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Abstract The kinematics of deformation in the overriding plate of convergent margins may vary across
timescales ranging from a single seismic cycle to many millions of years. In Northeast Japan, a network of
active faults has accommodated contraction across the arc since the Pliocene, but several faults located along
the inner fore arc experienced extensional aftershocks following the 2011 Tohoku-oki earthquake, opposite
that predicted from the geologic record. This observation suggests that fore-arc faults may be favorable
for stress triggering and slip inversion, but the geometry and deformation history of these fault systems are
poorly constrained. Here we document the Neogene kinematics and subsurface geometry of three
prominent fore-arc faults in Tohoku, Japan. Geologic mapping and dating of growth strata provide evidence
for a 5.6–2.2 Ma initiation of Plio-Quaternary contraction along the Oritsume, Noheji, and Futaba Faults
and an earlier phase of Miocene extension from 25 to 15 Ma along the Oritsume and Futaba Faults associated
with the opening of the Sea of Japan. Kinematic modeling indicates that these faults have listric geometries,
with ramps that dip ~40–65°W and sole into subhorizontal detachments at 6–10 km depth. These fault
systems can experience both normal and thrust sense slip if they are mechanically weak relative to
the surrounding crust. We suggest that the inversion history of Northeast Japan primed the fore arc with a
network of weak faults mechanically and geometrically favorable for slip inversion over geologic timescales
and in response to secular variations in stress state associated with the megathrust seismic cycle.

1. Introduction

The fore-arc regions of subduction zones, like that of Northeast Honshu, Japan, are constructed and deformed
over multiphase histories and evolve in response to changes in the subducting bathymetry (e.g., Audin et al.,
2008; Bangs et al., 2006; Fisher et al., 1998; Gardner et al., 2001; Hampel, 2002; Kington & Tobin, 2011; Morell
et al., 2011; Regard et al., 2009; Wang & Bilek, 2011), convergence rate and obliquity (e.g., Allmendinger &
González, 2010; Morell, 2016; Regalla, Fisher, et al., 2013), mechanical properties of the megathrust
(e.g., Allmendinger & González, 2010; Buiterr et al., 2001; Hassani et al., 1997; Saffer & Tobin, 2011), and varia-
tions in slab geometry (e.g., Capitanio et al., 2009; Capitanio et al., 2010; Royden & Husson, 2006). Variations
in stress state during such deformation events can lead to the development of networks of upper plate faults
that can act as structural weaknesses available to be reactivated in response to subsequent changes in bound-
ary conditions at the plate interface. The low shear strength documented on subduction interfaces, indicated
by direct and indirect observations and modeling (e.g., Allmann & Shearer, 2009; Fisher & Byrne, 1987; Fulton
et al., 2013; Hasegawa et al., 2011; Tobin & Saffer, 2009; Ujiie & Kimura, 2014; Wang et al., 1995) and by lowmag-
nitudes of fore-arc differential stress determined from focal mechanism inversions (Balfour et al., 2011; Wang
et al., 1995; Yang et al., 2013; Yoshida et al., 2015), implies that the fore arc is structurally weak, a state that could
be maintained by deformation along networks of upper plate faults with low shear strength or high fluid
pressures. Such faults may be able to fail in response to relatively small changes in stress field (e.g., Loveless
et al., 2010; Sibson, 2009) and may have temporally variable kinematics that evolve in response to changes
in stress state related to variation in plate boundary dynamics and kinematics over both geologic (106 yr) time-
scales (e.g., Hassani et al., 1997; Heuret et al., 2007; Heuret & Lallemand, 2005; Lallemand, Heuret, & Boutelier,
2005; Lallemand et al., 2008) and in response to the loading and unloading of the upper plate during the
seismic cycle (e.g., Farías et al., 2011; Hasegawa et al., 2011; Loveless et al., 2010; Ryder et al., 2012; Sherrod &
Gomberg, 2014; Toda, Lin, & Stein, 2011; Toda, Stein, & Lin, 2011). The kinematics of deformation along these
faults therefore need not be temporally constant, and their deformation history contains a record of past
variations in upper plate stress state in response to changes in tectonic forcing at the plate boundary.
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The Tohokumargin of northern Japan is an example of a subduction fore arc that contains a network of inher-
ited faults that have accommodated permanent strain in response to changes in stress state over the Jurassic
to present (Ikeda et al., 2002; Jolivet, Tamaki, & Fournier, 1994; Okada & Ikeda, 2012; Regalla, Fisher, et al.,
2013; Sato & Amano, 1991) (Figure 1). Today, active E-W directed upper plate contraction occurs over a
>500 km wide region inboard of the Japan trench, across both the fore arc and the back arc (e.g., Ikeda et al.,
2002; Okamura, 2003; Regalla et al., 2010; Sato et al., 2002; Wesnousky et al., 1984). Contractional deformation
in the back arc is attributed to Plio-Quaternary thrust inversion of listric, extensional faults originally formed
duringMiocene opening of the Sea of Japan (Okada & Ikeda, 2012; Okamura et al., 1995; Sato & Amano, 1991),
but comparatively less is known about the geometry, kinematics, and timing of deformation along faults in
the inner fore arc. Interestingly, several recent M6+ upper plate fore-arc aftershocks that occurred following
the 2011 M9 Tohoku-oki megathrust earthquake had normal displacement consistent with ~E-W directed
extension (e.g., Hasegawa et al., 2012; Hirose et al., 2011; Imanishi et al., 2012; Kato et al., 2011; Kobayashi
et al., 2012; Okada et al., 2011), opposite the sense of long-term E-W directed contraction documented across
the arc. These observations indicate the potential for reversals in slip along fore-arc faults not only over geo-
logic time scales but also in response to static stress changes or viscoelastic transients following megathrust
events (Miyazawa, 2011; Sun et al., 2014; Toda, Lin, & Stein, 2011; Wang et al., 2012). Such reversals in slip
appear to require the presence of weak faults that can fail in response to small changes in the magnitude
and orientation of the stress field. These aftershocks occurred onshore in populated areas (e.g., Imanishi
et al., 2012; Okada et al., 2011) and highlight the need to understand the geometry and kinematics of fore-
arc faults in order to assess how these faults respond to variations in stress state during the loading and
unloading of the upper plate during the seismic cycle.

Here we document the Neogene kinematic history and subsurface geometry of faults in the fore arc of
Northeast Honshu, Japan, in order to identify structural and stratigraphic evidence for tectonic inversion,
to bracket the timing of deformation, and to quantify the geometry of faults potentially susceptible to

Figure 1. Digital elevation and bathymetry of northern Honshu showing the surface traces of active faults (National Institute of Advanced Industrial Science and
Technology, 2012), the location of the Oritsume, Noheji, and Futaba Faults, and active volcanoes. ID: Idosawa Fault, YD: Yunodake Fault, NR: Nagamachi-Rifu
Fault. Elevation and bathymetry from SRTM3 and ETOPO2 data sets, respectively. Inset shows regional geologic setting.
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inversion. We focus on three
prominent active structures: the
Oritsume, Noheji, and Futaba
Faults. These faults are active,
west dipping, contractional
structures that bound basement-
involved structural massifs in
the inner fore arc of Northeast
Japan. All three structures are
candidates for Plio-Quaternary
thrust inversion of Miocene
extensional structures as they
are located ~50–75 km east of
faults with well-documented
inversion histories (e.g., Nakajima,
2006; Okada & Ikeda, 2012;
Okamura, 2003). In addition,
these structures are located
within the region that experi-
enced an increased rate of upper
plate seismicity following the
2011 Tohoku-oki earthquake
(Hasegawa et al., 2012; Toda,
Lin, & Stein, 2011; Toda, Stein, &
Lin, 2011) and are candidate
faults that could experience slip

in response to changes in stress field following megathrust rupture events. Our data indicate a history of
thrust inversion of inherited normal faults in the fore arc of Northeast Japan, along structures which may have
geometries andmechanics that make them candidates for failure in response to both long-term geologic for-
cing and short-term variations in stress state during the subduction seismic cycle.

2. Geologic Setting

The northern part of Honshu Island is situated at the convergent boundary where the Pacific plate subducts
beneath Eurasia at a rate of ~82 mm/yr (Niitsuma, 2004; Seno et al., 1993) (Figure 1). Subduction along the
western Pacific margin since at least the Jurassic (Isozaki, 1997; Isozaki et al., 1990) has resulted in the accre-
tion of Jurassic to Cretaceous rocks and emplacement of Cretaceous granitoids (Hiroi et al., 1998; Iwata et al.,
2000; Kimura, 1994; Saito & Hashimoto, 1982) that comprise the basement across much of Northeast Japan.
The upper plate along this convergent margin experienced early to middle Miocene back-arc extension
(25–15 Ma) and extrusion of seafloor basalts (24–18 Ma) associated with the rifting of the eastern Asian mar-
gin and the formation of the Sea of Japan (Jolivet & Tamaki, 1992; Kaneoka et al., 1990). Miocene rift-related
half-grabens that extend across western Honshu are recognized in the back arc and volcanic arc (Kato et al.,
2006; Sato et al., 2002; Sato & Amano, 1991). Northeast Japan transitioned to an arc-normal compressional
stress regime during the late Miocene to early Pliocene (Sato, 1994), and late Neogene shortening has been
documented along a network of reverse faults and fault-related folds (e.g., Okada & Ikeda, 2012; Sato &
Amano, 1991; van der Werff, 2000), many of which resulted from thrust inversion of inherited extensional
structures. In this study, we investigate the potential inversion histories of three prominent faults in the inner
fore arc of Northeast Japan, the Oritsume, Noheji, and Futaba Faults (Figure 1). Below we briefly describe the
local stratigraphy used to reconstruct subsurface fault geometry and in which we identify extensional and
contractional growth sequences (Figure 2).

The Oritsume Fault is an ~30 km long, N-S striking, west dipping thrust fault located ~20 km west of the town
of Hachinohe (Figures 1 and 3a). Here basement rocks consisting of Jurassic and Cretaceous accreted subduc-
tion complexes are overlain by a series of early Miocene to Pliocene siliciclastic and volcaniclastic deposits
(Figure 4). The basal Miocene Yotsuyaku Formation contains lignite-bearing terrestrial sediments and

Figure 2. Schematic block diagram showing idealized cross section of an inverted
listric fault with synextensional and syncontractional growth strata. Extensional
growth strata thicken toward the fault and have a total hanging wall thickness
greater than the footwall. Syncontractional strata thin above the fault-related fold
and onlap older tilted strata. The red stars denote the location of dated strata
at the base and top of extensional growth strata that bracket the duration of
normal faulting. The yellow stars denote dated strata in contractional pregrowth
and growth strata that bracket the onset of thrusting. Inset shows parameters
used in trishear modeling. The shape of a fault-related fold is dictated by local fault
dip (αi), total fault slip (S), the angular width of the shear zone (φ), fault with a
position in x-y space, and the ratio of fault tip propagation to fault slip.
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Figure 3. (a) Geologic map of the area surrounding the Oritsume Fault after Kamada et al. (1990), showing line of section A-A0, in Figure 9. See Figure 1 for location
and Figure 4 for stratigraphy. (b) Field photo of the unconformity separating contractional pregrowth (dip of ~50°E) and growth (dip of <10°E) strata at site OT-1.
U-Pb zircon ages from tephras sampled at approximate location of stars.
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transitions up section to shallowmar-
ine siliciclastics interbedded with the
volcaniclastic Keiseitoge Formation
(Yagishita & Komori, 2000).
Overlying these are the marine silici-
clastic units of the Kadonosawa and
Suenomatsuyama Formations, pyrox-
ene andesite lahars of the
Suenomatsuyama Formation, and
marine sediments and volcanics of
the Tomesaki, Shitazaki, Kubo, and
Togawa Formations (Chinzei, 1966;
Kamada et al., 1990). This strati-
graphic section has been folded into
a north plunging fault-related anti-
cline developed in the hanging wall
of the Oritsume Fault. All units are
present in the hanging wall, but only
the Kadonosawa, Suenomatsuyama,
Tomesaki, and Togawa Formations
are present in the footwall of the fault
(Figures 3a and 4).

The Noheji Fault, also mapped as the
Muriyama Fault, is a N-S striking, west
dipping fault with a discontinuous
surface expression for ~20 km length,
located ~ 25 km northwest of the
Oritsume Fault (Figures 1 and 5a).
The oldest exposed units in the hang-
ing wall of the Noheji Fault are early
Neogene volcanic rocks and tuffac-
eous sandstones (Ozawa & Mimura,
1993; Tsushima, 1962). These units
are overlain by diatomaceous silt-

stones and sandstones of the Wadagawa Formation (Yamaguchi, 1970), locally also mapped as the
Gamanosawa and Shitazaki Formations (Tsushima, 1962), which interfingers with the andesitic lahars and
tuff-breccias of the Tomari Formation (Figure 6). The youngest units in the region are the shallow marine sili-
ciclastics of the Togawa Formation, locally mapped as the Sunagomata Formation, and Quaternary volcanic
deposits, marine terrace deposits, and volcanic ash. These Miocene through Pliocene units are folded into a
hanging wall anticline that extends for ~40 km (Figure 5a).

The Futaba Fault system is a N-S striking, ~100 km long west dipping thrust fault located north of the town of
Iwaki, ~350 km south of the Oritsume and Noheji faults (Figure 7). In this region, Cretaceous granitic base-
ment is overlain by sequences of Cretaceous to Pliocene sedimentary units (Figure 8). The basal
Cretaceous and Paleogene coal-bearing Futaba and Shiramizu groups (Kubo et al., 2003; Mitsui, 1971) are
unconformably overlain by fluvial, shallow marine, and deep marine siliciclastics of the Miocene Yunagaya,
Shirado, and Takaku groups and shallow marine sandstones and mudstones of the Taga and Sendai groups
(Kubo et al., 2002; Suto et al., 2005). This sedimentary sequence is deformed into an ~100 km long fault-
related fold, and only units of the Shiramizu, basal Yunagaya, Taga, and Dainenji groups are present in the
footwall of the fault (Figures 7 and 8).

3. Approach and Methods

We used a combination of field mapping, dating of growth strata, and kinematic fault-related fold
modeling to document the geometry and structural history of the Oritsume, Noheji, and Futaba Faults.

Figure 4. Stratigraphy of the region surrounding the Oritsumerjrault (after
Chinzei, 1966; Kamada et al., 1990; Yagishita & Komori, 2000). (a) U-Pb zir-
con, this study; (b) Foram Zone N8 (Irizuki & Matsubara, 1994); (c) K-Ar
(Ishizuka & Uto, 1995); (d) K-Ar (Tagami et al., 1995); and (e) Fission track
(Tagami et al., 1995).
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First, we combined new field structural mapping with published geolo-
gic maps and stratigraphic sections (Kamada et al., 1990; Kubo et al.,
2002; Kudo, 2005; Tsushima, 1962) to document structural and strati-
graphic evidence for Plio-Quaternary contractional inversion of preexist-
ing Miocene extensional faults. Second, we identified growth strata
associated with extensional and contractional deformation and bracket
the timing and duration of deformation by combining four new U-Pb
dates with existing geochronology and biostratigraphy in the growth
sequences (Chinzei, 1966; Regalla et al., 2010; Regalla, Kirby, et al.,
2013; Yagishita & Komori, 2000). Third, we used forward and inverse
trishear kinematic modeling of contractional fault-related fold geometry
to determine the subsurface geometry of each fault, to test if slip along
the same fault geometry can reproduce both extensional and
contractional deformation.

3.1. Identification and Dating of Growth Strata

We utilized field structural mapping and dating of newly identified growth
strata to determine the Neogene deformation history of the Oritsume,
Noheji, and Futaba Faults in the inner fore arc of Northeast Japan. New
field data were integrated with published 1:200,000 and 1:50,000 scale
geologic maps (Kamada et al., 1990; Kubo et al., 2002; Kudo, 2005;
Tsushima, 1962) and existing structural data and stratigraphy (Chinzei,
1966; Regalla et al., 2010; Regalla, Kirby, et al., 2013; Yagishita & Komori,
2000) to quantify fault-related fold geometry and thicknesses of syndefor-
mational growth strata. Growth strata deposited during contraction occur
on the limbs of fault-propagation folds developed in association with
active thrust faults. A progressive unconformity may occur in the stratigra-
phy separating pregrowth strata with steep dips from growth strata whose
dips decrease up-section (e.g., Buchanan & McClay, 1991; Mitra & Islam,
1994). Growth strata associated with extension occur in the hanging walls
of normal faults. These sequences often display an increase in total thick-
ness toward the fault and a divergence in bedding dip between the base
and top of the growth sequence (e.g., Buchanan & McClay, 1991; Mitra &
Islam, 1994).

The timing of extensional and contractional deformation was determined
from geochronologic and biostratigraphic ages of newly identified growth
strata. The onset of contractional deformation was determined from four
new U-Pb dates in zircons and from existing tephrachronology (Kudo,
2005; Suto et al., 2005) in ashes collected from above and below unconfor-
mities that separate the pregrowth and growth sections in the forelimbs of
contractional fault-related folds (Figure 2, yellow stars). New tephra ages
were determined by laser ablation U-Pb zircon geochronology at the
Laser-Ablation Split Stream Petrochronology Lab, University of California,
Santa Barbara (Kylander-Clark et al., 2013), where for each sample, 40–50
measurements were obtained, and 206Pb/238U ages and errors were mod-
eled using the TuffZirc algorithm (Ludwig & Mundil, 2002). The timing of
extension is bracketed by published 39Ar/40Ar, zircon fission track, and
biostratigraphic ages from the base and top of synextensional strati-
graphic sections (Figure 2, red stars).

3.2. Fault Geometry and Slip From Kinematic Modeling

We used trishear kinematic modeling to determine the subsurface fault dip and geometry of inner fore-arc
faults and test whether observed structural and stratigraphic data can be reproduced through contractional
inversion of extensional faults. Fault geometry and total slip were constrained using trishear kinematic

Figure 5. (a) Geologic map of the area around the southern portion of the
Noheji Fault (after Tsushima, 1962; Kudo, 2005). Map shows line of section
B-B0 in Figure 10, and locations of identified growth and pregrowth strata
(sites NH-1 and NH-2). See Figure 1 for location and Figure 6 for stratigraphy.
(b) Field photo of the unconformity separating contractional pregrowth
(dip of ~46°E) and growth (dip of ~10°E) strata at site NH-1. U-Pb zircon ages
from tephras sampled at approximate location of stars.
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forward modeling, performed using Midland Valley’s 2D Move™ software
package, and inverse trishear kinematic modeling using the methods of
Oakley and Fisher (2015). The trishear kinematic model has been used as
an alternative to kink band fold kinematics to explain the downward tigh-
tening and convergence of fold hinges and changes in stratigraphic thick-
ness and limb dip observed in basement-involved, fault-related folds
(Allmendinger, 1998; Erslev, 1991). This kinematic model produces simple
shear within a triangular zone fixed to a propagating fault tip (Figure 2,
inset) (Allmendinger, 1998; Erslev, 1991). Bedding is deformed such that
the divergence of the velocity field within the shear zone is zero and
results in area-balanced cross sections.

The shape of the fault-propagation fold in a trishear model is a function
of the shear zone geometry and the rate and direction of shear zone
propagation through the overlying strata (Allmendinger, 1998), assuming
fold formation results from mass transfer within the plane of section.
The geometry of the fold is defined by the following kinematic model
parameters: (1) fault dip (αi), which can vary in space for nonplanar fault
geometries; (2) the position of the fault tip at the initiation of deformation
in x-y space; (3) total displacement (S); (4) the ratio of fault tip
propagation (P) to fault slip (P/S ratio); and (5) the angular width of the
shear zone (ϕ) (Figure 2, inset).

Forward modeling was conducted iteratively in three stages. First, initial
constraints on allowable fault geometries were determined by forward

kinematic modeling in 2D Move (Midland Valley Exploration Ltd.) to replicate the contractional fault-related
fold geometry within the post extensional sediment sequence along the Oritsume, Noheji, and Futaba Faults,
assuming fold formation via dip slip. These models were used to determine the range of fault geometry (αi, as
a function of cross-sectional distance) and total dip slip (S) that best replicate the position and dip of bedding
contacts projected onto cross lines of cross section, given variable fault tip position,ϕ, and P/S ratios (Table 1).
For the Futaba Fault, fault geometry was constrained by published results of Monte Carlo simulations of fault
dip and modeling of the evolution of hanging wall fluvial profiles in response to active uplift (Regalla et al.,
2010; Regalla, Kirby, et al., 2013). In order to determine the robustness of the modeled fault geometries
and assess uncertainty in ramp dip and detachment depth, fault-related fold geometry was independently
modeled following the inverse method of Oakley and Fisher (2015). This method restores bedding dips
and locations of contacts along a cross section in order to invert for fault geometry and trishear parameters
using a Markov chain Monte Carlo approach. The inverse models solve for the deformation field using the
listric fault trishear kinematics of Cardozo and Brandenburg (2014) assuming inclined shear in the hanging
wall, and a fault geometry that includes a planar, subhorizontal detachment and planar, high-angle ramp
connected by a fault segment prescribed as a circular arc segment.

Second, for faults where Miocene extensional growth strata were identified, fault geometries determined in
the first step were used to model extensional displacement of initially flat lying strata, assuming deformation
via dip slip. Total extension was initially approximated by the difference in sediment thickness between the
hanging wall and footwall of modeled structures. Best fit total extension was determined through iterative
modeling of the extensional structure, given the best fit fault geometry determined as above, and published
stratigraphic thicknesses (Chinzei, 1966; Kamada et al., 1990; Kudo, 2005; Suto et al., 2005). Fault tip position,
ϕ, and P/S ratios were varied in order to produce reasonable sediment distributions and to provide suitable
starting conditions for modeling of thrust inversion (Table 1).

Third, using postextension cross-sectional geometries as determined above, faults were subjected to contrac-
tional inversion, given the ranges of S, ϕ, and P/S determined initially. Iterative repetitions of extension and
thrust inversionweremodeled until a set of parameters converged that best reproduced observed stratal thick-
ness variations, bed dips, and fold geometries for both the extensional and contractional stages of deformation.
For all stages of modeling, goodness of fit was determined by inspection of final deformed-state cross sections.
Sections were rejected if model and observed bedding dips differed by more than ~10° or if model and

Figure 6. Stratigraphy of the region surrounding the Noheji Fault (after
Aoyagi & Omokawa, 1993; Kamada et al., 1990; Tsushima, 1962). (a) U-Pb
zircon, this study; (b) Bo-P tephra (Machida et al., 1985; Miyauchi, 1988); (c) K-Ar
(Kudo, 2005); and (d) Diatom Zone N14-N15 (Aoyagi & Omokawa, 1993).
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observed contact positions differed by more than ~100m. Best fit fault geometries were then used to estimate
the range of stress conditions under which slip inversion could occur in the fore arc of Northeast Japan.

4. Results

Below we discuss evidence for Plio-Quaternary contraction and Miocene extension along the Oritsume,
Noheji, and Futaba Faults, and the geometries of structures that accommodate slip inversion. First, we discuss
thrust fault-related fold geometries and present evidence for the timing of initiation of contraction through
dating of growth strata. Second, we present evidence for Miocene extension and tectonic inversion along
inherited structures in the inner fore arc. Third, we use structural and stratigraphic data from thrust fault-

Figure 7. Geologic map of the southern tip of the Futaba Fault (after Geological Survey of Japan, AIST, 2003; Kubo et al., 2002). Map shows line of section C-C0 in
Figure 11, and locations of cores that constrain sediment thickness in the footwall. See Figure 1 for location and Figure 8 for stratigraphy.
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related folds as inputs in trishear
kinematic models to quantify
subsurface fault dip and to
model the extensional and con-
tractional inversion history of
fore-arc structures. Finally, we
use these results to place
bounds on the total magnitudes
of normal and thrust displace-
ment and to evaluate the geo-
metry and mechanics of faults
susceptible to slip inversion in
the fore arc of Northeast Japan.

4.1. Plio-Quaternary
Contraction

Fault-related folds developed in
the Mio-Pliocene sedimentary
sequence at the northern and
southern tips of the Oritsume,
Noheji, and Futaba Faults indi-
cate a component of reverse
separation along each structure
during the Neogene (Kamada
et al., 1990; Kubo et al., 2002;
Tsushima, 1962). Growth strata
associated with the formation
of these folds have the following
characteristics (Figure 2): (1)
Growth strata are preserved on

the forelimb of folds, near the lateral fault tip where the thrust fault transitions from emergent to blind. (2)
The steep dips of pregrowth strata transition up section to gentle or subhorizontal dips over a strike-
orthogonal distance on the order of 50–75 m. (3) There may be a progressive unconformity separating preg-
rowth and growth strata that becomes conformable toward the lateral fault tip. (4) The thicknesses of growth
sequences are greatest in the footwall of thrust, and thin toward the hanging wall. Below we discuss the stra-
tigraphy, fold geometry, and growth strata identified along the Oritsume and Noheji fore-arc faults and pre-
sent new evidence for the timing of contraction along these structures. Thrust fault-related fold geometry
and ages of growth strata along the Futaba Fault have been previously published (Regalla et al., 2010) and
are therefore not discussed here.
4.1.1. Oritsume Fault
We identifed and mapped contractional growth strata within the Togawa Formation in the forelimb of the
Oritsume fault-related fold that bracket the timing of Plio-Quaternary shortening along the Oritsume Fault
(Figure 3a, site OT-1). Steeply dipping (strike and dip of 350°, 50°E) rocks of the upper Kubo Formation in
the forelimb of the anticline are overlain by gently east dipping (strike and dip of 380°, 20°E) beds of the
Togawa Formation (Figure 3b). Outcrops ~50–70 m stratigraphically above the gently dipping Togawa beds
display subhorizontal bedding (Figure 3b). In contrast, in outcrops along strike ~2 km north of this location in
the forelimb of the fault-related fold, beds of the Kubo and Togawa Formations do not show a variation in dip
up section but have comparable, gentle (10–20°) dips. These up-section decreases in bedding dip are best
explained as growth strata deposited during the formation of the fault-related fold.

We determined two new U-Pb zircon ages from tephras interbedded with pregrowth and growth strata
(Figure 3b) to bracket the timing of initiation of contraction along the Oritsume Fault. A tephra from the stee-
ply dipping pregrowth beds of the Kubo Formation yielded an age of 5.78 (+0.19, �0.05) Ma, and a tephra
from the gently dipping growth beds of the Togawa Formation yielded an age of 4.87 (+0.06, �0.08) Ma

Figure 8. Stratigraphy of the region surrounding the Futaba Fault (after Kubo
et al., 2002; Suto et al., 2005). (a) Zircon fission track in tephra (Suto et al., 2005);
(b) diatom, (Suto et al., 2005); and (c) fission track (Suto et al., 2005).
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(Figure 3b). These samples bracket the onset of thrust displacement on the Oritsume Fault between ~5.8 and
4.9 Ma. Late Pleistocene to Holocene fluvial terraces mapped along the Maibechi River (near section line A-A0;
Figure 3a) have been warped across the hinge of the hanging wall fault-related fold (Chinzei, 1966),
indicating that reverse-sense slip and fault-related folding is ongoing today.
4.1.2. Noheji Fault
We also identifed growth strata in the forelimb of the fault-related fold at two locations along the Noheji
Fault. At site NH-1 (Figure 5a), steeply dipping (strike and dip of 350°, 46°E) Pliocene rocks of the Togawa
Formation in the forelimb of the anticline near the southern tip of the fault are unconformably overlain by
a gently east dipping (dip of ~10°E) cobble conglomerate and sandstone. At site NH-2 (Figure 5a) near the
southern tip of the Noheji Fault, gently dipping marine terrace gravels and sands of the Takamoriyama
Formation (Kudo, 2005) unconformably overlie steeply dipping strata of the Togawa Formation in the fore-
limb of the fold. We interpret this unconformity and the decrease in dip up section tomark the transition from
pregrowth to growth strata associated with the initiation of thrust displacement on the Noheji Fault.

The timing of contraction along this structure was determined from new tephrachronology at two sites
(Figure 5a). At site NH-1, two U-Pb zircon ages from tephras interbedded with sediments from steeply dip-
ping pregrowth beds below the unconformity yielded ages of 2.24 (+0.08, �0.06) and 2.2 (+0.03, �0.07) Ma
(Figure 5b). These agree with published zircon fission track ages for the pregrowth Togawa Formation of 3.6
and 2.6 Ma from a correlative section (Kudo, 2005) and represent a maximum estimate for the initiation of con-
traction along the Noheji Fault. The age of gently dipping beds atop the unconformity at these two sites place a
minimum bound on the timing of thrust initiation. At site NH-1, new U-Pb zircon ages from the gently dipping
growth beds above the unconformity constrain the deposit to 0.32 (+0.11,�0.04)Ma (Figure 5b). At site NH-2 the
unconformity is overlain by gently dipping beds of the Takamoriyama Formation that contain an interbedded
tephra recognized as the 0.33–0.22 Ma Bo-P tephra (Machida et al., 1985; Miyauchi, 1988). This combination of
age data at these two sites brackets the onset of thrust displacement on the Noheji Fault to between ~2.2 Ma
and 0.3 Ma, contemporary with slip along the Oritsume Fault, which began contractional deformation ~5 Ma.

4.2. Miocene Extension

Miocene extension along fore-arc faults is recorded by growth strata in the hanging wall of each fault system
that record lateral thickness variations and syntectonic depositional facies. Extensional growth strata
associated with fore-arc faults have the following characteristics (Figure 2): (1) The total thickness of synex-
tensional strata is greater in the hanging wall than in the footwall. (2) The thickness of synextensional strata
increases toward the basin bounding normal fault, (3) synextensional strata in the hanging wall may be in
normal fault contact with basement in the footwall, (4) sediments at the base of the extensional growth
sequence may contain clasts derived from local basement rocks exposed in the hanging wall of the fault,
and (5) synextensional strata record a relatively rapid deepening of depositional facies, and postextensional
strata record slow subsidence and basin filling.

Table 1
Parameter Space and Best Fit Values for Trishear Kinematic Models

Fault angle
Detachment

depth

Extension: Contraction:

Slip P:S/ϕ Slip P:S/ϕ

Oritsume Fault
Parameter space 40°–80° 6–10 km 300–1500 m 1–2/30°–90° 500–2000 m 0.5–2.6/30°–90°
Best fit forward models 55°–65° 6–7 km 400–750 m 1.7–2/40°–60° 1800–2000 m 1.5–2/60°–70°
Best fit inverse modelsa 46°–57° 6–7.5 km – – 1440–1960 m 1.3–1.7/38–76

Noheji Fault
Parameter space 45°–65° 6–7 km – – 100–1500 m 1.0–3.0/40°–80°
Best fit forward models 55°–65° 6 km – – 860–1100 m 2.4–2.8/40°–60°
Best fit inverse modelsa 46°–64° 6–7 km – – 660–1160 m >1.3 / 20°–52°

Futaba Fault
Parameter space 38°–62°b,c 10 km b,c 500–2000 m 0.6–2.2/20°–90° 1600–3600 m c 0.6–2.2/49°–115° c

Best fit forward models 40°–55° 10 km 1000–1500 m 1–1.5/30°–60° 2300–2800 m c 1.7–2.1/80°–110° c

Best fit inverse modelsa 39°–58° ----- – – 2120–2720 m 1.8–2.2/87°–98°

aResults reported given 95% confidence intervals. bFault geometry following Regalla, Kirby, et al. (2013). cModel parameters following Regalla et al. (2010).
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4.2.1. Oritsume Fault
Stratigraphic and structural data indicate the Oritsume Fault formed by inversion of an inherited extensional
fault that accommodated west-side down, displacement during theMiocene. This interpretation is supported
by three lines of evidence. First, Miocene sediment is thicker in the hanging wall of the Oritsume Fault than in
the footwall. The hanging wall sedimentary section is 1,250 to 2,100 m thick and includes complete sections
of the Shiratorigawa and Sannohe groups (Figure 4). The sedimentary section exposed in the footwall, in con-
trast, is only 400–500 m thick and is missing the Yotsuyaku and Keiseitoge Formations from the Shiratorigawa
Group and the Shitazaki and Kubo Formations of the Sannohe Group (Figure 4). Therefore, approximately 750
to 1,700 m of sedimentary section present in the hanging wall is absent in the footwall (Figure 4). This ~1 km
difference in sediment thickness over a horizontal distance of <10 km requires the presence of a structural
high in the footwall and creation of accommodation space west of the Oritsume Fault. With
Plio-Quaternary contractional displacement along the Oritsume Fault restored, the elevation of the basement
cover contact restores to a position ~400–1,000 m lower in the hanging wall than in the footwall.

Second, basal Miocene strata in the hanging wall of the Oritsume Fault have lithologies and geometries con-
sistent with extensional growth strata. Basal strata of the Yotsuyaku Formation, which exists only in the hang-
ing wall of the Oritsume Fault (Figures 3a and 4), are basement-bearing boulder to cobble alluvial
conglomerates (Yagishita et al., 2006; Yagishita & Komori, 2000). These units are in normal fault contact with
basement rocks (Figure 3a, site OT-2) (Yagishita et al., 2006) and contain paleo-flow indicators that suggest
transport away from the fault, toward the west-northwest (Yagishita et al., 2006; Yagishita & Komori, 2000).
The total thickness of the Yotsuyaku and Keiseitoge Formations is 150–300 m near the Oritsume Fault but
thins westward and pinches out to zero thickness approximately 8 km west of the fault (Yagishita &
Komori, 2000). These observations are consistent with deposition in the hanging wall of a normal fault during
Miocene time.

Third, subsidence recorded within hanging wall sediments is consistent with deposition in an extensional
basin. The Yotsuyaku Formation records rapid subsidence, with lignite-bearing terrestrial sediments at the
base of the section and shallow marine siliciclastics interbedded with the volcaniclastic Keiseitoge Formation
(Figure 4) (Yagishita & Komori, 2000). An increase in paleo-water depth up-section within the Yotsuyaku and
Keiseitoge Formations (Figure 4) is consistent with a deepening of an extensional basin during continued
fault slip. At the top of the section, the cessation of extension is recorded in overlying units, which show
no or slow subsidence, and is present in both the hanging wall and footwall (Figure 4). The Kadonosawa,
Suenomatsuyama, Shitazaki, and Kubo Formations do not show a clear increase in thickness toward the
Oritsume Fault and are present in both the hanging wall and the footwall (e.g., Chinzei, 1966).
Sedimentary facies in the Kadonosawa and Suenomatsuyama Formations record a gradual increase of
paleo-water depth from littoral to deep marine, and the total thickness of these units in the footwall is
200–500 m less than that in the hanging wall (Figure 4). The overlying Shitazaki and Kubo Formations do
not show clear thickness variations with respect to the Oritsume Fault. We interpret the Kadonosawa through
the Kubo Formations to have been deposited during the last stages of fault-related extension or immediately
following the cessation of extension in a basin where the rate of sedimentation occasionally outpaced the
rate of generation of accommodation space.

Our interpretation of synextensional growth strata in the Yotsuyaku Formation and postextensional
subsidence during the deposition of the Keiseitoge through Kubo Formations (Figure 4) brackets the dura-
tion of extensional slip on the Oritsume Fault. The initiation of extension is indicated by the age of the basal
Yotsuyaku Formation. Existing zircon fission track and K-Ar ages in the Nisatai Dacite constrain the age of the
base of the Yotsuyaku Formation to between ~23.9 ± 1.4 Ma and 21.0 ± 0.3 Ma (Hoshi & Matsubara, 1998;
Tagami et al., 1995). We interpret the first postextensional growth strata to be within the base of
Kadonosawa Formation, the oldest unit present in both the hanging wall and footwall of the Oritsume
Fault. Published biostratigraphic data constrain the age of the Kadonosawa Formation to ~16–15 Ma
(Irizuki & Matsubara, 1994; Yagishita & Komori, 2000) (Figure 4). We therefore consider that the timing of
extensional deformation along the Oritsume Fault occurred from ~24–21 Ma until ~16–15 Ma.
4.2.2. Futaba Fault
Similar to the Oritsume Fault, multiple lines of evidence indicate that the Futaba Fault (Figure 7) experienced
west-side down extensional displacement prior to the Pliocene. First, there is a thicker sequence of Neogene
stratigraphy in the hanging wall of the Futaba Fault than in the footwall. The Neogene sedimentary section in
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the hanging wall of the Futaba Fault, including the Shiramizu through Taga groups, has a total thickness of
1,800 to 2,200 m (Figure 8). In contrast, the sedimentary section in the footwall (cores A, A-1, N-1, and N-2;
Figure 7) is only ~800 m thick (Figure 8). This footwall section is missing nearly the entire Miocene
Yunagaya Group and the entirety of the Takaku and Shirado groups (Figure 8). Therefore, approximately
1,000–1,400 m of Miocene to Pliocene hanging wall sedimentary section is missing from the footwall. In addi-
tion, restoration of ~2–3 km of contractional deformation that has occurred since the Pliocene (Regalla et al.,
2010) places the basement cover contact 600 to 1,100 m lower in the hanging wall than in the footwall. This
difference of hanging wall and footwall sediment thickness is consistent with the creation of accommodation
space in the hanging wall of an active extensional fault during the period of deposition of the Yunagaya,
Takaku, and Shirado groups.

Second, Miocene extension is supported by variations in sedimentary facies and depositional environment in
the Miocene Yunagaya Group, which records a progression from terrestrial to deep marine environments
(e.g., Suto et al., 2005). The Kunugidaira Formation, at the base of the Yunagaya Group, is a Miocene fluvial
deposit present in both the hanging and footwalls of the Futaba Fault (Suto et al., 2005). Up section, the
deposits transition to the shallow marine deposits of the Goyasu Formation and the middle bathyal deposits
(~500–1,000 m) of the Kamenoo and Mizunoya Formations (Suto et al., 2005). This facies succession is consis-
tent with the interpretation that the Yunagaya Group is composed of synextensional strata deposited in the
hanging wall of an active normal fault. In this interpretation, the Kunugidaira Formation is either a prerift unit
or the earliest synrift sediments deposited during a period where the sediment supply exceeded the accom-
modation space created by extension, and the Goyasu, Kamenoo, and Mizunoya Formations were deposited
in a fault-bound submarine basin where accommodation space created by fault slip exceeded sedimentation
rate. The sediments overlying the Kamenoo Formation, near the top of the Yunagaya Group, record a shal-
lowing of depositional environments, consistent with basin filling following the cessation of extension.

Third, analysis of the geomorphic evolution of channels developed in the hanging wall mountain range pre-
dicts a listric geometry for the Futaba Fault system (Regalla, Kirby, et al., 2013), supporting the interpretation
that the fault reactivated an inherited structure that accommodated Miocene extension. This interpretation is
further bolstered by thrust inversion of an extensional system identified along the Nagamachi-Rifu Fault
(Kato et al., 2006; Sato et al., 2004), which projects into the northern tip of the Futaba Fault. It is likely that
the two faults sole into a common detachment at depth.

Ages at the base and top of the section of Miocene sediments present in the hanging wall but absent in the
footwall of the Futaba Fault bracket the duration of extensional faulting. Zircon fission track ages from the tuff
member of the Kunugidaira Formation, the oldest unit present in only the hanging wall of the fault, yield ages
of 20.8 ± 1.2 Ma (Figure 8) (Suto et al., 2005) and provide an estimate of the timing of initiation of extensional
slip. The cessation of extension occurred prior to or during the deposition of the upper Takaku Group, the
youngest sediments present in only the hanging wall of the Futaba Fault. Published biostratigraphic correla-
tions and fission track ages within the Takaku Group bracket the termination of extensional deformation to
~16 and 15.9 ± 0.7 Ma (Figure 8) (Suto et al., 2005). Given the limited exposure of hanging wall strata, it is not
possible to quantify lateral thickness variations in hanging wall deposits with distance from the Futaba Fault
that help distinguish synextensional from postextensional deposits. It is possible therefore that a portion of
the deposition of the Miocene Takaku and Shirado groups postdated extension and that the cessation of
extension occurred prior to 16 Ma.

4.3. Kinematic Modeling and Fault Geometry

We used trishear kinematic modeling to quantify subsurface fault geometry for the Oritsume, Noheji, and
Futaba Faults and to reproduce their Neogene slip histories. These fault geometries were then used in for-
ward models that simulated extension and contractional inversion to test if observed bed dips and strati-
graphic thicknesses are consistent with Plio-Quaternary thrust inversion of Miocene extensional structures,
to place bounds on the total magnitudes of thrust and normal displacement, and to evaluate the geometry
and mechanics of faults susceptible to slip inversion. The results of the models here reproduce only the
dip-slip component of deformation in a 2D cross section and cannot constrain the potential effects of defor-
mation related to lateral slip out of the plane of section. However, existing geologic data suggest lateral
motion, if present, is a minor component of deformation within these fault systems. Below we discuss the
fault geometries determined for the Oritsume, Noheji, and Futaba Faults but limit our discussion of
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extension and thrust inversion to the Oritsume and Futaba Faults, as extensional growth strata were not
identified along the Noheji Fault.
4.3.1. Oritsume Fault
Trishear models of thrust slip along the Oritsume Fault and fault-related fold simulate bed dips along profile
line A-A0 (Figure 3). The initial geometry of trishear models included basement overlain by 1,200 m of subhor-
izontal sediment of the Suenomatsuyama through Togawa Formations. The fault-related anticline in the
hanging wall of the Oritsume Fault in 2D Move is best reproduced if the fault has a nonplanar, listric geome-
try. Trishear models with a planar, west dipping fault cannot reproduce the west dipping beds observed in
the hanging wall of the Oritsume Fault. Instead, a fault with a listric geometry is required to generate both
the hanging wall anticline and the west dipping beds in the back-limb of the fold, and this listric geometry
was similarly adopted during inverse trishear modeling. Results of forward trishear models indicate that
bed dips at the surface are best replicated by 1.8–2.0 km of slip on a fault with a ramp angle of 55°-65° that
soles to a subhorizontal detachment at 6–7 km depth (Table 1). Similarly, results of inverse trishear models
indicate that the fault-related fold is best restored given 1.4–2.0 km of slip along a 46°–57° fault ramp
(Table 1). Detachment depth is difficult to constrain with inverse models, and a range of detachments depths
are allowable. However, inverse models with detachment depths of 6–7.5 km, comparable to that obtained
from forward modeling, are able to replicate observed bed dips, contacts, and fault tip position observed in
the field. Differences in fault geometry between forward and inverse model results are a function of differ-
ences in how the two models assign the curvature of listric faults, the relative importance of bed dip versus
contact position in assessing model fit, and the range of parameter variability allowed in each approach. The
listric fault geometry obtained from kinematic modeling is consistent with the interpretation that the
Oritsume Fault is the result of contractional inversion of an extensional half-graben.

The best fit fault geometry determined from modeling of the fault-related fold was then used as the input
fault geometry for extensional models. Models of extension along the Oritsume Fault assumed initially gently
west dipping basement-cover contact. Sediment added during and following extension replicated the

observed thickness of the synextensional Yotsuyaku Formation and
postextensional Kadonosawa through Kubo Formations (Figure 4).
Inversion of the best fit extensional model was then performed using
a range of best fit model parameters determined from contractional
models (Table 1). Extensional models with 400–750 m of normal dis-
placement on a fault with a listric shape best reproduce the observed
eastward increase in stratigraphic thickness in the synextensional
Yotsuyaku, Keiseitoge, and Kadonosawa Formations in the hanging
wall (Figure 9a). Models of thrust inversion with 1,800–2,000 m of
thrust displacement best reproduce the geometry of the contrac-
tional fault-related fold and the observed locations of stratigraphic
contacts (Figure 9b).
4.3.2. Noheji Fault
The Noheji Fault is located ~10 km west of the Oritsume Fault, within
the hanging wall block of this structure. Given that the Oritsume Fault
has a listric geometry, the two systems likely merge at depth at a

Figure 9. Cross sections across the Oritsume Fault along section line A-A0 . See Figure 3 for location. (a) Section after 700 m of extensional slip and deposition of the
Shiratorigawa and lower Sannohe groups, during the late Miocene. (b) Section after 1,900 m of contractional inversion, present day.

Figure 10. Cross section across the Noheji Fault along line B-B0. See Figure 5 for
location. Section depicts the Noheji Fault and fault-related fold after ~475 m of
contraction, present day.
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common detachment level. We therefore model the Noheji Fault with a listric geometry and a detachment at
6–7 km depth in both forward and inverse models. Forward contractional models of the Noheji Fault simulate
the hanging wall anticline along profile B-B0 (Figure 5a). The initial model geometry consisted of basement
overlain by 1,300 m of initially planar strata of the Miocene to Pliocene Wadagawa through Togawa
Formations. The spatial extent and thickness of the basal Miocene volcanic rocks are poorly constrained,
and therefore, this unit was modeled as part of basement. No synextensional strata associated with the
Noheji Fault are exposed at the surface; we therefore only model contractional deformation for this structure.

The contractional fault-related fold at the southern tip of the Noheji Fault is best reproduced by forward
models in 2D Move given 860–1,100 m of dip displacement along a fault with a 55°–65° ramp that flattens
to a detachment at 6 km depth (Figure 10 and Table 1). This fault geometry is consistent with the best fit fault
detachment depth on the adjacent Oritsume Fault and reproduces the fault-related fold geometry along
section B-B0 (Figure 5a). Inverse models that restore the fault-related fold developed in Pliocene units similarly
reproduce fault geometries with a 46°–64° ramp that flattens to subhorizontal at 6–7 km depths (Table 1).
4.3.3. Futaba Fault
The geometry of the Futaba Fault in the shallow subsurface (<5–10 km) is reasonably well known from both
previous forward kinematic models (Regalla et al., 2010) and new inverse kinematic models of the hanging
wall anticline at the southern tip of the fault. Fault-related fold geometry is best reproduced in forward kine-
matic models given 2–3 km of thrust displacement along a 40°–55° west dipping thrust fault (Regalla
et al., 2010).

These results are consistent with new, inverse trishear kinematic models that indicate bedding in the fault-
related fold restore with 2.1–2.7 km of slip along a 39° to 58° ramp (Table 1). The robustness of these solutions
is demonstrated by the independently reached agreement between the inverse and forward models. Due to
the lack of backlimb structural data for the associated anticline, only the planar fault ramp was modeled.
Previous work on the geomorphology and incision rates of fluvial systems in the hanging wall of the
Futaba Fault, however, places some bounds on the fault geometry at depth (Regalla, Kirby, et al., 2013).
Both the position of slope-break knickzones and the spatial distribution of basin-averaged erosion rates
across these geomorphic features are best reproduced if streams evolve in the hanging wall of a listric fault
whose dip changes from 40°–55° to subhorizontal at 10–15 km depth (Regalla, Kirby, et al., 2013). This fault
geometry is similar to the geometry determined from seismic reflection surveys of the Nagamachi-Rifu
Fault at the northern end of the Futaba Fault system (Kato et al., 2006; Sato et al., 2002) and is consistent with
thrust inversion of an inherited listric normal fault.

We integrate these constraints on the timing, geometry, and kinematics of shortening along the Futaba Fault
with trishear models to quantify the magnitude of extension and contractional inversion. Initial state models
of the Futaba Fault include basement overlain by gently seaward dipping sediments of the Cretaceous
through Eocene Futaba and Shiramizu groups. Extensional slip on the Futaba Fault was modeled with a listric
fault geometry with a 40°–55° ramp that flattens to a detachment at 10 km depth. The variations in thickness
between the footwall and hanging wall Miocene stratigraphic sections constrain the magnitude of

Figure 11. Cross sections across the Futaba Fault, along line C-C0 . See Figure 7 for location. (a) Section after 1,000 m of extensional slip and deposition of the Miocene
and Pliocene sedimentary section, during the late Miocene. (b) Section after 2,100 m of contractional inversion, present day.
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extensional displacement in extensional models. Best fit models require 1,000–1,500 m of extensional
displacement along a 40°–55° west dipping fault (Figure 11a). This magnitude of displacement and fault
geometry allows for the deposition of an ~1,000 m thick sedimentary sequence filling the hanging wall
basin. This thickness is consistent with the 1,000–1,400 m of missing Miocene section in the footwall of the
Futaba Fault. The postextensional system was subject to contractional inversion, given best fit previously
published model parameters for Plio-Quaternary contraction (Table 1) (Regalla et al., 2010). Models of
contractional inversion successfully reproduced the observed fault-related fold geometry (Figure 11b)
given 2–3 km of thrust displacement.

5. Discussion
5.1. Neogene Tectonic Inversion in the Northeast Japan Fore Arc

Our results provide new evidence for Plio-Quaternary thrust inversion of listric, Miocene extensional faults
in the fore arc of Northeast Japan, indicating that thrust inversion has occurred >50 km east of the mod-
ern volcanic arc. We identify and date growth strata that bracket the initiation of thrust displacement
along these structures to 5.8–4.9 Ma along the Oritsume Fault and <2.2 Ma along the Noheji Fault
(Figure 12a). Contraction along these faults is synchronous with the 5.6–3.6 Ma initiation of thrust slip
on the Futaba Fault (Regalla et al., 2010) and with deformation along a network of Plio-Quaternary thrust
faults and fault-related folds present along the eastern margin of the Sea of Japan (Okada & Ikeda, 2012;
Okamura, 2003), across the volcanic arc (Nakajima, 2006) and offshore in the outer fore arc (Boston et al.,
2017) (Figure 12). Our data also reveal an earlier phase of extensional deformation along the Oritsume and
Futaba Faults between ~24–20 Ma and ~16–15 Ma (Figure 12a), based on the presence of synextensional
strata in the hanging walls of these faults. Extension along the Futaba and Oritsume faults was synchro-
nous with Miocene extension along the Nagamachi-Rifu Fault near Sendai (Kato et al., 2006; Sato et al.,
2002), along offshore listric faults east of Sendai (Kato et al., 1996), and with extensional faulting documen-
ted across the back arc (Nakajima, 2006; Okada & Ikeda, 2012) (Figure 12). Kinematic modeling of fault-
related fold geometries indicates that these structures are best replicated by ~0.5 to ~1.5 km of

Figure 12. (a) Summary of timing of slip along the inner fore-arc Noheji, Oritsume, and Futaba Faults as determined in this study. The dashed lines indicate uncer-
tainty in timing. Note that the duration of extension and contraction along all three faults is synchronous. (b) Summary of the timing of tectonic events in northern
Honshu, Japan. Miocene extension, extrusion of seafloor basalts, and tectonic subsidence occur at the same time in the back arc and fore arc. Similarly, Plio-
Quaternary contraction and tectonic uplift occur synchronously in the back arc and fore arc. (c) Map showing the distribution of faults with known extension,
contraction, and inversion histories, and the locations of sediment cores used to determine back-arc and fore-arc subsidence histories. Timing and kinematics in
Figures 12b and 12c after Tamaki and Kobayashi (1988), Jolivet and Tamaki (1992), Ingle (1992), Okamura et al. (1995), Takano (2002), Sato et al. (2002), Okamura
(2003), Sato et al. (2004), Nakajima (2006), Okada and Ikeda (2012), and Regalla, Kirby, et al. (2013).
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extension, followed by ~1–2.5 km of thrust slip along 40°–65° west dipping, listric faults with subhorizontal
detachments at 6 to 10 km depth (Table 1). These fault geometries are consistent with Plio-Quaternary
thrust inversion of Miocene extensional half graben and provide a spatiotemporal link between faulting
in the inner fore arc and Neogene tectonic subsidence/uplift patterns in the back arc and outer fore arc.

Miocene extensional faulting in the inner fore arc along the Oritsume and Futaba Faults during the opening
of the Sea of Japan was associated with crustal thinning, rift-related tectonic subsidence, and approximately
trench orthogonal σh-min directions (Ingle, 1992; Sato, 1994). Extension related to the opening of the Sea of
Japan was also associated with widespread tectonic subsidence in the back arc between ~25 Ma and
~15 Ma (Ingle, 1992) and in the outer fore arc from ~25 to 5 Ma (Arthur et al., 1980; von Huene et al., 1982;
Regalla, Fisher, et al., 2013) (Figure 12). This period of tectonic subsidence was coeval with the rapid deepen-
ing of the sediment-water interface recorded in the hanging wall of the Oritsume and Futaba Faults from ~26
to 16 Ma (Figures 4, 8, and 12). Fore-arc extension was part of an eastward migration of back-arc extension
that stepped from the Japan and Yamato basins at ~24–18 Ma, to the eastern margin of the Sea of Japan
at ~21 to ~18 Ma, and to the back arc and arc of Honshu at ~18 to ~13 Ma (Jolivet & Tamaki, 1992;
Kaneoka et al., 1990; Nakajima, 2006; Okamura et al., 1995; Regalla, Fisher, et al., 2013), during which time
extension occurred along the Oritsume and Futaba Faults (Figure 12). The total magnitude of Miocene exten-
sion decreases from the back arc to the fore arc, with the inner fore-arc Oritsume and Futaba Faults accom-
modating only ~10% of the magnitude of extension observed in the back arc and extensional faults in the
outer fore arc accommodating only ~10% of that within the inner fore arc. These observations suggest that
although the total magnitude of extensional deformation decreases from back arc to fore arc, the fore arc still
experienced permanent deformation related to the opening of the Sea of Japan.

Starting between ~8 and 5 Ma, the arc transitioned to a compressive stress state with a trench orthogonal
σh-max (e.g., Sato & Amano, 1991). This transition initiated contraction across a network of faults in the upper
plate, many of which evolved as inverted extensional structures (Okada & Ikeda, 2012; Okamura, 2003;
Okamura et al., 1995; Sato & Amano, 1991). At the same time, the arc experienced a regional transition to
tectonic uplift, documented in both fore-arc and back-arc subsidence records (Ingle, 1992; Regalla, Fisher,
et al., 2013), shallowing of sedimentary facies in near coastal basins (Ingle, 1992; Kato et al., 1996; Sato,
1986; Sato, 1994) and flights of uplifted marine terraces that span >500 km of the Tohoku coastline (Koike
& Machida, 2001; Suzuki, 1989). This period of regional uplift and shallowing of sedimentary facies coincides
with the ~6 to 4 Ma onset of contractional faulting along the Oritsume, Noheji, and Futaba Faults in the
inner fore arc. These inner fore-arc faults accommodate 90–55% less shortening than faults in the back arc
(cf., Okada & Ikeda, 2012). However, while the shortening along inverted back-arc faults recovers, on average,
less than half of the magnitude of Miocene extension, shortening along inverted fore-arc faults can exceed
extension by 200–300%. The correlation between the reorientation of stress state, contraction along trench
parallel faults, and the magnitude of crustal uplift across the entire arc throughout the Pliocene through
Holocene indicates that net permanent strain in the inner fore arc has been dominated by shortening of
the fore arc and associated rock uplift.

The temporal correlation between fault kinematics and subsidence across the northern Japan arc during the
Neogene suggests that the changes in inner fore-arc deformation documented here along the Oritsume,
Noheji, and Futaba Faults are part of a margin-wide reorganization of deformation driven by lithospheric
scale processes and changes in plate boundary tractions operating over millions of years. Previous work
has often decoupled the mechanisms responsible for this deformation into those affecting the upper plate
fault kinematics and those affecting outer fore-arc subsidence. Neogene changes in fault kinematics in the
overriding plate have been attributed to variations in the absolute velocities of the upper and lower plates
(e.g., Heuret et al., 2007; Heuret & Lallemand, 2005; Lallemand et al., 2005, 2008) or changes in far-field kine-
matic boundary conditions (Jolivet et al., 1994; Jolivet & Tamaki, 1992; Sato, 1994), while tectonic subsidence
documented in the outer fore arc has been independently attributed to basal tectonic erosion from the
Miocene to the present (e.g., von Huene et al., 1982; von Huene & Lallemand, 1990). However, the correlation
of both extension and subsidence in the Miocene, and later between contraction and uplift in the Plio-
Quaternary, across a 500–1,000 km wide region in the upper plate of the Japan subduction zone suggests
that the state of stress and vertical motions of both the fore arc and back arc may be the collective response
to dynamic changes in slab geometry (Regalla, Fisher, et al., 2013), as may result from accelerations in conver-
gence rate (Buiter et al., 2001; Capitanio et al., 2009; Furlong et al., 1982; Regalla, Fisher, et al., 2013) or from
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foundering of the subducted slab through the mantle transition zone (e.g., Capitanio et al., 2010; Fukao et al.,
2001; Goes et al., 2008). Such changes in slab geometry have the potential to produce periodic variations in
upper plate stress that affect the vertical tectonics and stress state of the entire fore-arc-arc-back-arc system
and can precondition the upper plate with network of faults whose geometries and mechanics are favorable
for reactivation and inversion during later deformation events.

5.2. Implications for Present-Day Fore-Arc Strain Accumulation in Northeast Japan

Although the net, permanent deformation of the overriding plate throughout the Pliocene and Quaternary
has been dominated by E-W directed shortening, numerous recent earthquakes in the fore arc of Japan
following the 2011 Tohoku earthquake exhibit surface displacements and normal faulting focal mechanisms
consistent with E-W extension (Hasegawa et al., 2012; Hirose et al., 2011; Imanishi et al., 2012; Kato et al., 2011;
Okada et al., 2011). These events have been proposed to reflect responses to static stress changes due to elas-
tic or viscoelastic deformation in the upper plate following the 2011 Tohoku-oki megathrust earthquake
(Kato et al., 2011; Miyazawa, 2011; Okada et al., 2011; Sun et al., 2014; Toda, Lin, & Stein, 2011; Toda, Stein,
& Lin, 2011; Wang et al., 2012). Of particular note is the west-side-down extensional surface displacement
documented along the Idosawa and Yunodake Faults, which bound the southeastern Abukumamassif south
of the Futaba Fault (Imanishi et al., 2012; Kato et al., 2011; Kobayashi et al., 2012). Similarities in the geo-
morphic expression of the hanging walls of the Idosawa and Futaba Faults, and the presence of east vergent
fault-related folds developed in Pliocene strata associated with both faults, suggest that the Idosawa-
Yunodake-Futaba Fault network has accommodated net west-side up contractional displacement, uplifting
the Abukuma Mountains over the past ~5–3 Ma (Regalla et al., 2010; Regalla, Kirby, et al. 2013). This is oppo-
site to the sense of slip that occurred during the Idosawa M7.0 earthquake in 2011 and implies that that
normal-slip displacement during this event represents an inversion of the long-term, Plio-Quaternary, thrust
slip sense.

Similar transient inversions of fault kinematics have been observed in the fore arc of Chile, where the most
recent paleoseismic event on a normal fault system has thrust sense displacement (Loveless et al., 2010),
and on faults in the Eastern California Shear zone, where left-lateral slip occurred on structures with net
right-lateral offset, following the 1999 Hector mine earthquake (Fialko et al., 2002). In regions like subduction
fore arcs that experience cyclic changes to stress loading, inversion of the long-term slip sense may be possi-
ble on faults that are anomalously weak due to low frictional coefficient, large damage zones associated with
reactivated structures, or the presence of fluids (e.g., Fialko et al., 2002; Hampel & Hetzel, 2008; Loveless et al.,
2010). Such conditions may be met in the present day on fore-arc faults in Japan, which have experienced at
least two phases of tectonic activity, which may be associated with zones of high fluid pressure (Okada et al.,
2010; Sato, 1994; Sibson, 2009; Tong et al., 2012), and which experience significant stress changes following
megathrust events (Okada et al., 2011; Toda, Lin, & Stein, 2011; Toda, Stein, & Lin, 2011; Yoshida et al.,
2015). Modeling of Coulomb stress changes in the upper plate induced by the megathrust earthquake cycle
suggests that both reverse and extensional slips can be promoted along fore-arc faults, depending on the
location of the fault relative to the megathrust slip patch (e.g., Farías et al., 2011; Loveless et al., 2010).
Reactivated fore-arc faults, like the Futaba, Oritsume, and Noheji Faults in Japan, may therefore be examples
of structures that could host seismicity following megathrust event, and the slip induced by static stress
changes or viscoelastic transients need not have the same kinematics as net geologic displacements.

We use best fit fault geometries from kinematic modeling to estimate the range of parameters that would
allow faults in the fore arc of Northeast Japan to experience thrust inversion of extensional faults, assuming
2-D Mohr Coulomb failure where τc = c + μ(σn � Pf). Fault dips of 40°–65° are within an optimal range for
thrust inversion for μ = 0.1 to 0.4 (e.g., Sibson, 1985), and static friction (μ) values of 0.2 to 0.4, although small,
are reasonable for fault fabrics developed in muscovite schists, talc schists, and montmorillonite bearing
systems (Ikari et al., 2011), such as are present in the Mesozoic basement of Northeast Japan (e.g., Isozaki,
1997; Saito & Hashimoto, 1982). Faults with 40°–65° dips can be reactivated without generating new faults
in the upper plate, assuming that new faults have coefficients of internal friction ≥0.4 and cohesion
≥0 MPa for differential stresses of 10 to 100 MPa or greater, and fluid pressures between hydrostatic and
lithostatic. These parameters require fault shear strengths of 10 to>75 MPa. These values are consistent with
previous estimates of differential stress between <25 and 180 MPa (Seno, 1999; Yang et al., 2013; Yoshida
et al., 2015), and fault shear strengths of 40–90 MPa (Yang et al., 2013) for the Northeast Japan fore arc.
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In addition, an overpressured midcrust has been suggested based on the presence of bright reflectors, low-
velocity zones, anomalous Vp/Vs ratios, and high electrical conductivity beneath northern Honshu arc and
fore arc (e.g., Okada et al., 2010; Sibson, 2009; Tong et al., 2012). The high-angle, listric, fore-arc faults we
document are therefore geometrically and mechanically suitable for thrust inversion of inherited normal
faults during the Plio-Quaternary.

Faults with dips of 40°–65° and μ of 0.2 to 0.4, such as the ramps of the Oritsume, Noheji, and Futaba Faults,
are also susceptible to normal sense displacements given the changes in orientation and magnitude of the
stress field that can occur following large-magnitude megathrust earthquakes. Normal slip can occur along
these faults if themegathrust event is associated with a large, nearly complete stress dropwhere σ1 can rotate
toward vertical, as has been suggested from focal mechanism inversions of outer fore-arc aftershocks follow-
ing the 2011 Tohoku-oki earthquake and from borehole breakouts at Integrated Ocean Drilling Program Site
C0019, which crosses the plate boundary (Hasegawa et al., 2012; Lin et al., 2013; Yoshida et al., 2015). Normal
sense slip can occur on faults with dips of 40°–65° and μ = 0.2 to 0.4, for differential stress<25 MPa in cases of
no fluid overpressure, and can occur at differential stresses less than 10 MPa if pore fluid pressures approach
70% to 90% of lithostatic. Slip on subhorizontal fault detachments with dips of 10°–30° and μ = 0.2 to 0.4 at
depths of 6–10 km is favored only for cases of very high fluid pressures greater than 90% to 95% of lithostatic.
These parameters are consistent with inferences of high fluid pressures and low differential stress in the
upper plate following the megathrust earthquake (e.g., Hasegawa et al., 2011; Tong et al., 2012; Yang et al.,
2013). These data suggest that the Oritsume, Noheji, and Futaba Faults are geometrically and mechanically
favorable to experience changes in slip sense between thrust and normal and can fail in response to changes
in plate boundary tractions over both geologic (~106 years) and seismic (~102–103 years) timescales.

These observations highlight the dynamic nature of fore-arc faults and their sensitivity to changes in the
upper plate stress field imparted both by long-term, geologic forcings, and by short-term variations in plate
coupling during the megathrust seismic cycle. We suggest that the repeated history of deformation and fault
inversion during the Neogene has primed the fore arc of Northeast Japan with a network of weak faults that
allow the fore arc to deform in response to changes in plate boundary tractions over both decadal and mil-
lennial time scales. These data suggest that upper plate earthquakes triggered by megathrust events need
not have the same kinematics as the long-term geologic slip sense. The potential for such temporal variability
in slip sense has important implications for assessing the seismic hazard posed by fore-arc faults, and their
potential to fail in response to changes in the stress field during the seismic cycle (cf., Aron et al., 2013;
Farías et al., 2011; Imanishi et al., 2012; Morell et al., 2017; Sherrod & Gomberg, 2014). The kinematic history
of inner fore-arc faults therefore serves as an important record of past plate boundary dynamics that provides
insight into the conditions under which seismogenic failure occurs along faults in the upper plate of
subduction systems.

6. Conclusions

New structural and geochronologic data illuminate the timing and kinematics of slip inversion contraction
along three fault systems within the inner fore arc of the Northeast Japan margin. Our results reveal that
Miocene extension occurred along the Oritsume and Futaba Faults from ~24–21.0 Ma until ~16–15 Ma.
New U-Pb zircon ages from tephras interbedded with contractional growth strata along the Oritsume and
Noheji Faults bracket the onset of reverse slip to between ~6 to 4 Ma for the Oritsume Fault and to
<2.2 Ma for the Noheji Fault. Kinematic fault-related fold modeling indicates that inner fore-arc deformation
reflects Plio-Quaternary inversion of Miocene listric extensional faults, with ramps that dip 40–65° west and
that sole into a subhorizontal detachment at 6–10 km depth. These data suggest that the onset of inner
fore-arc normal faulting was associated with upper plate extension and subsidence related to the opening
of the Sea of Japan and that the transition to Plio-Quaternary contraction was synchronous with contraction
and uplift across the back arc and fore arc. We suggest that variations in the orientation of the maximum
compressive stress caused by the dynamic subduction processes that lead to the initiation and cessation
of upper plate extension during the Neogene primed the fore arc with a network of weak faults susceptible
to subsequent slip inversion. The geometries of the Oritsume, Noheji, and Futaba Faults are capable of host-
ing contractional slip related to the arc-normal compressive stress state that has dominated the
Plio-Quaternary and can also host normal slip in response to transient changes in the orientation and
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magnitude of fore-arc stress following large megathrust events, such as the 2011 Tohoku-oki earthquake.
These data reinforce the notion that the permanent strain history along fore-arc faults is a key factor in under-
standing the sensitivity of fore-arc deformation to variations in boundary conditions at the plate interface
over both geologic and seismogenic time scales.
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