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Abstract

The Izu-Bonin arc (IBA) has been colliding with the Honshu arc since the middle Miocene, which together form the
active Izu arc-arc collision zone (ICZ) in central Japan. To understand the entire collisional system, we have used
refraction/wide-angle reflection data to model velocity structures of the Honshu arc, northwest of the ICZ. The
seismic data indicate that the upper 4-km crust of the Honshu arc consists of a horizontally homogenous layer with
P wave velocity (Vp) of 5.6 to 6.0 km/s and S wave velocity (Vs) of 3.4 to 3.7 km/s. This uniformity is in contrast with
the heterogeneous structure further south, where the accreted crustal blocks of the IBA are bounded by dipping
collisional boundaries. These contrasting structures suggest that crustal shorting caused by the arc-arc collision has
been mostly accommodated within the IBA by reverse faulting along collisional boundaries, with the Honshu arc
undergoing relatively little crustal deformation. The high-velocity body of the Kofu granitic complex (KGC), generated by
partial melting of the subducted IBA crust, is mostly situated at >4-km depths but shallows significantly just beneath the
Kofu Basin. This structural change implies that most of the KGC magma had erupted from just beneath the Kofu Basin.
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Background

Understanding the processes involved in arc-arc and
arc-continent collision is a critical step in determining
the evolution and fate of crust that is generated in original
island arcs. It is still debated whether arc crust is sub-
ducted into the mantle or is ultimately incorporated into
continents, thus contributing to their growth. Although
the accretion of magmatic arcs is considered a primary
mechanism by which the continents have grown over
most of Earth's history (Hamilton 1981; Card 1990), the
tectonic processes responsible, such as accretionary wedge
development and obduction/underplating of the arc crust,
are poorly documented, especially in arc-arc collision
settings.

The Izu collision zone (ICZ) in central Japan is a globally
unique active arc-arc collision zone that provides an excel-
lent research field for studying how island arcs evolve
during collision and subduction. The Izu-Bonin arc (IBA),
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the intra-oceanic volcanic arc developed in the eastern part
of the Philippine Sea (PHS) plate, has been undergoing
collision with the more northerly Honshu arc since the
middle Miocene (Figure 1). During this process, several
crustal fragments derived from the IBA, namely the Koma
Mountains, Misaka Mountains, Tanzawa Mountains, and
Izu Peninsula, have accreted onto the Honshu arc (e.g.,
Aoike 1999). Subduction zones have also developed on
both sides of the ICZ, associated with convergence between
the PHS and Eurasian plates at a rate of approximately
3 cm/year (Seno et al. 1993; Figure 1b). Recent seismic tom-
ography has imaged a northward-dipping high-velocity body
that extends beneath the ICZ to a depth of >100 km, sug-
gesting that the IBA crust is subducting beneath the Honshu
arc (Kamiya and Kobayashi 2007; Matsubara et al. 2008;
Nakajima et al. 2009).

Recent active-source seismic experiments have suc-
ceeded in revealing fine-scale collisional structures in the
ICZ (Figure 1b). In the eastern part of the collision zone,
the upper part of the IBA crust (Tanzawa block) delami-
nated from its subducted lower part and formed an
uptilted accretionary wedge (Sato et al. 2005; Arai et al.
2009). From reflection analysis of the western profile, Sato
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Figure 1 Tectonic setting in the study area. (a) Tectonic plates around the Japanese Islands. EU, Eurasian plate; PHS, Philippine Sea plate; PAC,
Pacific plate. (b) Geological map of the ICZ modified from Geological Survey of Japan (2003) showing locations of the northwestern (this paper),
western (Arai et al. 2013), and eastern (Sato et al. 2005; Arai et al. 2009) profiles. ISTL, ltoigawa-Shizuoka Tectonic Line; SIF, Shimotsuburai-Ichinose
Fault; SHF, Sone Hills Fault; TATL, Tonoki-Aikawa Tectonic Line; KF, Kan'nawa Fault; KMF, Kozu-Matsuda Fault; KGC, Kofu granitic complex; TPC,
Tanzawa plutonic complex. The relative plate motion between the PHS and the EU (black arrow) is from Seno et al. (1993).
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et al. (2006) found an aseismic slab beneath the Misaka
and Tanzawa blocks at a depth of 30 to 35 km, along
which the IBA middle/lower crust subducts (Arai et al.
2009). Refraction analysis using the same data set (Arai et al.
2013) revealed that the overall geometry of the collisional
boundaries is that of a doubly vergent system (e.g., Willett
et al. 1993), which is characterized by inward-dipping re-
verse faults on both sides. Arai et al. (2013) also showed that
Miocene granitic plutons with high seismic velocities that
intrude into the Honshu arc crust and accreted crustal
blocks of the IBA (Tanzawa block) form the Kofu granitic
complex (KGC) and the Tanzawa plutonic complex (TPC),
respectively. Petrological investigations have suggested that
these intrusive rocks formed by syncollisional magmatism of
the IBA crust that subducted beneath the Honshu arc (Saito
et al. 2007; Tamura et al. 2010; Tani et al. 2010).

Identifying the detailed structures of the Honshu arc and
IBA is inevitably important in developing an understanding

of the entire collision system. Although the abovemen-
tioned studies focused on the internal structure of the
accreted IBA crust, little equivalent evidence relating to the
more northerly Honshu arc currently exists. Seismic refrac-
tion/wide-angle reflection data collected by the Research
Group for Explosion Seismology (RGES) in 1982 are
suitable to address this issue, as its 60-km profile line was
orientated northward from the collision front to the
Honshu arc side (Figure 1b). Furthermore, this seismic line
is located 60 km west of the eastern profile (Sato et al.
2005; Arai et al. 2009) and almost connects at its southern
end to the western profile (Sato et al. 2006; Arai et al.
2013). This data set allowed Sasatani et al. (1990) to infer
the velocity structure of the Honshu arc by a time-term
method and amplitude evaluation of first arrivals. Although
they provided some aspects of the Honshu arc crustal
structure, including the existence of a deep reflector, the
seismic data were not fully interpreted in the context of
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the Honshu arc and IBA collision process. In this paper,
we provide a more rigorous structural model that is based
on travel time analysis and amplitude modeling using a
ray tracing method. Integrated interpretations for these
models, together with results from recent active-source
profiles in the surrounding area, provide new constraints
on the structure around the collision zone, including the
Honshu arc crust and the subsurface distribution of gran-
itic plutons.

Tectonic setting

The Japanese Islands consist of several island arcs located
on the eastern side of the Asian continent (Figure 1a). The
NE Japan arc, which consists of western Hokkaido and
northern Honshu, overrides the Pacific (PA) plate. The
SW Japan arc consists of western Honshu, Shikoku, and
Kyushu, beneath which the PHS plate is subducting.
These arcs are considered to have been located on the
eastern flank of the Asian continent during most of the
Mesozoic to early Miocene time and were rotated to their
present locations during the Miocene back-arc opening of
the Sea of Japan (Otofuji et al. 1985).

The Kanto Mountains of the Honshu arc consist of pre-
Neogene accretionary prisms in the outer zone, repre-
sented by the Sambagawa metamorphic belt, the Chichibu
belt, and the Shimanto belt, which are bound to the west
by the Itoigawa-Shizuoka Tectonic Line (ISTL) (Taira
et al. 1989; Kano et al. 1990; Suzuki 2002; Figure 1b). The
Sambagawa metamorphic belt consists of high-pressure
metamorphic rocks of Cretaceous age. The Chichibu belt
is mainly composed of Jurassic sandstone and mudstone,
with subsidiary chert and limestone. The Shimanto belt is
similar to the Chichibu belt but is instead characterized by
strata of Cretaceous to Paleogene age.

The IBA, the intra-oceanic volcanic arc located south
of the Honshu arc, developed on the eastern part of the
PHS following the initiation of subduction of the PA.
The IBA began to separate from the Kyushu-Palau Ridge
at 25 Ma, forming a back-arc basin (Shikoku Basin)
south of Japan (Okino et al. 1999). At almost the same
time that back-arc spreading ceased (about 15 Ma), the
IBA started to collide against the Honshu arc due to the
northwestward movement of the PHS plate and back-arc
opening of the Sea of Japan (Takahashi and Saito 1997).
Convergence between the PHS and the overlying contin-
ental plate is approximately aligned with the strike direc-
tion of the IBA (e.g., Seno et al. 1993), which has resulted
in focused collision tectonics occurring in a small area
over a long time.

The ICZ has been intensively studied over the past
few decades, especially from geological approaches (e.g.,
Sugimura 1972; Amano 1991; Koyama 1991; Taira et al.
1998; Aoike 1999). These studies have suggested that the
Koma Mountains, Misaka Mountains, Tanzawa Mountains,
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and Izu Peninsula are crustal blocks that were derived from
the IBA and subsequently accreted onto the Honshu arc
during the collision process. Based on accumulation ages of
trough fills along the segment boundaries, Aoike (1999)
estimated the accretion ages of the Koma, Misaka, Tanzawa,
and Izu blocks to be 17 to 15, 15 to 12, 8.5 to 3.5, and
2.2 to 0.5 Ma, respectively. These crustal blocks are
separated by tectonic boundaries represented by the
Shimotsuburai-Ichinose Fault (SIF), Sone Hills Fault
(SHF), Tonoki-Aikawa Tectonic Line (TATL), Kan'nawa
Fault (KF), and Kozu-Matsuda Fault (KMF) (Figure 1b).

The Kofu Basin is a key site for understanding the colli-
sional structure of the ICZ. The basin is located southwest
of the Kanto Mountains (Honshu arc) and is adjacent to
the Misaka block at its southern end, being separated
from the latter by the SHF (Figure 1b). The Koma block is
located on the western side of the basin and is bounded
by the SIF (Figure 1b). Previous studies suggest that the
basin is filled with Pliocene lavas, pyroclastic rocks, and
Pliocene to Quaternary alluvium (Umino 1991). However,
a lack of geological/geophysical information about the
deeper structure, especially regarding whether the subba-
sin crust originated from the Honshu arc or the IBA, has
hindered our understanding of the collisional style be-
tween these two arcs.

Regional exposures of granitic rocks are another distinct
feature in the ICZ, with the KGC outcropping over a wide
area around the Kofu Basin. Petrological studies have
shown that these plutons were emplaced at 16.8 to
10.6 Ma, which is almost coincident with the onset of the
collision of the IBA (Saito et al. 2007). In addition, the
TPC, which intrudes the center of the Tanzawa Moun-
tains (Kawate and Arima 1998), mainly consists of granite
and tonalite that are thought to have been generated by
partial melting of the middle/lower crust of the Honshu
arc and IBA (Saito et al. 2007; Tamura et al. 2010; Tani
et al. 2010).

Methods

A seismic experiment carried out on the western flank
of the Kanto Mountains in 1982 (Research Group for
Explosion Seismology 1986) utilized five dynamite shots
(300 to 500 kg) and 61 seismic stations on a 60-km-long
profile (Figure 1b). The sampling rate for all instruments
was 100 Hz, and examples of the seismic records are given
in Figure 2. The quality of the data is good, with P wave
first arrivals of every shot observed along the entire pro-
file. The apparent velocities of the P wave first arrivals are
almost uniform, with no significant discontinuities or un-
dulations over the whole profile, indicating that the upper
crustal level has little lateral velocity variation. We can
also recognize clear S wave arrivals, which provide add-
itional constraints for the interpretation of rock composi-
tions (SP1 and SP3 in Figure 2). Deep crustal structure
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ch trace is normalized by its maximum amplitude. Reduction velocity is

was modeled using travel times and the amplitude of P
wave reflections (SP5 in Figure 2).

We constructed P and S wave velocity models by
employing forward modeling using a ray tracing method
(Iwasaki 1988; Cerveny and Psencik 1983). The P wave
velocity model was constructed from both first arrivals
and reflected waves by using travel time and amplitude
calculations (Figure 3a). We used the velocity model by
Arai et al. (2009) as an initial model for this analysis,
which covers the eastern part of the Kanto Mountains.
Then, the velocities and geometry of the individual layers

were modified until the model satisfactorily fit the ob-
served data (Figures 4,5,6). The S wave velocity model was
constructed from S wave first arrivals (Figure 7). In this
case, the layer geometry of the P wave velocity model
remained unchanged and only the S wave velocities were
modified. The resulting models satisfactorily explain all of
the P and S wave travel times within an error of 0.1 s.

Results
The P and S wave velocity models that were obtained by the
forward modeling are shown in Figure 3a,b, respectively,
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Figure 3 Final P and S wave velocities and Vp/Vs ratio. (a) Final P wave velocity model. Surface geological information is also presented at
the top of the figure. Although plutonic rocks of the Kofu granitic complex (KGC) are present at the surface in the southern part of the profile, no
lateral velocity increase exists for the upper 4 km of crust. Black arrows highlight a reflector at 4-km depth, which is interpreted to be the top of
the high-velocity body of the KGC (see also ‘Discussion” and Figure 8). Red lines denote crustal reflectors. Grey color means no ray coverage. (b)

Final S wave velocity model. (c) Vp/Vs ratio calculated from (a) and (b).

with calculated P wave velocity to S wave velocity (Vp/Vs)
ratios shown in Figure 3c. While there remains uncertainty
on the details of the images due to the large spacing of the
shots and receivers (>10 km and approximately 1 km,
respectively), the overall structure shows the main features
of the Honshu arc. P and S wave first arrivals provide infor-
mation about wave velocities in the upper 4 km of crust.
These velocity values are well constrained, since the almost-
constant apparent velocities for first arrivals (Figure 4)
require a unique model with a small uncertainty. By follow-
ing a trial-and-error approach, we estimate that the velocity
errors for both P and S waves in the upper 4 km of crust are
less than 0.10 km/s. The deeper structure (up to 20-km
depth) is constrained by travel times and amplitudes of
reflections, with estimated maximum errors of 0.40 km/s
for velocities and 0.4 km for layer boundary positions.
These structural models show that the Honshu arc
(Chichibu belt and Shimanto belt) consists of a horizontally

homogenous layer in the upper 4 km of crust (Figure 3a), as
expected from record sections (Figure 2). The P wave
velocity of 5.6 to 6.0 km/s is consistent with the findings of
Sasatani et al. (1990), who used the same data set, and with
the values for the eastern part of the Kanto Mountains
reported by Arai et al. (2009). It is surprising that no velocity
increase exists in the southern part of the profile where
plutonic rocks of the KGC outcrop at the surface (Figures 3a
and 8). Here, S wave velocity in the upper 4 km of crust is
estimated to be 3.4 to 3.7 km/s (Figure 3b), and akin to P
wave velocity, little horizontal velocity change is observed.
Consequently, a Vp/Vs ratio of 1.6 to 1.7 occurs along the
entire profile (Figure 3c). These low Vp/Vs values are char-
acteristic of upper continental crust and indicate that the
Honshu arc crust has a high SiO, content (Christensen
1996). A shallow reflector is located at a depth of 4 km in
the southern part of the profile (black arrows in Figure 3a).
In order to explain the shallow reflections from SP5
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Figure 4 Comparison of observed and calculated P wave first
arrivals and their ray diagrams. Observed and calculated travel

times are shown by open circles and black dots, respectively.

(Figure 6c), P wave velocity below this reflector must be
6.15 to 6.40 km/s, which is 0.15 to 0.2 km/s higher than
the equivalent depth in the northern part (Figure 3a).
These layer structures probably continue further south. The
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western profile by Arai et al. (2013) shows that crustal ma-
terial with a P wave velocity of 5.3 to 6.0 km/s, underlying
the low-velocity (Vp of 2.8 to 4.1 km/s) sediments filling the
Kofu Basin, surrounds a high-velocity body corresponding
to the KGC (Figure 8) that has Vp greater than 6.0 km/s.
Although the previous study showed only one reflector in
the deep crust (Sasatani et al. 1990), we identified several
more reflectors with small velocity jumps at depths of 8 to
20 km (Figure 3a) by increasing S/N ratios with an
optimum range of a band-pass filter (Figures 2 and 5).
These reflectors lie almost horizontally in our model, which
differs from a northward-dipping reflector proposed by
Sasatani et al. (1990). This discrepancy may result from a
trade-off between the depth of a reflector and velocity
above the reflector. For example, Sasatani et al. (1990) as-
sumed that the velocity at depths of 5 to 20 km was 6.2 to
6.3 km/s, while we estimate an equivalent velocity of 6.2 to
6.6 km/s, which is required to account for velocity contrasts
across the reflectors. We note that similar horizontal reflec-
tors have been observed in the eastern profile (Arai et al.
2009) and from other seismic experiments on the Shimanto
belt (Ito et al. 2009). Although our seismic data do not
directly constrain the crustal thickness, we infer that the
Moho is deeper than 20 km because a P wave velocity of
6.9 km/s at the deepest part of the model is too low to
represent the mantle (Figure 3a), but is consistent with
Honshu arc lower crust (Kodaira et al. 2002; Iidaka et al.
2004). Furthermore, a recent regional tomographic study
performed by Katsumata (2010) also concluded that the
crustal thickness in the study area is greater than 30 km.

Discussion

Structure of the Honshu arc

Seismic data in the southern part of our profile indicate
that the 4-km-thick upper crust, with Vp of 5.6 to 6.0 km/
s and Vs of 3.4 to 3.7 km/s, corresponds to the Honshu
arc (Shimanto belt) and overlies a high-velocity (6.15 to
6.4 km/s) body at a depth of >4 km. Both the P and S wave
velocities of the Shimanto belt correlate well with those of
the crustal materials beneath the Kofu Basin and Misaka
block in the western profile (Arai et al. 2013). Prior to this
study, the origin of the crustal materials beneath the Kofu
Basin remained unknown; however, our new seismo-
logical results provide the first strong evidence that the
Shimanto belt (Honshu arc) exists beneath the Kofu
Basin and Misaka block (IBA) (Figure 8). This structural
constraint indicates that the Misaka block obducted
onto the Honshu arc.

Although our profile line crosses surface exposures of
the KGC (Figure 1b), no significant velocity change is seen
in the upper 4-km crust in this region (Figure 3). The top
of the aforementioned 6.15 to 6.4 km/s layer is at a depth
of 4 km, which is almost comparable to the top of the
high-velocity body beneath the Kofu Basin further south
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(Arai et al. 2013). Thus, we interpret that the 6.15 to
6.4 km/s layer reflector also represents the main body of
the KGC (Figure 8). In particular, the magma chamber
supplying the KGC is probably situated below our profile
at a depth greater than 4 km, over which the Shimanto
belt (with Vp of 5.6 to 6.0 km/s) occurs.

Intrusion of the KGC and formation of the Kofu Basin

In our model, the KGC is situated below a depth of 4 km,
whereas southeast of our profile, the KGC shallows signifi-
cantly just beneath the Kofu Basin (Arai et al. 2013; see
also Figure 8). This structural change suggests that a large
amount of the KGC magma may have erupted from just
beneath the Kofu Basin, a process that can be interpreted
as having led to its the formation. This is due to the possi-
bility of a volcanic eruption associated with a shallow
magma chamber causing the volcano edifice to collapse
into the empty magma reservoir, thus forming a steep,
bowl-shaped depression called a caldera (e.g., Best and
Christiansen 2001). However, this possibility contradicts
petrological studies showing that the KGC formed at 16.8
to 10.6 Ma, which is almost coincident with the onset of
collision of the IBA (Saito et al. 2007). On the other hand,
drilling data in the Kofu Basin (Yamanashi Prefectural
Government 2002) indicate that basin fill sediments con-
sist of volcanic rocks younger than 8 Ma (Mimura et al.
1994), suggesting that the Kofu Basin may have formed
after the eruption of the KGC. Alternatively, the collision
process itself may have contributed to the formation of
the Kofu Basin. In this scenario, reverse faulting along the
northernmost collisional boundary (SHF), located at the
southern end of the Kofu Basin, is likely to have produced
the fore-arc basin between the arc and outer-arc rise.
Drilling data and seismic reflection profiles in the Kofu
Basin indicate that basin fill sediments thicken toward the
southwest (Yamanashi Prefectural Government 2002),
suggesting that reverse faulting along the SIF at the
Western end of the Kofu Basin also contributed toward
the formation of the basin (Ikeda et al. 2009).

Implications for collision/subduction processes in the IBA

The aforementioned simple structure of the Honshu arc
(horizontally homogenous upper crust with Vp of 5.6 to
6.0 km/s and Vs of 3.4 to 3.7 km/s) contrasts strongly
with the complex structure further south, where the
accreted crustal blocks of the IBA form a doubly vergent
system (Figure 8). The significant difference across the
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Kofu Basin (red lines).
A\

Figure 8 Three-dimensional perspective view of crustal structures along northwestern (this study) and western (Arai et al. 2013)
profiles. P wave velocities for the upper crust (down to 10-km depth) are shown by color contours, and collisional boundaries and reflectors are
shown by black solid lines. The Honshu arc consists of a horizontally homogenous layer for the upper 4-km crust (northwestern profile), which
contrasts with the complex structure to the southeast (western profile). Here, the accreted crustal blocks of the IBA, which have a high velocity
(green-blue parts with Vp above 6.0 km/s), are separated by dipping collisional boundaries that are accompanied by a lower-velocity sediment
layer (red-orange parts with Vp below 5.0 km/s). The main body of the Kofu granitic complex (KGC), reportedly generated by partial melting of
the subducted middle/lower crust of the IBA (e.g., Tamura et al. 2010), is situated at depths greater than 4 km but forms a bump just beneath the

(uny) wdeq

collision front indicates that crustal shorting has been
accommodated only within the IBA crust (by reverse
faulting along the collisional boundaries and subduction
of the middle/lower crust), while the Honshu arc has
undergone very little collision-related deformation.
Although the structure of the lower crust and upper-
most mantle is not constrained by the northwestern pro-
file seismic data, the velocity of 6.9 km/s at 20-km depth
in our model (Figure 3) represents a typical value for the
lower crustal part of the Honshu arc (Kodaira et al. 2002;
lidaka et al. 2004). This implies that the crustal thickness
of the Honshu arc situated northwest of the collision zone
is greater than 20 km. The result is also supported by

regional tomographic studies showing that the crustal
thickness exceeds 30 km in the study area (Katsumata
2010). This is significantly deeper than the level of the
Moho in southwest Japan (approximately 20 km) where
the PHS plate is subducting without collision (Kodaira
et al. 2002; lidaka et al. 2004; Ito et al. 2009). A possible
explanation for this discrepancy comes from accretion of
the IBA at the base of the Honshu arc by tectonic/mag-
matic underplating, where a large portion of the IBA crust
has been subducting beneath the Honshu arc (Arai et al.
2009, 2013). During the subduction process, the middle/
lower crust of the IBA partially melted and produced a
magmatic body at a sub-Moho level beneath the Honshu
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arc (Nakajima and Arima 1998). Following extraction
from the melting zone, the felsic magma ascended and in-
truded into the Honshu arc crust and Tanzawa block to
form the KGC and TPC, respectively (Tamura et al. 2010).
Denser cumulates or restites may have remained at the
bottom of the crust (Annen et al. 2006) and contributed
to the growth of the Honshu arc.

Conclusions

We reevaluated refraction/wide-angle reflection data that
were collected in 1982 in order to produce a new detailed
crustal velocity profile of the Honshu arc crust in north-
western part of the ICZ. Our results enable a new inter-
pretation for the collisional system of the Honshu arc and
the IBA to be presented. This structural model indicates
that the Honshu arc consists of a horizontally homogenous
layer with P and S wave velocities for the upper 4 km of
crust of 5.6 to 6.0 km/s and 3.4 to 3.7 km/s, respectively.
This uniformity contrasts with the extremely heteroge-
neous structure further south, where accreted crustal
blocks of the IBA are separated by dipping collisional
boundaries. This difference in collisional styles indicates
that collision-related crustal shorting has been accommo-
dated within the IBA crust by reverse faulting along the
collisional boundaries, whereas the Honshu arc has under-
gone little crustal deformation. The main body of the KGC
is situated at depths greater than 4 km but shallows signifi-
cantly just beneath the Kofu Basin. This structural change
implies that a large amount of the KGC magma erupted
from just beneath the Kofu Basin. The seismic data also
suggest that the crustal thickness of the Honshu arc
exceeds 20 km, implying that the subducted IBA crust may
have thickened the crust by magmatic underplating.
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