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EXPRESS LETTER

Electrical resistivity modeling 
around the Hidaka collision zone, northern 
Japan: regional structural background 
of the 2018 Hokkaido Eastern Iburi earthquake 
(Mw 6.6)
Hiroshi Ichihara1*  , Toru Mogi1,2,3, Hideyuki Satoh4 and Yusuke Yamaya5

Abstract 

The Hidaka collision zone, the collision boundary between the NE Japan and Kurile arcs, is known to be an ideal 
region to study the evolution of island arcs. The hypocenter of the 2018 Hokkaido Eastern Iburi earthquake (Mw 6.6) 
in the western part of the Hidaka collision zone was unusually deep for an inland earthquake, and the reverse fault 
that caused the earthquake has an uncharacteristically steep dip. In this study, we used three-dimensional inversion 
to reanalyze broadband magnetotelluric data acquired in the collision zone. The inverted resistivity model showed a 
significant area of high resistivity around the center of the collision boundary. We also identified a conductive zone 
beneath an area of serpentinite mélange in a zone of high P–T metamorphic rocks west of the high-resistivity zone. 
The conductive zone possibly reflects areas rich in pore fluids related to the formation and elevation of the serpen-
tinites. Sensitivity tests indicated the need for additional magnetotelluric survey data to delineate the resistivity 
distribution around the epicentral area of the 2018 earthquake although the resistivity model showed a conductive 
zone in this area.
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Introduction
The Hidaka collision zone (HCZ) is generally recognized 
as an ideal area for research on crustal evolution in sub-
duction systems. The obliquely subducting Pacific plate 
drives westward migration of the forearc sliver of the 
Kurile arc, which results in obduction of the sliver onto 
the NE Japan arc (e.g., Kimura 1986) (Fig. 1a). The obduc-
tion has exposed the low-P–T metamorphic and plutonic 
rocks of the Hidaka metamorphic belt east of the Hidaka 
main thrust (HMT) (Fig. 1b). In the NE Japan arc on the 

western side of the HMT, metamorphosed accretion-
ary complexes that formed under high P–T conditions 
(Kamui-kotan belt) are distributed between Cretaceous 
sedimentary rocks. The Kamui-kotan belt is charac-
terized by ultramafic rock bodies, mainly serpentinite 
mélange. However, the mechanism that elevated these 
rocks is not well understood (e.g., Ueda 2006). West of 
the Kamui-kotan belt, the collision has resulted in the 
formation of foreland fold-and-thrust structures in the 
thick sequence of Cretaceous to Neogene sedimentary 
rocks, thus providing an ideal area for research on crus-
tal shortening (e.g., Kato et  al. 2004). Therefore, further 
investigation of crustal structures is essential to under-
stand the tectonics around the HCZ.

The 2018 Hokkaido Eastern Iburi earthquake (Mw 
6.6) occurred near the western edge of the HCZ and 
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Fig. 1  Maps showing locations of the study area and MT stations. a Tectonic setting of the Hokkaido region showing the study area. Red triangles 
denote active volcanoes. b Map of the study area showing simplified local geology and the locations of MT stations. Yellow and blue circles denote 
MT stations used in 2000–2001 and 2005, respectively. Green diamonds are MT stations used in resistivity modeling by Yamaya et al. (2017). Note 
that MT data from stations 420 and 450–500 were used in the 3-D inversions of both this study and that of Yamaya et al. (2017). The gray line marks 
the seismic refraction/wide-angle reflection profile of Iwasaki et al. (2004). The background elevation image was constructed from the ETOPO1 
global relief model (Amante and Eakins 2009)
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caused devastating damage and 41 fatalities. The esti-
mated hypocentral depth of 37  km is anomalously 
deep because it significantly exceeds the depth of the 
brittle–ductile boundary (e.g., Scholz 2002). Although 
the focal mechanism indicates that the earthquake was 
caused by reverse faulting, the distribution of after-
shock hypocenters indicates that the fault dips about 
80°E (Japan Meteorological Agency 2019). This fault 
orientation is uncharacteristic of reverse faulting but 
can be explained by high pore fluid pressure in the 
fault zone (e.g., Sibson 1990). Kita et  al. (2012) iden-
tified a steep seismic velocity boundary along another 
anomalously deep earthquake fault in the HCZ (1982 
Urakawa-oki earthquake, Mw 6.9), which might be 
associated with enhancement of the fault rupture. 
Thus, geophysical imaging is essential to further inves-
tigate the deep faulting in the HCZ. Because electri-
cal resistivity data can constrain fluid and temperature 
distributions that control fault behavior and the depth 
of the brittle–ductile boundary, examination of these 
data should contribute to our understanding of these 
anomalous features of reverse faulting in the HCZ.

Yamaya et  al. (2017) proposed a subsurface 3-D 
resistivity model for the area around the Ishikari 
Plain based on their MT observations and some of 
the MT data acquired by Mogi and Hidaka 2000 MT 
Group (2002) (Fig.  1). Their model showed remark-
able conductors beneath the Shikotsu caldera and 
Ishikari-Teichi-Toen fault, which implied the pres-
ence of magmatic fluid under the former and aque-
ous fluid under the latter. However, structures around 
the center of the HCZ and the focal area of the 2018 
Hokkaido Eastern Iburi Earthquake have not yet been 
clearly elucidated by 3-D magnetotelluric (MT) resis-
tivity modeling.

In this study, we estimated the resistivity distribution 
beneath a long MT survey transect through the HCZ 
between the volcanic front of the NE Japan arc and 
the Tokachi plain of the Kurile arc (Fig. 1b). Although 
Mogi and Hidaka 2000 MT Group (2002) used 2-D 
inversion to construct a preliminary resistivity model 
along this transect, the MT data indicated strong 
three-dimensionality (see “Magnetotelluric data and 
impedance” and “Phase tensor and induction vectors” 
sections), so a robust resistivity model has not yet been 
estimated. We therefore applied 3-D inversion to the 
resistivity data acquired by Mogi and Hidaka 2000 MT 
Group (2002) and interpreted the inversion results to 
gain an understanding of the 2018 Hokkaido Eastern 
Iburi earthquake and the tectonics of the HCZ.

Observations and analyses
Magnetotelluric data and impedance
We used broadband MT data acquired at 36 sites by the 
Mogi and Hidaka 2000 MT Group (2002) in 2000–2001 
(Fig. 1b). The MT stations were located at 4–10 km inter-
vals along a survey line previously used to acquire seismic 
refraction and wide-angle reflection data (Iwasaki et  al. 
2004). We also acquired broadband MT data in 2005 at 
two sites in the Hidaka metamorphic belt where cover-
age of the 2000–2001 survey data was sparse (Fig. 1b). All 
of the data were recorded using MTU-5 systems manu-
factured by Phoenix Geophysics Ltd. Three orthogo-
nal components of the magnetic field were acquired 
using induction coils, and two horizontal components 
of the electric field were acquired using Pb-PbCl2 elec-
trodes. The duration of data acquisition at each site was 
2–6 days.

Magnetotelluric impedance tensors and geomagnetic 
transfer functions were estimated using an SSMT-2000 
system supplied by Phoenix Geophysics Ltd. To reduce 
local electromagnetic field noise, we applied the remote 
reference technique of Gamble et  al. (1979) using the 
horizontal component of magnetic field data. The remote 
data for the 2000–2001 survey were recorded simultane-
ously with the main dataset, but at a different MT site on 
the survey line. For remote reference data for the 2005 
MT data, we used horizontal geomagnetic field data 
acquired by the MTU-5 system at the Esashi geomag-
netic observatory, which is operated by the Geospatial 
Information Authority of Japan.

The calculated MT impedance tensors, which were 
converted to apparent resistivity and impedance phase 
(Fig.  2, Additional file  1), showed considerable varia-
tion. Apparent resistivities were low (< 10  Ωm) beneath 
the Ishikari lowland and Tokachi Plain, but were high 
beneath the Hidaka metamorphic belt. The impedance 
phases showed out-of-quadrant phases in off-diagonal 
components at a few sites around the Shikotsu Caldera 
and Hidaka metamorphic belt (e.g., sites 420 and 230 in 
Fig.  2). The out-of-quadrant phases possibly represent 
the combined effect of two anisotropic layers, each with a 
different anisotropic azimuth (e.g., Pek and Verner 1997; 
Heise and Pous 2003), or channeling and bending of the 
telluric current that requires resolution by 3-D resistiv-
ity modeling (e.g., Ichihara and Mogi 2009; Ichihara et al. 
2013).

Phase tensor and induction vectors
We calculated the phase tensor (Caldwell et  al. 2004) 
and Parkinson’s induction vector (Parkinson 1962) to 
evaluate the dimensionality and trend of the resistiv-
ity structure. The phase tensor is a second-rank tensor 
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that describes the phase relationship contained in the 
MT impedance tensor (Caldwell et  al. 2004). It pre-
serves the effect of regionally heterogeneous resistivity, 
whereas the MT impedance tensor is distorted by the 
galvanic effects produced by heterogeneity of near sur-
face resistivity. The root of the determinant of the phase 
tensor is called Φ2. In the simple 1-D case, Φ2 > 45° and 
Φ2 < 45° indicate decreasing and increasing resistivity, 
respectively, with increasing depth.

The phase tensor ellipses showed high Φ2 val-
ues (> 60°) at 0.222  s under the Ishikari lowland and 
Tokachi Plain, but low values (< 30°) in these areas at 
56.8  s (Fig.  3, Additional file  2). These observations 
indicate that the shallow resistivity decreased with 
depth, whereas the deep resistivity increased with 
depth. In the area of the Hidaka metamorphic belt, 
high Φ2 (> 50°) was estimated between 3.56 and 56.8 s, 
implying decreasing resistivity with depth.

The azimuths of the principal axes of phase tensor 
ellipses, which indicate the azimuth of strike (or azimuth 
perpendicular to strike) of a resistivity structure in a 2-D 
model, were mostly aligned at 330° at 909  s. However, 
the azimuths of the principal axes varied considerably 
at shorter periods, indicating that the shallow electri-
cal resistivity structure has strong three-dimensionality. 
Absolute values of skew angle (β) were large (> 5°) at peri-
ods longer than 56.8 s at more than half of the MT sites, 
which is also an indicative of strong three-dimensionality. 
Negative values of β at 56.8 s near the HCZ had become 
positive at 909 s, which implies an asymmetric resistivity 
distribution.

The Parkinson’s induction vector is defined as the 
reverse vector of the real part of the geomagnetic trans-
fer function, and it commonly points to a conductive 
anomaly (Parkinson 1962). Parkinson’s induction vectors 
between 3.56 and 56.8 s trend toward the Ishikari lowland 
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Fig. 2  Sounding curves of MT impedances for sites 420, 490, 180, and 230, including calculated responses of sensitivity tests for anomalies C-3 
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and the Tokachi Plain, which may indicate conductive 
areas there. They trend WSW with a maximum length of 
0.7 at 909 s and can be attributed to current channeling 

beneath the Ishikari Lowland because of the combination 
of conductors consisting of narrow conductive sediment 
beneath the lowland and seawater (Yamaya et  al. 2017). 
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Therefore, 3-D resistivity modeling that includes the 
presence of seawater is necessary to correctly estimate 
the subsurface resistivity distribution in the study area.

3‑D inversion
Although the MT stations were along a single line across 
the HCZ, we used 3-D rather than 2-D inversion for 
the following reasons. (1) The phase tensor ellipses and 
induction vectors (Fig. 3) indicated strong three-dimen-
sionality of resistivity structures that 2-D modeling 
sometimes misinterprets. (2) 3-D inversions can provide 
more realistic images of resistivity structure beneath MT 
stations if those stations are along a single profile and the 
structure is strongly three-dimensional (e.g., Siripunvara-
porn et al. 2005b).

We used 3-D inversion code WSINV3DMT (Siripun-
varaporn and Egbert 2009; Siripunvaraporn et al. 2005a). 
The objective function consisting of model roughness 
term and data misfit term is minimized in the inversion. 
The former term allows to estimate broader resistivity 
anomaly compared to true anomaly. The inversion uses 
data-space formulation in the objective function and the 
Occam scheme to evaluate the balance of model rough-
ness and data misfit. The settings and procedures we 
used are provided in Additional file 3.

The sounding curves calculated from the inverted 
model agreed reasonably with the measured curves 
(Fig. 2, Additional file 1) as did the measured phase ten-
sor ellipses and induction vectors (Fig.  3, Additional 
file  2). However, high-amplitude diagonal components 
of MT impedance and the geomagnetic transfer function 
at short periods were not well resolved at several sites 
(Additional file  1), mainly because the horizontal mesh 
size of the model (> 4 km) was too large to explain small-
scale horizontal variations of resistivity.

Results and discussion
The inverted resistivity model (Fig.  4a, b) shows signifi-
cant resistivity variations: (1) three distinct low-resistivity 
anomalies (conductors) between 7 and 40  km depth on 
the NE Japan arc side of the HMT (C-1, C-2, and C-3), (2) 
two shallow conductive layers at 0–6 km depth beneath 
the Ishikari lowland (C-4) and Tokachi Plain (C-5), and 
(3) two resistive zones in the center of the HCZ (R-1 and 
R-2).

The anomalous conductor beneath the Shikotsu 
caldera (C-3) was verified by the sensitivity test, as 
described in Additional file 4 (see also station HDK-420 
in Figs.  2, 4a, b, and Table  1). It supports the conduc-
tive region previously identified by Yamaya et al. (2017) 
(Additional file  5) because we used mostly different 
MT dataset from they used. This conductive region 

possibly represents a region of magmatic fluid beneath 
the Shikotsu caldera as Yamaya et al. (2017) discussed. 
However, we do not discuss the detailed resistivity 
distribution in this area because Yamaya et  al. (2017) 
modeled more-detailed resistivity distribution (see 
Additional file 4 for details).

Yamaya et  al. (2017) detected a deep conductor 
beneath the Ishikari-teichi-toen fault (C1 in Yamaya 
et  al. 2017) that our inverted resistivity model did not 
reproduce (Additional file  5). We attribute its absence 
in our model to the low sensitivity in the data due to 
following two effects. There is no MT site directly 
above the conductor. The electromagnetic field is atten-
uated by surface conductor C-4 and thus is slightly pen-
etrated beneath the C-4.

The low apparent resistivities at shorter periods 
(Fig.  2, Additional file  1) and high Φ2 values of the 
phase tensor (Fig.  3, Additional file  2) clearly suggest 
the presence of the two shallow subsurface conductors 
C-4 and C-5, which are spatially consistent with areas 
of low seismic velocity (Vp < 4.5 km/s) that were inter-
preted by Iwasaki et al. (2004) to represent Cretaceous 
or younger sedimentary rocks (Fig. 4c, d). Previous MT 
studies (Ichihara et al. 2008, 2016; Yamaya et al. 2017) 
have also recognized thick near-surface conductors 
associated with the sedimentary rocks.

In the following sections, we discuss our interpreta-
tions of the resistivity anomalies in the center of the 
HCZ (R-1, R-2, C1) and beneath the epicenter of the 
2018 earthquake (C-2).

Interpretation of the conductor beneath Kamui‑kotan belt 
(C‑1)
The sensitivity tests (Additional file  4) demonstrated 
that the observed data require the resistivity of C-1 
to be lower than 300  Ωm (Table  1) and that the C-1 
anomaly possibly extended to the north of the profile 
(Fig.  4a). Ogawa et  al. (1994) previously identified a 
conductor around the center of the C-1 anomaly. The 
distribution of the C-1 anomaly is consistent with the 
surface distribution of serpentinite mélange in the 
Kamui-kotan belt. In addition, seismic tomographic 
modeling has shown an area of high attenuation of seis-
mic energy beneath the Kamui-kotan belt (Kita et  al. 
2014). Such attenuation is a characteristic of rocks con-
taining aqueous pore fluids. Thus, we interpret the C-1 
anomaly to represent a zone enriched in aqueous pore 
fluid. Because geological studies have suggested that 
the root of serpentinitic material in the middle crust is 
in the region of C-1 (Katoh 2018; Ueda 2006), the C-1 
anomaly may reflect a zone of enriched aqueous pore 
fluid related to the formation of serpentinite.
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Resistive bodies beneath the Hidaka metamorphic zone 
(R‑1 and R‑2)
High apparent resistivities between sites 210 and 234 
(see site 230 in Fig. 2) correspond to the surface resis-
tive zone of the Hidaka metamorphic belt (R-2), which 
contains granulite and plutonic rocks. The electri-
cal resistivity of dry granulite from this area is high 
(2000 Ωm at 570 K; Fuji-ta et al. 2004). Moreover, dry 
plutonic rocks under surface conditions generally show 
high resistivity. Thus, the R-2 anomaly can be explained 
by the presence of granulite and plutonic rocks. The 
distribution of the eastern part of the R-2 anomaly 
is consistent with the distribution of plutonic rocks 
identified from gravity survey data (Kamiyama et  al. 
2005). Alternatively, the area of relatively low resistivity 
beneath the R-2 anomaly can be interpreted to repre-
sent metasedimentary rocks, as discussed by Kamiy-
ama et al. (2005).

Sensitivity modeling showed that the R-1 high-resis-
tivity anomaly (> 4000  Ωm) is at depths around the 
middle crust (Additional file  4). Based on the surface 
trace of the HMT and a dipping seismic reflector previ-
ously observed in the middle crust (Iwasaki et al. 2004), 
the R-1 anomaly is within the footwall of the HMT 
(Fig.  4d). In contrast, Ichihara et  al. (2016) identified 
a conductive zone in the footwall of the HMT in the 
southern part of the HCZ and interpreted it to repre-
sent dehydration fluid flow from the Pacific plate (Addi-
tional file  5). Such variations of resistivity along the 
footwall of the HMT possibly reflect a dependence of 
the supply of dehydration fluid on the depth of the plate 
boundary. However, resistivity distribution between 
the C-1 and R-1 anomalies is not constrained because 
of the sparse MT coverage between sites 190 and 210 
(Fig.  4). More-detailed observations with a gridded 
array of MT sites are essential to obtain a detailed 3-D 
resistivity model for this anomaly.

Conductive anomaly (C‑2) near the hypocenter of 2018 
Hokkaido Eastern Iburi earthquake
We applied a sensitivity test (as for the C-1 anomaly) to 
the C-2 anomaly (see Fig.  4, Table  1, Additional file  4), 
which lies above the hypocenter of the 2018 Hokkaido 
Eastern Iburi earthquake. Yamaya et  al. (2017) also 
showed a weak conductive anomaly in the area of our C-2 
anomaly (Additional file 5). Although the sensitivity test 
degraded the fit of the sounding curves to the observed 
data (see station 490 in Fig. 2), the RMS misfit was insuf-
ficiently different from that of the final model to satisfy 
the F-test (Table  1, Additional file  4). Therefore, the 
observed data we used cannot resolve conductive area 
C-2. We suggest that attenuation of the electromagnetic 
field by surface conductor C-4 above the C-2 anomaly 
decreased the strength of the MT response of the under-
lying rocks.

To further clarify the resistivity distribution in the area 
of the C-2 anomaly, we need to increase data quality and 
quantity to overcome the effect of attenuation of the 
magnetic field by shallow conductors. The C-2 anomaly 
has sensitivity to the MT response around the site 490 
and will be demonstrated by additional MT measure-
ments (Additional file 4). If the modeled C-2 conductor is 
indeed genuine, it may represent a region rich in pore flu-
ids that control fault rupture (e.g., Scholz 2002). It would 
therefore be a key to understand the anomalous faulting 
in the HCZ. Therefore, denser MT survey data coverage 
is required around the epicentral area of the 2018 Hok-
kaido Eastern Iburi earthquake.

Conclusions
We used 3-D inversion to reanalyze MT imped-
ances and geomagnetic transfer functions beneath an 
east–west transect that crosses the HCZ and the focal 
zone of the 2018 Hokkaido Eastern Iburi earthquake. 
The resultant electrical resistivity model showed a 

Table 1  RMS misfits obtained in sensitivity tests of the inverted electrical resistivity model

For target anomalies named with a leading “R” (or “C”), only the blocks with higher (or lower) resistivities than that shown in the “Replaced value” column were 
replaced. Italic RMS misfits indicate a model significantly different from the inverted model. The RMS misfit for the final inverted model was 2.082, and all models have 
7296 degrees of freedom

Target anomaly Replacement value (Ωm)

30 100 300 1000

C-1 2.082 2.113 2.176 2.246

C-2 2.079 2.085 2.093 2.101

C-3 2.098 2.141 2.205 2.300

Target anomaly Replacement value (Ωm)

1000 2000 4000 10,000

R-1 2.396 2.221 2.124 2.087
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near-surface high-resistivity zone (R-2) beneath the 
Hidaka metamorphic belt that we interpreted to repre-
sent elevated mid-crustal plutonic rocks and granulite. 
Beneath resistive zone R-2, we identified a deep resis-
tive zone R-1 on the footwall of the HMT, although 
Ichihara et  al. (2016) identified conductive zones on 
this side of the fault in the southern part of the HCZ. 
The variations of resistivity we modeled possibly reflect 
variations of the amount of aqueous pore fluid supplied 
from the subducting Pacific plate. West of resistive 
zone R-1, we identified conductive zone C-1 beneath 
the high P–T metamorphic Kamui-kotan belt. Because 
the C-1 conductive zone is spatially related to the ser-
pentinite mélange of the Kamui-kotan belt, it likely 
represents a zone of enriched pore fluid related to the 
formation of the serpentinite. The resistivity model also 
showed a conductive anomaly (C-2) above the hypo-
center of the 2018 Hokkaido Eastern Iburi earthquake; 
however, this anomaly was not resolved by our mod-
eling owing to the sparse coverage and poor quality of 
the MT data we used. Additional dense MT surveys 
of high quality in the area around the epicenter of the 
2018 earthquake will clarify the existence and distribu-
tion of that conductor and make an important contri-
bution to our understanding of fault rupture processes 
in the deep crust in the HCZ.
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