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Abstract: We conducted microstructural and microchemical analyses of deformation bands in a
forearc fold belt consisting of the Eocene Urahoro Group located in northern Japan. In the study area,
there was one flexure (or monocline) developed where deformation bands pervasively occurred in
arkosic sandstone intercalated with mudstone and coal layers. Deformation bands formed at the
maximum burial depth of c. 1.5-2.5 km; this was inferred from both the thickness of the overlying
strata and vitrinite reflectance values (%Rp) of the coal layers (c. 0.5). These bands were inferred
to have originated as phyllosilicate bands, which developed into cataclastic bands with increasing
strain on sandstones with up to c¢. 10% volume of phyllosilicate. In the cataclastic bands, the detrital
grains in the host parts were crushed into sizes less than one-half to one-fifth of the original ones,
and the long axis of the fractured grains tended to align parallel to the deformation bands. It was
found that the deformation bands became a site of intense weathering at later stages, where not only
detrital biotite grains were altered to vermiculite and kaolinite, but also authigenic clay minerals such
as smectite grew in pore spaces created by the fracturing of detrital grains.

Keywords: northern Japan; fold belt; flexure; deformation bands; image analysis; deformation-
induced weathering

1. Introduction

Many studies have been conducted on deformation bands in sandstones or other
types of rocks to unravel the structural development and conditions in deformed zones
at shallow levels of the continental crust ([1-3] for a review). Deformation bands have
also attracted the interest of petroleum geologists because permeability, which is key for
exploring oil reservoirs, is modified by the development of deformation bands [4,5]. One
interesting aspect of deformation bands is that they form at places of strain localization. In
fact, many deformation bands have been reported from fold-and-thrust belts in association
with thrusts or blind thrusts [4-9]. Further, from the viewpoint of the development of
fault zones, they develop at the tip of faults in so-called “process zones” [2,10] and in the
damage zones of fault zones [11,12]. This is because deformation bands formed under
slightly lower stresses below the critical stresses for faulting and thus can be considered as
precursory structures to faults [13], where only a small amount of displacement occurred.

Water-rock interactions (i.e., dissolution—precipitation reactions) are enhanced at
fracture interfaces [14-17]. However, this aspect of so-called structural diagenesis [18] has
been little explored in the studies of deformation bands [19]. Such interactions among fluid
flow, alteration and deformation in deformation bands and surrounding host parts have
recently been shown in the fault damage zones of a few sedimentary basins: e.g., near the
Dombjerg Fault, in the NE Greenland rift system [20-22]; near the Eisenstadt Fault in the
Vienna Basin (Austria) [23]. Further, once a significant amount of clay minerals forms at
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the fracture interfaces in rocks, not only is the frictional strength significantly reduced (e.g.,
the internal coefficient of friction is 0.1 for smectite [24,25], typical authigenic clay minerals
formed by weathering), but the permeability is decreased by the swelling of such clay
minerals [25]. Therefore, a landslide could be triggered by a large amount of rainfall due
to the buildup of pore fluid pressure as well as low frictional strength in such weathered
rocks [26].

In the present study, we investigated microstructures in deformation bands in sand-
stones, which occurred in forearc coal-bearing Paleogene strata located in eastern Hokkaido
in northern Japan. We first documented these deformation bands in sandstones devel-
oped under a special structural setting, where almost vertical strata suddenly become
horizontal (i.e., flexure or monocline, referred to as flexure in the present paper). We then
conducted detailed microstructural analyses of deformation bands in core and outcrop
sandstone samples. We found that the deformation bands were characterized by cataclasis
and alignment of phyllosilicate, which plays a key role in the formation of deformation
bands in the sandstones. We further showed that alteration (i.e., weathering) was induced
in phyllosilicate grains by the formation of deformation bands, which was enhanced by
water-rock interactions.

2. Geological Setting

The study area mostly consisted of the Eocene Urahoro Group, which is unconformably
covered by the Upper Miocene Atsunai Group (Figure 1, Table 1). The Urahoro Group
consists of shallow marine to brackish water sediments intercalated with non-marine
sediments and contains many coal layers, which were exploited in the past and are known
as the Kushiro coal field [27]. The Eocene Urahoro Group consists of the Beppo, Harutori,
Tenneru, Yubetsu, Shitakara and Shakubetsu formations in ascending order (Table 1, [28,29]).
The basement of the Urahoro Group is not exposed in the study area but unconformably
underlain by the uppermost Cretaceous sandstone and mudstone in the area c. 30 km west
(1:50,000 Geological Maps of Japan, Onbetsu by [30] and Tokomuro by [31]). Further, since
the sandstones of the Urahoro Group are arkosic and contain many plagioclase, K-feldspar,
quartz and biotite detrital grains, the basement was inferred to have been composed of
mostly granitic rocks pre-Eocene in age.

The sedimentary age of the Urahoro Group, which was previously inferred to be from
the Late Eocene from shell, plant [28] and foraminifera fossils [32,33], has recently been
determined to be from c. 39 Ma (Middle Eocene) based on the U-Pb age of detrital zircon
grains from tuff beds [34]. The Middle Eocene Urahoro Group is overlain by the Onbetsu
Group from the latest Late Eocene to the earliest Early Oligocene (Table 1, [32,33,35]) and
consists of sandstone and mudstone deposited in a shallow marine environment with a
very slight unconformity [30].

The Atsunai Group is also mostly shallow marine sediments, consisting of the Choku-
betsu, Atsunai and Shiranuka formations in ascending order (Table 1, [30,36]), including
many tuff beds. In the study area, only the Atsunai Formation is distributed, consisting
of lapilli tuff (or tuffaceous sandstone), including many pumices and tuffaceous mud-
stones [37]. While the age of the Atsunai Group has previously been inferred to be the Late
Miocene based on diatom fossils [38], the U-Pb age of detrital zircon grains from lapilli
tuff of the Atsunai Formation has yielded c. 7 Ma for the sedimentation ages (personal
communication with H. Ito).
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Table 1. Stratigraphy of the study area after [36,37].

Age Group and Formation Lithology Thickness (m) Remarks
Shiranuka F. tuffaceous mudst. 700-750 Not exposed in the
study area.
Zircon U-Pb age of c.
) . . pumice tuff, 7 Ma after H. Ito
Late Miocene Atsunai G. Atsunai F. tuffaceous mudst. 450-480 (Personal
communication)
tuffaceous mudst, . Not exposed in the
Chokubetsu F. sandst. 1000-1060 study area.
Late Eocene to Not exposed in the
Early Oligocene Onbetsu G. mudst, sandst. 290-440 study area.
sandst. mudst.
Shakubetsu F. coal layers 260-290
Shitakara F. sandst, mudst. 240-270
. Not exposed in the
Middle Eocene Urahoro G. Yubetsu E. study area. Zircon
Tenneru E, congromerate, 390 U-Pb age of c. 39 Ma
Harutori F,, sandst, mudst in the Tenneru F.
Beppo F. after Katagiri

etal. (2016) [34]

Not exposed in the
study area.

Late Cretaceous

In the studied and surrounding areas, the structure of the Urahoro Group is charac-
terized by fold-and-thrust belts, where the orientations of the fold axes and thrust faults
trend NNE-SSW [30,31,37]. The fold-and-thrust belts were possibly formed by the collision
of the forearc sliver of the E-W trending Paleo-Kuril arc against the northeast Japanese
arc trending N-S represented by the Hidaka belt in Hokkaido (Figure 1a, [39,40]). The
overlying Upper Miocene Atsunai Group is concordantly folded together with the Middle
Eocene Urahoro Group based on the geological maps of the previous studies [30,31,37,41].
However, the degree of folding of the Upper Miocene Atsunai Group compared to that of
the Paleogene groups has not been precisely known. Whether the former group rests on
the latter groups with parallel unconformity or clino-unconformity has been debated [36].
Therefore, if the deformation (folding) occurred at a single-phase or polyphase and their
timing remains to be investigated.

In the study area, only the uppermost unit of the Shitakara Formation and the Shaku-
betsu Formation of the Urahoro Group and the Atsunai Formation of the Atsunai Group
are distributed (Table 1, Figure 1b), and the Onbetsu Group is not distributed. The upper-
most unit of the Shitakara Formation solely consists of fine- to medium-grained arkosic
sandstones. While the Shakubetsu Formation also consists of fine- to medium-grained
arkosic sandstones, which are intercalated with mudstones and many thin coal layers up to
a few tens of a centimeter thick.

The structure of the study area is characterized by a fold belt called the Sashiusu-
Shiranuka-gawa folded belt with a wavelength of 1-2 km [37], which trends in the NNE-
SSW direction (Figure 1b). The strata mostly gently dip towards either an SSE or WNW
direction up to 30 to 45 degrees. Along the very narrow zone in the eastern part of the study
area, the strata dip steeply at angles more than 75 degrees towards the ESE direction, which
has been interpreted to indicate the fault between the uppermost unit of the Shitakara
Formation and Shakubetsu Formation [37].
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Figure 1. (a) Index map showing the Late Cretaceous and Paleogene forearc basin deposits in eastern
Hokkaido, northern Japan, and the study area. The location of index map is shown by a red frame in
the inset diagram. MTL, median tectonic line; ISTL, Itoigawa-Shizuoka tectonic line; TTL, Tanakura
tectonic line. (b) Geological map modified after the previous literature [37], and results from our field
survey are shown with circles (see legends). (c) Cross section; the traverse line for the cross section
(A-A") is shown in (b).
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3. Methods

In the present study, we conducted not only a detailed field survey but also microstruc-
tural image analysis in thin sections of sandstones with deformation bands under an optical
microscope. In addition, we conducted microchemical analyses using a scanning electron
microscope (SEM) energy dispersive X-ray spectrometry (EDS) and electron probe micro
analyzer (EPMA). The SEM-EDS analysis was conducted using an SEM (JEOL JSM-IT200,
made by Japan Electron Optics Laboratory (JEOL) Ltd., Tokyo, Japan) with an EDS system
operating in the backscattered electron (BSE) mode with 20 kV installed at Hokkaido Uni-
versity. The EPMA analysis was conducted using a wavelength dispersive electron-probe
microanalyzer (JEOL JXA-8800R, made by JEOL Ltd., Tokyo, Japan) installed at Hokkaido
University. The analysis was performed at an acceleration voltage of 15 kV and at a speci-
men current of 20 nA for point analyses with ZAF correction. Natural and synthetic silicates
and oxides are used as standards. Furthermore, we measured the vitrinite reflectance of
coal layer samples from the Shakubetsu Formation to infer the maximum temperatures
which they experienced. The measurement was conducted at Japan Petroleum Exploration
Co., Ltd. (Tokyo, Japan).

Below, we briefly described the method of image analysis, which we used for mi-
crostructural analyses in sandstones with deformation bands. First, images of thin sections
were captured by GNU Image Manipulation Program [42], and outlines of detrital grains
were traced. Manual tracing of grain boundaries was also used. Then, the microstructures
of detrital grains were analyzed by Image]J [43]. The followings were analyzed by Image]:
area (A), perimeter (P), length of long (2) and short (b) axes of grains and angle () between
the long axis and the reference orientation. Here, the long (1) and short (b) axes of grains
were those of a fitted ellipse matching the grain shape by Image]J. The data for each analyzed
area was copied and pasted on an Excel spreadsheet, and then the equivalent diameter of a
circle (D, grain size), aspect ratio (R), and circularity (C) (e.g., [44]) were calculated using
the following equations.

D=2/(A/m) 1
R=a/b 2)
C = 4pA/P? (©)

4. Results
4.1. Field Data and Sample Description

Deformation bands developed in the borehole core and outcrop samples as mentioned
below. The geological route map which we constructed incorporating the previous re-
sults [37] is shown in Figure 1b, where the lithology and strike-and-dip of the strata are
indicated. The cross-section was constructed based on the geological map (Figure 1c). The
basic features of the geological structure are the same as those described by the previous
study [37]. An important structure revealed by both studies is the steeply dipping zone
in the Shakubetsu Formation, which was interpreted as a large-scale fault between the
Shitakara and Shakubetsu formations ,as mentioned above [37]. However, the present study
interpreted the zone without any fault gouge or breccia as a flexure (Figure 1c, represented
as an overturned syncline in Figure 1b). Here, the northwestern limb trended NNE-SSW
to NE-SW and dipped southeast at 75° to vertically (Figures 1b and 2a), while the south-
eastern limb trended E-W and dipped south at 6° (almost horizontally, Figures 1b and 2b).
Further, the boreholes (B4, 5 and 6), which are located at a position between the steeply
and horizontally inclined strata of the Shakubetsu Formation (Figure 1b,c), were drilled by
Meiji Consultant Co. Ltd, Sapporo, Japan. to monitor the ongoing landslide. The strata
below the landslide slip surface dipped SE at c. 20° (Figure 3a), which can be inferred from
the bedding in the borehole core samples as explained below, indicating that the flexure
axis is located directly below it (compare Figures 1c and 3a).
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Figure 2. Outcrop photographs of the Shakubetsu Formation. (a) Steeply dipping strata located at
the northwest of flexure (outcrop KT5). The bedding plane is shown by dashed lines. (b) Almost
horizontally dipping strata located at the southeast of flexure (outcrop KT2), where the sandstone
sample for image analysis is collected. See Figure 1b for the localities.

Deformation bands were developed in core samples from the three boreholes (B4, 5
and 6 in Figure 3a). In the borehole core samples, very-fine- to fine-grained sandstones
and mudstones alternated with many thin coal layers (Figure 3b,c), the thickness of which
ranged between a millimeter to 20 cm. The deformation bands are clearly recognized as
black seams in the core samples (Figure 3b,c). Deformation bands are also developed in
very-fine- to medium-grained sandstones from outcrops (KT1, 2 and 3, Figure 1b) of the
Shakubetsu Formation constituting the northwestern (KT3) and southeastern (KT1 and
2) limbs of the flexure, where coal layers up to 30 cm thick are intercalated (Figure 2b).
Although the deformation bands are barely seen by naked eyes at the outcrops, they could
be recognized in the chips of sandstone as faint seams. Deformation bands only occurred
in the flexure consisting of the Shakubetsu Formation, not in other areas consisting of the
uppermost unit of the Shitakara Formation (e.g., KT4, Figure 1b). In this study, microstruc-
tural and microchemical analyses were conducted for sandstones with deformation bands
in not only one core sample from borehole B6 but also three samples from outcrops (KT1,
2 and 3). In the borehole core sample B4, gouges also developed other than deformation
bands, the microstructures of which are described below. Further, microstructures in one
outcrop sample (KT4, Figure 1b) from the uppermost unit of the Shitakara Formation were
analyzed for reference, which is a fine- to medium-grained sandstone without deformation
bands. All these analyzed samples are summarized in Table 2.
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Figure 3. (a) Cross section of landslide and localities of boreholes (B4, 5 and 6). See Figure 1b,c for
the drilled site. (b,c) Photographs of drilled core samples. (b) Borehole 4 (B4) core. (c) Borehole 6
(B6) core. Bedrock and landslide debris was divided by a failure surface, which was framed by white
solid lines. Coal samples in (b,c) were those used for the vitrinite reflectance measurements (Table 2).
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Table 2. Summaries of analyzed samples.
Core or
Sample No. Outcrop Formation Lithology Analysis
Sample
B4 51m core Shakubetsu F. gouge micro.
B4_53m core Shakubetsu F. coal vitri.
v.f.s. to f.s. with mudst. and coal . .
B6_8.2m core Shakubetsu F. layers micro. image a. EPMA
B6_8.6 m core Shakubetsu F. coal vitri.
KT1 outcrop Shakubetsu F. v.f.s. tofs. micro. SEM-EDS
KT2 outerop Shakubetsu E. f.s tom.s. w1’{2yr;1;dst. and coal = micro. SEM-EDaS, EPMA, image
KT3 outcrop Shakubetsu F. v.i.s. micro. SEM-EDS, EPMA
KT4 outcrop Shitakara F. f.s. tomss. image a.
KT5 outcrop Shakubetsu F. v.f.s. with mudst. and coal layers vitri.

Abbreviations: mudst., mudstone; v.f.s., very-fine-grained sandstone; f.s., fine-grained sandstone; m.s., medium-
grained sandstone; micro., microstructure; vitri., vitrinite reflectance; image a., image analysis.

4.2. Microstructural Analysis
4.2.1. Microstructure

In the B4 core sample, a c. 20 cm thick gouge (see [45,46] for definition) developed at
the depth interval between 5.0 and 5.2 m. In this gouge sample (B4_5.1 m, Table 2), the
original sandstone layers were pervasively fractured, and anastomosing cracks developed
along which detrital chlorite and illite grains were aligned (Figure 4). The anastomosing
cracks were mostly oriented in two different directions, which could be correlated with
composite planar structures R-Y-P (e.g., [47]). However, since it is difficult to identify which
of these cracks can be correlated with the R, Y or P plane, the sense of shear along this
gouge zone cannot be clearly inferred. The detrital chlorite grains with a very elongated
shape aligned along the anastomosing cracks which were possibly formed by fracturing
along cleavages from the original large detrital chlorite grains. Adjacent to this gouge
zone, a weakly sheared sandstone occurred. This sandstone contained many detrital biotite
grains, some of which were fractured and peeled off from the host biotite grains along
cleavages. The same microstructures occurred in detrital biotite grains in the host parts of
the deformation bands in borehole core sample B6 which will be described below.

Figure 4. Microstructures in gouge from borehole core sample B4 (crossed polarized light). Dashed
lines indicate composite planar structures, along which elongated chlorite detrital grains were aligned.
Inset diagram shows the cross-section of borehole core sample B4, the locality for which is indicated
in Figure 3b. The dot in the inset diagram shows the locality of the thin section. The up direction of
the borehole is shown by arrows. Qz, quartz; Chl, chlorite.
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The deformation bands developed in borehole core sample B6 (B6_8.2 m) are typical
deformation bands (Figure 5), where very-fine fractured detrital grains constitute thin
bands up to 1 mm (mostly a few hundreds of microns) wide. These deformation bands
are surrounded by undeformed or weakly deformed very-fine- to fine-grained sandstones
consisting of detrital grains with diameters varying between 50-150 mm (Host, Figure 5a).
Another interesting feature is that very thin coal layers (less than 1 mm) were separated
by many extension fractures, which are reminiscent of a coal cleat [48]. Further, these coal
layers peeled off parallel to the bedding and were incorporated into the deformation bands
as very-thin coal seams (Figure 5b). The coal seams were flowing in the deformation bands,
showing an irregularly curved shape, which suggested that fractured detrital grains flowed
in the deformation bands (i.e., granular-particulate flow, e.g., [44]). Also, there were many
fractured very-fine-grained detrital biotite grains embedded in the deformation bands,
which were aligned slightly oblique to the deformation band boundary forming a foliation
(Figure 5c¢). In addition, there are kinked and extended detrital biotite grains in host parts,
which were caused by sliding along the cleavage plane (cleavage fracturing, Figure 5d).
Further, authigenic clay minerals, which were identified as smectite, grew in pore spaces
created by fracturing in deformation bands (Table 3, Figure 5e).

A
- Area_IV'H
TR

1crp

7. DB: Deformation bands, H: Host

Figure 5. Microphotographs of deformation bands in borehole core sample B6. (a) Whole thin section
(plane polarized light), where deformation bands and host areas are divided by red dashed lines. See
Figure 3c for the locality. (b) Microstructures of coal seams, deformation bands (DB) and host areas
(H) (plane-polarized light). (c) Alignment of fine-grained biotite grains in deformation bands shown
by white dashed lines (crossed polarized light). OCL, orientation of coal layer in (a). (d) Extended and
kinked biotite grains (crossed polarized light, shown by a white arrow). (e) Authigenic smectite grains
grown in pore spaces created by fracturing of detrital grains. Measurements points for microchemical
analysis with EPMA are indicated by filled red circles. See Table 3 for the compositions. See (a) for
the localities of (b—e). The up direction of the borehole is shown by arrows in the diagrams (a-d). Qz,
quartz; P1, plagioclase; Bt, biotite; Sme, smectite.
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Table 3. Chemical compositions of analyzed minerals (wt.%) with EPMA or SEM-EDS. SEM-EDS analyses are indicated by * marks at the right of both mineral name

and total, which are normalized to 100 wt.% in total. For EPMA analyses without * marks, the total is the total weight percent of measured oxide, which does not

include the compositions such as H,O, which cannot be measured by EPMA. Mg# = 100 x Mg/ (Fe2* + Mg); -, No measurements or not applicable.

Sample B6.82m B6_82m KT1 KT1 KT1 KT1 KT1 KT1 KT2 KT2 KT2 KT2 KT2 KT3 KT3 KT3 KT3
Band type CB CB PB PB PB PB PB PB CB CB CB CB CB PB PB PB PB
Point No. P1 P2 P1 P2 P3 P4 P5 P6 P2 P3 P4 P5 P6 P1 P2 P3 P4

Mineral Sme Sme Vrm * Kln * Sme * Vrm * Kln * Sme Dol Dol Vrm Vrm Vrm Lm* Chl Chl Kln

SiO, 45.03 4541 40.00 54.02 63.49 40.49 54.10 63.49 0.00 2.75 31.76 33.49 37.50 0.00 33.80 38.16 47.53
TiO, 0.05 0.13 4.36 0.00 0.00 4.22 0.00 0.00 0.04 0.25 3.29 3.33 2.60 0.50 0.06 0.02 0.13
Al,O3 17.25 19.63 15.65 44.36 27.75 15.66 44.38 28.31 0.04 1.62 16.46 16.32 21.44 0.00 22.44 25.81 36.67
Cr,O3 0.01 0.01 0.00 0.00 0.00 0.00 0.0 0.00 0.08 0.00 0.00 0.02 0.03 0.00 0.00 0.00 0.00
NiO 0.03 0.02 - - - - - - 0.04 0.00 0.00 0.00 0.00 - 0.03 0.01 0.01
FeO 1.35 1.56 22.60 16.56 2.74 22.39 1.14 2.50 5.37 4.56 25.54 23.18 19.75 95.93 22.87 17.14 0.22
MnO 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.20 0.31 0.38 0.21 2.86 0.38 0.27 0.00
MgO 2.53 2.16 12.26 0.40 2.85 12.06 0.38 2.75 17.92 19.05 9.11 8.53 6.78 0.46 7.68 5.85 0.24
CaO 1.66 0.85 0.00 0.00 2.96 0.00 0.00 2.65 31.81 28.31 0.54 0.83 0.59 0.73 0.10 0.18 0.28
NayO 0.06 0.06 0.00 0.00 0.21 0.00 0.00 0.30 1.96 7.10 0.09 0.08 0.08 0.00 0.07 0.05 0.00
K,O 0.79 0.90 5.14 0.00 0.00 5.18 0.00 0.00 0.00 0.00 0.74 2.31 0.54 0.00 1.12 0.76 0.60
(Total) (68.75) (70.74) (100 *) (100 *) (100 *) (100 *) (100 *) (100 *) (55.63) (57.04) (97.49) (96.84) (97.30) (100 *) (88.55) (88.25) (85.67)

(Oxygen) (22) (22) (22) (22) (22) (22) (22) (22) 2 2 ) (22 (22) - (28) (28 (28

Si 7.75 7.58 5.69 6.32 7.51 5.75 6.32 7.50 0.00 0.08 5.22 5.43 5.70 - 6.80 7.32 8.25

Ti 0.01 0.02 0.47 0.00 0.00 0.45 0.00 0.00 0.00 0.01 0.41 0.41 0.30 - 0.01 0.00 0.02

Al 3.50 3.86 2.62 6.12 3.87 2.62 6.11 3.94 0.00 0.05 3.19 3.12 3.84 - 5.32 5.83 7.50

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00

Ni 0.00 0.00 - - - - - - 0.00 0.00 0.00 0.00 0.00 - 0.01 0.00 0.00

Fe2* 0.19 0.22 2.69 0.12 0.27 2.66 0.11 0.25 0.14 0.11 3.51 3.14 2.51 - 3.84 2.75 0.03

Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.04 0.05 0.03 - 0.07 0.04 0.00

Mg 0.65 0.54 2.60 0.07 0.50 2.55 0.07 0.48 0.81 0.79 2.23 2.06 1.54 - 2.30 1.67 0.06

Ca 0.31 0.15 0.00 0.00 0.38 0.00 0.00 0.33 1.04 0.85 0.10 0.14 0.10 - 0.02 0.02 0.05

Na 0.02 0.02 0.00 0.00 0.05 0.00 0.00 0.07 0.00 0.00 0.45 1.81 0.73 - 0.03 0.02 0.00

K 0.17 0.19 0.93 0.00 0.00 0.94 0.00 0.00 0.00 0.01 0.16 0.48 0.10 - 0.29 0.18 0.13
(Sum) (12.59) (12.58) (15.00) (12.62) (12.58) (14.96) (12.62) (12.57) (2.00) (1.90) (14.87) (14.86) (14.14) - (18.69) (17.87) (16.05)

Mgt 77 71 49 - 65 49 - 66 - - 39 40 38 - 37 38 -

VI Al 3.24 3.44 0.31 4.43 3.38 0.37 4.44 3.43 - - 0.41 0.55 1.54 - 4.12 5.15 7.75
IVIA] 0.25 0.42 2.31 1.68 0.49 2.25 1.68 0.50 - - 2.78 2.57 2.30 - 1.20 0.68 —0.25

[AlCa+Na+K 0.50 0.36 0.93 0.00 0.42 0.94 0.00 0.40 - - 0.28 0.65 0.22 - 0.34 0.24 0.19
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In the fine-grained sandstone from outcrop sample KT1 of the Shakubetsu Forma-
tion, although no cataclasic bands developed, detrital biotite grains were aligned, forming
phyllosilicate bands (Figure 6a). These detrital biotite grains were bent (kinked) by sliding
along cleavages as they occurred in the borehole core sample B6_8.2 m. Furthermore, the
SEM-BSE photomicrograph revealed that not only detrital biotite grains were altered to
vermiculite and further to kaolinite, but smectite grew in the pore space created by cleavage
fracturing (Figure 6¢,d, Table 3, chemical analysis). The vermiculite had an intermedi-
ate composition between pure vermiculite and biotite, where K was not completely lost
(Table 3).

Figure 6. Microphotographs of deformation bands in outcrop sample KT1. See Figure 1b for the
locality. (a) Phyllosilicate bands. Note that extended biotite grains aligned parallel to the bedding
plane (the short dimension of the microphotograph). (b) Enlargement of the part enclosed by a
white frame shown in (a). Note that the biotite detrital grains were extended and kinked due to
slipping along the cleavages. (a,b) Under plane-polarized light. (¢,d) SEM-BSE microphotographs
of altered biotite grains. Note that kinking and creation of pore space were caused by cleavage
fracturing in biotite grains, and peeled-off biotite selvages were curled in (c) (shown by an arrow). In
(c,d), authigenic smectite grew in the pore spaces. Measurements points for microchemical analysis
with SEM-EDS are indicated by filled red circles. See Table 3 for the compositions. Bt, biotite; Vrm,
vermiculite; KIn, kaolinite, Sme, smectite.

In the fine- to medium-grained sandstone from the outcrop sample KT2 of the Shaku-
betsu Formation, deformation bands (Figure 7) were barely seen as faint streaks in hand
samples by naked eyes. In this sandstone, the matrix was entirely cemented by dolomite
(Figure 7c). However, thin polished sections of this sample revealed that spaced deforma-
tion bands developed, which were defined by the alignment of detrital chlorite or biotite
grains (phyllosilicate bands, Figure 7a). These deformation bands were oriented nearly
parallel or slightly oblique to the bedding plane. Also, these phyllosilicate grains were
again kinked due to the slipping along cleavages (Figure 7a). In one case, a conjugate set
of deformation bands developed, where the dihedral angle between the two deformation
bands is c. 60° (Figure 7b,c). The fact indicates that the conjugate deformation bands could
have been formed by the o7 oriented at a low angle to the bedding plane. Also, the conju-
gate phyllosilicate bands were accompanied by cataclasis of detrital grains (Figure 7b,c). It
should also be noted that composite veins consisting of pyrite (Fe; ¢S;.9 from the SEM-EDS
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analysis) and dolomite intruded into detrital biotite grains (Figure 7b—d, Table 3). These
detrital biotite grains were also altered to vermiculite (Figure 7d, Table 3). Again, the
vermiculite has an intermediate composition between pure vermiculite and biotite, where
K is not completely lost (Table 3).

Figure 7. Microphotographs of deformation bands in outcrop sample KT2. See Figures 1b and 2b
for the locality. (a) Phyllosilicate bands (plane-polarized light). Note that extended biotite grains
aligned nearly parallel to the bedding plane forming deformation bands, and pyrite intruded along
the bands. (b) Conjugate cataclasitic bands (plane-polarized light). Note that pyrite intruded
along the deformation bands. The maximum principal stress (o7) orientation is shown by arrows.
(c) Enlargement of the part enclosed by a white frame shown in (b) (cross-polarized light). Note
that dolomite in the matrix intruded along the cleavage plane in biotite grains. Deformation bands
(DBs) and host areas (H) are divided by white dashed lines in (b,c). The longer dimension of the
microphotograph (a—c) is parallel to the bedding plane. (d) SEM-BSE microphotograph of an altered
biotite grain along deformation bands. Measurements points for microchemical analysis with SEM-
EDS and EPMA are indicated by filled red circles. See Table 3 for the compositions. Qz, quartz; Pl,
plagioclase; Kfs, K-feldspar; Bt, biotite; Dol, dolomite; Vrm, vermiculite; Kln, kaolinite.

In the fine-grained sandstone from outcrop sample KT3 of the Shakubetsu Formation,
although no cataclasic bands developed, detrital chlorite grains were aligned, forming
phyllosilicate bands (Figure 8a). Also, iron oxide or hydroxide grains showing the mineral
composition exclusively containing iron identified by SEM-EDS analysis (Table 3) were
aligned parallel to the phyllosilicate bands (Figure 8a). The mineral is most probably
limonite based on its slightly reddish color and round shape. The preferential alignment of
limonite grains could indicate that these grains precipitated from the fluid which percolated
through the pore space created along the phyllosilicate bands. In fact, the limonite grains
are often included in detrital chlorite grains, which were further altered to kaolinite (SEM-
BSE microphotograph, Figure 8b, Table 3). Similar occurrences (limonite gravel) have been
reported in rocks located along the failure surfaces of landslides [49].
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Figure 8. Microphotograph of phyllosilicate bands in outcrop sample KT3. See Figure 1b for
the locality. (a) Phyllosilicate bands (plane-polarized light). Note that chlorite and iron oxide or
hydroxide (probably limonite) grains aligned parallel to the bedding plane (the short dimension of
the microphotograph) (b) SEM-BSE microphotograph of altered chlorite grains aligned parallel to
the phyllosilicate bands, including limonite grains. Measurements points for microchemical analysis
with SEM-EDS and EPMA are indicated by filled red circles. The measurement points P2 and P4 are
outside of the view. See Table 3 for the compositions. Chl, chlorite; Lm, limonite; Kln, kaolinite.

4.2.2. Image Analysis

Image analyses have been conducted for three areas in deformation bands (B6_8.2 m_
Areal DB, B6_8.2 m_Area III_DB and B6_8.2 m_Area V_DB), and two areas in host grains
(B6_8.2m_Area II_H and B6_8.2 m_Area IV_H) from borehole core sample B6 (Figure 5a).
In addition, one area for each host part and deformation band in a fine- to medium-grained
sandstone from the Shakubetsu Formation (KT2) was analyzed. Further, one area in host
parts of a fine- to medium-sandstone sample from an outcrop of the Shitakara Formation
(KT4), where no deformation bands developed, was analyzed for a reference to host parts.

First, an example of data acquisition with GIMP for the image analysis was shown
for one area in deformation bands (B6_8.2 m_Area V_DB, Figure 9). The outline of detrital
grains was relatively well acquired based on the comparison between the microphotographs
(Figure 9a) and images processed by GIMP (Figure 9b). The diagram of the area frequency
versus logarithmic grain size (D) was subsequently constructed for all the areas of host
parts and deformation bands in different samples (Figure 10). In addition, the diagram
of cumulative logarithmic frequency versus logarithmic grain size (D) was constructed
for all areas in the different samples (Figure 11). Further, the histogram of aspect ratio R
(Figure 12), the orientation distribution of the long axis of detrital grains (Figure 13), and the
histogram of the circularity C (Figure 14) was obtained for all areas in the different samples.

Figure 9. An example of the grain outline data acquired with GIMP. Sample B6_8.2 m_Area V_DB.
(a) Microphotograph of the deformation bands area (cross-polarized light). (b) Acquisition of grain
boundaries with GIMP.
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The average grain sizes in the deformation bands were significantly smaller, which
are 29 um, 30 um and 24 um for the deformation bands areas I, Il and V, than those in the
host parts, which were 47 pm and 135 um for the areas I and IV of borehole core sample
B6 (Figure 10). In outcrop sample KT2, while the average grain size in the host area was
148 um, that in the deformation band was 33 um. In outcrop sample KT4, the average
grain size was 109 um. The logarithmic grain size distribution in outcrop sample KT4 was
similar to that in the host area in outcrop sample KT2, which was also like that in one
host area (B6_8.2 m_Area IV_H) from borehole core sample B6 (Figure 10). However, the
average grain size in another host area (B6_8.2 m_Area II_H) was significantly smaller than
that in the area B6_8.2 m_Area IV_H. Therefore, the grain sizes of undeformed sandstones
were reduced to sizes less than one-half to one-fifth of the original ones by cataclasis to
form deformation bands. It should also be noted that the frequency distributions of these
grain sizes in the host areas generally showed a log-normal distribution, while those in the
deformation band areas are negatively skewed (Figure 10).

The cumulative logarithmic frequency (N) of logarithmic grain size (D) clearly indi-
cated that the distribution follows a power law (i.e., fractal distribution) in deformation
bands areas, while it is exponential in host areas (Figure 11). Here, the power law dis-
tribution is expressed as N = cD™", where c is constant, and # is the fractal dimension.
Comparable results have been reported in deformation bands from the ancient accretionary
sediments in southwest Japan [50], where the deformation bands are a cataclastic web. The
negative slope of the cumulative frequency (i.e., fractal dimension, n) varies between 2.1 to
2.7 for deformation bands in borehole core sample B6 and 1.3 for that in outcrop sample
KT2. These n-values were comparable to a natural one (2.5) by [50] and those for naturally
and experimentally fractured rocks (0.8 to 2.5) summarized by [51]. The reasons for the
cause of the difference in n-value between the core and outcrop samples are unknown.

Deformation bands
-~ Area_| DB, N=828
061 =--Area_lll_DB, N=251
- -Area_V_DB, N=4464
- - KT2_DB, N=445

Host
—Area_ll_H, N=786

Area_IV_H, N=141
—KT2_H, N=201
—KT4_H, N=287

0.4

Area (%)

0.2

10 100 1000

Grain size (ym)

Figure 10. A summary diagram of grain area percent versus logarithm of grain size (D) for the four
deformation band areas and four host areas in the core and outcrop samples. N is the number of
grains analyzed.
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Figure 11. The cumulative frequency of logarithmic grain size (D) for (a) four deformation bands
and (b) four host areas in the core and outcrop samples. The best fit straight lines with the slope
and intercept are shown for (a), while the straight lines for the DBs are shown as reference in (b).
Sample name is shown at the upper right corner of each diagram. See Figure 10 for the number of
grains analyzed.

The average aspect ratios in the deformation bands varying between 1.9 to 2.3 were
nearly equal to those in the host areas varying between 2.1 to 2.3 for B6 core samples
(Figure 12). Also, the shape of the histogram was not very different between the deformation
bands and host areas. The aspect ratio was significantly smaller (1.9) only in the area B6_8.2
m_Area V_DB than those in the host areas, where fracturing of detrital grains was most
pervasive based on the grain size distribution (Figure 10). This fact was consistent with
the results by [44]. The average aspect ratio (2.1) was slightly higher in the deformation
band area (1.9) than that in the host area for outcrop sample KT2. The result was not
consistent with that of [44]. This could have been caused by the replacement of detrital
grains with lower R-values (less than 1.6) by the fractured grains with higher R-values to
form deformation bands (Figure 12).
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Figure 12. The histogram of aspect ratio for the (a,c,e,g) four deformation bands and (b,d,f,h) four
host areas in the core and outcrop samples. Sample name is shown at the top of each diagram. The
average value and one standard deviation (o) are also shown.

In the host areas of both B6 core and outcrop samples, the overall distributions of grain
long-axis were generally random (Figure 13, rose diagrams). The grain long-axis tended to
be more parallel oriented to the deformation bands in the deformation band areas than in
the host areas for both B6 core and outcrop samples, consistent with the results from [44].
This fact could indicate that the fractured grains became reoriented to be parallel to the

deformation bands by compaction and shear during the formation.



Appl. Sci. 2022, 12, 8348

17 of 25

Deformation bands Host

B6_8.2m_Area_|_DB BE_8.2m_Area_|I_H

B6_8.2m_Area_lIl_DB B6_8.2m_Area_IV_H
90° N=251 90 N=141

80’ N=287
80°

180°

(e) (f)

KT2_DB KT2_H

Figure 13. The orientation distribution of the long axis of the fitted ellipse to the grain shape for the

(a,c,e,g) four deformation bands and (b,d,f,h) four host areas in the core and outcrop samples. Sample

name is shown at the top of each diagram. Dashed lines indicate the orientation of deformation bands.

The average circularities (Cs) in the deformation bands varying between 0.65 to 0.69
were slightly higher than those in the host areas varying between 0.55 and 0.64 in both
borehole B6 core and outcrop samples (Figure 14), consistent with [44]. Further, it is
important to note that the histograms showing a normal distribution in the host areas
become not only flattened, but also negatively skewed in the deformation bands areas.
The tendency was most significant in the most pervasively fractured area B6_8.2 m_Area
V_DB. The increase in the average circularity might be caused by the flaking of asperities

of detrital grains [44].
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Figure 14. The histogram of circularity for the (a,c,e,g) four deformation bands and (b,d,f,h) four
host areas in the core and outcrop samples. Sample name is shown at the top of each diagram. The

average value and one standard deviation (o) are also shown.

4.3. Vitrinite Reflectance

The vitrinite reflectance of coal layers from two borehole core samples (B4_5.3 m

and B6_8.6 m, Figure 3b,c) and one outcrop sample (KT5, see Figures 1b and 2a for the
locality) was measured. Results of vitrinite reflectance (%Rp) measurements are shown
in Table 4, which was around 0.5 for all the analyzed three samples. Many authors have
calibrated the maximum temperatures (T) using vitrinite reflectance (%Rp), from which
we adopted the following calibration—Equation (4)—created in [52], which yielded the
inferred temperatures around 50 °C for all the analyzed three samples (Table 4).

T=97 x In (%Ro) + 54.1 @)
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Table 4. Results of vitrinite reflectance analyses and calculated temperatures for coal layer samples
from the boreholes (B4_5.1 m and B6_8.6 m) and outcrop sample (KT5) of the Shakubetsu Formation.
See Figures 1b, 2a and 3 for the localities of analyzed coal layers. o is one standard deviation.

Mean Number

Sample of of Minimum  Maximum 1o Calculated
Number Ro% Analysis Ro Ro Temperature + 1o
B4 51m 0.50 65 0.45 0.55 0.027 473+79°C
B6_8.6 m 0.52 87 0.46 0.57 0.033 477 +9.8°C

KT5 0.50 95 043 0.57 0.037 473 £11.0°C

5. Discussion
5.1. Types and Conditions for the Formation of Deformation Bands

Deformation bands can be classified into categories: kinematics and deformation
mechanisms [2,3]. The two classifications are not completely independent but rather re-
lated in some cases. For example, compactional shear bands (CSBs [4,53]), shear-enhanced
compaction bands (SECBs [6,54,55]) and pure compaction bands (PCBs [54]) could only
form as cataclastic deformation bands [3,53,55]. Since the formation of cataclastic deforma-
tion bands is accompanied by volume reduction of the pore space in deformation bands,
the cataclastic bands are considered as CSBs, SECB or PCBs formed under contractional
settings [3]. In some of the present deformation bands, since the grain sizes of the host
sandstones are significantly reduced by cataclasis, they could be considered as cataclastic
deformation bands. Hence, these deformation bands could be classified as CSBs, SECBs or
even PCBs.

Some shear bands from outcrop sample KT2 occurred as conjugate sets. This fact
precluded these deformation bands from pure compaction bands (PCBs). The difference
between the CSBs and SECBs is in the shear versus compaction ratio (5/C): when the
S/C is greater than one, it is called as CSBs, while it is called as SECBs when it is around
one [4,6]. The S/C ratio can be inferred from the shear strain inferred from the direct
measurements of displacement along deformation bands and the compaction ratio from
the difference in porosity between the host and deformation bands (e.g., [6]). In the present
study, we have not made any such analyses to infer the ratio of S/C. On the other hand,
the dihedral angle between conjugate deformation bands could be used to distinguish the
types of deformation bands. According to a review of the dihedral angle between conjugate
deformation bands [3], it varies between 40 to 75° for CSBs, while it is in the range of 70
to 100° for SECBs. Therefore, the present conjugate deformation bands with the dihedral
angle of c. 60° are most reasonably interpreted as CSBs.

Although the present deformation bands formed in the borehole core sample B6_8.2
m can be classified as cataclasic bands, almost all of the deformation bands in outcrop
samples KT1, 2 and 3 could be classified as phyllosilicate bands with little cataclasis [2].
We could not interpret why cataclastic bands formed in the borehole core samples while
phyllosilicate bands formed in the outcrop samples. However, it could be ascribed to the
difference in the amount of strain as mentioned below (i.e., higher strain in the borehole
core samples than in the outcrop samples). In sample KT2, cataclasis occurred in the
conjugate deformation bands (Figure 7b,c), while it little occurred in other deformation
bands, which are only defined by the preferential orientation of altered biotite grains
(phyllosilicate bands, Figure 7a). Therefore, it seems that the phyllosilicate bands could
have developed into the cataclastic conjugate bands due to strain hardening associated
with grain interlocking with increasing strain (e.g., [2]). In fact, altered biotite grains were
also preferentially orientated along the cataclastic conjugate bands (Figure 7b,c), which
perhaps occurred before the onset of cataclasis.

To discuss the mechanism for the formation of deformation bands, we investigated the
formation conditions and phyllosilicate contents because the mechanisms were dependent
on the two factors [2]. The temperature and pressure (i.e., depth) conditions could be first
inferred from the burial depth of the strata, where the deformation bands were inferred to
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have been formed. Although the timing of the formation of deformation bands was not
well constrained, it could be inferred that they formed after the Late Miocene (c. 7 Ma)
when both Eocene Urahoro Group and Upper Miocene (c. 7 Ma) Atsunai Formation were
folded together. If we assumed that the deformation bands formed at the maximum burial
depth, the formation depth could be calculated as much as c. 2.7 km, which is the total
thickness of the Shakubetsu Formation of the Urahoro Group (c. 0.3 km), Onbetsu Group
(c. 0.4 km) and the Upper Miocene Atsunai Formation (c. 2 km) (see Table 1). Here, the
unknown eroded overlying strata were neglected. From the paleotemperature c. 50 °C
inferred from the vitrinite reflectance values (%Rp) of the coal layers (c. 0.5), the burial
depth could be inferred to be 1.5-2.5 km, assuming a geothermal gradient of 20 °C in the
forearc region and a surface temperature of 0 to 20 °C. Therefore, the buried depth inferred
from the thickness of the overlying sediments was consistent with that inferred from the
vitrinite reflectance values within error. The volume fractions of phyllosilicate in borehole
core sample B6_8.2 m and outcrop samples KT 1, 2 and 3 vary around 10%. Therefore,
according to the mechanism diagram for the formation of deformation bands as a function
of the burial depth and phyllosilicate content [2], the present conditions corresponded
to the boundary region between the formations of phyllosilicate and cataclastic bands,
consistent with the present observations.

5.2. Strain Localization in the Flexure and Implications in Tectonics

We have not found any occurrence of deformation bands in the study area other
than the boreholes (B4, 5 and 6) and outcrops where samples KT1, 2 and 3 were collected.
Therefore, these deformation bands only occurred in the sandstones of the Shakubetsu For-
mation, which includes mudstones and coal layers other than sandstones, not in sandstones
from the uppermost unit of the Shitakara Formation, which solely consists of sandstones.
It should be noted that these deformation bands are oriented nearly parallel or slightly
oblique to the bedding of strata, and they are also considered to be CSBs or SECBs formed
in the flexure under the setting of a strong contraction. Therefore, these deformation bands
could have formed by overall layer-parallel shortening, which also yielded a component
of layer-parallel shearing (samples B6_8.2 m, KT1 and 3) and the conjugate shear plane
(sample KT2) during the initial stage of flexure formation, as schematically illustrated in
Figure 15. It has also been shown by [7] that bedding-parallel deformation bands formed
during the initial stage of folding in the Jurassic Navajo Sandstone, San Rafael monocline,
Utah, USA, when the dip of forelimb was around 25°.

It has been shown that deformation bands were localized around a regional thrust,
and conjugate sets of SECBs formed at an early stage of buckling in the stress concentration
area at the thrust tip [4,56]. In the present case, fault gouges in borehole sample B4_5.1 m
could be interpreted to constitute the fault core, which was surrounded by a damage zone
characterized by the pervasive development of deformation bands in the borehole core
sample B6_8.2 m and outcrop samples KT1, 2 and 3. This fact suggested that the present
deformation bands also developed in relation to thrusting, although the sense of shear
in the gouge from borehole core sample B4_5.1 m could not be constrained. It has been
recently described that the layer parallel deformation bands could have formed as R-bands
in combination with the formation of Y- and P-bands in the initial stage of folding in a
monocline consisting of the Upper Triassic to Lower Jurassic sandstones in the western
United States [9]. The composite planar structures could be compared with those found in
B4_5.1 m (Figure 4) and B6_8.2 m (Figure 5c) core samples. If this is correct, the present
gouge and deformation bands could have also formed in the early stage of flexure formation.
Accordingly, the composite planar structures in gouge in core sample B4_5.1 m (Figure 4)
and layer parallel deformation bands (Figure 5a,b) and oblique foliation (Figure 5c) in core
sample B6_8.2 m could be correlated with R- and Y- or P-bands (Figure 15, [9]).
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Figure 15. Schematic diagram showing a model of development of the flexure and deformation bands.
See text for explanations. (a) Before folding. (b) After folding. Note that the conjugate deformation
bands in outcrop sample KT2 (Figure 7b,c) are flipped so that the o orientation is conformable to
activate the bedding parallel R-bands in the B4 and B6 core samples. This is an explanation because
not only the sample KT2 was not collected as an oriented sample, but also the borehole cores B4 and
B6 were not oriented.

It could be inferred that this flexure, which perhaps accompanies a blind thrust
(Figure 15), developed in the Shakubetsu Formation because this formation containing
mudstones and coal layers other than sandstones could be much weaker than the sandstone
unit of the Shitakara Formation. Therefore, the weakest part in the studied Urahoro Group
could have been selected for the development of flexure accompanied by the formation of
deformation bands and gouge.

Finally, we would like to emphasize the following points. As far as we know, this study
first reported that deformation bands developed in arkosic sandstones from forearc fold-
and-thrust belts in the Japanese Islands. Although deformation bands have been reported
from the accretionary prism in the Nankai Trough region off Shikoku [57] and the Miura-
Boso Peninsula, central Japan [58], the host materials are argillaceous or volcaniclastic
sediments, and thus these deformation bands are not comparable to the present ones
formed in arkosic sandstones. Furthermore, microstructures of fractured grains constituting
the deformation bands have not been reported in these studies. On the other hand, the
deformation bands reported in sandstones from the Cretaceous Shimanto Belt (accretionary
prism), Japan [50] could be comparable to the present one, as mentioned above. However,
in these deformation bands, pressure solutions were developed, indicating that these bands
formed at higher temperatures than 100 °C and thus deeper levels than the present ones.
We believe that deformation bands could have developed in other fold-and-thrust belts in
both forearc and back-arc basin deposits in the Japanese islands and hope that such studies
on the occurrences and microstructures of deformation bands could also become popular
in Japan.

5.3. Structural Diagenesis

In the end, we would emphasize that weathering (i.e., alteration reaction) in the
sandstones was enhanced by the cataclasis which formed deformation bands (reactive
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transport by [14]; structural diagenesis by [18]). For the case of phyllosilicate bands
developed in outcrop samples KT1, 2 and 3, although cataclasis was not so apparent in
detrital quartz and feldspar grains, cleavage fracturing in altered biotite grains indicated
that cataclasis was significant, at least in detrital biotite grains. As described above, the
alteration of biotite to vermiculite and further to kaolinite was certainly enhanced by the
fluid percolation along cleavage fractures in detrital biotite grains. Also, the formation of
authigenic clay minerals such as smectite occurred in the pore space created by fracturing
in both detrital quartz and biotite grains (Figures 5e and 6d). Although the influence of
structural diagenesis on the potential causes of landslides in the study area was thoroughly
discussed elsewhere, there was no doubt that the weathering (alteration) induced by the
formation of deformation bands led to the occurrence of landslides. In particular, the
formation of vermiculite and smectite was favorable for the formation of landslides [26],
not only because it reduced the internal coefficient of friction [24,25], but because the
swelling of these clay minerals reduced permeability by absorbing water [25], and thus led
to pore-fluid pressure buildup in rocks.

6. Conclusions

From the field structural analyses at outcrops and microstructural and microchemical
analyses of deformation bands that occurred in the study area, we have reached the
following conclusions.

(1) Inthe study area, the geologic structure of the Eocene Urahoro Group is characterized
by a folded belt with a wavelength of 1-2 km. The strata generally dip either east or
west at moderate angles. However, there is one flexure structure in the eastern part of
the study area consisting of the Shakubetsu Formation, which trends NNE-SSW to
NE-SW. The northwestern limb of the flexure very steeply dips SE at 75° to almost
vertically, while the southeastern limb dips south at 6° (almost horizontally).

(2) Deformation bands in this area only developed in the Shakubetsu Formation around
the flexure, which contains mudstones and coal layers other than sandstones, not in
the uppermost unit of the Shitakara Formation, which solely consists of sandstones.
Therefore, it could be inferred that strain was localized in the weak Shakubetsu
Formation, resulting in the development of flexure and deformation bands with
increasing NW-SE trending shortening in the folded belt. This shortening deformation
mostly occurred after the deposition of the Atsunai Formation dated c. 7 Ma.

(3) The temperature conditions for the formation of deformation bands were inferred
to be c. 50 °C from the vitrinite reflectance values (%Rg) of the coal layers (c. 0.5).
The deformation bands could have formed at the maximum burial depth, which was
inferred to be as much as c. 2.7 km from the thickness of the overlying strata. The
depth estimate conforms to the one (1.5-2.5 km) inferred from the inferred temperature
conditions, assuming the geothermal gradient of 20 °C in a forearc region and surface
temperature of 0-20 °C. The deformation bands were inferred to have originated as
phyllosilicate bands, which developed into the cataclastic bands with increasing strain
in the Shakubetsu Formation with c. 10 vol.% of phyllosilicate.

(4) In the cataclastic bands, the detrital grains in host sandstones are crushed into sizes
less than one-half to one-fifth of the original ones, and the asperities are flaked during
the formation of deformation bands. The latter fact could be revealed by a higher
circularity of detrital grains in the deformation bands than in the host parts.

(5) Reactive transport or structural diagenesis was significant in the present sandstones
with deformation bands, some of which were characterized by the alignment of
phyllosilicate (i.e., phyllosilicate bands). Here, the detrital biotite and chlorite grains
were fractured along the cleavages and were altered (or weathered) to vermiculite
and further to kaolinite. Also, authigenic smectite grew in the pore space created by
fracturing in detrital grains. Since the deformation-induced weathering could have
significantly reduced the internal friction and permeability of rocks in the study area,
the landslide was probably triggered by heavy rainfall in such weathered rocks.
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