fault surfaces are identifiable as
dark planes in outcrop and in drill core (Fig. 3d: the dark planes are
odorless and are unrelated to hydrocarbons), and were not
observed on joint surfaces. A lack of marker horizonsmeans it is not
possible to observe displacement along bands in siliceous
mudstone. However, similar dark bands (somewhat thicker at
0.1e5.0 mm) occur in diatomaceous mudstone (Fig. 3e), which
preserves numerous trace fossils that serve as markers and that
recordmillimeter-scale displacements (Fig. 3f). The fault surfaces in
the diatomaceous mudstone are similarly identifiable as dark
planes (Fig. 3g).

In thin section, a weak foliation oriented sub-parallel to dark
bands in siliceous mudstone is defined by the preferred orientation
of tabular crystals (e.g., feldspar), very fine-grained minerals
(possibly clay minerals such as illite), and small, black, fine-grained
cataclasite bands (Fig. 4a). Such a foliation is not observed in the
surrounding matrix. Although quartz and feldspar cataclasis was
not observed within dark bands, the boundaries between bands
and the surrounding matrix are sharp (Fig. 4a). Dark bands were
also observed along fault planes and are similarly associated with
a weak foliation developed sub-parallel to faults (Fig. 4b). Bound-
aries between bands and the matrix are sharper than those shown
in Fig. 4a. In many cases, it is not possible to measure band thick-
nesses, even in thin section (Fig. 4c). The development of a weak
foliation similar to that described above (e.g., Fig. 4a) was also
observed for dark bands in diatomaceous mudstone, though
boundaries between bands and the matrix are more diffuse than
those observed along fault planes and within siliceous mudstone
(Fig. 4d).

High-resolution SEM observations of fault surfaces show that
very thin dark bands along faults have compactional textures.
Silica-dominant gelatinous films occur across fault surfaces
(Fig. 5a). It is difficult to discern individual grains within the film.
However, where grains can be differentiated, they are typically
platy (both silica and clay particles), and are preferentially aligned
parallel to the fault surface. Grain boundaries are diffuse and for the
most part appear to fuse together, resulting in continuous silica
films across fault surfaces. Although opal-CT lepispheres (authi-
genic silica) were not found at fault surfaces, they were observed as
partly comminuted precipitates within pore spaces in the
surrounding matrices (Fig. 5b). Similar textures were also observed
along fault surfaces in diatomaceousmudstone (Fig. 5c), though the
silica phase was different. Diatomaceous fragments are rare upon
fault surfaces but are common in the surrounding matrix (Fig. 5c
and d).

3.2. Orientation

The orientations of faults in boreholes were determined by
making detailed correlations of drill core data with acoustic
imagery data obtained with the borehole televiewer survey (BHTV)
in HDB-6, HDB-9, HDB-10, HDB-11, and PB-V01, or the resistivity
image data obtained with electrical micro-imaging (EMI) in HDB-5.
Bedding plane orientations were determined by EMI, though the
orientations in PB-V01, where EMI was not conducted, are taken to
be the same as those in the neighboring borehole HDB-6 (Fig. 1).

Table 1 lists the orientations of bedding planes and faults, in
boreholes. Fig. 6aef shows poles to fault planes and bedding planes
in boreholes, as well as poles to bedding faults, on lower hemi-
sphere equal-area projections.



Fig. 3. Photographs of fault-related discontinuities. (a) Thin dark band observed near a fault with fault breccia in siliceous mudstone. The length of the dark band is about 10 cm. (b)
Thin dark band in siliceous mudstone. (c) Close-up of the thin dark band in (b). The trace length of the dark band is about 10 cm. The dark band shows en-echelon-like or
anastomosing geometries. The sketch at bottom left is an interpretation of the photograph. (d) Fault plane in drill core from the siliceous mudstone, showing dark planes. (e) Dark
bands with measurable thicknesses in a hand specimen of diatomaceous mudstone. (f) Diatomaceous mudstone core, showing dark bands that cut trace fossils. (g) Fault plane in
diatomaceous mudstone from drill core, showing dark planes.
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Bedding plane orientations in HDB-6, HDB-9, HDB-11, and PB-
V01, which are located along the western limb of folds ‘F1’ and
‘F2’ in Fig. 1, are very similar. These orientations differ a little from
bedding plane orientations in HDB-5, which is located along the
western limb of ‘F3’ in Fig.1. The bedding plane orientations in HDB-
10, which is located along the eastern limb of ‘F3’ in Fig. 1, are
significantly different from those in the other boreholes (Table 1;
Fig. 6aef).
The major fault orientations in HDB-6, HDB-9, HDB-11, and PB-
V01 are similar, and have lower dip angles than those in HDB-5
(Table 1; Fig. 6aef). The major fault orientations in HDB-10 differ
significantly from those within the other boreholes (Table 1;
Fig. 6aef). Minor fault orientations were also observed for some
boreholes (Table 1; Fig. 6cef).

Fig. 6gei shows the unfolded orientations of features depicted in
Fig. 6aef; for unfolded geometries, bedding planes were rotated to



Fig. 4. Thin section photomicrographs of discontinuities (plane polarized light). (a) Dark band shown in Fig. 3a. Band thickness is about 0.5 mm. A weak, internal foliation is
characterized by the preferred orientation of tabular crystals including feldspar and, possibly, by clay minerals such as illite. Small black bands indicating cataclasis are oriented sub-
parallel to the dark band. This foliation is not present in the surrounding matrix. The boundary between the dark band and the matrix is sharp. Quartz and feldspar in the dark band
are not fractured. (b) Dark band observed along the fault plane shown in Fig. 3a. Band thickness is about 0.05 mm. Band color is darker than in (a) and a weak foliation is oriented
sub-parallel to the fault plane. The boundary between the dark band and the matrix is very sharp. Quartz and feldspar in the dark band are not fractured. (c) Very thin dark bands
along the fault plane shown in Fig. 3d. At this scale, thicknesses were not measurable and it is possible that the bands are discontinuous along the fault plane. (d) Dark band shown
in Fig. 3e. A weak internal foliation occurs sub-parallel to the dark band and is absent in the surrounding matrix. The boundary between the dark band and the matrix is diffuse.
Quartz and feldspar in the band are not fractured.
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the horizontal (see also Table 1). The rotation consists of the
following process: first, a hold hingewas rotated to the horizontal if
the hinge was plunging; second, the bedding plane was brought to
the horizontal by rotating it around the horizontal fold hinge
through an angle equal to the dip of the bed (following Silliphant
et al., 2002). The unfolded major fault orientations in all bore-
holes are similar, striking WNWeESE with near-vertical dips
(Table 1; Fig. 6gei). The unfolded minor fault orientations varied
among the boreholes (Table 1; Fig. 6iel).

4. Discussion

4.1. Origin of the faults

Thin dark bands were observed along and near faults. Obser-
vations of thin sections revealed weak foliations with compac-
tional/cataclastic fabrics. Most of the bands along faults are too thin
to determine their thicknesses, even in thin section. SEM obser-
vations of fault surfaces revealed a surface-parallel alignment of
platy particles, and the existence of silica films with fused silica
textures in bands along faults. Although opal-CT lepispheres were
not found on fault surfaces, they were observed in adjacent
matrices, although partly comminuted. Similar dark bands occur in
diatomaceous mudstone, where millimeter-scale displacements
were observed along bands. These observations indicate that the
dark bands are compactional shear bands resulting from physical
and chemical compaction, including the preferential alignment of
platy particles, the cataclasis and comminution of relatively fragile
opal-CT lepispheres, and the fusing-together of highly soluble opal-
CT crystallites (Brueckner et al., 1987) to form silica films, thereby
supporting the interpretation of the dark bands as compactional
shear bands. The cataclasis/comminution of opal-CT lepispheres by
compactional shearing seems to have encouraged the fusing-
together (possibly dissolution, dispersion, precipitation, contact
healing, grain growth, etc.) of opal-CT crystallites; an
understanding of the detailed fusing-together mechanism needs
further data to enable an adequate interpretation and discussion.

The dark bands were also observed at and beyond fault tips,
indicating that fault formation followed the formation of compac-
tional shear bands. This is coherent in a rheological sense. Usually,
in terms of rheology, fault formation and compactional shear band
formation correspond to strain softening and strain hardening,
respectively (Aydin and Johnson,1978; Dehandschutter et al., 2005;
Ishii et al., 2011a), and strain softening follows strain hardening
(Schultz and Siddharthan, 2005; Torabi and Berg, 2011). This is
consistent with the above observations.

The transition from compactional shear band formation to fault
formation likely proceeded as follows (referring to the model of
Ben-Zion and Sammis, 2003). First, compactional shear bands
formed through strain hardening resulting from initial strain
localization, and possibly following strain delocalization. Subse-
quently, additional strain produced weak fabrics/planes (e.g.,
surfaces of silica films or fine-grained cataclastic zones) oriented
sub-parallel to the developing shear zone with strain localization.
Eventually, with strain softening, fault surfaces nucleated along the
developed fabrics/planes (Fig. 7). Although joints, which originated
as compactional deformation structures, may grow into faults with
subsequent shear movement (Zhao and Johnson, 1992; Eichhubl
et al., 2009), fault surfaces with both dark planes and plumose
structures were not observed; therefore, such a growth history is
not appropriate in explaining the formation of faults observed in
this study.

Thus, the faults analyzed in this study are considered to have
formed along compactional shear bands that nucleated under
ductile conditions by a deformation process involving the forma-
tion of compactional shear bands prior to the development of
faults. However, the band thicknesses are very thin, indicated that
strain hardening may not have been significant. In turn, this may
suggest that the faults nucleated in the brittleeductile transitional
regime rather than within the ductile regime.



Fig. 5. High-resolution SEM images. (a) Fault surface in siliceous mudstone showing the surface-parallel alignment of platy particles and silica films. The films have fused silica
textures. (b) Siliceous mudstone matrix adjacent to a fault surface, showing partially comminuted opal-CT lepispheres precipitated within pore spaces. (c) Fault surface in dia-
tomaceous mudstone, showing the surface-parallel alignment of platy particles and silica films. The films have fused silica textures. (d) Diatomaceous mudstone matrix adjacent to
the fault surface.
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Deformation bands are known to develop in sandstone (e.g.,
Aydin et al., 2006; Fossen et al., 2007). However, the development
of deformation bands in naturally deformed mudstone, as pre-
sented in this paper, is rare.
4.2. Nucleation age of the faults

The nucleation age of a fault is generally closely related to its
orientation. For example, vertical fractures, regardless of bedding
plane attitude in folded sedimentary rocks, likely formed after
folding (Engelder et al., 2009). On the other hand, if fractures lack
a preferred orientation in folded sedimentary rocks and are instead
concentrated in a specific orientation in an unfolded state, these
fractures likely formed in response to a regional tectonic stress
before folding (Hennings et al., 2000; Silliphant et al., 2002; Guiton
et al., 2003b; Mynatt et al., 2009).

In the present study, major fault orientations (in their unfolded
state) in all boreholes are concentrated around aWNWeESE strike,
Table 1
Orientations (dip direction/dip) of bedding planes and faults in boreholes. F1, F2, and F3

Borehole Bedding plane Fault

Major orientation Minor orientation

HDB-5 265/35 015/65
HDB-6 225/35 010/53
HDB-9 230/40 030/50 170/57, 315/55
HDB-10 055/40 217/57 160/50
HDB-11 230/40 005/55 280/45
PB-V01 225/35 000/45 269/43
with nearly vertical dips (Fig. 6gel). This is strong evidence that the
faults formed before folding.

In addition, the concentration of fault orientations (Fig. 6) and the
distribution of faults described by Ishii and Fukushima (2006) indi-
cate that fault generation is due to tectonic deformation, considering
the indicators used by Fossen (2010). The aboveWNWeESE strike is
oblique to the regional EeWdirected compression (Ishii et al., 2008).
Therefore, the faults began as strike-slip compactional shear bands
just before folding was initiated (i.e., at around the maximum burial
depth), in response to EeW compression due to the eastward
migration of the Amurian plate (Fig. 1).
4.3. Relationship between fault origin and burial/uplift history

Deformation behavior is closely related to the history of burial
and uplift of the host rocks (Ingram and Urai, 1999; Dehandschutter
et al., 2004, 2005; Schultz and Fossen, 2008). For example, in the
case of a normally consolidated sedimentary rock that is being
correspond to the fold hinges shown in Fig. 1.

Fault (unfolded) Fold hinge used to rotate
back to horizontal

Major orientation Minor orientation

29/81 335/13 (F3)
17/83 140/3 (F1)
35/88 138/47, 341/61 140/0 (F2)
37/85 180/68 335/8 (F3)
15/86 331/34 140/0 (F1)
13/73 316/28 140/3 (F1)



Fig. 6. Orientations of faults, bedding planes, and bedding faults in boreholes (aef), and their unfolded orientations once the bedding planes have been rotated into the horizontal
(gel). The arrows point to bedding plane orientations. Note that major fault orientations in all boreholes are variable (aef), while their unfolded orientations are largely consistent
(gel). Contours were made using the Fisher distribution (lower hemisphere equal-area projection).
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progressively buried, ductile deformation generally occurs during
shearing. In contrast, in the case of an overconsolidated sedimen-
tary rock that may be subjected to uplift and denudation or to
induration during mineral diagenesis, brittle deformation typically
occurs during shearing.

The thinness of compactional shear bands along faults suggests
that the faults nucleated in the brittleeductile transitional regime
rather than in the ductile regime, asmentioned above. However, the
faults probably formed at or near the maximum burial depths, and
the sedimentary rocks are estimated to have consolidated normally,
in a ductile regime. On the other hand, the siliceous mudstone was
indurated by burial silica diagenesis (Ishii et al., 2011b); such
induration increases rock brittleness (Ingram and Urai, 1999).
Therefore, the overconsolidated state created by silica diagenesis
enabled the development of very thin compactional shear bands.

4.4. Growth history of the faults

The growth history of the faults is summarized as follows
(Fig. 8). The strike-slip compactional shear bands and faults



a b c

Fig. 7. Fault nucleation model for siliceous mudstone. (a) Nucleation of a compactional shear band by the preferred alignment of platy particles, the cataclasis/comminution of opal-
CT lepispheres, and the fusing-together of opal-CT crystallites to form the silica films. (b) Band-parallel extension of the compactional shear band by additional strain, possibly with
strain delocalization. (c) Nucleation of a fault surface along continuous and potentially weak fabrics/planes (e.g., surfaces of silica films or fine-grained cataclasite zones) oriented
sub-parallel to the shear zone, due to additional strain with strain localization.
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nucleated just before the initiation of folding in the brittleeductile
transitional or ductile regime, due to regional tectonic compression.
At this time, if the faults were forming during deformation, propa-
gation of the previously formed compactional shear bandsmayhave
a

b

Fig. 8. (a) Temporal relationship between burial/uplift, folding, and fault movement. (b)
facilitated linkages between the faults at extensional step-over fault
positions, as deformation bands can easily link together in exten-
sional step-over geometries (Okubo and Schultz, 2006). In the
present study, extensional step-over fault geometries were often
Example of the growth history of a sinistral strike-slip fault. See the text for details.



Fig. 9. Fault trace mapped on a horizontal outcrop (modified from Ishii and
Fukushima, 2006). Numerous splay joints extend from the fault. Densely fractured
zones occur at the locations of extensional step-over faults (Ishii et al., 2010).
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observed in outcrop (Ishii and Fukushima, 2006; Fig. 9), some of
which may have been inherited from compactional shear band
linkage structures. On the other hand, although faults may be dis-
placed by bedding faults that formed during folding (Ishii and
Fukushima, 2006), the faults associated with fault breccias
displace the bedding faults without exception, indicating they
formed after folding (Iwatsuki et al., 2009; Ishii et al., 2010).
Therefore, fault movement appears to have been suppressed during
folding, probably due to the stress relief accommodated by the
development of bedding faults (cf., Guiton et al., 2003a). Subsequent
to folding, faults with fault breccias developed by preferential
reactivation. However, just after folding, the siliceousmudstone had
not yet experienced significant uplift (from hundreds of meters of
depth) and the rockswere not especially brittle. Therefore, the faults
probably continued to grow via the deformation process by which
compactional shear band formation slightly preceded fault forma-
tion; this certainly seems reasonable for the period just after
regional folding, because folding is commonly associated with
ductile deformation rather than brittle deformation. As uplift and
denudation progressed, the brittleness of the siliceous mudstone
increased sufficiently to enable some faults to form at shallower
depths in associationwith the development of numerous secondary
splay joints. The faults are linked through the splay joints, resulting
in a highly permeable fault network (Ishii et al., 2010). Nevertheless,
at greater depths (greater than several hundreds of meters), few
splay joints were observed in boreholes, and strong linkages
between faults are absent (Ishii et al., 2010, 2011a).

5. Conclusions

Thin dark bands characterized by weak foliations and micro-
scale compactional and cataclastic fabrics were observed in sili-
ceousmudstone along faults and beyond fault tips in outcrop and in
drill core. Most of the bands along faults are too thin to measure
band thicknesses, even in thin section. SEM observations of fault
surfaces revealed evidence of chemical compaction within bands
along faults. Similar dark bands in diatomaceous mudstone (over-
lying the siliceous mudstone) showmillimeter-scale displacements
along bands. The major faults, in their unfolded state, are
predominantly oriented around a WNWeESE strike and are nearly
vertical in all boreholes. These observations suggest that faults
formed along compactional shear bands that nucleated in the
ductile or brittleeductile transitional regime. The formation of
compactional shear bands preceded fault formation, just before the
initiation of folding, in response to EeW compression due to the
eastward migration of the Amurian plate. This type of information
on the origin of faults is fundamental in understanding the rela-
tionship between brittleness and the deformation behavior of rock
(Ishii et al., 2011a).
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