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Abstract The Hidaka collision zone, where the Kurile and northeastern (NE) Japan arcs collide, provides a
useful study area for elucidating the processes of arc-continent evolution and inland earthquakes. To pro-
duce an image of the collision structure and elucidate the mechanisms of anomalously deep inland earth-
quakes such as the 1970 Hidaka earthquake (M6.7), we conducted magnetotelluric observations and
generated a three-dimensional resistivity distribution in the southern part of the Hidaka collision zone. The
modeled resistivity was characterized by a high resistivity area in the upper crust of the Kurile arc corre-
sponding to metamorphic rocks. The model also showed conductive zones beneath the center of the colli-
sion zone. The boundary between the resistive and conductive areas corresponds geometrically to the
Hidaka main thrust, which is regarded as the arc-arc boundary. The correspondence supports the collision
model that the upper-middle part of crust in the Kurile arc is obducting over the NE Japan arc. The conduc-
tive areas were interpreted as fluid-filled zones associated with collision processes and upwelling of dehy-
drated fluid from the subducting Pacific slab. The fluid flow possibly contributes to over-pressurized
conduction that produces deep inland earthquakes. We also observed a significant conductive anomaly
beneath the area of Horoman peridotite, which may be related to the uplift of mantle materials to the
surface.

1. Introduction

The southern part of Hokkaido Island, northern Japan, is situated on the triple junction of the northeastern
(NE) Japan and Kurile arcs and the subducting Pacific plate (Figure 1a). The westward migration of the Kurile
fore-arc sliver caused by the oblique subduction of the Pacific plate has formed the Hidaka collision zone
(HCZ) along the boundary between the NE Japan and Kurile arcs since the middle Miocene [e.g., Kimura,
1986]. In the HCZ, the Kurile forearc sliver has obducted over the NE Japan arc along the Hidaka main thrust
(HMT), which expose metamorphic and intrusive rocks formed in the middle-upper crust at the surface of
the Kurile arc (the Hidaka metamorphic belt). Because the metamorphic rock sequence reveals a section of
continental-type crust [e.g., Komatsu et al., 1983], the HCZ provides a useful study area for investigating the
evolution of continental and island arc crust. In addition, an unaltered ultra-mafic rock body, Horoman peri-
dotite, is exposed on the west side of the Hidaka Metamorphic Belt (Figure 1b), which reveals the character-
istics of mantle rocks [e.g., Takahashi, 1992].

The HCZ is also an important area for studying inland earthquakes. The 1970 Hidaka earthquake (M6.7)
occurred in the southern part of the HCZ (Figure 1b). The focal area was estimated at the depth range
between 15 and 35 km based on aftershock observations [Moriya, 1972]. This depth is anomalously deep
for an inland earthquake because the seismogenic area generally does not reach to the lower crust where
rock deforms plastically [e.g., Scholz, 2002]. Thus, studying the focal area of the earthquake will contribute
to understanding the conditions for brittle fault failure in inland areas.

Electrical resistivity profiling has provided insights into the tectonic processes in collision zones [Bertrand
et al., 2012; Unsworth, 2010]. In addition, imaging of the resistivity distribution has facilitated elucidation of
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the mechanisms of earthquake generation because the resistivity is highly dependent on the pore-fluid dis-
tribution, which controls the behavior of the fault rupture [Becken and Ritter, 2012; Ichihara et al., 2011;
Sibson, 2014; Wannamaker et al., 2009]. In the northern part of the HCZ, Ogawa et al. [1994] generated a
rough image of the resistivity distribution based on wideband magnetotelluric (MT) surveys and two-
dimensional (2-D) forward resistivity modeling. The authors concluded the existence of a high-resistivity
zone around the HMT and a steeply dipping conductive area fringing on the west side of the resistive zone.
However, no surveys have been conducted in the southern part of the HCZ, where the 1970 Hidaka earth-
quake occurred, because the marked three-dimensionality of the resistivity distribution such as an area sur-
rounded by conductive seawater has prevented the application of conventional 2-D resistivity modeling.
However, recent progress in three-dimensional (3-D) inversion methods for MT data now enables the mod-
eling of resistivity patterns even in such geoelectrically complex areas. Thus, we performed wideband and
long-period MT surveys in the southern part of the HCZ, and estimated the resistivity distribution based on
3-D inversion procedures.

2. Magnetotelluric (MT) Measurements and Impedances

We conducted wideband and long-period MT surveys in the southern part of the HCZ in 2004. Two horizon-
tal components of the electric field and three components of the magnetic field were obtained at 27 sites
for both surveys (Figure 1b). Every measurement site was occupied with both the wideband and long-
period instruments. In the wideband survey, time series were recorded for 3–7 days using an MTU2000 sys-
tem (Phoenix Geophysics, Ltd., Toronto, Canada). The electric and magnetic fields were measured using Pb–
PbCl2 electrodes and induction coils, respectively. The time series were converted into frequency-domain
MT impedance tensors and geomagnetic transfer functions between 0.00313 and 1820 s using an SSMT200
software (Phoenix Geophysics, Ltd.). The remote reference technique [Gamble et al., 1979] was applied to
estimate the MT impedances using horizontal magnetic field data from Esashi station operated by the Geo-
spatial Information Authority of Japan located approximately 400 km south-southwest from the study area.
These processes yielded high-quality MT responses and geomagnetic transfer functions without long-
period responses (> 900 seconds). In the surveys for long-period data, time series were recorded using a

Figure 1. Study location with topographic map. (a) Location of study area with tectonic boundaries. Red dashed lines denote tectonic
boundaries based on Kimura [1994]. The blue rectangle denotes the location of Figure 1b. ‘‘HMT’’ indicates Hidaka Main Thrust. (b) Location
of MT stations with a simplified geological map based on the Geological Survey of Japan [2007]. Red diamonds denote MT stations. Yellow
stars denote epicenters of the 1970 Hidaka (M6.7) and 2012 earthquakes (M6.1).
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U43 system (Tierra Tecnica Ltd., Tokyo, Japan) for 1 month after the wideband measurements. We used the
same electrode arrangements as for the wideband survey, but replaced the data logger and magnetic sen-
sors into the U43 logger and fluxgate magnetometer, respectively. Based on the time series, we estimated
the MT impedance tensors and geomagnetic transfer functions between 116 and 12,000 s using the
bounded influence remote-reference processing code [Chave and Thomson, 2004]. Horizontal magnetic
field data from Memanbetsu geomagnetic observatory (operated by the Japan Meteorological Agency)
were used for remote reference processing.

The MT impedances from the wideband and long-period surveys showed almost identical sounding curves
in the overlapping period range between 116 and 1,820 s, except for site D01 (Figure 2 and supporting
information S1). The estimated errors of the long-period impedances were significantly smaller than those
of the wideband impedances for most sites. Thus, we adopted the impedances based on the long-period
surveys for the overlapped period bands. The combined MT impedances of the wideband and long-period
data presented high-quality sounding curves in the period range between 0.00313 and 12,000 s at most of
the MT sites (Figure 2 and supporting information S1). The curves showed the following features: (1) the
shape of the curves differed significantly from site to site, implying strong heterogeneity in the resistivity
distribution in this area; (2) the apparent resistivity was generally high (> 1000 Xm) at the sites on the
Hidaka Metamorphic Belt. (3) The phase of the off-diagonal components of the MT impedance had anoma-
lous values beyond the ordinal quadrant (0 to 90 and 2180 to 290 degrees for the XY and YX components,
respectively) at the site B01, D01, D04, D05 and E01. The phase began to increase from 1 s toward longer
periods, and exceeded the phase of the ordinal quadrat by >100 s. Such an anomalous phase pattern,
which is commonly observed in island arcs, implies strong 3-D resistivity heterogeneity [Aizawa et al., 2014;
Ichihara and Mogi, 2009; Ichihara et al., 2013, 2014].

Figure 2. Sounding curves of observed apparent resistivity and impedance phases based on time series acquired using MTU2000 and U43 systems.
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Next, we discuss the dimensionality of the resistivity structure based on the phase tensor ellipses [Caldwell
et al., 2004]. The phase tensor is derived from the MT impedance tensor as:

U5X21Y; (1)

where X and Y are the real and imaginary parts of the impedance tensor, respectively. While the MT
impedance is often distorted by localized superficial heterogeneity in the resistivity (so-called galvanic dis-
tortion), the MT phase tensor is independent of any such distortion and can be graphically represented as
an ellipse; the ellipse axes show the orientation and relative magnitude of the tensor principal values,
Umax and Umin. The magnitude and orientation of the principal values visualize resistivity gradients. The
geometric mean of the principal values (U2 5 (UmaxUmin)1/2) indicates the magnitude of the phase tensor
response. In simple (quasi-one-dimensional) situations, decreasing resistivity with increasing depth is indi-
cated by values of U2> 458. A third coordinate invariant parameter of the phase tensor, the skew angle b,
represents the asymmetry in the phase response. The absolute value of b, |b|, is large when the resistivity
structure is 3-D. Figure 3 shows the phase tensor ellipses. The azimuths of the main axes of the phase ten-
sor ellipses are dominantly directed toward N358W–S358E in the long periods (> 234 s in Figure 3). This
azimuth is parallel to the geological boundary in the southern part of the HCZ (Figure 1b). In contrast, the
phase tensor ellipses are locally varied in the shorter periods. For example, the main axes are oriented to
N558E–S558W around the northeastern margin of Hidaka metamorphic rock in 0.885 s, implying resistivity
boundary along the margin. |b| has high values (> 108) at more than half of the MT sites in all periods,
indicating that the resistivity distribution is highly 3-D. High values of U2 (51–578) and Umin (> 458, not
shown in figures) occur at the sites on the NE side of the MT array where the Hidaka belt is distributed
(Figure 1b), implying that resistivity decreases with depth beneath the Hidaka belt. In addition, exception-
ally high U2 (> 608) values are observed at sites near the Horoman peridotite in the short periods
(0.885 s), implying a sharp decrease in resistivity with depth beneath this area.

3. 3-D Resistivity Inversion

The 3-D resistivity distribution was estimated based on the WSINV3D code [Siripunvaraporn et al., 2004],
which adopts a data-space variant of Occam’s approach based on Siripunvaraporn and Egbert [2000]. In the
inversion procedure, the objective function defined as follows is minimized:

Wk mð Þ5 m2mp
� �T

C21
m m2mp
� �

1k21 d2F m½ �ð ÞT Cd d2F m½ �ð Þ
n o

; (2)

where m and mp are the model parameters and prior model vectors, respectively. Cm is the model covari-
ance matrix characterizing the expected magnitude and smoothness of resistivity variations relative to mp.
d is the data parameter vector consisting of the observed MT impedances. F[m] is the vector of the forward
response to m. k is a hyperparameter that balances the data misfit and model roughness terms. Cd is a data
covariance matrix consisting of the observation errors.

We used the MT impedances at 12 periods between 0.885 and 1875 s as the data parameter (d) for the
inversion. The impedances were rotated to the azimuth of the model geometries, where the x- and y-axes
were aligned along N358E and S558E, respectively. Error floors of 10% and 20% were applied for the off-
diagonal and diagonal components, respectively. The resistivity model space covered the region of 3,336
(x-axis) 3 3,306 (y-axis) 3 1,415 (z-axis, without air layers) km discretized into 59 3 44 3 31 layers. The
length and width of the blocks within the survey area were 2 km, but these widened outside the study area.

The inversion procedure began with a homogeneous half-space model consisting of 100 Xm blocks except
for the area of seawater for which the model blocks were fixed to 0.3 Xm. The same model was adopted as
a prior model (mp). We iterated the inversion procedure 10 times with fixed mp. We adopted the model
with the minimum root mean square (RMS) misfit as mp and the initial model of the next inversion proce-
dure. We repeated this inversion process three times to obtain the minimum RMS misfit model (RMS misfit:
1.065). The model-predicted sounding curves of the inverted model mostly explained the measured curves
(Figure 4 and supporting information Figure S2). The model-predicted phase tensors from the inverted
model also explained the trend of the measured phase tensor (Figure 3).
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Figure 3. Phase tensor ellipses. Colored ellipses indicate for (a) U2 and (b) b, respectively. Observed data with large errors were not shown
in the figure (>58 for U2 and 28 for b). The model-predicted (calculated) phase tensors based on the inverted model are also shown.
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Figure 4. Observed (dots) and model-predicted (lines) sounding curves based on the inverted model. The positive directions of the x- and y axes are along N358E and S558E,
respectively.
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The inverted model showed significant resistivity variations in the study area (3–100,000 Xm; Figures 5 and
6). The features of the resistivity model were as follows: (1) a high-resistivity zone over 3,000 Xm (R-1)
occurred beneath the Hidaka Metamorphic Belt. A sensitivity test confirmed the high resistivity in this area.
When R-1 (> 1,000 Xm) was filled with 1,000 Xm, the model-predicted impedances changed significantly
and thus did not explain the observed impedances (supporting information Figure S3); e.g., high apparent
resistivity in the YX component and out-of-quadrant phase in the XY component at site D04. (2) A relatively
low-resistivity zone (30–300 Xm, C-1a) was revealed beneath R-1. The impedances required this zone
because the model-predicted impedances changed significantly if the area of C-1a was allocated a uniform
resistivity of 3000 Xm (supporting information Figure S4). A vertically elongated conductor (30–300 X m,
C-1b) was revealed in the western section of R-1 and over C-1a. C-1b was also verified based on a sensitivity
test in which the area of C-1b was given a uniform resistivity of 3,000 Xm (supporting information Figure
S5). (3) A distinct conductor (3–30 X m, C-2) occurred at a depth of 1–5 km beneath the outcrop of
Horoman peridotite. The high phase tensor value (U2> 608) around the Horoman peridotite requires the
conductive anomaly of C-2 (Figure 3). A sensitivity test in which the area of the C-2 was given a uniform
resistivity of 1000 Xm also supported the C-2 conductor (supporting information Figure S6). (4) Surface con-
ductors C-3, C-4 and C-5 (3–30 Xm) occurred on the western side, in the central area and on the eastern
side of the MT array, respectively. The impedances showing low apparent resistivity and high phase in the
short period bands in these areas required the surface conductors C-3, C-4, and C-5 (e.g., sites A06, B05, and
E03, respectively, in Figure 4 and supporting information Figure S1). These surface conductors were also
verified based on sensitivity tests in which the areas of C3, C4 and C-5 were filled with a uniform resistivity
of 1,000 Xm (supporting information Figures S7–S9, respectively).

4. Discussion

4.1. Interpretations of the Resistivity Distribution
4.1.1. Metamorphic Rocks in the Kurile Arc (R-1)
Inverted resistivity model shows excellent correlation between R-1 and the Hidaka Metamorphic Belt at
shallow depth (Figures 1b, 5, 6, and 7b). Laboratory measurement showed that the resistivity of granulite
sampled in the area of the MT sites between B05 and D05 was 3,000–100,000 Xm under the upper-middle
crust conditions [Fuji-ta et al., 2004]. Because the granulite is distributed from the surface to the middle
crust in the Hidaka Metamorphic Belt [e.g., Kimura, 1986; Osanai et al., 1986], the existence of the granulite
explains the resistivity of R-1 (> 3000 Xm) and its model feature. On the other hand, Kita et al. [2012] dis-
cussed that the high seismic velocity zones (P-wave velocities of 7.8–8.5 km/s and S-wave velocities of 4.5–
4.8 km/s) in the R-1 area were consist with seismic velocities of Horoman peridotite. Thus deep extension of
the Horoman peridotie is possibly constituent of the R-1. Seismic reflection surveys found east-dipping
reflection planes, which corresponded to the HMT, beneath the Hidaka metamorphic belt [Arita et al., 1998;
Ito, 2000; Iwasaki et al., 1998, 2004; Tsumura et al., 1999], which displayed the obduction structure of the Kur-
ile arc over the NE Japan arc (Figure 7a). The lower and western boundary of R-1 was coincident with the
reflection boundary (Figure 7b). Therefore, R-1 can be interpreted as Hidaka metamorphic rocks and its dis-
tribution confirms an obduction structure along the HMT.
4.1.2. Upwelling Fluid Flow From the Subducting Pacific Plate (C-1a and C-1b)
A transition from basalt to eclogite occurs due to the subduction of oceanic crust associated with dehy-
dration. In the NE Japan arc, the transition occurs from a depth of 50 km in the oceanic crust of the sub-
ducting Pacific plate and forms aqueous pore fluid-rich areas [Hacker et al., 2003]. The fluid-rich areas
have also been indicated in the subducting oceanic crust beneath the Kurile arc based on low P-wave
velocity anomalies [Shiina et al., 2014]. In general, saline water in the rock pores dramatically reduces the
bulk resistivity of rocks. Thus, a probable cause of the C-1a zone in the subducting Pacific plate is the high
pore fluid content area due to dehydrating prograde metamorphism reactions. The C-1a zone above the
plate boundary and C-1b was interpreted as a fluid-rich area due to upwelling fluid from the dehydration
zone based on the following reasons: (1) the collision process between the NE Japan and the Kurile arc
probably forms fractured zones in this area, which generally increases the rock permeability; and (2) Kita
et al. [2010, 2012, 2014] reported a low S-wave velocity anomaly and a significant seismic attenuated
zone in this area. Thus, C-1a and C-1b indicate a pathway of upwelling fluid through the center of the
HCZ from the plate boundary (Figure 8).
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Figure 5. Horizontal resistivity cross sections from the inverted model. Diamonds denote MT sites. Gray and purple lines denote the coastline and Hidaka main thrust, respectively.
Circles denote hypocenters of the Japan Metrological Agency between 2001 and 2012. Diamonds denote MT sites. The hatched area indicates the aftershock area of the 1970 Hidaka
earthquake (M6.7) [Moriya, 1972].
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4.1.3. Conductive Sedimentary Rocks (C-3, C-4, and C-5)
The Yezo Group consisting of Cretaceous sedimentary rocks is distributed at the surface of C-3. Because the
formation shows low resistivity between 0.3 and 10 X m [Ichihara et al., 2008], C-3 probably reflects the Yezo
Group. C-5 can also be interpreted as Cretaceous sedimentary rocks in the Hidaka belt (Nakanogawa Group)
and Neocene sedimentary rocks embedded beneath the Tokachi Plain based on the geological distribution.
The conductor C-4 can be interpreted as a Cretaceous accretionary complex in the Idon-nappu belt based on
the spatial coincidence with the surface geological distribution (Figure 1) and seismic reflection profile [e.g.,

Figure 6. Vertical resistivity cross sections of the inverted model. Locations of the sections are shown as white lines in Figure 5. Symbols
are the same as in Figure 5.
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Ito, 2000] (Figure 7). Therefore, subsurface
sedimentary rocks explain surface conductive
areas in the southern part of the HCZ.
4.1.4. Resistivity Anomalies Beneath the
Horoman Peridotite (C-2)
A high resistivity area (> 3,000 Xm) was
observed in the subsurface area (0–1 km
depth) in the Horoman peridotite (Figures
1b, 5, and 6). It contacts with the metamor-
phic rocks in the Kurile arc (R-1) at the east-
ern margin. Because peridotites have high
resistivity (3,000 Xm) at the surface [Palacky,
1987], the subsurface high resistivity layer
was interpreted as the peridotite rock body.
However, the resistivity of the area of C-2
beneath the Horoman peridotite seems to
be too low to be dry peridotite. Possible
interpretations of C-2 are as follows: (1) peri-
dotite is also distributed in the C-2 area, but
pore fluid reduces the resistivity associated
with serpentinization; and (2) sedimentary
rocks such as C-3 and C-5 belonging to the
NE Japan arc are distributed beneath the
Horoman peridotite. This indicates that the
rock body of Horoman peridotite is horizon-
tally thin despite the fact that the rocks in
the Hidaka metamorphic belt are highly
inclined. This hypothesis constrains the pro-
cess of uplift of the mantle material to the
surface, although additional MT surveys and
detailed analyses are required because the
lack of MT measurements above the Horo-
man peridotite results in inadequate resolu-
tion of the resistivity image to allow more
accurate interpretation (Figure 1b).

4.2. Implications for Earthquakes and
Fluid Transportation
The fault-ruptured area of the 1970 Hidaka
earthquake (M 6.7) was estimated to occur in
the center of the HCZ at a depth of between
15 and 35 km based on the aftershock distri-
bution (Figure 8) [Moriya, 1972]. Kita et al.
[2012] estimated a reverse-fault mechanism
with a strike along the NW–SE direction for
the earthquake. They concluded that the
fault plane was located along the boundary
between the high- and low-velocity zones

that was interpreted as the HMT. The location of the resistivity boundary between C-1b and R-1 was also
located on the HMT, which supports Kita et al.’s [2012] conclusion that a section of the HMT served as part
of the fault plane of the 1970 earthquake (Figure 8).

C-1a and C-1b were interpreted as an area with upwelling fluid from the subducting Pacific plate (see section
4.1.2). However, the fluid pathway was narrowed in the shallow area and is capped with Hidaka metamorphic
rocks (R-1) near the surface. Thus, the upwelling fluid probably increases the pore fluid pressure and results in

Figure 7. Comparison among the (a) seismic reflection [Ito, 2000], (b)
resistivity (this study), and (c) P-wave velocity [Kita et al., 2012] profiles
beneath the B-B’ line.
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over-pressurized conditions in C-1b. Because
over-pressurized pore fluid reduces shear
strength and thus enhances fault slip under
compressional stress conditions [Scholz, 2002],
reverse-type fault rupturing was possible in
the focal area of the 1970 Hidaka earthquake
even in areas normally too deep to produce
inland earthquakes in dry conditions. This
mechanism may also explain the high seismic-
ity observed in this area (Figure 6). Because
pore fluid-rich areas have also been reported
in other reverse-type active fault zones [e.g.,
Ichihara et al., 2011], over-pressurized pore
fluid may be a common feature that causes
reverse-type inland earthquakes.

A high-seismicity area including the reverse-
type fault earthquake of 25 August 2012
(M6.1) was displayed in the C-1a area where
dehydration in the subducting oceanic plate
supplies pore fluid to this area (Figures (5 and
6), and 8). Although the precise earthquake
locations have not been determined, they
would be expected to occur at the surface or
within the upper oceanic crust of the sub-
ducting Pacific plate. Dehydration embrittle-
ment is thought to be a cause of earthquakes
under these tectonic conditions beneath the
NE Japan arc [e.g., Hacker et al., 2003]. In this

case, dehydrated fluid also enhances seismic activity in the C-1a area. Therefore, the flow of upwelling fluid in
the center of the collision zone originating from the deep plate boundary is possibly associated with seismic
activity at various depths.

5. Conclusions

We conducted wideband and long-period MT surveys at 27 sites in the southern part of the HCZ and obtained
resistivity models based on the 3-D inversion procedures. The inverted resistivity image showed a high-
resistivity zone beneath the Hidaka Metamorphic Belt (R-1), a low-resistivity zone beneath the center of the
HCZ that was distributed from near the surface to the subducting Pacific plate (C-1a and C-1b), a low-
resistivity zone beneath the Horoman peridotite (C-2), and subsurface low-resistivity zones (C-3, C-4 and C-5).

These resistivity anomalies constrain the subsurface geology and fluid distribution beneath the arc-arc
collision zone as follows: (1) C-1a and C-1b reflect the fluid pathway from the oceanic crust in the sub-
ducting Pacific slab; and (2) R-1 corresponds to the Hidaka metamorphic rock sequence. The location
of the boundary between C-1b and R-1 is consistent with the Hidaka main thrust and supports the
collision model that the upper-middle part of the crust in the Kurile arc obducted over the NE Japan
arc. (3) C-2 may be related to the uplift process of mantle materials to the surface, although additional
MT surveys are required. (4) C-3, C-5 and C-4 were interpreted as Cretaceous-Neocene conductive sedi-
ment rocks and accretionary complex based on their coincidence with the surface geology and active
seismic surveys. The area of the anomalously deep inland earthquake (the 1970 Hidaka earthquake
[M6.7]) is located on the edge of the pore fluid-rich zone (C-1b). Because the pore fluid reduces shear
strength, the occurrence of C-1b is probably a cause of fault slip in this area. The high seismicity in C-
1a may also be associated with dehydrated fluid. Therefore, the path of upwelling fluid within the arc-
arc boundary probably enhances the seismicity.

Figure 8. Interpretations of the resistivity model beneath the B-B’ line.
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