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Abstract

Positive basin inversion is documented using seismic reflection profiles and seismic data on the fore-arc side of the back-arc rift system of
northern Honshu, Japan. This finding within a seismically active region is used to understand source fault geometry based on fault reactivation
models. Seismic reflection profiles and Bouguer gravity anomalies along with available surface and subsurface evidence define a >300-km-long
normal fault system, formed in Miocene time, that bounds the fore-arc side of the Miocene back-arc basin.

Based on the geometry of the seismogenic source fault which was estimated from aftershock distribution and seismic reflection profiles, re-
verse fault reactivation of former Miocene normal faults occurred and is presently occurring across the entire seismogenic zone. This contrac-
tional event began in late Neogene time. The total amount of shortening as inferred from sequential cross section restoration is approx. 20% of
the total amount of Miocene extension in the fore-arc side of the northern Honshu. Thus, the overall extensional architecture of the region in-
herited from Miocene rifting was only slightly modified by the superimposed contractional deformation. Reverse fault reactivation seems to
occur only when the dip angle of precursor normal faults is 60° or less. The geometry and evolution of active thrust faults are strongly controlled
by fault reactivation processes and are found in conjunction with the development of new thrust faults that propagate across the normal fault

footwalls with shortcut trajectories.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Estimation of strong ground motion associated with crustal
earthquakes provides a base for seismic hazard mitigation. The
estimation of strong ground motion requires an understanding
of fault parameters such as the deep geometry of source faults
(e.g., Irikura, 2002). Unfortunately, most active crustal faults
show little seismicity along the fault surface. Direct imaging
via the seismic reflection method effectively reveals the deep
geometry of source faults before rupture (e.g., Sato et al.,
2002a). However, survey costs and the number of target faults
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necessitate the expansion of source fault models with detailed
but regional geologic information.

Fault reactivation processes play an important role in crus-
tal dynamics (e.g., Coward, 1994; Holdswaoth et al., 1997).
The development, evolution and reactivation of fault surfaces
through time can be quantitatively studied using through ana-
logue and/or numerical modeling. The applicability of the
fault reactivation concept must be tested at depth when geo-
logic information is used to construct a source fault model.
Most known basin-scale examples of fault reactivation are
based on geological evidence or on seismic reflection profiles.
Active in situ fault reactivation has been extensively studied as
suggested by repeating earthquakes concentrated along major
thrust fault in subduction zones (e.g., Igarashi et al., 2003)
down to great depth (Wiens and Snider, 2001). However,
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systematic investigation along active compressional fault
zones that have experienced tectonic inversion is rare. Yet,
studies of such fault zones which are associated with crustal
scale rupturing may lead to an enhanced understanding of fault
reactivation processes.

On July 26, 2003, the Northern Miyagi earthquake (M6.4)
occurred along a major basin boundary fault located within
the Miocene back-arc rift system in northern Honshu, Japan.
This shallow crustal earthquake provides a rare opportunity
to investigate in situ the reverse reactivation of a precursor
normal fault set during positive tectonic inversion. In this pa-
per we describe in detail the geological structure of the eastern
margin of the Northern Honshu rift system (Sato et al., 2004),
as inferred from interpretation of seismic reflection profiles
and integrated with earthquake data. The study area includes
the source area of the Northern Miyagi earthquake. New
data obtained through this study provide the constraints to dis-
cuss the formation of the back-arc rift basins and in situ com-
pressional inversion processes at depth.

2. Geological setting

Northern Honshu, Japan, is a classic example of a trench-
arc—back-arc system. At present, northern Honshu undergoes
contraction perpendicular to the NNE—SSW-trending arc as
indicated by geodetic measurements, active faults (Active
Fault Research Group, 1991) and focal mechanisms (e.g., Ha-
segawa et al., 2000). Northern Honshu separated from the Eur-
asian continent during an episode of rifting in early Miocene
time (Otofuji et al., 1985). Crustal attenuation of northern
Honshu was associated with the opening of the adjacent
back-arc basin (Sato, 1994). Since late Neogene time this do-
main was affected by contractional deformation which led to
the development of thrusts and related folds. However, evi-
dence for pre-contractional extension is well preserved in
the crustal structure and reveals a systematic attenuation to-
wards the back-arc domain (Iwasaki et al., 2001).

On the fore-arc side of northern Honshu, pre-Neogene
rocks consist of a Jurassic accretionary complex locally in-
truded by Cretaceous granites and extensively crop out in
the Kitakami massif. The western margin of the Kitakami
massif is marked by a steep Bouguer anomaly gradient
(Fig. 1), suggesting a subsided back-arc structure. The distri-
bution of the lower Neogene back-arc sediments is bounded
by this gravity anomaly belt; the surface structural expression
of the belt corresponds to a west-dipping normal fault system
(Kitamura, 1963). The architecture of the normal fault system,
as constrained by integrated seismic reflection profiles, gravity
data, surface and subsurface geological information, is de-
scribed in detail in the forthcoming sections.

The family of lower Neogene, largely Miocene extensional
structures that stretches for over 300 km along the western
margin of the Kitakami massif is here defined as the Kitakami
fault system. During the rifting stage, the early Miocene vol-
canic front was located along the eastern edge of the Miocene
rift basins (KFS in Fig. 2; Ohguchi et al., 1989; Tatsumi et al.,
1989).

140° 142°

Kitakami
Fault System

Study area

Fig. 1. Bouguer anomaly map of Northern Honshu, Japan, after Komazawa
et al. (1999). EU: Eurasian Plate, PAC: Pacific Plate, PSP: Philippine Sea
Plate.

The evolution of late Neogene tectonics in northern Honshu
can be effectively subdivided in three main stages: (i) a period
of widespread extensional deformation of early Miocene age;
(ii) a period of relative tectonic quiescence of late Miocene
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Fig. 2. Neogene tectonic evolution of Northern Honshu modified after Sato
and Amano (1991). VF: volcanic front, TR: trench axis, KFS: Kitakami fault
system.
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age; and (iii) a period of contractional deformation, active
since Pliocene time (Fig. 2; Sato and Amano, 1991; Sato,
1994). The direction of the maximum tensional stress during
the first, extensional stage, was EW to ENE—WSW, i.e., per-
pendicular to the arc. During the second stage of tectonic qui-
escence, a horizontal maximum compressional stress axis was
oriented NE—SW, i.e., oblique with respect to the arc. The di-
rection of the maximum compressional stress axis rotated to
be perpendicular to the arc again during the third deformation
stage (Sato, 1994). As a result of these temporal variations in
the orientation and kinematic character of the dominant defor-
mation regime, the back-arc of northern Honshu has experi-
enced an episode of positive inversion (terminology after
Williams et al., 1989), from early extension to late contraction,
in the Pliocene—Present time interval (Okamura et al., 1995).

3. Basin inversion along the Kitakami fault system
3.1. Ishinomaki area

3.1.1. The 2003 Northern Miyagi earthquake

The series of earthquakes that occurred on July 26, 2003,
along the southern part of the Kitakami fault system, which
bounds the eastern margin of the Miocene northern Honshu
rift system (Sato et al., 2004), had magnitudes ranging be-
tween 5.5 and 6.4 (Umino et al., 2003; Fig. 3). The epicenter
of the mainshock was located on the southern tip of the NS-
trending source fault at a hypocentral depth of 7 km (Okada
et al., 2003). The earthquake ruptured along a 12-km-long
NS-trending fault zone. The moment tensor solution of the
mainshock was a NS-trending reverse slip (Fig. 4). According
to the distribution of aftershock P-axes, EW-trending and
WNW-—ESE-trending P-axes dominated in the northern por-
tion of source area (Umino et al., 2003), suggesting that the
rupture occurred with almost net reverse slip kinematics
with a slight additional right-lateral component in the northern
part. There were no surface ruptures associated with the earth-
quakes (Kato et al., 2004).

3.1.2. Geology of the Ishinomaki area

The main geological features of the epicentral area of the
2003 Northern Miyagi earthquake are shown in the map of
Fig. 4. Paleozoic and Mesozoic extensively crop out in the Ki-
takami massif. The western margin of the Kitakami massif is
bounded by the W-dipping Sue fault; field evidence and geo-
logical data indicate that this structure was active in Miocene
time with an extensional kinematic character (Kato et al.,
2004). Miocene marine sedimentary rocks are distributed in
the western plains and hills (Ishii et al., 1982; Fig. 4). The
Miocene basin fill is largely divided into two units: the Mat-
sushima-wan Group (syn-rift sediments) and the Shida Group
(post-rift sediments). The Matsushima-wan Group syn-rift se-
quence consists of volcanics and volcaniclastics, fluvio-lucas-
trine sediments and interbedded marine sandstone and
siltstones (Ishii et al., 1982).

The stratigraphic record of the Sue Hills consists of thick
conglomerate and gravel units, clast supported conglomerates

(footwall fan facies), and poorly sorted breccias (talus facies).
This stratigraphy along with the relationships of these deposits
with the local structures indicate that this area experienced
fault-controlled subsidence during Miocene time. Palaeo-cur-
rent directions inferred from clast imbrications within the
delta-fan facies of conglomerates and gravels (Fig. 4) indicate
for these deposits an easterly provenance.

The Matsushima-wan Group syn-rift clastics are unconform-
ably overlain by post-rift sediments of the Shida Group. These
latter sediments mainly consist of shallow marine sandstones.
The stratigraphic record of the Ishinomaki area indicates that
deposition was mainly controlled by eustatic sea-level changes
since middle—late Miocene time. This provides evidence for
a stage of relative tectonic quiescence since middle—late
Miocene time. Pliocene marine sediments unconformably
overlie the lower strata.

The local structure of the Ishinomaki area is dominated by
contractional deformations, namely thrusts and associated
folds. The Asahiyama Hills occupy the core of a gentle N—
S-trending anticline. The eastern limb of this structure con-
tains Pliocene strata and older rocks and defines a flexure
that is known in the literature as the Asahiyama flexure.
This structure dips east, with an inclination of up to 50°.
The results of an integrated tectonic and geomorphological
study indicate that the Asahiyama flexure is associated with
reverse faulting of late Quaternary age (Ishii et al., 1982).

3.1.3. Seismic profiling

To correlate the source fault with geologic structure, seis-
mic profiling was carried out across the focal area of the
Northern Miyagi earthquake (Kato et al., 2004). The seismic
source was a single vibroseis truck (IVI Y2400). The length
of the seismic line was 12 km and the shot and receiver inter-
vals were 25 m. Seismic signals were recorded using a total of
240 channels. For the wide-angle reflection/refraction analy-
sis, 50 sweeps of the vibroseis truck were recorded using
286 channels.

A refraction analysis of the first arrival time data at seven shot
points was carried out. The velocity structure was determined by
forward modeling using the 2D ray-tracing method described by
Iwasaki (1988), in which travel times of diving waves generated
in the model are compared and contrasted with observed first ar-
rivals. The velocity model for the refraction profile is presented
in Fig. 5c, together with examples of travel-time curves (Fig. 5a)
and ray diagrams (Fig. 5b). The observed travel times are ex-
plained within an error of 0.07—0.14 s.

The western part of the profile is covered by thick sedimen-
tary layers with a velocity of 1.6—3.5 km/s. These layers pinch
out to the east. At the eastern edge of the Sue Hills, the top of
the 3.6 km/s layer discontinuously sinks beneath the eastern
plain, where strata of the 3.6 km/s layer are covered by
a thin, low velocity (0.6—2.3 km/s) layer.

Seismic reflection data were processed through conventional,
common mid-point (CMP) methods, including post-stack mi-
gration and depth conversion (Kato et al., 2004). The depth-con-
verted seismic section and its geological interpretation are both
shown in Fig. 6. Based on the results of velocity analyses and
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Fig. 3. Geological map of the southern part of the Kitakami river valley, Northern Honshu. The map is modified from the Editorial Committee of Civil Engineering
geologic map of Tohoku (1988). NRF: Nagamachi-Rifu fault. Epicenter distribution of aftershocks of the 2003 event is from Umino et al. (2003) and the 1962

event is from Kono et al. (1993).

reflection patterns, the top of the pre-Tertiary basement was in-
terpreted and correlated with horizon D of Fig. 6. This marker
horizon is outlined in the seismic profile by relatively large am-
plitudes and reflected low frequencies.

A density model (Kato et al., 2004) and the local velocity
structure indicate that the top of the basement (horizon D) is cut
by a step; this is interpreted as the fault that offsets and down-
throws the western block under the Sue Hills (CMP 650;
Fig. 6). In the fault footwall, the top of the basement (horizon
D) occurs at a depth ranging from 100 to 200 m as seen in the east-
ernmost part of the profile (CMP 650—818). The low velocity
layer above horizon D and beneath the eastern plain probably con-
sists of Pliocene to Quaternary sediments. In the fault hanging-
wall, the top of basement is estimated to be at a depth of more
than 3 km as seen in the central part of the section (see also
Kato et al., 2004). The wedge-shaped part of the section, outlined
by poor reflections between horizon C and D (CMP 400—650), is
interpreted as a thick fan of conglomerates of the Kakeyama For-
mation deposited in footwall block at or adjacent to the fault trace;
this unit probably was fed by an easterly source and was trans-
ported to its present position during the rifting stage (Fig. 7a, b).

The top of the basement (horizon D) is offset and down-
thrown towards the west with an extensional displacement
below the Asahiyama flexure. Faulting resulted in the develop-
ment of asymmetrical troughs whose geometry is best de-
scribed in terms of a half-graben architecture. The boundary
normal faults were effective in controlling the distribution of
clastics within the basin; the main part of the gravel transported
from the Kitakami massif was trapped in the eastern half-
graben. As a result, the overlying reflective layer directly
covers the basement in the western half-graben (Fig. 7a, b).

The shallower part of the profile above horizon C is charac-
terized by coherent reflections. Based on the patterns of reflec-
tions in the seismic profile and locally constrained by direct
subsurface information from borehole data, the strata below
horizon B are interpreted as the syn-rift deposits of the ear-
ly—middle Miocene Matsushima-wan Group. In contrast, the
strata between horizons A and B correspond to post-rift sedi-
ments of the middle—late Miocene Shida Group. The base of
the Pliocene sediments, whose geometry and position are con-
strained by direct surface data, is shown as horizon A on the
seismic section (Fig. 6).
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3.14. Geometry of source faults estimated from
aftershock observations

In order to determine the precise location of aftershock hy-
pocenters, a temporary seismic network was installed soon af-
ter the occurrence of the M6.4 main shock. Thirteen portable
data-logger stations and one satellite communication telemetry
station were installed in and around the focal area of the M6.4
event (Umino et al., 2003).

The hypocenters of aftershocks were estimated through the
method of single-event location (Hasegawa et al., 1978) using
data observed at portable data-logger stations and those ob-
served at the nearby permanent stations of Tohoku University,
National Research Institute for Earth Science and Disaster Pre-
vention (NIED) and Japan Meteorological Agency (JMA). The
hypocenters are determined based on P- and S-wave velocity
models adopted into the routine procedures of the Tohoku Uni-
versity seismic network (Hasegawa et al., 1978).

The focal depths of aftershocks and focal mechanisms deter-
mined by Umino et al. (2003) are illustrated in Fig. 7a. Only af-
tershocks whose hypocenters have standard deviations less than
1 km are shown. The hypocentral distribution of aftershocks in
the depth range of 3—12 km defines the down-dip geometry of
the fault surface that ruptured during the M6.4 earthquake se-
quence. The fault surface dips to the west at an angle of ~50°
in the northern part of the aftershock area. As shown in

Fig. 7a, the fault surface of the M6.4 event revealed by the after-
shock distribution is located along the down-dip continuation of
the Sue fault at depths ranging from 3 km to 12 km. The fre-
quency distribution of dip angles of the nodal plane of after-
shocks shows that the majority of dip angles falls between 40°
and 50° in the northern aftershock area (Umino et al., 2003);
this inclination is consistent with the dip angle of the source fault
estimated from the aftershock distribution. The deepest after-
shock focal mechanisms have low-angle nodal planes
(Fig. 7a), suggesting a possible low-angle geometry for the
main fault near the base of the seismogenic zone.

3.2. Tsukidate area

The Kitakami fault system extends north of the 2003 North-
ern Miyagi earthquake focal area (Fig. 3), where approx. M6.5
(Takemura, 2005) and M6.5 earthquakes occurred in 1900 and
1962, respectively. Tohoku University conducted a temporary
seismic observation from October 1991 to August 1997 around
the focal area of the 1962 M6.5 northern Miyagi earthquake,
where present seismic activity is relatively high. Four radio te-
lemetry stations were installed; in combination with data from
nearby permanent stations of Tohoku University and the IMA,
the hypocenters of earthquakes occurring there can be located
very precisely. Fig. 7c shows the cross-sectional distribution of
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earthquakes along the line Y=Y’ indicated in Fig. 3. Only
earthquakes whose hypocenters have standard deviations less
than 1.5 km are shown in this figure.

The earthquakes have occurred along a plane dipping west-
ward with inclination of ~ 50°. This seismicity consists of the
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h West 1\ sahiyama Hills ¢
1

aftershocks of the 1900 and 1962 events. Therefore, the planar
distribution of earthquakes reveals the source fault of these
M6.5 events. Based on the surface information integrated
with gravity anomaly data, the previous fault system is that
of a normal fault with net extensional displacement. Yet, the
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Fig. 6. Post-migrated, depth-converted seismic section of the Kanan 2003 seismic survey and geological interpretation after Kato et al. (2004). V:H = 1:1. A: base
of the Kameoka Formation, B: base of the Shida Group, C: boundary between conglomerate facies and stratified facies, and D: upper surface of the pre-Tertiary.
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fault plane solution of the 1962 Northern Miyagi earthquake
shows reverse kinematics (Kono et al., 1993). It seems thus
highly probable that the estimated seismogenic source struc-
ture was a Miocene basin-bounding normal-fault that was sub-
sequently reverse reactivated. Therefore, as for the 2003
Northern Miyagi earthquake, the 1962 event (M6.5) outlines
an episode of positive inversion tectonics, where recent com-
pressional deformations were accommodated by reverse reac-
tivation of a precursor Miocene normal fault.

3.3. Mizusawa area
In the Mizusawa area (Fig. 3, Z—Z'), images of a series of

west-dipping normal faults were generated using industry seis-
mic reflection sections (JNOC, 2001). The seismic source

consisted of four vibroseis trucks (IVI Y2400), with 26 s of
8—70 Hz signals at 40-m intervals. The signal was recorded
through a digital telemetry system (JGI, G-daps 4) with 240
channels at 20-m receiver intervals. The post-stacked migrated
seismic section of JNOC (2001) was converted from two-way
travel times to vertical depths using velocity information de-
rived from reflection moveout analysis (JNOC, 2001) in the
Neogene sedimentary unit, integrated with the results of the
refraction analysis (Iwasaki et al., 2001) for pre-Neogene
basement rocks (Fig. 8a).

An account on the regional geology (Usuta et al., 1986;
Kitamura, 1965) indicates that the Neogene sedimentary and
abundant volcaniclastic rocks crop out extensively over the
study area, whereas the pre-Neogene basement rocks are
only found close to the eastern end of the seismic line
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(CMP 0—250; Fig. 8b). The lower end of the coherent reflec-
tions is interpreted as the base of the basin fill. Three major
asymmetrical, normal fault-bounded troughs with characteris-
tic half-graben profile are identified along the seismic section
(Fig. 8b). Based on direct sub-surface constraints provided
from borehole data (JNOC, 2001), horizon L (Fig. 8b) is
here interpreted as the base of the mudstone in the middle
Miocene Tsunatori Formation (Kitamura, 1965).

The eastern (F1) and western (Dedana; F2) faults illustrated
in the seismic profile of Fig. 8b show evidence for reverse re-
activation; this probably occurred at the locations of pre-con-
tractional Miocene normal faults. However, information
available for the eastern fault (F1) does not make it possible
to document late Quaternary activity. On the other hand, re-
verse reactivation of late Quaternary age for the Dedana fault
(Active Fault Research Group, 1991) is clearly demonstrated
by the deformation of recent alluvial fans (Watanabe, 1989;
Ikeda et al., 2002). The surface trace of the Dedana fault is
deflected to the east near the seismic profile (Fig. 8c), as
indicated by the results of an integrated tectonic and geomor-
phological investigation. A vertical slip-rate of 0.1 mm/year is
estimated from the offset of several different river terraces
(Active Fault Research Group, 1991).

In cross section, a complex geometrical pattern is observed
along the down-dip continuation of the Dedana fault (Fig. 8d).
While the structure maintains its overall extensional character
at depth, the fault footwall is truncated and slightly offset by
a minor reverse fault (indicated as Dfs in Fig. 8b, d) propagat-
ing upwards with a shortcut trajectory at a depth <2.5 km.
This geometry, i.e., a pre-orogenic normal fault that is reverse
reactivated at depth whilst its footwall is trimmed by a super-
imposed thrust at shallower structural levels, has been widely
recognized in well-exposed rift-derived orogens (i.e., the
Western Alps; see Gillcrist et al., 1987) and is widely consid-
ered a characteristic feature of positive inversion processes
(e.g., see Hayward and Graham, 1989, for a comprehensive re-
view). The top of syn-rift deposits (level L of Fig. 8b) is folded
both above the tip of the Dedana fault (Dfn in Fig. 8b, d) and
above the minor reverse fault in its footwall (Dfs in Fig. 8b, d):
these relationships indicate that the Dedana fault itself was
also partly reverse reactivated in its shallow structural levels
during the upward propagation of the minor reverse fault.

The map trace of this active fault is consistent with the ge-
ometry inferred from subsurface information. To the south, the
fault trace is deflected eastwards in map view probably due to
the formation of the minor thrust in the fault footwall.

The western part of the seismic section is characterized by
a distinctive, coherent pattern of seismic reflectors from ap-
prox. 13 km (5 s of two-way travel time) which can be traced
across the entire profile (Fig. 8a). Similar mid-crustal reflec-
tors at 4.5—5 s of two-way travel time were found in the seis-
mic sections located 20 km north of the Mizusawa area (Sato
et al., 2002a). These deeper reflections were correlated to the
deeper extension of the E-dipping active fault and interpreted
as the mid-crustal detachment at the base of seismogenic layer
(Sato et al., 2002a). Similarly, the inferred depth of a major
discontinuity outlined in the Mizusawa seismic section

(Fig. 8a) also makes it possible to interpret this reflector as
a mid-crustal detachment.

In summary, the three examples described in the previous
sections and constrained by surface, subsurface and seismic
data clearly indicate an episode of positive inversion tectonics
in the Miocene Northern Honshu rift system. This episode ini-
tiated in Pliocene time and is still active, as outlined by the in-
tense seismicity associated to the investigated faults.

4. Discussion
4.1. Tectonic inversion of a seismogenic source fault

Fault reactivation associated with seismic activity in the
continental crust has been studied in many areas, including
the New Madrid Seismic Zone (e.g., Mueller and Pujol,
2001), southern California (Rivero et al., 2000), Italy (Vilardo
et al., 2003) and Argentina (Kley and Monaldi, 2002). How-
ever, in most of these settings, the geometry of the seismo-
genic source fault is not well constrained by hypocentral
distribution due to a general paucity or lack of dense micro-
earthquake or of observations of low seismic activity.

Positive basin inversion along the Kitakami fault system,
which bounded the fore-arc side of the northern Honshu rift
system in early Miocene time, is demonstrated by the geolog-
ical structures outlined with integrated seismic sections, sedi-
mentary facies analysis and seismicity. The geometry of 2003
Northern Miyagi earthquake source fault was estimated using
dense seismic observations down to 12 km. The estimated dip
angle was 50°; this value is common for most observed normal
faults and is not far from the ideal dip (60°) for Andersonian
normal faults (e.g., Wernicke, 1995). Such high-angle reverse
faulting commonly occurs as a result of the compressive reac-
tivation of former normal faults (Sibson, 1990).

In the northern Honshu volcanic arc, deep seismic reflec-
tion profiles across the Ou backbone range effectively outline
the geometry of an active thrust fault and indicate that this
fault continues at depth to merge within subhorizontal reflec-
tors at 4.5—5s (TWT; Sato et al.,, 2002a). On September
15th, 1998, an M5.0 earthquake occurred by reverse faulting
in the deeper portion of the Nagamachi-Rifu fault (Fig. 3,
Umino et al., 2002). The dip angle of the mainshock is 30°
as inferred from focal mechanism analysis and aftershock
distribution. Deep seismic reflection profiling shows that the
up-dip continuation of the source fault can be traced to the
Nagamachi-Rifu fault. This structure was originally a normal
fault in Miocene time that was produced during the same event
that led to development of the Kitakami fault system (e.g.,
Sato et al., 2002b). The focal mechanisms of the 2003 North-
ern Miyagi earthquake show the low-angle reverse faulting
near the base of the seismogenic zone (Fig. 7a). Based on
the above-mentioned evidence, the Kitakami fault system is
here interpreted as a listric fault system that merges to depth
in the seismogenic upper crust.

The interpretation of a general listric fault geometry inte-
grated with the surface, subsurface and seismic data described
in this paper provides the grounds for a kinematic
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around the Dedana fault.

reconstruction of the Kitakami fault system through time. This
was achieved using conventional analysis methods and spe-
cific software packages (the 2D Move of Midland Valley)
for balanced cross section restoration and forward modeling
(Fig. 9). The depth of the mid-crustal detachment was esti-
mated to be at the bottom of the seismogenic zone marked
by coherent sub-horizontal reflections at 5s. (TWT; approx.
13 km in depth). The balanced section and their restored tem-
plates which satisfy the geometry of the seismic source fault

and rift basins are shown in Fig. 9. The sequential restoration
of superposed deformations makes it possible to quantify the
amounts of pre-thrusting, syn-rift extension and of post-rift
shortening along the section: these are 5.2 km and 1.0 km, re-
spectively (Fig. 9). These values quantitatively illustrate the
inferred history of positive tectonic inversion from normal
fault development in Miocene time to reverse reactivation in
the Pliocene—Present time interval. The restoration of the sec-
tion, integrated with available surface, subsurface and seismic



2020 N. Kato et al. | Journal of Structural Geology 28 (2006) 2011—2022

Z Post-rift sediments z'

10

[km]

synt-rift sediments

- 10
[km]

N~

- . L5
7 -
~
’ s
-~ P
- ~ -~
- e Pre-Neogene - 10

J— T [km]

Fig. 9. Balanced geological cross section showing the evolution of the Kita-
kami fault system in the Mizusawa area. The rectangular boxes near broken
line correspond to the seismic section shown in Fig. 8(b). V:H=1:1.

information, ultimately suggests the possibility of full reacti-
vation of the Miocene normal fault within the whole seismo-
genic layer.

4.2. Tectonic evolution of the Kitakami fault system

A steep gradient is evident in the Bouguer anomaly along
the western edge of the Kitakami massif. Fault reactivation,
similar to that described above, is dominant along the fore-
arc side of the Miocene rift system. Okamura et al. (1995) de-
scribed the features of positive basin inversion in the eastern
Sea of Japan, where the Miocene normal faulting was associ-
ated with the back-arc rifting stage. These authors identified
three main phases of fault evolution, namely (i) syn-rift normal
faulting, (ii) post-rift tectonic quiescence and (iii) reverse nor-
mal fault reactivation during positive inversion.

The same basic deformation history has been confirmed on
the fore-arc side of the northern Honshu rift system in this
study. Constructed with the interpretation of a listric fault ge-
ometry at depth, the balanced cross section of Fig. 9 illustrates
quantitatively the history of positive tectonic inversion and
makes it possible to estimate the amount of Miocene extension
to be approx. 5.2 km in the Mizusawa area. In contrast, the in-
ferred amount of shortening is only approx. 1.0 km. In sum-
mary, the relatively mild contractional overprint onto the
Mizusawa normal fault system only slightly modified the

overall extensional architecture that the basin had developed
in Miocene time as a consequence of rifting.

4.3. Significance of ‘lock-up’ angles in
compressional inversion

Investigations on frictional mechanics indicate that reverse
reactivation of listric normal faults during positive inversion
becomes progressively more difficult towards the upper fault
terminations where the fault surfaces steepen (Sibson, 1990).
Reverse fault rupturing does not seem to occur when fault
dips are >60°, i.e., the predicted ‘lock-up’ angle for a ‘Bye-
rlee’ friction coefficient of 0.6 (Sibson and Xie, 1998).

This study documents several examples of reverse reactiva-
tion of pre-existing normal faults along the Kitakami fault sys-
tem. Reverse reactivation combined with the development of
new thrust faults which propagated upwards across normal
fault footwalls with shortcut trajectories appear to be strongly
controlled by the dip angle of pre-existing faults. In the Miz-
usawa area, two of the four Miocene normal faults were re-
verse reactivated. The critical dip angle of normal faults that
controls reverse reactivation vs. footwall truncation is in ex-
cess of 60° (Fig. 8b). In the south, the footwall of the Dedana
fault was truncated by a newly formed thrust that propagated
upwards with a shortcut trajectory, whereas in the north the
Dedana fault was simply reverse reactivated (Fig. 10). The De-
dana fault seems to dip approx. 60° in the region of the seismic
profile. The dip angle of Dfn, illustrated in Fig. 8d, is close to
60°, the dip of the theoretically estimated ‘lock-up’ angle (Sib-
son, 1990). Similarly, in the Ishinomaki area, the dip angle of
the fault beneath the Asahiyama flexure is close to 60°; the
formation of a newly formed thrust east of the Asahiyama flex-
ure suggests an analogue mechanism that could result in devel-
opment of a footwall shortcut thrust.

5. Conclusions
Three main conclusions can be drawn from this study:

1. Based on the geometry of the seismogenic source fault
identified from aftershock distributions and seismic reflec-
tion profiles, reverse fault reactivation of pre-existing Mio-
cene normal faults occurred across the entire seismogenic
zone.

2. Analogous to those described in this paper, positive basin
inversion processes in the eastern part of the Sea of Japan
were also confirmed on the fore-arc side of the failed rift
basin. Under the assumption of mid-crustal detachment
and listric fault geometry at depth, the total amount of con-
traction of late Neogene age was approx. 20% of the
amount of Miocene extension along the fore-arc side of
the Miocene northern Honshu rift system. Thus, the orig-
inal Miocene extensional architecture, dominant in north-
ern Honshu, was only slightly modified by superimposed
thrusting and reverse fault reactivation.

3. Reverse reactivation of pre-existing normal faults seems to
occur where the precursor fault surfaces dip 60° or less.
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Fig. 10. Schematic 3D block diagram showing the relationship between active
fault and footwall short-cut thrust traces.

This provides an original, natural test case for theoretical
studies on the mechanics of fault reactivation during tec-
tonic inversion episodes.
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