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Abstract we used a field analysis of rock deformation microstructures and mesostructures to reconstruct
the long-term orientation of stresses around two major active fault systems in Japan, the Median Tectonic
Line and the Rokko-Awaji Segment. Our study reveals that the dextral slip of the two fault systems, active
since the Plio-Quaternary, was preceded by fault normal extension in the Miocene and sinistral wrenching in
the Paleogene. The two fault systems deviated the regional stress field at the kilometer scale in their vicinity
during each of the three tectonic regimes. The largest deviation, found in the Plio-Quaternary, is a more fault
normal rotation of the maximum horizontal stress to an angle of 79° with the fault strands, suggesting an
extremely low shear stress on the Median Tectonic Line and the Rokko-Awaji Segment. Possible causes of this
long-term stress perturbation include a nearly total release of shear stress during earthquakes, a low static
friction coefficient, or low elastic properties of the fault zones compared with the country rock. Independently of
the preferred interpretation, the nearly fault normal orientation of the direction of maximum compression
suggests that the mechanical properties of the fault zones are inadequate for the buildup of a pore fluid
pressure sufficiently elevated to activate slip. The long-term weakness of the Median Tectonic Line and the
Rokko-Awaji Segment may reside in low-friction/low-elasticity materials or dynamic weakening rather than in
preearthquake fluid overpressures.

1. Introduction

The state of stress of major faults in the crust is intimately related to the concept of weak faults. According to
laboratory measurements of rock friction coefficients (0.6 < u < 0.85) [Byerlee, 1978], faults should be
oriented at a low angle (<60°) to the regional maximum principal stress in order to slip under hydrostatic
pore pressure (o1 >0,>03 being the maximum, intermediate, and minimum principal stress, respectively).
However, some faults like the San Andreas fault in California, the Malborough fault in New Zealand, or the
Denali fault in Alaska must be weak (1 < 0.3) because they slip at a high angle to ¢, (60-90°) and hence at low
resolved shear stress on the fault plane [Balfour et al., 2005; Hickman and Zoback, 2004; Mount and Suppe,
1987; Wesson and Boyd, 2007; Zoback et al., 1987]. Proposed explanations include low-friction fault materials
[e.g., Lockner et al., 2011], dynamic mechanisms of friction reduction during earthquakes [e.g., Di Toro et al.,
2004, and references therein], or elevated (i.e., greater than hydrostatic) pore fluid pressures in the fault zone
before an earthquake [e.g., Rice, 1992]. In theory, each category of weakening processes should be associated
with a specific pattern of stress orientations. For example, on faults at high angle with the regional direction
of maximum compression like San Andreas, low-friction materials should correspond to an intrinsically

low level of shear stress on the fault plane, and thus to o, remaining at high angle with the fault. This is also
true if fault weakness is due to dynamic mechanisms of friction reduction, with some temporal and spatial
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Figure 1. Geological map of the study area showing the directions of maximum horizontal stress (Symax) during the
1992-2006 period, as inferred from earthquake focal mechanisms and hydraulic fracturing tests [Dziewonski et al., 1996;
Ikeda et al., 2001; Townend and Zoback, 2006]. Also represented are paleomagnetic declination data (1, [Uno, 2002]; 2, [lwaki
and Hayashida, 2003); 3, [Hayashida et al,, 1996]; 4, [Kodama, 1989]; 5, [Hyodo et al., 2006]; 6, [Maenaka, 1979]) and the
locations of three microtectonic sites illustrating data processing (AW41, AW3, and TO4).

variations of stress orientations depending on transient fault asperities. On the contrary, weak rupture by an
increasing fluid overpressure should coincide with a reorientation of g to a more acute angle with the faultin
its vicinity (lower than twice the optimum reactivation angle, i.e., about 60°), otherwise the fluid pressure
necessary for slip would lead to tensile failure and the release of pressure [Rice, 1992; Sibson, 1985].

In practice, however, the pattern of stress perturbations around faults is a matter of vigorous debate. In some
locations near San Andreas, the azimuth of o, inversed from earthquake focal mechanisms seemed to rotate
to more acute angles as approaching the fault, but this rotation has not been confirmed by larger earthquake
catalogs [Hardebeck and Hauksson, 1999, 2001; Hardebeck and Michael, 2004; Provost and Huston, 2003;
Townend and Zoback, 2004]. The problem is that focal mechanisms only offer a kilometer-scale spatial
resolution, while it is likely that stress deviations occur at the meter scale in the damaged zone or in the
core of faults [Faulkner et al., 2006; Healy, 2008; Tembe et al, 2009]. Borehole stress measurements may
circumvent this problem [e.g., Hickman and Zoback, 2004], but they only constrain the stress state along the
trajectory of drilling and thus do not help for the determination of along-strike variations of stresses. To date,
scientific drilling across the San Andreas fault has not yet allowed a definitive discrimination of the most
effective weakening mechanism [Zoback et al., 2011], nor an answer about the existence or absence of
prerupture elevated fluid pressures [Wang, 2011].

To improve our knowledge of the stress state of faults, another possibility is to study the deformation pattern
around exhumed fault zones and to interpret this deformation in terms of stress orientations. Such methods
allow the identification of spatial variations of deformation patterns, and possibly stress orientations, at

the outcrop scale across and along strike of the faults [Homberg et al.,, 1997, 2004], with the drawback that
these variations are ill constrained in time. For our study, we targeted seismogenic faults that are, unlike the
San Andreas fault, oriented at an angle <60° relative to the present-day regional direction of maximum
compression. On such faults, weak minerals or dynamic weakening processes should induce a deflection of
the maximum compression toward the fault normal direction, whereas abnormally elevated fluid pressures
should not. The first case study is the Median Tectonic Line, the largest intraplate fault of Japan, which lies at an
angle of 20-40° to the regional compression inferred from earthquake focal mechanisms (Figure 1) and has
been geodetically locked over a ~30 year record [Tabei et al, 2007]. The second example is the Rokko-Awaji
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Segment (Figure 1), with particular attention being paid to the Nojima fault that ruptured in the 1995 Kobe
earthquake (Myya =7.2), killing 6400 persons. The Nojima fault, oriented at 45-65° to the regional compression,
was also recognized as noncreeping prior to the Kobe earthquake [Zhao and Takemoto, 1998].

The two fault systems were initiated during the Cretaceous, cutting through Ryoke granitoids with a left
lateral slip due to an arc oblique convergence [Takagi, 1986]. In Campanian to Maestrichtian times (75 to
65 Ma), the motion of the Median Tectonic Line opened a pull-apart basin filled with Izumi Group sediments
[Miyata, 1990]. From purely left lateral, the slip of the Median Tectonic Line became transtensional in the
Paleocene, exhuming the Sambagawa metamorphic belt [Kubota and Takeshita, 2008]. From the Paleocene to
the Eocene (56 to 34 Ma), the Nojima fault appears to have slipped with a dextral movement [Lin, 2001;
Murakami and Tagami, 2004; Otsuki et al., 2003; Zwingmann et al,, 2010], whereas the activity of the other
faults in the Rokko-Awaji Segment is unknown. In Eocene and Oligocene times (from 45 to 25 Ma), sinistral
drag of the Median Tectonic Line folded the Izumi Group as a synclinal structure with an axis plunging 30°
east [Kodama, 1986]. During the Miocene, the opening of the Japan Sea caused a NW-SE extension [Fournier
et al, 1995] and a ~40° clockwise rotation of Central and SW Japan [Fournier et al., 1995; Otofuji and Matsuda,
1996], and formed the Kobe sedimentary basin (23 to 14 Ma). This extension reactivated the Median Tectonic
Line as a normal fault [Kubota and Takeshita, 2008], whereas the Rokko-Awaji Segment seems to have
experienced a period of quiescence during this period [Boullier et al., 2004]. Since the middle Pliocene, no
significant rotation has occurred in the study area (Figure 1), and the two fault systems have a dextral slip due
to the NW-SE convergence of the Philippine Sea and Amuria plates, forming a depression filled with Osaka
Group sediments (from 3 to 1 Ma).

The present-day structure of the Median Tectonic Line is made of a ~10 m thick fault gouge surrounded by
mylonites, for a total half width of ~500 m [lkeda et al., 2013; Maruyama and Lin, 2004]. The Nojima fault,
the best studied fault of the Rokko-Awaji Segment, is made of a 15-20 cm thick fault core, surrounded by a
5-20 m thick zone of foliated cataclasites, and a damaged zone of faulted Ryoke granitoids. The total half
width of the Nojima fault zone has been estimated to 15-30 m according to borehole geophysics, drill core
analyses, and outcrops near the drill sites [Ito and Kiguchi, 2005; Lin et al., 2001; Lockner et al., 2009], or to
75-150 m according to the analysis of trapped waves [Mizuno and Nishigami, 2006; Mizuno et al., 2008].
Note, however, that unlike the Median Tectonic Line, the Rokko-Awaji Segment is a system of several faults
parallel to each other, separated by up to 5km, and thus the true width of deformed rocks around this
system may be larger than the sum of the individual fault zones.

2. Methods

We analyzed deformation microstructures and mesostructures in the field to reconstruct the long-term
orientation of stresses around the two faults. Deformation structures include small-scale striated faults
(<2m in length) or extension fractures (<10 cm) occasionally filled with syndeformation minerals
(calcite + quartz + oxides), dikes, fold axes, and tilted beddings. For the Nojima area of the Rokko-Awaji
Segment, the data set also includes published long-term stress orientation measurements from the
analysis of microcracks [Takeshita and Yagi, 2001] and stress memory in core samples [Yamamoto and
Yabe, 2001; Yamamoto et al., 2002] but does not include the distribution of fractures deduced from
borehole logging [/to and Kiguchi, 2005] because the kinematics of these fractures is not known.
Microstructures and mesostructures were measured at various distances of the faults from almost intact
rocks (hereafter called the far field), to strongly deformed and altered rocks interpreted as the damaged
zones, and even to the pseudotachylite bearing core zone of the Nojima fault [Lin et al., 2001; Ohtani
et al., 2001; Otsuki et al, 2003; Tanaka et al., 2001, 2007]. A confidence level was attributed to the
observed kinematics on each deformation marker (certain, probable, supposed, and unknown), using
the convention of fault slip analysis [Angelier, 1984; Delvaux and Sperner, 2003; Sperner et al., 2003].
Following the recommendations of Sperner and Zweigel [2010], the data were sorted manually into
subsets, based on field-observed chronological relationships or geometrical reasoning (e.g., rotation of
one principal stress axis to the vertical by restoration of the bedding stratification to the horizontal,
[Lacombe, 2012]).

Stress orientations were obtained by inversion of fault slip data and extension fractures, or deduced from the
average orientation of the other strain markers. Stress inversion of brittle deformation markers is based on
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Table 1. Threshold Values of Parameters Used in the Determination of Stress Tensor Quality According to the Ranking
Scheme of the World Stress Map Project [Sperner et al, 2003] and to the Stress Inversion Procedure of Delvaux and
Sperner [2003]°

Tensor Quality, Number of Percentage of Data, Average Confidence Averag Slip Average Data
QR Data, n n/ng Level of Data, CL,, Deviation, a,, Type, DT,

A >25 > 60 >0.70 <9 >0.90

B >15 >45 >0.55 <12 >0.75

C >10 >30 >0.40 <15 >0.50

D > >15 >0.25 <18 >0.25

E 4<n<6 <15 <0.25 > 18 <0.25

#Tensors with CL,, < 0.40, a,, > 15°, or DT, < 50 were not considered for paleostress reconstruction.

the following assumptions: (1) the rock behaves as a linear elastic material around the deformation
microstructures, i.e., stress and strain are coaxial according to Hooke's law; (2) displacements on fractures are
small compared to the representative element volume of the rock mass; (3) the fractures do not interact with
each other; (4) for faults, the slip vector on each fault plane, indicated by slickensides, is collinear to the
maximum shear stress on this fault plane [Bott, 1959; Wallace, 1951]. Some authors argued that the first
hypothesis is not always verified [e.g., Twiss and Unruh, 1998]. In practice, however, several comparisons
provided ample evidence that the stress orientations obtained by inversion of brittle deformation structures
and other methods (earthquake focal mechanisms, boreholes, or stress relief techniques) are in good
agreement [Lacombe, 2012; Sperner et al., 2003].

Stress inversions were performed using the Win_Tensor program [Delvaux, 2013]. The inversion procedure used
by this program, described in detail in Delvaux and Sperner [2003] and employed in many published
applications [e.g., Delvaux et al, 2012; Kipata et al., 2013] is only briefly recalled here. The inversion of fractures
allows reconstructing a reduced tectonic stress tensor composed of four parameters, the three orthogonal
directions of principal stresses and the ratio R = (6,—03)/(61—a3). The inversion proceeds by iterations to find
the best fit reduced stress tensor that minimizes the slip deviation (the average angle between the computed
and measured slip vectors), maximizes the shear stress magnitude, and minimizes the normal stress magnitude
on faults (to favor slip), while minimizing the shear stress and normal stress magnitudes on extension fractures
(to impede slip and favor opening). The horizontal maximum and minimum stress orientations (Symax and Spmins
respectively) and their 1o standard deviation are computed from the values and uncertainties of the four
parameters of the reduced stress tensor using the method of Lund and Townend [2007].

The quality of each reduced stress tensor was estimated using two indexes, both ranging from A (best) to E
(worst). The first index, QR,, rates the quality of principal stress orientations using the ranking scheme of the
World Stress Map Project [Sperner et al., 2003]. QR,, is determined by threshold values (recalled in Table 1) of
the following criteria: (1) the number of data per tensor n, (2) the proportion of data used in the tensor
relative to the total number of data measured at each outcrop n/n,, (3) the average slip deviation a,,, (4) the
average confidence level of the subset of deformation markers CL,,, and (5) the average type of data used for
tensor determination DT, based on the usefulness of each deformation marker in stress inversion (1 for
striated faults; 0.5 for tension fractures or dikes, and 0.25 for faults with slip sense but no striation). QR is
defined by the lowest of these criteria, and thus not only by the standard deviation around the computed
orientations. The second index, QRy, rates the quality of R estimates using all the criteria of QR,, plus two
criteria related to the diversity of fault planes. Tensors with CL,, < 0.40, a,, > 15° or DT, < 0.50 were not
retained and the corresponding data were considered as unexplained. Because the reduced stress tensors
are obtained by inversion of brittle deformation microstructures accumulated over a geological time (as
opposed to tensors obtained by inversion of earthquakes), they are hereafter called “paleostresses.” Given
the maximum burial of Ryoke, Izumi, Kobe, and Osaka rocks (3.5, 5, 1, and 0.5 km, respectively), these
paleostresses pertain to the upper 5 km of the crust.

3. Results

The separation of the data into subsets, the determination of paleostress solutions and their chronological
interpretation are illustrated with three examples (Figures 2-4). The first example is the site AW41 in
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Figure 2. Example of data processing for a measurement site
(AW41) in Plio-Quaternary sediments of the Osaka Group (a)

before and (b) after rejection of non-compatible data (see

Figure 1 for site location). (c) Paleostress tensor solution after

correction of the tilt of the bedding stratification. SS means
strike-slip stress regime (o1, o3 horizontal). See text and
Table 1 for the definition of other symbols.

Plio-Quaternary sediments of the Osaka Group
(Figure 2, see Figure 1 for location). Running
the inversion method on the entire set of fault
slip data collected at this site (n,=35) yields a
strike-slip paleostress solution. The quality of
the reduced tensor is nevertheless quite low
(QR,,=D; Figure 2a), because of a few
mechanically incompatible faults (e.g., with
opposed slip senses) in the data set, implying a
high slip deviation (a,, = 15.75°). We eliminated
these data to reduce the slip deviation,
keeping in mind that rejecting data also
reduces n and n/n,, which may alter QR,, and
QRr. The rejection of five data improves the
slip deviation (a,, = 8.84°) and the quality of
stress orientation estimates (QR,, = A;

Figure 2b). This tensor corresponds to a strike-
slip paleostress regime with Sy;,,x Oriented
N112 + 1.8°E, obviously younger than the
deposition of the Osaka Group sediments at
this site (i.e., younger than 2 Ma; Table 2). The
rejected data do not constitute a tensor and
are thus considered as unexplained. Given the
moderate dip of the bedding stratification
(15° toward the NW), it is possible that the
Osaka sediments, and the faults in them,
underwent a slight tilt after their formation.
However, the paleostress regime and the
orientation of Symnax remain nearly unchanged
(N113 £ 1.8°E) after the restoration of the
bedding plane to the horizontal (Figure 2c),
showing that effect of this rotation is negligible.

The second example is the site AW3 near the
Kushumoto fault (another fault of the Rokko-
Awaji Segment), at the contact between
middle Miocene sediments of the Kobe Group
and the Ryoke granitic basement (Figure 3, see
Figure 1 for location). This outcrop displays
meter-scale normal faults cutting the basement
and the lower strata of the sedimentary unit,
and sealed by the undeformed upper strata
(Figure 3a). Inversion of the entire data set of
normal faults (n,= 15) yields an extensional
paleostress regime. As in the previous example,
the reduced tensor is of low quality, because it
incorporates mechanically incompatible faults
(o, =25.13° QR,, =E; Figure 3b). After removing
the three fault slip data having the highest
misfit angle relative to the resolved shear stress,
the final optimal solution is a normal faulting
regime with Spmin at N108 £ 28°E (a,,=9.2°,
QR,,=C; Figure 3c). According to the sealing of
the faults by sediments, this synsedimentary
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Figure 3. Example of data processing for a measurement site (AW3) in Miocene sediments of the Kobe Group
(see Figure 1a for site location). (a) Outcrop showing the normal faults cutting through the tonalite basement of the
Ryoke Group and the lower strata of the Kobe Group sediments, and covered by undeformed upper strata. Paleostress
tensor solutions (b) before and (c) after rejection of the noncompatible data. Faults represented without striation have an
observed component of normal slip. NF means normal faulting (o5, 63 horizontal). See text and Table 1 for the definition of
other symbols.

extension occurred between the beginning and the end of the deposition of the Kobe Group at this site, i.e.,
between 18 and 14 Ma (Table 2).

The third example is the site TO4 near the Median Tectonic Line, taken in folded sediments of the late
Cretaceous Izumi Group (Figure 4, see Figure 1 for location). The entire set of faults (n,=52; Figure 4a)
contains two subsets of incompatible faults. The first subset is made of strike-slip faults with NE or SW
trending slickensides (Figure 4b) and the second subset of faults with NW trending slickensides (Figure 4c). In
the field, some faults have been observed containing the two populations of slickensides, the NW trending
population cutting the NE of SW trending one. This suggests that the second set contains reactivated faults of
the first set and therefore postdates it. Inversion of the first subset (n=27) yields a good reduced tensor
(e, =11.56° QR,,=B; Figure 4b) with a horizontal ¢, axis and oblique o, and o3 axes. The second subset
(n=18) also yields an acceptable tensor (o, = 26°; QR,, = C; Figure 4c) with oblique ¢, and o, axes and a
horizontal o3 axis. Seven data have been rejected because they are noncompatible with either of the two
subsets or because they decrease the quality of the tensors. The bedding stratification being strongly tilted, it
is possible that any of the two subsets has been affected by the folding of the Izumi Group. To test this
eventuality, we corrected the reduced stress tensors of the bedding tilt, first with a restoration of the lzumi
synclinal axis to the horizontal (i.e., a 30°W rotation around a N-S axis [Kodama, 1989]), and then with a
rotation of the strata (N059 33°S) toward the horizontal. Applying this correction to the first subset restores
the faults into the attitude of subvertical neoformed strike-slip faults and sets upright the two oblique
principal stress axes of the tensor (Figure 4c). This correction is supported by the fact that one principal stress
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Figure 4. Example of data processing for a measurement site (TO4) in Campanian-Maastrichtian sediments of the Izumi
Group (see Figure 1 for site location). (a) Initial data set. (b) Separation of the data into two subsets sorted by mechanical
compatibility and field observations. Seven data are rejected in this process. (c) Reduced stress tensor of the first subset

after correction of the Izumi Group folding. SS means strike-slip (o1, o3 horizontal), NF normal faulting (5, 3 horizontal).
See text and Table 1 for the definition of other symbols.

axis is often vertical in nature [Lacombe, 2012]. We therefore interpret this first tensor as being due to a
strike-slip paleostress regime with Symax oriented N0O49 £+ 7.2°, younger than the Izumi group (65 Ma) but
older than its folding (initiated at 45 Ma). On the other hand, the same correction applied to the second set
yields neither a plausible attitude of the faults nor an upright position of the tensor principal stress axes.
Consequently, we interpret the second tensor as due to an extensional paleostress regime with Symin
oriented N161 £ 11.8°E, which reactivated the strike-slip faults of the first subset after the folding of the
Izumi Group ended up at 25 Ma.

The same analysis applied to the entire data set reveals that 88% of the deformation structures (i.e., 989 out of
1119 data) may be explained by three phases of fault activity (Figures 5 and 6, Table 2, full data set available in
the supporting information). The first, youngest paleostress regime, found in all rocks and hence younger
than 2 Ma, is a strike-slip faulting with Sya, oriented N160 - 170°E near the Median Tectonic Line to

N110 — 120°E near the Rokko-Awaji Segment (Figure 5a), consistent with a right lateral movement of the two
fault systems. The second paleostress regime, found in rocks older than the Osaka sediments (i.e., after 18 Ma
and before 3 Ma), is an extension with Sy, oriented N170 — 180°E near the Median Tectonic Line and
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(continued)

Table 2.

Azimuth of

Right Lateral

Azimuth of

Extensional

Azimuth of

Distance Left Lateral

C
QRy

d

R+1SD

c
QRw

SHrmax *
15D (°E)

b

Stress
Regime

b

Tectonic
Regime

d QRTC

R+1SD

c
QRw

Tectonitc:’ Stressb Shmin £
Regime™ 15D (°E)

From Tectonitc) Stressb SHmax p
Fault (m) Regime~ Regime  1SD(E) QRw" R+1SD" QR Regime

a

Age (Ma)

a

Stratigraphy

Site
Name

Summary

Twenty-nine extensional tensors Thirty tensors found in

Twenty-six tensors found in

all rocks, 19 of them are strike slip. All the

found in ante-Pliocene rocks.

ante-Miocene rocks, 21

Extensional tensors are tensors are consistent with right lateral

of which are strike-slips.

movement on the Median Tectonic
line and the Rokko-Awaji Segment.
Ten tensors are posterior to the
extension tensors, and eight occur
in Plio-Quaternary sediments. Right
lateral tensors are post-tilt in rocks older
than Pliocene, and syntilt to post-tilt in
Plio-Quaternary rocks. The timing of
right lateral movement is therefore
comprised between 2 and 0 Ma.

post-tilt in Maestrichtian
sediments, and syndeposition
to post-deposition of Middle
Miocene sediments. The
timing of extension is
therefore comprised
between 23 and 3 Ma
on the Median Tectonic
Line and 18 and 3 Ma on
the Rokko-Awaji Segment.

Twenty-one tensors are
consistent with left lateral strike slip
Rokko-Awaki Segment. Sixteen tensors
have age constraints older than 45 Ma.
Five tensors are post-tilt, and three
have no chronological constraints.
The timing of left lateral slip is
therefore comprised between 65
and 25 Ma, and more likely
between 65 and 45 Ma.

on the Median Tectonic Line and the
s regime refers to the faulting type and orientation of principal stresses: SS means strike-slip (o1, a3 horizontal; LL and RL for left lateral and right lateral, respectively), NF normal faulting

(02 — 03)/(01 — 03).

Site locations are provided in the supporting information. The stratigraphy and age interval of the geological units are taken from the geological maps of the study area [Igi and Chosajo, 1981;
R

Kawada et al., 1986; Kurimoto and Komazawa, 1998; Makimoto et al., 1995].
QR and QR refer to the quality rating systems of the World Stress Map project [Sperner et al., 2003] and of Delvaux and Sperner [2003], respectively.

BThe stres
(09, o3 horizontal), TF thrust faulting (o4, o5 horizontal), and UF unknown faulting type (only one known principal stress axis).

a
C
d

N130 — 140°E near the Rokko-Awaji Segment
(Figure 5b). The Rokko-Awaji Segment, of
previously unknown activity during the
Miocene, was thus in fact reactivated as a
normal fault system by the opening of the
Japan Sea, as was the Median Tectonic Line
during the same period [Kubota and Takeshita,
2008]. The third, oldest paleostress regime,
found only in pre-Miocene rocks (i.e., after
65 Ma and before 23 Ma), is a strike-slip
faulting with Sy;,,a5 oriented N20 — 50°E near
the Median Tectonic Line to N140 — 150°E
near the Rokko-Awaji Segment (Figure 5¢),
consistent with a left lateral movement of the
two fault systems. Our paleostress regimes are
consistent in terms of orientation and age with
the tectonic history of the two fault systems
and the geodynamics of the region (Figure 6).

4, Discussion

4.1. Significance of Paleostresses

The first question to address is whether the
spatial organization of deformation structures
represents true deviations of the regional
stress fields by the two fault systems. Around
the San Andreas Fault, the direction of
maximum shortening measured from fault
slip data, recent fold axes, borehole
breakouts, earthquake focal mechanisms, and
shear wave splitting are in good agreement,
which suggests that independent methods of
stress determination from strain data yields
comparable results near a major fault,
provided that no rotation occurred [Boness
and Zoback, 2006; Miller, 1998; Mount and
Suppe, 1987; Tavarnelli and Holdsworth, 1999;
Townend and Zoback, 2001, 2004]. According
to the paleomagnetic record (Figure 1), there
is no tectonic rotation in the study area since
the Plio-Quaternary, and Southwest Japan
moved as a rigid block from the Paleogene to
the present. This suggests that deformation
structures, and thus paleostress orientations,
have not been modified relative to each other
by tectonic rotations around a vertical axis.

Our study being based on field-observed
deformation structures, there is also an
ambiguity on whether paleostresses
represent coseismic (i.e., dynamic) or
interseismic (i.e., static) stresses, or even a
mixed record of both. Since the main seismic
rupture generates most of the deformation,
the former interpretation might seem
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13500

m Miocene Spmin_|

Paleostress ——
Regime Thrust  Strike slip

Normal  Unknown

Quality Ranking —o0— —0— —0— =—0—= -o=
(QRy) A B C D E

» :
_ Fais(stindoder) [ (}ggﬁgngrzﬁg')mems

I:I Plio-Quaternary sediments I:’ Eocene metamorphics|
(Osaka Group) (Sambagawa Group)

I:I Cretaceous sediments I:I Cretaceous granitoids
(Izumi Group) (Ryoke Group)

g I:I Cretaceous volcanics I:I Permian sediments
(Arima Group) (Tamba Group)

a Paleogene Symax -

Figure 5. Paleostress orientations deduced from the inversion of fault-slip data. (a) Orientation of the maximum horizontal
paleostress (Symay) during the Plio-Quaternary. (b) Orientation of the minimum horizontal paleostress (Spmin) during the
Miocene. (c) Symax during the Paleogene. The quality ranking system comes from the World Stress Map project [Sperner
et al,, 2003]. Insets are asymmetric rose diagrams of quality-weighted paleostress data, as strikes on the upper, left-hand
side of the diagram (in grey), and as angles with fault strands on the lower, right-hand side (in yellow).

appropriate at first glance. However, it is also true that this deformation is essentially accommodated by slip
on main faults, rather than on secondary faults sometimes several kilometers away. Our structures are
representative of creep (e.g., folds or synkinematic mineral fibers in faults and extension fractures) or of very
small seismic ruptures (e.g., < 2 m long faults without gouges) and were thus more likely generated by aseismic
deformation or by aftershocks. In addition, there is a good consistency of S;max Orientations deduced from
short-term stress measurements on one side (pre- and post-Kobe earthquake hydraulic fracturing tests
and earthquake focal mechanisms; Figure 1), and long-term stress measurements on the other side
(microcracks and stress memory in oriented core samples, and paleostresses from this study; Figure 5a) in
the immediate vicinity of the Rokko-Awaji Segment. This consistency suggests that paleostresses are
comparable to stress orientations measured within interseismic periods. We are thus inclined to interpret
paleostresses as static stresses recorded over interseismic periods and perhaps even in postseismic periods
(i.e., just after seismic ruptures and in the beginning of interseismic periods).

4.2. Paleostress Rotations

The major result of our study is that paleostress orientations are spatially deviated in the vicinity of the two
fault systems during each of the three tectonic periods. In the Plio-Quaternary, paleostress orientations
away from the two faults coincide well with the present-day regional stress field inferred from earthquake
focal mechanisms (Figures 1 and 5a). However, and despite the optimal orientation of the Median
Tectonic Line at 20-40° to the regional E-W direction of maximum compression, Symax Progressively rotates by
50-70° toward the fault normal, to reach an angle of 79 + 5° with the fault within a ~5 km wide band (Figure 5a).
This band is 5 times wider than the 1 km thickness of gouges, cataclasites, and mylonites estimated by
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Figure 6. Interpreted chronology of paleostresses. The azimuthal reference is north upward. See Table 2 for paleostress tensor parameters and the supporting infor-

mation for site locations.

Maruyama and Lin [2004] and may reflect the total width of the Median Tectonic Line including its damaged
zone. Likewise, the Rokko-Awaji Segment makes an angle of 45-65° with the E-W regional direction of
maximum compression, yet Symayx rotates by 20-30° to an angle of 79 + 4° with the fault system, within a band
of at least 5 km width. This band of stress rotation is thus wider than the damaged zones of individual faults
of the Rokko-Awaji Segment, but similar to the total width of this fault system. During the Miocene, Spin
near the Rokko-Awaji Segment is aligned with the regional NW-SE extension of Japan, yet Spmin rotates by
30-50° near the Median Tectonic Line to become perpendicular to the fault strand (Figure 5b). In the Paleogene,
the Rokko-Awaji Segment is almost parallel to the orientation of Sy imposed by the Median Tectonic
Line, yet appears to locally reorient Symay Of at least 50° (Figure 5¢). Spatial variations of paleostresses have
already been documented in the vicinity of crustal faults. For the Highland Boundary Fault Zone (Scotland) at
~60° to the regional compression, Jones and Tanner [1995] showed that the maximum shortening direction
deduced from fault slip data becomes almost perpendicular to the master fault in its vicinity. Our study
suggests that such decoupling remains true even in the extreme case of a fault at low angle with the regional
compression like the Median Tectonic Line.

4.3. Possible Causes of Stress Rotations

4.3.1. Low Residual Shear Stress

The interpretation of stress rotations depends on the meaning that we attribute to deformation data and
their inversion. If, as discussed above, the structures are considered as strictly postseismic, paleostresses may
represent a residual stress state after seismic ruptures. In this case, the rotation of the maximum
compressional direction to a high angle with the fault planes has to be interpreted as a relaxation of shear
stress by earthquakes. The shear stress drop of earthquakes being generally smaller than 10 MPa [Scholz,
2006], this first interpretation implies that the shear stress is variable, yet maintained to a low level
throughout the seismic cycle by dynamic weakening. For the most recent rupture of the Rokko-Awaji
Segment that occurred on the Nojima fault, seismological and borehole studies concluded on a pre-Kobe
earthquake shear stress < 10 MPa and a residual shear stress < 2 MPa on the upper 5 km of crust [Bouchon
et al,, 1998; Spudich et al.,, 1998]. Our work suggests that this low level of shear stress before and after
earthquakes stands as a general long-term rule since at least the Plio-Quaternary.
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Figure 7. Mohr diagrams illustrating the effect of a rotation of 51 toward
the fault perpendicular, on the example of the Nojima fault. (a) The blue
Mobhr circles correspond to a remote effective stress state (denoted by the
subscript “r") at 4 km depth at hydrostatic fluid pressure
(0'1=SHmax=110MPa, 6'; =0",=71MPa, and '3 = Spmin =67 MPa,
assuming a rock volumetric weight of 27.5 kN/m>), with the direction of
compression at 55° of the fault. The green Mohr circles correspond to a
fault zone effective stress state at hydrostatic fluid pressure (denoted by
the subscript “f"), drawn by construction with the assumption of 1-D
shear and normal stress conservation in the fault normal direction, a
constant vertical stress, and a direction of compression at 75° to the fault
(the minimum angle for Nojima). (b) The red dashed Mohr circles corre-
spond to the same stress state as the green Mohr circles but at the
suprahydrostatic fluid pressure required for activating the Nojima fault.
Black lines represent schematic failure criteria of intact rock for shear fracture
(Hoek-Brown criterion with o =230 MPa, m;= 10, GSI=40,and D=0
[Hoek et al., 2002]) and frictional sliding (¢ = 0.6, C=0 MPa [Byerlee, 1978]).

4.3.2. Low Static Fault Friction

If paleostresses are rather interpreted
as relevant of entire interseismic
periods, stress rotations must arise from
modifications of the mechanical
properties of the fault zone compared
with the country rocks. The most
obvious possibility for such
modification is a low static friction
coefficient on the fault relative to intact
rock, which causes a reorientation of o,
toward the fault-normal direction, and
a concentration of shear stress on
asperities and at the tips of the fault.
Using 2-D modeling of a fault within an
isotropic elastic medium, Homberg et al.
[1997] found that 20-50° rotations of o,
toward the fault normal, such as
obtained in this study, are achieved on
the condition that x4 < 0.12. To compare
our study with Homberg et al. [1997],
we computed the average static friction
coefficient of the two faults (Appendix
A) using the three-dimensional method
of fault reactivation analysis by Leclére
and Fabbri [2013]. This requires
knowledge of fault slip vectors, which
are only available for the Plio-
Quaternary on the Median Tectonic
Line and on the Nojima fault. With
those slip vectors, the high angle of
SHmax imposes 1 <0.09 along

the Median Tectonic Line and ¢ <0.15
along the Nojima fault (Appendix A).
Regarding the Nojima fault, our results
are in striking agreement with the
long-term friction coefficient (4 <0.15)

calculated by Yamamoto et al. [2002] from a compilation of stress memory analyses in core samples from

three boreholes in the vicinity of the Rokko-Awaji Segment.
4.3.3. Low Elastic Properties

Alternatively, interseismic stress rotations may be interpreted using some 1-D models designed to explain
how the San Andreas fault and low-angle normal faults could slip despite being nearly perpendicular to
the remote maximum principal stress. These theoretical models propose that o, rotates to a lower angle,
more favorable for slip, in the damaged zone or in the core zone of a fault, due to the changing
mechanical properties of deformed rocks. In this category, Casey [1980] first showed that changes in
elastic properties of rocks toward a fault produce changes in stress and strain, compared to the applied
stress, which can lead to rotations of ;. Then, Rice [1992] suggested that a reduction of the differential
stress due to the plasticity of the fault zone could be responsible for such rotation. More recently, the
elastic theory has been used to propose a rotation of o; toward the fault plane, and a reduction of the
differential stress, in response to an elevated Poisson’s ratio in fault rocks [Faulkner et al., 2006], or to the
combined effects of a fault parallel crack fabric and an elevated pore fluid pressure in the core zone [Healy,
2008, 2009]. The most recent category of models is that of Lecomte et al. [2011, 2012], in which the
rotation of o to more acute angles is achieved by elastoplastic deformation of the fault zone. All these
models are built on the same assumption of shear stress, normal stress, and strain conservation in one
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variations of fault zone mechanical
properties in opposition with those predicted by the above 1-D models. This is illustrated in Figure 7 for
the Nojima fault, again because it is the fault of the Rokko-Awaji Segment for which we have the most
precise dip and dip direction constraints. The remote effective stress state is chosen to keep the fault
inactivated (as it is before an earthquake) while respecting the ratio R=0.09 of the Quaternary regional stress
field [Tsutsumi et al,, 2012]. The rotation of stress from the far field (o4 at 55° of the fault) to the fault zone (o, at
75°, the minimum angle for the Plio-Quaternary) leads to a reduction of the magnitudes of ¢; and o3 while
increasing the differential stress and R (Figure 7a). With a maximum compressional direction at high angle to
the fault plane, the stress state before an earthquake is thus closer to shear failure and frictional sliding in the
core zone than in the country rock, even in the absence of a greater-than-hydrostatic pore fluid pressure. It is
interesting to note that neoformed secondary faults cutting pseudotachylites are found in the core of the
Nojima fault (see the GSJ trench site in supporting information but also Figure 5e in Ohtani et al. [2000], and
Figure 2 in Boullier et al. [2001]), providing evidence that the shear failure envelope of rock was reached by the
Mobhr circle in its core zone.

The observed stress rotation and the related change of stress state cannot be reconciled with plastic or
elastoplastic models of fault zone [Lecomte et al., 2011, 2012; Rice, 1992]. They can, however, be reconciled
with elastic models provided that a marked reduction of both the Young’s modulus E and the Poisson’s ratio v
occurs toward the core zone. This is illustrated in Figure 8, using the isotropically elastic fault zone model of
Faulkner et al. [2006], for which the rotation of o, from 55° in intact rock to 75° in the fault zone (as for the
Nojima fault in the Plio-Quaternary) requires E<10 GPa and v<0.16. Such low values of E and v could be the
consequence of an increasing density of cracks randomly oriented or at high angle with the fault plane
[Healy, 2008, Figures 4, 6, and 7], but could also be achieved by the alteration of fault rocks into a clay-rich
gouge, assuming that clays have low elastic constants that decrease with increasing temperature as do shales
[Alber and Kahraman, 2009; Eseme et al., 2007].

4.4. Implication for High Pore Fluid Pressures in Fault Zones

Perhaps the most interesting aspect of paleostress rotations is their consequence on the scenario of

fault rupture by the buildup of a fluid overpressure. An increasing pore pressure can only trigger fault
reactivation without pushing o5 into traction if the maximum compressional direction makes an angle <60°
with the fault [Sibson, 1985]. The large angle of Symax relative to the Median Tectonic Line and the
Rokko-Awaji Segment in their vicinity, and even in the core zone of the Nojima fault, imposes the fluid
pressure necessary for frictional sliding to be greater than o3 (for an initial friction in the range of Byerlee’s
law). This stress state is prone to lead to failure and the loss of fluid pressure before fault reactivation.
The situation is exacerbated under the assumption of shear and normal stresses conservation. It is apparent
from Figure 7b that any excess fluid pressure in the Nojima fault zone would push the stress state
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furthertoward shear or tensile failure, with the effect of releasing the pressure before activating the fault.
Thus, fault rocks do not seem able to sustain the increased fluid pressures necessary to reactivate the
Median Tectonic Line or any fault of the Rokko-Awaji Segment under the orientation of paleostresses
obtained for the Plio-Quaternary. This, of course, does not preclude the transient existence of pore fluid
pressurization during slip.

Dynamic weakening processes have been proposed to occur in the Median Tectonic Line [Wibberley and
Shimamoto, 2005] and on the Nojima fault [Famin et al, 2008; Otsuki et al., 2003]. Low-friction
phyllosilicates have also been reported on the Median Tectonic Line [Jefferies et al., 2006] and to a lesser
extent at Nojima [Tanaka et al, 2001]. Thus, dynamic weakening or materials with low frictional/elastic
properties are plausible causes of the observed rotation of paleostresses. On the other hand, drilling
programs have not found static fluid overpressures at Nojima and are still looking for them on the

San Andreas fault [Wang, 2011]. Our study suggests that dynamic weakening or materials with low
frictional/elastic properties are more plausible causes of fault weakness than are preearthquake elevated
pore pressures.

5. Conclusion

From the field study of rock deformation structures, the history of slip on the Median Tectonic Line and
the Rokko-Awaji Segment may be divided into a left lateral movement in the Paleogene, a dip slip
extensional movement during the Miocene (already documented for the Median Tectonic Line but
previously unknown on the Rokko-Awaji Segment), and a right lateral movement during the Plio-
Quaternary. The paleostress inversion of deformation structures reveals that the principal horizontal
stresses have been rotated by up to 50° in the vicinity of the two fault systems during each of the three
tectonic regimes. During the Plio-Quaternary, these rotations resulted in a more fault-normal orientation
of the maximum compression to an angle ~79° relative to the fault strands. Nearly fault-normal
compression is found in the damaged zones of the two fault systems, and even in the core zone of the
Nojima fault, the most famous fault of the Rokko-Awaji Segment. Such stress rotations seem to be
generalized in space, along strike of the two fault systems, and in time, over at least the Plio-Quaternary.
The high angle of the maximum compression with the faults may be explained by dynamic weakening,
low-friction and/or low elastic properties of the fault zones but are not compatible with the buildup of
fluid overpressures before an earthquake. The Median Tectonic Line and the Rokko-Awaji Segment are
mature strike-slip fault systems cutting granitic rocks, as are the San Andreas fault in California, the Alpine
fault in New Zealand, and the Caleta-Caloso fault in Chile. Should their damaged zones and core zones
be mechanically comparable, our study suggests that stresses do not rotate favorably in them to allow
fault activation by fluid overpressure and that fault weakness rather resides in weak materials or
dynamic mechanisms.

Appendix A: Determination of Static Fault Friction

To estimate the static friction coefficient of faults, we adapted the three-dimensional method of fault
reactivation analysis of Leclére and Fabbri [2013]. The conventions used are summarized in Figure A1. We
considered the most general case where the fault plane contains none of the principal stresses. The

reference frame (x;, X3, and x3) was chosen to coincide with the directions of o4, 65, o3 so that the stress
tensor g can be written:

a1 0 0
g=10 o0, O (A1)
0 0 o3

Hereafter, the shear stress and the fault normal stress, which depend on five of the six unknowns in g,
are established for a strike-slip fault (i.e., o, vertical) dipping at an angle §, and making an angle 8 with
o1 (Figure A1). Our model may be adapted to thrusts and normal faults simply by permuting the
principal stresses.
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Figure A1. Forces applied to a strike-slip fault plane in three dimen-

sions and conventions used for the computation. The coordinates The stress vector acting £ on the fault plane
(x1, X2, and x3) are chosen to coincide with the principal stresses

(o1 > 02 > a3). The parameter f is the angle of the fault plane relative
to the vertical (i.e., 90° fault dip). The parameter 6 is the angle between 01 €ospf sind

o1 and the horizontal in the fault plane. The parameter n is.a unit vecFor F=g-n= oy sinf (A3)
normal to the fault plane. The parameters d and h are unit vectors in b

the dip direction and in the horizontal of the fault plane, respectively. 03 COsf3 cos

is written as

F may be decomposed as a stress normal to the fault plane (o), plus two stresses parallel to the fault plane in
the horizontal direction (z;) and in the dip direction (zp):

c=F-n w=F-handrg=F-d (A9

r:\/rﬁ+‘t§ (A5)

Substituting equations (A2) and (A3) into (A4) and (A5) yields

The shear stress is

o = 07 c0s%f sin?0 + a5 sin’ff + o3 cos?f cos?d

(A6)
r= \/coszﬂ cos?0sin0(a1 — a3)° + cos?p sin*B(a sin?0 — o, + o3 coszﬂ)2
Total stresses are converted into effective stresses by subtracting the fluid pressure P:
d'1=(01—P), 62=(62—P); od'35=(03—P); c’=(c—P) (A7)

We assume that the maximum resolved shear stress on the fault plane is collinear with the slip vector o,
computed as the ratio of dip slip (taken positive for thrusting) and horizontal slip [Angelier, 1990]:

T4 = ath (A8)
Substituting equation (A8) into (A5), (A6), (A7) yields
0.cosfsind
sinf
Defining r'=0"4/c" 3 and substituting equations (A7) and (A9) into (A6), the ratio of shear stress over normal
stress (T;) may be expressed as

6y = ¢’y 5in%0 + ¢'3 cos?6 — ("1 — 0'3) (A9)

\/(1 + 02) cos2f3 cos26 sin2A(r' — 1)?
Ts=—3 - - (A10)
sin“é(r' — 1) — asinfcos@sinf(r' — 1) + 1

During the Plio-Quaternary, a was equal to ~0.1 on average on the Median Tectonic Line (0.9-6 mm/yr
in horizontal and 0.1-0.6 mm/yr in vertical; [Tsutsumi and Okada, 1996]) and ~0.5 on the Nojima fault
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(0.9-1.0 mm/yr in horizontal and 0.4-0.45 mm/yr in vertical; [Murata et al., 2001]). We assumed that the
present-day dips (f) of the Median Tectonic Line (30-40°N [/to et al., 1996]) and the Nojima fault (83°SE
[Murata et al., 2001]) have remained constant over the Plio-Quaternary. For the ratio r’, an upper bound
of 4.7 is imposed by the Mohr failure envelop of intact rocks according to Byerlee’s law. The angle 4,
given by our microtectonic study, is of 79° for both faults.
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