
1. Introduction
The Atotsugawa fault (AF) (Figure 1) is one of the most active faults in Japan (Kato et al., 2006; Matsu-
da, 1966; Nakajima et al., 2010) and is located in the north of the Chubu region. This right-lateral strike-slip 
fault has a length over 60 km, trends ∼N60°E, and is subvertical near the Earth s surface (Matsuda, 1966). 
The AF is thought to be one of the best areas to research the physical mechanism of strain accumulation 
along earthquake faults for the following three reasons. First, the AF has caused several large historical earth-
quakes. The recurrence interval of large earthquakes along the fault is ∼2,500 years (Takeuchi et al., 2003), 
and one of the largest events was the 1858 Hietsu earthquake (∼M7) (Matsuda, 1966). Second, the AF is 
located in a high strain rate zone. With the aid of the dense GPS arrays around the AF, Ohzono et al. (2011) 
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Figure 1. Map of the study area with elevation gradation. Active faults and active volcanos are shown as black 
solid lines and red triangles, respectively. Observation stations used in this study are shown as colored symbols. Blue 
and cyan triangles represent five- or four-component wideband-MT stations and the electric field-only wideband-
MT stations, respectively. Pink and yellow circles represent repeater stations and self-made electrode points for the 
Network-MT measurement, respectively. The dipoles used in this study are shown as red solid lines. KTJ (filled star) 
represents the magnetic station used in estimating the response functions of Network-MT stations. KAG and WJM 
(open stars) represent the remote reference magnetic stations used for wideband-MT and Network-MT data processing, 
respectively. The bold green line indicates the profile along which the 2-D electrical resistivity structure is estimated. In 
the inset map, the NKTZ (Sagiya et al., 2000) is colored with purple and the Chubu region is marked by an oblique line 
pattern. NKTZ, Niigata–Kobe tectonic zone.
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revealed a high shear strain rate zone wedged between the Ushikubi fault (UF) and the Takayama-Oppara 
fault zone (TOFZ) (Figure 1). Ohzono et al. (2011) interpreted that the zone is a part of the Niigata–Kobe 
tectonic zone (NKTZ), a high strain rate zone running along the back-arc Japan seacoast in central Japan 
(Heki & Miyazaki, 2001; Sagiya et al., 2000; Figure 1). Furthermore, Ohzono et al. (2011) found that the 
fault slip deficits of the UF, AF, and TOFZ are responsible for the major portion of the deformation in the 
high shear strain rate zone. Third, geophysical studies including geodetic (Ohzono et al., 2011), seismic 
(e.g., Iidaka et al., 2015; Imanishi et al., 2011; Kato et al., 2006; Mizuno et al., 2005; Nakajima et al., 2010), 
and geoelectromagnetic (Goto et al., 2005; Yoshimura et al., 2009) studies have been conducted. Comparing 
the findings of different geophysical studies can enable a deep understanding of the subsurface structure.

The strain accumulation at the upper crust of the AF is considered to be caused by a mechanically weak 
zone with low viscosity in the lower crust (e.g., Iidaka et al., 2015; Nakajima et al., 2010). From the results 
of finite element modeling, Mizuno et  al.  (2005) suggested that the stress field around the fault can be 
explained by the superposition of the stress field associated with regional deformation and the stable slip 
along the deep extension of the fault. Based on the focal mechanism solutions around the fault, Imanishi 
et al. (2011) also suggested that aseismic deformation with right-lateral strike-slip faulting occurs in a nar-
row zone at the downward extension of the AF. Seismic velocity structure under the fault also suggests that 
the water-weakened lower crust plays an important role in the strain accumulation along the fault. Using 
seismic traveltime tomography, Nakajima et al. (2010) identified a low-velocity anomaly beneath the AF, 
which is distributed subparallel to the strike of the AF in the middle to lower crust (from about 15 km to 
about 35 km in depth). They interpreted that abundant aqueous fluids (H2O) are responsible for the low-ve-
locity anomaly and that they reduce the mechanical strength of the lower crust. Iidaka et al. (2015) also 
suggested that the lower crust under the study area has a low velocity by performing a seismic survey using 
artificial sources. They suggested a lower-crustal reflective zone under the AF and the TOFZ represents 
a water-weakened area. However, in the seismic structures revealed by Nakajima et al. (2010) and Iidaka 
et al. (2015), the localized aseismic shear zone suggested by Mizuno et al. (2005) and Imanishi et al. (2011) 
cannot be clearly identified. Instead, the low-velocity area appears to be broadly distributed beneath the AF.

To identify the formation mechanism of the aseismic shear zone and its relationship with the superjacent 
seismic fault, the position and the configuration of the localized shear zone need to be understood. An 
effective approach for imaging the localized shear zone is conducting an electromagnetic induction sur-
vey which delineates the subsurface electrical resistivity structure (e.g., Becken et al., 2008; Wannamaker 
et al., 2009). Electrical resistivity is a physical property that is useful to elucidate the Earth s interior (Chave 
& Jones, 2012; Simpson & Bahr, 2005). Because electrical resistivity is sensitive to the interconnected fluid 
in subsurface rocks, subsurface prospecting based on electrical resistivity can potentially help us to image 
lower-crustal shear zones with aqueous fluid (Becken & Ritter,  2012; Jiracek et  al.,  2007). For example, 
Wannamaker et al. (2009) found strike-slip shear zones caused by interconnected aqueous fluid in the lower 
crust under the Marlborough region, New Zealand. Along the North Anatolian fault in Turkey, fluid-rich 
areas associated with mechanical weakening of the lithosphere (Türkoǧlu et al., 2008) and seismic activ-
ities (Kaya et al.,  2013; Tank et al.,  2005) have been found. Becken et al.  (2008, 2011) identified crustal 
pathways for deep fluids into the San Andreas fault. In western Yunnan, China, Ye et al. (2018) revealed 
clear lower-crustal conductive anomalies under a large-scale shear zone and Ye et al. (2020) found mid-to-
lower-crustal conductors associated with seismogenic structures of some strong earthquakes. Moreover, in 
Japan, several electromagnetic induction surveys have identified electrical conductors close to seismically 
active regions and have discussed the influences of fluids on earthquakes (e.g., Aizawa et al., 2021; Ichihara 
et al., 2011; Ogawa & Honkura, 2004; Ogawa et al., 2001; Uyeshima et al., 2005; Yoshimura et al., 2008).

Around the AF, previous studies have already investigated two-dimensional (2-D) electrical resistivity struc-
tures with wideband magnetotelluric (WMT) measurements (Goto et al., 2005; Yoshimura et al., 2009). Goto 
et al. (2005) revealed a resistive area (>3,000 Ωm) in the upper crust around the AF, underlain by a relatively 
conductive area (<1,000 Ωm). Yoshimura et al. (2009) conducted an MT survey on a wider area, from the 
Toyama plain to the TOFZ, and confirmed the existence of lower-crust conductors (∼10 Ωm), whose tops 
are located at a depth of about 10 km, beneath the study area. However, the electrical resistivity structures 
of the previous electromagnetic studies could have been affected by lateral small-scale inhomogeneities 
near the Earth s surface. Because of the existence of small-scale inhomogeneities of the electrical resistivity 
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near the Earth s surface, the electric field measured by a dipole (typically several tens of meters; Figure 2a) 
is distorted by some factors depending on the lateral contrast of the inhomogeneities (e.g., Ogawa, 2002; 
Uyeshima, 2007). Therefore, the MT apparent resistivity is also distorted, while the phase of MT impedance 
is negligibly affected if it is assumed that phase mixing due to complex distortion does not occur (Ogawa, 
2002). Because the apparent resistivity determines the amplitude of the subsurface electrical resistivity to 
be estimated and the typical scale length of the structure, we might fail to estimate the electrical resistivity 
structure with correct scale unless we properly remove the distortion on the observed apparent resistivity, 
called the static shift. Approaches to remove the static shift can be classified into three categories (Ogawa, 
2002): (1) spatial filtering such as EMAP method (Torres-Verdin & Bostick, 1992), (2) combined use of other 
independent information that is free from the static shift, and (3) estimation of the static shifts as unknown 
variables with MT inversion. Goto et  al.  (2005) and Yoshimura et  al.  (2009) adopted the third category 
among them. Specifically, they used statistical methods for estimating the static shift. However, because the 
numbers of the stations used in the previous studies were at most 17, it is not evident that the influences of 
the static shift were accurately removed by the statistical methods. In addition, Goto et al. (2005) and Yoshi-
mura et al. (2009) showed only the crustal electrical resistivity structure because the MT response functions 
for periods longer than several thousands of seconds could not be well estimated. Nakajima et al. (2010) and 
Iidaka et al. (2015) suggested that the aqueous fluid in the lower crust under the study areas is originated 
from the water dehydrated from the subducting Philippine Sea slab (PHS), which is located down to a depth 
of about 140 km under the north of the Chubu region (Nakajima et al., 2009). Therefore, to better under-
stand the root of the aqueous fluid in the lower crust, it is important to investigate the electrical resistivity 
structure down to the upper mantle.

In this study, to estimate an electrical resistivity structure being robust against the static shift and en-
hance the sensitivity of the structure to the uppermost mantle, we performed the Network-MT (NMT) 
measurement (Uyeshima, 2007) in addition to the WMT measurement and developed a method that com-
bined both MT data sets. In the NMT measurement, a metallic telephone line network is used to measure 
the electrical potential difference between two distant electrodes (Figure 2b), whereas the magnetic field 
is measured by a three-component magnetometer as in the conventional MT measurement (Uyeshima, 
2007). Although, in the NMT measurement, the distance between the observed locations of the electric 
field and the magnetic field can be longer than several tens of kilometers, previous studies using the data of 
the NMT measurements (Hata et al., 2015; Satoh et al., 2001; Siripunvaraporn et al., 2004; Uyeshima, 2007; 
Yamaguchi et al., 2009) showed that this approach can image electrical resistivity structures appropriately. 
Because dipoles longer than several kilometers are used in the NMT measurement, response functions of 
the NMT measurement are negligibly affected by the static shift (Uyeshima, 2007; Uyeshima et al., 2001). 
Thus, combined inversion should provide an electrical resistivity structure with correct scale owing to the 
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Figure 2. Schematic views of (a) conventional WMT measurement and (b) NMT measurement. In the conventional 
WMT measurement, electric potential differences are measured with base lines with a length of typically several tens of 
meters. In contrast, in the NMT measurements, metallic telephone line networks connected to respective electrodes are 
used as dipoles for measuring electric potential differences. Dipoles longer than several kilometers are generally used in 
the NMT measurement. Data loggers recording dipole signals are installed at the repeater station of the telephone line 
network. WMT, wideband magnetotelluric; NMT, Network magnetotelluric.
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NMT data even when the response functions of WMT data are distorted by the static shift. In addition, 
long baseline telluric measurement makes the signal-to-noise ratio of the observed electrical field of the 
NMT measurement significantly higher than that of the WMT measurement, and the well-maintained 
telephone line facilities of telephone companies enable us to perform long-term observation for from sev-
eral months to even several years (Kinoshita et al., 1989; Uyeshima et al., 1989). As a result, from the ob-
served electric field of the NMT measurement, we can estimate response functions with small errors even 
at periods longer than several thousands of seconds. Therefore, the NMT measurement has the potential 
for enabling us to estimate reliable electrical resistivity down to the upper mantle. However, the NMT 
measurement has a disadvantage in that obtaining short-period data, typically of periods shorter than 10 s, 
is difficult because the artificial noise on a telephone line contaminates the measured electric field at such 
short periods. Therefore, the data of the NMT measurement have low sensitivity to the shallow structures 
compared to the data of the WMT measurement. By using both the NMT and WMT data sets, the combined 
inversion allows us to reveal electrical resistivity structure from the shallow crust to the upper mantle 
(Satoh et al., 2001).

An approach to use the response functions of both WMT and NMT measurement in the inversion has 
already been performed by Satoh et al. (2001). However, in the study by Satoh et al. (2001), locations of 
the observation stations for the electric field of the NMT measurement, called NMT stations hereafter, are 
represented not as long dipoles but as a centroid point of a polygon formed by the dipoles, in the same way 
as for the stations of conventional MT measurements. This treatment can provide wrong constraints on 
the subsurface electrical resistivity structure to be estimated because the average electric field along the 
long dipole is not correctly calculated for NMT stations in the inversion. Furthermore, Satoh et al. (2001) 
allowed NMT stations to be affected by the static shift and estimated their influences in the inversion, 
although response functions of NMT measurements are negligibly affected by the static shift, as described 
above. As shown in Uyeshima (2007), there is a significant difference between the apparent resistivity 
obtained by using long dipoles and that obtained by using conventional short dipoles since the latter are 
affected by the short wavelength spatial variation of the electric field. Therefore, the approach of Satoh 
et al.  (2001) can fail to recover the correct length scale and spatial contrasts of the electrical resistivity 
structure in the inversion. In this study, therefore, we developed a new inversion method combining the 
WMT and NMT data sets by adopting the following two novel approaches. First, we represent NMT sta-
tions as long dipoles as in actual NMT measurements rather than points to provide proper constraints on 
the electrical resistivity structure. Specifically, in the new method, we use the voltage difference between 
distant electrodes of each dipole, which is computed by integrating the electric field along the dipole, to 
calculate the response functions for NMT stations. In addition, in our study, we imposed the constraint that 
the response functions of NMT stations are free from static shift to correct the static shift of WMT stations 
in the combined inversion.

In the following sections, the algorithms of the combined inversion method are first presented. Next, we 
describe the synthetic inversion tests in which we verified that the developed combined inversion method 
can recover the subsurface structure properly regardless of the static shift on the WMT response functions. 
After that, we present the observation data around the AF and the calculation conditions of the combined 
inversion using the actual data, followed by a description of the estimated electrical resistivity structure. 
Finally, we interpret the subsurface electrical resistivity structure around the AF and then discuss the strain 
concentration mechanism and the source of the subsurface fluid around the study area.

2. Development of a 2-D WMT–NMT Combined Inversion Method
We modified the 2-D MT inversion code of Ogawa and Uchida (1996), called OU1996 hereafter, to allow 
the combined use of WMT and NMT data. The forward calculation part of OU1996 utilizes the finite ele-
ment method. Because OU1996 utilizes MOM s algorithm (Rodi, 1976), the horizontal component of the 
secondary field and the primary field are interpolated linearly both in the vertical and horizontal directions 
within the finite elements just below the Earth s surface. In OU1996, the subsurface electrical resistivity and 
the static-shift parameter g, defined as the difference between common logarithms of observed (distorted) 

apparent resistivity  obs
a  and undistorted apparent resistivity  undist

a  as in Equation 1, at each MT station are 
estimated by linearized least squares inversion:
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     obs undist
10 10log loga ag (1)

The objective function to be minimized in OU1996 consists of the data misfit term, the model roughness 
term, and the L2 norm of the static-shift parameter g. A 2-D second-order operator (2-D Laplacian) is used 
for calculating the model roughness term. The objective function is minimized by the Gauss–Newton meth-
od. The trade-off parameters for the model roughness term and the L2 norm of the static-shift parameters, 
denoted as α and  , respectively, are selected using Akaike s Bayesian Information Criterion (ABIC) (Akai-
ke, 1980) in OU1996. ABIC is a model selection criterion based on the maximum entropy theorem and 
Bayesian statistics (Akaike, 1980).

There are two approaches about the response functions of the NMT stations: some studies use the response 
function between voltage difference of a dipole and the horizontal magnetic field (Hata et al., 2015; Siripun-
varaporn et al., 2004); the others use the apparent resistivity and phase calculated from voltage differences of 
two pair of dipoles and the magnetic field (Satoh et al., 2001; Uyeshima et al., 2001; Yamaguchi et al., 2009). 
In this study, we adopted the latter approach because the latter allows us to compare the response functions 
of NMT stations directly with those of WMT stations, leading to a higher affinity for the WMT method than 
the former. In OU1996, as in other conventional MT inversion programs, an observation station is treated 
as a point on the Earth s surface in the computational mesh. However, the length of a dipole of NMT meas-
urements is much longer than that of conventional MT measurements and is consequently longer than the 
widths of the finite elements used for inversion. We therefore modified OU1996 so that the electric field and 
the MT response functions of NMT stations are computed from the electrical potential differences of their 
long dipoles, each of which are generally located on multiple finite elements. The location of an NMT sta-
tion is given by the coordinates of the start and end points of the two dipoles composing it. In the following 
sections, the vector from the start point to the end point will be denoted as dipole vector.

We describe how to compute the transfer function of an NMT station, assuming that the strike of the sub-
surface electrical resistivity structure is parallel to the x-axis as illustrated in Figure  3a. Because dipole 
lengths along the y-axis are generally longer than widths of finite elements, dipoles are divided into small 
segments by the nodes at the Earth s surface of the computational mesh. The electric potential difference 
along a dipole is computed by summing up the electric potential differences of the small segments. In the 
TM mode, because the electric field is parallel to the y-axis, the electric potential difference of a segment is 
calculated as

         
          

 

2 2 y 1 y 22 1
y 1 y 2

1 1
Δ Δ

Δ Δ 2

y y

y y

E y E yy y y yV d E y E y dy y
y y

E y (2)
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Figure 3. (a) Schematic image of an NMT station on a 2-D computational mesh. (b) Relation between the electric field 
component parallel to a small segment of a dipole and the TE-mode electric field at the ends of the segment. Red solid 
lines indicate the small segment. Triangle A is the right-angled triangle whose hypotenuse is the small segment, while C 
is the integral route traveling along the edges of triangle A in the clockwise direction. NMT, Network magnetotelluric.
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where y1 and y2 correspond to the y-coordinates of the start and end points of the segment, respectively; 
Ey(y1) and Ey(y2) are the electric field at these points; and Δy (=y2 − y1) is the projected length of the segment 
on the y-axis. From the electric potential differences of the small segments, the electric potential difference 
along a dipole is calculated as

   Δ
N

jj
V V (3)

where N is the total number of the small segments composing the dipole; j indicates the indexes of the seg-
ments; and  Δ

j
V  is the electric potential difference of the jth segment.

Meanwhile, in the TE mode, the electric field is parallel to the x-axis. In addition, because the vertical 
magnetic field induces electric potential differences along the dipoles of NMT stations in the TE mode, we 
consider Faraday’s law

 
 

0rot
t
HE (4)

where 0 is the magnetic permeability of vacuum. The area integral of the left-hand side of Equation 4 over 
the right-angled triangle whose hypotenuse is a segment composing a dipole (triangle A of Figure 3b) is

     
2Δ Δx

CA
rot d d E L E y x∬ ∮E S E s (5)

where C is the integral route traveling along the edges of area A in the clockwise direction; E is the elec-
tric field component parallel to the segment; ΔL is the length of the segment; Ex(y2) is the x-component 
of the electric field at the end point of the segment; and Δx is the projected length of the segment on 
the x-axis. In contrast, the area integral of the right-hand side of Equation 4 over the triangle A can be 
rearranged as





     





 
    

  0 0

2 1

1

2

1

2

2

A

z
x

x x

t
d i H x y

E

y
x y

E y E y

H S    

x,

 (6)

where i is the imaginary unit and ω is the angular frequency of the electromagnetic field. In Equation 6, we 
used the relation between the vertical magnetic field and x-component of the electric field with eiωt time 
dependence:




 0
x

z
E i H
y (7)

which is obtained using Faraday s law (Equation 4) in the TE mode. From the equality between Equations 5 
and 6, the electric potential difference along the segment can be calculated as

   
    1 2Δ Δ Δ .

2
x xE y E y

V E L x (8)

In the same way as the TM mode, the electric potential difference along a dipole is calculated by summing 
up the electric potential differences of the segments composing the dipole.

By dividing the electric potential difference along a dipole by its length L, the electric field component par-
allel to the dipole vector is calculated as follows:

  / .E V L (9)
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From the electric field components parallel to a pair of dipoles of an NMT station, the x- and y-components 
of the electric field ( xE  and yE ) are computed as

   
 
 

 

   



1 2 2 1

2 1

sin sin

sinx
E E

E (10)

   
 

   

 

   



1 2 2 1

2 1

sin / 2 sin / 2

siny
E E

E (11)

where 1E  and 2E  are the electric field components parallel to the first and second dipole of an NMT station, 
respectively, and 1 and 2 are angles of the dipole vectors of the first and second dipole from the positive 
x-direction, respectively. The proof of Equations 10 and 11 is shown in Appendix A. The x- and y-compo-
nents of the electric field are used in the TE and TM mode, respectively. Meanwhile, the magnetic field for 
NMT stations is calculated in the same manner as that for WMT stations because the magnetic field for 
NMT stations is measured in the same manner as that in the conventional MT measurement. From the 
electric field of NMT stations and the magnetic field at a magnetic observatory, the apparent resistivity and 
phase of NMT stations are computed in the same way as the conventional MT method.

Similar to the forward calculation part, we developed a sensitivity calculation procedure for the response 
functions of NMT stations in OU1996. In OU1996, the sensitivity matrix (Jacobian matrix) is computed 
with the reciprocity technique (Rodi, 1976). This technique requires interpolation functions that give the 
electric field at each NMT station from the electric field at the nodes of the computational mesh. Because, 
as described above, the electric field ( xE  and yE ) is calculated by the linear interpolation of the electric field 
at the nodes, one can develop interpolation functions for the electric fields of NMT stations. We, thus, mod-
ify the sensitivity calculation procedure of OU1996 to solve linear equations containing the interpolation 
functions for the response functions of the NMT stations.

3. Synthetic Test for the Developed Combined Inversion Method
To evaluate the effectiveness of the developed combined inversion method, we tested the modified inversion 
code with two synthetic models. The first model (denoted as model-A hereafter) is a one-dimensional (1-D) 
layered model containing a 6-km-thick layer with 300 Ωm, underlain by a layer with 30 Ωm (Figure 4a). The 
second model (denoted as model-B hereafter) is a 2-D model with two rectangular conductive anomalies 
(10 and 100 Ωm) at a depth from 10  to 20 km in the 1-D electrical resistivity structure identical to model-A 
(Figure 4b). Therefore, to give the static shift to the response functions of the WMT stations, we located 
electrical resistivity anomalies of 5 m thickness and 5 km width just beneath the Earth s surface in the area 
from approximately x = −30 km to x = 30 km (Figures 4a and 4b). The electrical resistivity values of these 
surficial anomalies were randomly derived from the Gaussian distribution on the base 10 logarithmic scale, 
whose mean and standard deviation were 2.477 (the base 10 logarithm of 300 Ωm) and 0.5, respectively. On 
the Earth s surface of the models, 14 conventional WMT stations were placed at 4-km intervals and 7 NMT 
stations at 8-km intervals (Figure 4c). Each of the NMT stations was composed of two dipoles of 9.2 km, 
and the angle between each pair of dipoles was 60°. At each station, the apparent resistivity and phase of 
16 periods from 0.015625 s (64 Hz) to 512 s were computed. The location of the magnetic observatory for 
the NMT stations, which corresponds to the barycenter of the triangle whose two sides are the dipoles of 
the centermost NMT station, is shown in Figure 4c. On the other hand, for each WMT station, the magnetic 
field at its own location was used.

The computed apparent resistivity and phases for model-A are shown in Figures 5 and 6. Except for the 
TM-mode apparent resistivity of the WMT stations, the computed response functions are close to the ana-
lytical solutions for the two-layered medium (Kaufman & Keller, 1981). The TM-mode apparent resistivity 
of the WMT stations is shifted from the analytical solution by the static shift due to the small electrical 
resistivity anomalies under the stations (Figure 5). Meanwhile, the TM-mode apparent resistivity of the 
NMT stations is close to the analytical solutions (Figure 6), proving that the apparent resistivity of NMT 
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stations is negligibly affected by the small-scale electrical resistivity anomalies just beneath the Earth s 
surface if the dipole length is significantly longer than the length scale of near-surface heterogeneities, 
as shown in Uyeshima (2007). The computed apparent resistivity for model-B also demonstrates signif-
icant shifts at WMT stations and negligible shifts at NMT stations (Figures S1 and S2 in the supporting 
information).

We then performed inversions for model-A and model-B using the computed apparent resistivity and 
phase as synthetic data. To compare the combined inversion with the conventional MT inversion, we per-
formed combined inversions as well as the inversions using only the synthetic data of WMT stations. In 
the inversions using only the WMT data, the apparent resistivity and phase of 16 periods from 0.015625 s 
(64 Hz) to 512 s were used as observed data. The TE-mode apparent resistivity is not used because the 
static shift to the TE mode cannot be produced by the 2-D forward calculation with near-surface heteroge-
neities although, in the real world, the TE-mode apparent resistivity is also distorted by 3-D near-surface 
heterogeneities. If the TE-mode apparent resistivity free from the static shift is used, it can bring correct 
electrical resistivity and length scale to the inversion result. We added Gaussian noise to the apparent re-
sistivity with a standard deviation of 2% of the original value and noise with a standard deviation of 0.57° 
to the phase, both of which correspond to 1% error on the impedance tensor. The error floor was set to 
5% for the apparent resistivity and 1.43° for the phase. The initial model of the synthetic inversions was a 
100-Ωm homogeneous resistivity model. In addition to the subsurface electrical resistivity structure, the 
static-shift parameter g at each WMT station was estimated as unknown. The trade-off parameter α is fixed 
to be 1.0, whereas the trade-off parameter   is selected from five different values (0.100, 0.173, 0.316, 0.548, 
and 1.00) by comparing the resultant ABICs. These s are aligned with approximately equal intervals on 
a logarithmic axis.
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Figure 4. Electrical resistivity models for the synthetic test. (a) Model-A is the two-layered model with a 300-Ωm upper layer, underlain by a 30-Ωm second 
layer. The thickness of the first layer is 6 km. (b) Model-B has two rectangular anomalies of 10 and 100 Ωm at a depth from 10  to 20 km in the 1-D electrical 
resistivity structure identical to model-A. Both in model-A and model-B, we located small-scale electrical resistivity anomalies just below the Earth s surface. 
The electrical resistivities of the anomalies were determined from a Gaussian distribution on the base 10 logarithmic scale. (c) Locations of WMT stations 
(blue inverted triangles) and NMT stations (red solid lines). The angle between the two dipoles of each NMT station was 60°. The location of the magnetic 
observatory for the NMT stations is indicated by a black arrow. WMT, wideband magnetotelluric; NMT, Network magnetotelluric.



Journal of Geophysical Research: Solid Earth

ABIC was minimized for both model-A and model-B when β was 0.316. We therefore selected the electrical 
resistivity structure for   = 0.316 as the most appropriate model of the WMT inversions. The electrical 
resistivity structures for model-A and model-B are shown in Figures 7a and 7c, respectively. The root mean 
square (RMS) values of the inversion results for model-A and model-B are 0.48 and 0.45, respectively. Re-
garding model-A, although the resultant electrical resistivity structure is nearly 1-D as the true electrical 
resistivity structure, the subsurface electrical resistivity is significantly lower than that of the true model. 
The resistivities of the first and the second layer of the inversion result are about 150 and 15 Ωm, respective-
ly, which are about half of the resistivities of the true model. Furthermore, the thickness of the first layer is 
about 4 km, which is two thirds of the thickness of the true model. The resultant electrical resistivity struc-
ture for model-B also has a lower and shallower electrical resistivity structure than the true model when we 
used only the WMT data. Because the average of the static shift of the synthetic data was biased from zero 
toward the minus side (Figure 5a), it can be considered that the inversion program assuming Gaussian static 
shift with zero mean underestimated the static-shift parameter, resulting in the situation that the electrical 
resistivity values and the length scale of the subsurface structure were underestimated.

Next, we describe the calculation condition and the results of the combined inversions using the devel-
oped combined inversion method. In the combined inversion, in addition to the response functions of the 
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Figure 5. Computed apparent resistivity and phase of the WMT stations from model-A compared with the analytical 
solutions for the horizontal two-layered medium. The indexes of the WMT stations increase from the minus y-direction 
to the positive y-direction: WMT#1 and WMT#14 indicate the left-most and right-most stations in Figure 4, respectively. 
WMT, wideband magnetotelluric.
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WMT stations, the computed apparent resistivity and phase of the NMT stations were used as the observed 
data. As the response functions of the NMT stations, only the upper half of the periods used for the WMT 
stations, specifically eight periods from 4 to 512 s, were used because it is usually difficult to obtain the 
response functions at short periods at NMT stations, as explained in the previous section. In the same way 
as the WMT inversions described above, the apparent resistivity and phase of the TM mode and the phase 
of the TE mode were used. For the WMT stations, the static-shift parameter g values were estimated as un-
knowns as in the WMT inversions describe above. In contrast, for the NMT stations, we kept the g values as 
0.0 in the combined inversion because the apparent resistivity of the NMT stations was little affected by the 
static shift. In addition, the norm of g values was removed from the objective function of the model because 
the g values of the WMT stations are expected to be constrained via the subsurface electrical resistivity struc-
ture by the apparent resistivity of the NMT stations. Therefore, the trade-off parameter β was not considered 
in the inversion. The other calculation conditions of the combined inversions were the same as the WMT 
inversions described above.

The electrical resistivity structures obtained by the combined inversion are shown in Figures 7b and 7d. 
The RMS values of the combined inversion results for model-A and model-B are 0.43 and 0.44, respectively. 
The resultant electrical resistivity structures are close to the true electrical resistivity structures. The elec-
trical resistivity and thickness of the first layer in both model-A and model-B were properly estimated by 
the combined inversion method. In addition, two rectangular anomalies in the second layer were imaged 
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Figure 6. Computed apparent resistivity and phase of the NMT stations from model-A compared with the analytical 
solutions for the horizontal two-layered medium. The indexes of the NMT stations increase from the minus y-direction 
to the positive y-direction: NMT#1 and NMT#7 indicate the left-most and right-most stations in Figure 4, respectively. 
NMT, Network magnetotelluric.
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at the original locations for model-B. Therefore, it was confirmed that the developed inversion method can 
correctly estimate the subsurface electrical resistivity structure even if the conventional MT method cannot 
estimate the correct structure because of static shift.

4. WMT and NMT Measurement Around the AF
We subsequently applied the modified inversion code to the actual data observed around the AF. We used 
the same time series data of the WMT measurement as used by Yoshimura et al. (2009). Five component 
MT instruments MTU5 of Phoenix Geophysics Ltd or two components (only electric field) MT instruments 
MT2E of the same company were used to obtain the time series data. However, in order to enhance the 
quality of the MT response functions, we reestimated the response functions using the robust remote ref-
erence magnetotelluric (RRRMT) data processing code developed by Chave et al.  (1987) and Chave and 
Thomson (1989). Of the 18 WMT stations (Figure 1), 7 stations were two-channel MT stations, at which 
only the electric field was measured. For those telluric only stations and AT014, the magnetic field meas-
ured at AT008 was used to calculate the MT response functions. The distant locations of the telluric and 
magnetic fields were taken into account for the forward modeling and the inversion as in Comeau, Becken, 
Käufl, et al. (2020) and Käufl et al. (2020). For the remote reference technique (Gamble et al., 1979), we used 
the magnetic field data of KAG, which is located ∼800 km southwest of the survey area as in Yoshimura 
et al. (2009). At the WMT stations, we determined the response functions for 38 periods aligned at approxi-
mately equal intervals in the logarithmic scale from 0.003906 s (256 Hz) to 1,365 s.
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Figure 7. Results of the synthetic inversions for (a and b) model-A and (c and d) model-B. The results of the inversions using only the synthetic data of WMT 
stations are shown in (a and c), whereas the results of the combined inversions are shown in (b and d). In each figure, the depth of the boundary between 
the first and the second layer is marked by a black arrow. The locations of rectangular anomalies are indicated by broken lines in (c and d). WMT, wideband 
magnetotelluric.
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In addition to the above-mentioned WMT measurement, we performed NMT measurement in Chubu re-
gion of Japan (Uyeshima et al., 2006, 2007, 2008). In this study, we used the observed data of 12 NMT sta-
tions and a geomagnetic station KTJ (Figure 1). The observation period of the NMT stations was April 1, 
2006, to June 10, 2008. At each of the NMT stations, the electric potential differences between up to eight 
pairs of electrodes were measured for more than 4 months using the data logger SES93 of Ado-Systems Ltd, 
which can measure up to eight channel voltage differences at a 1-s sampling rate. Among the dipoles, we 
selected two dipoles for each NMT station so that the area of the polygon whose apexes are the end points 
of the dipoles is maximized. The dipoles selected in this study typically have lengths of tens of kilometers. 
From the time series of the electric potential differences between pairs of the electrodes of a dipole, we 
calculated the electric field components parallel to the dipole. From the electric field components of two 
dipoles, we subsequently calculated the x- and y-components of the electric field in the same way as that 
described in Section 2. For the remote reference technique (Gamble et al., 1979), we used the magnetic field 
data at WJM, which is located about 130 km to the north of KTJ, in estimating the NMT response functions. 
Geomagnetic fields both at KTJ and WJM were measured at a 1-s sampling rate by U36MD of Tierra Tecnica 
Ltd, which used fluxgate magnetic sensors. From the time series data of the electric field and the magnetic 
field, we determined the frequency domain response functions for 24 periods from 8 to 21,845 s using RR-
RMT (Chave & Thomson, 1989; Chave et al., 1987). Of those periods, the periods ranging from 8 to 1,365 s 
overlap with the periods in which the WMT response functions are estimated. The squared coherences be-
tween the electric and magnetic components of the NMT stations are higher than those of WMT stations in 
the period range. At the period of 1,365 s, the average value of the squared coherencies of the NMT stations 
is 0.91 while that of the WMT stations is 0.47.

Preceding the combined inversion, we determined the strike direction of the subsurface electrical resistivity 
structure from the response functions. Because the electric field of WMT stations can be distorted by galvan-
ic distortion, including the static shift, we estimated the strike direction from the WMT data based on the 
phase tensor (Caldwell et al., 2004), which is free of galvanic distortion, similar to the study by Yoshimura 
et al. (2009). Figure 8a shows a rose diagram of the phase tensor ellipse axes calculated from the imped-
ance tensors of the WMT stations. While drawing the rose diagram, we excluded the response functions for 
which the absolute values of the skew angle β (Caldwell et al., 2004) are greater than 5°. The rose diagram 
shows that phase tensor ellipse axes are concentrated around N25°W–S25°E or N65°E–S65°W. The rose 
diagram drawn by using all the data, including those with large β, also indicates the same strike directions 
(see Figure S3 and supporting information).

Meanwhile, because the electric field of the NMT measurement is negligibly affected by galvanic distor-
tion, we used the more straightforward method for the NMT data to estimate strike direction. Specifically, 
from the response function of the NMT stations, we estimated the strike direction based on the Swift strike 
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Figure 8. (a) Rose diagram of the direction α s of the phase tensor (Caldwell et al., 2004) of the WMT stations. (b) Rose 
diagram of the Swift strike directions (Simpson & Bahr, 2005; Swift, 1967) of the NMT stations. In the rose diagrams, 
cumulative values of the direction α values and the Swift strike directions are shown with a 90° ambiguity. Both of the 
directions indicate the strike direction of the subsurface electrical resistivity structure. Red solid lines indicate the strike 
direction selected in this study. WMT, wideband magnetotelluric; NMT, Network magnetotelluric.
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(Simpson & Bahr, 2005; Swift, 1967), where the square sum of the diagonal components of the impedance 
tensor is minimized. Figure 8b is the rose diagram of the Swift strikes calculated from the NMT data except 
those of NRH (Figure 1). We excluded the data of NRH because the average of the Swift skews (Simpson & 
Bahr, 2005; Swift, 1967) of NRH is about 1 and is nearly 5 times greater than the average skews of the other 
NMT stations. Figure 8b demonstrates that, in analogy with the strike direction estimated by the WMT 
data, the Swift strike is concentrated around N25°W–S25°E or N65°E–S65°W. When the data with large 
skew angles are included, the rose diagram shows the same strike directions (see Figure S4 and supporting 
information). Because the latter of the two directions is also consistent with the strikes of active faults in the 
study area, we determined the strike direction of the 2-D model as N65°E–S65°W.

Figure 9 illustrates the pseudo-sections of the apparent resistivity and phase calculated from the impedance 
tensor in the coordinate frame aligned to the strike direction (N65°E–S65°W). The horizontal axis of the 
pseudo-sections represents the projected positions on the profile that is perpendicular to the electromagnet-
ic strike and is centered at (E137.3199°, N36.3035°) (green bold line in Figure 1). As for the NMT stations, 
the barycenter of the polygon shaped by the dipole pairs is projected. The apparent resistivity in the north-
ern part of the profile, which corresponds to the Toyama plain, is significantly lower than that in the other 
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Figure 9. Pseudo-sections of the observed apparent resistivity and phase of the WMT and NMT stations used in this study. (a) TM-mode apparent resistivity. 
(b) TE-mode apparent resistivity. (c) TM-mode phase. (d) TE-mode phase. Colored circles represent the response functions of the WMT stations, while colored 
stars represent the response functions of the NMT stations. The horizontal axis represents the distance from the center of the profile shown in Figure 1. In the 
pseudo-section, NMT stations are plotted at the barycenter of the respective polygons formed by the pairs of dipoles. WMT, wideband magnetotelluric; NMT, 
Network magnetotelluric.
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area (Figures 9a and 9b). From the central to the southern part of the profile, it appears that the apparent 
resistivity increases from about 0.01 s to about 1 s and then decreases from 1 to 10,000 s (Figures 9a and 9b), 
and the phases are greater than 45° at the periods from about 1 to 100 s (Figures 9c and 9d).

5. Subsurface Electrical Resistivity Structure Around the AF
With the combined inversion algorithm, we estimated the electrical resistivity structure for the profile along 
which the pseudo-sections (Figure 9) are drawn in the previous section (green bold line in Figure 1). In 
the combined inversion, we used the response functions at the halves of the periods used in estimating the 
strike direction because even after the halving, there are over three periods per decade. Specifically, 19 peri-
ods from 0.0039 s (256 Hz) to 1,024 s were used for the WMT stations, whereas 12 periods from 8 to 16,384 s 
were used for the NMT stations. In the eight periods from 8 to 1,024 s, there are the response functions of 
both the WMT and NMT stations. In the inversion, we used the TM-mode apparent resistivity (the TE-mode 
apparent resistivity was not used) and the phases of both TM and TE mode, similar to the study by Yoshi-
mura et al. (2009). In addition, as in estimating the strike direction in the previous section, we excluded 
the WMT data with the absolute value of the skew angle β exceeding 5°. Furthermore, the TE-mode data 
of NRH were not used because the data of the station appear to be affected by 3-D structure as described in 
Section 4 and, in such a case, the use of TE-mode data is more likely to produce erroneous structure in the 
modeling than the TM-mode data (Wannamaker et al., 1984). The error floor was set to 5% for the apparent 
resistivity and 1.43° for the phase, which correspond to 2.5% error on the impedance tensor.

The horizontal length of the computational mesh used in the inversion was 3,416 km, and the bottom of the 
mesh was 2,512 km below the Earth s surface. This area was discretized with 6,314 rectangular elements. 
In the inversion, the electrical resistivity of the elements located in the sea was fixed to 0.25 Ωm (4 S/m 
when it is converted to the electrical conductivity), which is in the range of the electrical resistivity shown 
in Simpson and Bahr (2005). The sea depths along the profile were obtained from the JODC-Expert Grid 
data for Geography-500 (J-EGG500, 2021). When the resistivity of the sea was changed to 0.33Ωm (3 S/m) 
or to 0.20 Ωm (5 S/m), there were only minor differences observed between the resultant resistivity struc-
tures. The initial subsurface electrical resistivity was 100 Ωm. Similar to the synthetic inversion described 
in Section 3, the values of the static-shift parameter g were estimated for the WMT stations, while g values 
were fixed to zero for the NMT stations. Furthermore, similar to the synthetic inversion, the L2 norm of the 
g values was excluded from the objective function. The trade-off parameter α was selected from the results 
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Figure 10. (a) L2 norms of the resultant values of static-shift parameter g of the combined inversion using the observed 
data around the AF. (b) Resultant ABICs of the combined inversion. The horizontal axis of each figure represents 
the trade-off parameter α used in the inversion. The points corresponding to the most appropriate α we selected are 
surrounded by broken lines. AF, Atotsugawa fault; ABIC, Akaike s Bayesian Information Criterion.
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of the inversions with eight different α values: 0.316, 0.548, 1.00, 1.73, 3.16, 5.48, 10.0, and 17.3. We ran 100 
iterations and selected the minimum ABIC model for each α and then selected the most appropriate model 
among the minimum ABIC models of respective α s. Because the norm of the g values was excluded from 
the objective function, the resultant ABICs of the inversions did not depend on the g values. Therefore, we 
selected the best α by referring to both the ABIC and the L2 norm of the g values. Figure 10 shows the L2 
norm of the g values and the ABIC for each α. The L2 norm of the g values differs significantly between 
α ≤ 1.00 and α ≥ 1.73. For α ≤ 1.00, the L2 norm of g values significantly increases with decreasing α, whereas 
the norms are not very different for α ≥ 1.73 (Figure 10a). However, as shown in Figure 11, the resultant 
electrical resistivity structures for α = 1.00 and α = 1.73 exhibit no significant differences, suggesting that 
the electrical resistivity structures for α ≤ 1.00 have rougher electrical resistivity structures than necessity. 
Thus, we ruled out the models of α ≤ 1.00 as candidates for the most appropriate model. Because the ABIC 
is minimized at α = 1.73 among α values larger than or equal to 1.73 (Figure 10b), we selected the model 
for α = 1.73 as the most appropriate model. When the initial subsurface electrical resistivity was changed 
to 1,000 Ωm to assess the dependence of the inversion result on the initial model, the obtained resistivity 
structure was close to the most appropriate model estimated with the 100 Ωm initial model, suggesting that 
the subsurface structure of the most appropriate model is not sensitive to the initial model.

Figure 12 demonstrates that the calculated apparent resistivity and phase from the most appropriate model 
are close to the observed response functions. The RMS of the most appropriate model was 1.72, which was 
significantly lower than the RMS of the initial model (25.8). In the electrical resistivity structure of the most 
appropriate model (Figure 13), a low resistivity area (<3 Ωm) exists under the Toyama plane (C1 in Fig-
ure 13). To the south of the Toyama plain, in the crust shallower than 15 km below ground, resistive areas 
exist with electrical resistivity greater than 1,000 Ωm (R1–R3 in Figure 13). Under the resistive areas, the 
low resistivity areas (<10 Ωm) noticeably exist under the UF, AF, and TOFZ (C2–C4 in Figure 13, respec-
tively). In addition, Figure 14 shows the subsurface electrical resistivity structure of the most appropriate 
model down to a 200-km depth. Notably, there is a large-scale conductive area (C5) at depths deeper than 
60 km.

To check whether those characteristic electrical resistivity anomalies are required by the observed data, 
we performed sensitivity tests. Specifically, we performed forward calculations by changing each of the 
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Figure 11. Resultant electrical resistivity structure and values of the static-shift parameter g of the combined 
inversions for the trade-off parameter α of (a) 1.00 and (b) 1.73. In upper frames, the g values of WMT stations are 
plotted while, in the lower frames, electrical resistivity structures are illustrated. The horizontal axis of each figure is 
the projected location on the profile shown in Figure 1. WMT, wideband magnetotelluric.
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resistive and conductive anomalies to be 1,000 and 100 Ωm, respectively, and then compared resultant 
RMS values to that of the most appropriate model (1.72). Table 1 summarizes the resultant RMS values of 
the forward calculations and the variance ratios to the most appropriate model. As in Toh et al. (2006), we 
compared those variance ratios with the F-value corresponding to 95% confidence level, which was 1.10 
because the degree of freedom of the data used in the inversion was 1,287. Variance ratios for each of the 
characteristic electrical resistivity anomalies were greater than the F-value corresponding to the 95% con-
fidence level, indicating that the observed data used in the inversion have sensitivity to the characteristic 
electrical resistivity anomalies. Especially, the resultant RMS for C5 was 3.29, which was roughly twice as 
much as the RMS of the most appropriate model. Thus, the observed data are sensitive to the conductor at 
the uppermost mantle.
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Figure 12. Pseudo-sections of (left) the observed response functions and (right) the computed response functions from 
the most appropriate model. (a) TM-mode apparent resistivity. (b) TM-mode phase. (c) TE-mode phase. The horizontal 
axis of each figure is the projected location on the profile shown in Figure 1.



Journal of Geophysical Research: Solid Earth

Yoshimura et  al.  (2009) also identified electrical resistivity anomalies 
corresponding to R1, R2, and C1–C4. However, the electrical resistivi-
ty structure shown by Yoshimura et al. (2009) had low reliability to the 
subsurface electrical resistivity structure under the TOFZ because their 
southernmost station was located to the north of the TOFZ. In this study, 
because the southernmost NMT station was located about 15 km to the 
south of TOFZ, we clarified the existence of the conductive area under 
the TOFZ (C4). In addition, the top of the low resistivity area under the 
UF (C2) is shallower in our model than in the electrical resistivity struc-
ture of Yoshimura et al. (2009), which may be due to the differences of 
the model roughness and/or the L2 norm of the static-shift parameters. 
Furthermore, owing to the use of the longer period data of the NMT 
measurement, we identified a large-scale conductive anomaly (C5) in the 
uppermost mantle under the survey area.

6. Discussion
Seismic studies (Iidaka et al., 2015; Nakajima et al., 2010) have revealed 
the low-velocity area under the Toyama plain. These studies interpreted 
the area as the thick sedimentary layer under the plain. As the location 
and thickness of the low resistivity area C1 coincides with the low-ve-
locity area, we considered that this area corresponds to the sedimentary 
layer and has low electrical resistivity because of high water content ratio.

The values of the resistive areas R1–R3 increase with depth from the 
Earth s surface to 5 km below ground. Goto et al. (2005) and Yoshimu-
ra et  al.  (2009) also revealed the resistive areas. The locations of these 
resistive areas correspond to the high P wave velocity area revealed by 
Kato et al.  (2006). The seismic velocity also increases with depth up to 
5  km below ground in this area (Kato et  al.,  2006). By measuring the 
elastic wave velocity of the rock sampled around the AF under confining 
pressures up to 180 MPa, Kagami and Watanabe (2009) showed that the 

elastic wave velocity increases with increasing pressures because of the closing of cracks with a low aspect 
ratio (<0.001). Therefore, the increase in the seismic velocity is thought to have been caused by the closing 
of those cracks. Because the closing of the cracks is likely to decrease both the water content ratio and its 
connectivity in subsurface rocks, it might be possible that the increase of electrical resistivity is caused by 
the decrease in the connected aqueous fluids because of the closing of the cracks.

The most prominent feature of the lower-crustal electrical resistivity structure is the conductors located 
under the UF, AF, and TOFZ (C2–C4). These conductive areas are located under the NKTZ of the study 
area. Although Wang et al. (2012) showed the possibility that the amphibole-bearing rocks with high tem-
perature cause conductive anomalies in the lower crust, it is unlikely that C2–C4 are caused by the local ex-
istence of amphibole-bearing rocks because the seismic velocity structure, which also depends significantly 
on the type of host rock (Gueguen & Palciauskas, 1994), shows no localized anomalies under the UF, AF, 
and TOFZ (Iidaka et al., 2015; Nakajima et al., 2010). Because it has been found that the lower crust under 
the NKTZ, especially under the AF, is abundant with aqueous fluid from the seismic velocity structure 
(Iidaka et al., 2015; Nakajima et al., 2010), the low electrical resistivity of C2–C4 would also be attributed to 
aqueous fluid. However, distributions of low resistivity anomalies and low-velocity anomalies are different: 
the conductive areas localize at the deep extensions of the faults, whereas in the seismic velocity structure 
obtained by Nakajima et al. (2010) and Iidaka et al. (2015), the low-velocity areas appear to be broadly dis-
tributed under the AF and the TOFZ. Because large amounts of aqueous fluid contribute to low velocity, 
as well as low-electrical resistivity, a local concentration of aqueous fluid beneath the UF, AF, and TOFZ is 
inconsistent with the seismic velocity structure, in which localized velocity anomalies under the respective 
faults are not noticeable. In addition to the difference of the resolutions between the seismic velocity struc-
tures and the resistivity structure of this study, it seems plausible that the dissimilar distribution of the low 

USUI ET AL.

10.1029/2020JB020904

18 of 27

Figure 13. 2-D electrical resistivity structure of the most appropriate 
model obtained by the combined inversion using the WMT and NMT 
data around the AF. The horizontal axis shows the projected locations on 
the profile shown in Figure 1. Hypocenters located within ±5 km of the 
profile are shown by small black dots. The seismic activities were observed 
from January 2000 to May 2004 at the Kamitakara seismic observatory 
of Kyoto University, which is located in the study area. Characteristic 
features labeled R1–R3 and C1–C4 are outlined by broken gray lines. The 
locations of the surface traces of the UF, AF, and TOFZ are also marked. 
WMT, wideband magnetotelluric; NMT, Network magnetotelluric; AF, 
Atotsugawa fault; UF, Ushikubi fault; TOFZ, Takayama-Oppara fault zone.



Journal of Geophysical Research: Solid Earth

resistivity anomalies and the low-velocity anomalies is attributed to the 
different characteristics between the seismic velocity and the electrical 
resistivity. The electrical resistivity has high sensitivity to the connection 
states of the aqueous fluid in subsurface rocks in addition to the amount 
of the fluid. Therefore, we consider that the differences in the connection 
states of aqueous fluid contribute to the localization of the conductive 
areas under the active faults.

The electrical resistivity of subsurface rocks depends significantly on the 
connection states of the conductive materials such as aqueous fluid in 
subsurface rocks. The Hashin–Shtrikman upper bound (HS+) gives the 
electrical conductivity, the reciprocal of electrical resistivity, for the case 
in which the conductive material is perfectly interconnected in a resistive 
medium, whereas the Hashin–Shtrikman lower bound (HS−) gives the 
electrical conductivity for the case in which the conductive material is 
isolated in a resistive medium (Hashin & Shtrikman, 1962). Meanwhile, 
electrical conductivities of the materials which compose conductive 
tubes (Gueguen & Dienes, 1989) and films (Waff, 1974; Watanabe, 2005) 
in a resistive medium are given by Equations 12 and 13, respectively.

  eff
1
4 l f (12)

  eff
2
3 l f (13)

In Equations 12 and 13,  l and   are the electrical conductivity and vol-
ume fraction of the conductive material, respectively, and f, denoted 
as connectivity hereafter, is the fraction of the conductive material in-
corporated into the connected network among the conductive materi-
al. Figure 15 shows the electrical conductivity of a two-phase medium 
calculated by the Hashin–Shtrikman upper and lower bounds (Hashin 
& Shtrikman,  1962) and the film model (Waff,  1974; Watanabe,  2005). 
Figure 15 illustrates that the electrical conductivity heavily depends on 
the connection state of the conductive material. For example, the electri-
cal conductivities given by HS+ and HS− differ by about three orders of 
magnitude for a volume fraction of 1 vol%. Figure 15 also demonstrates 
that when the connectivity f is 1, that is, all conductive films belong to 
the connected network, the electrical conductivity is close to that of HS+, 
while it approaches HS− as the connectivity decreases.

Nakajima et al.  (2010) estimated the volume fractions of aqueous fluid 
and the aspect ratios of pore geometry in the lower-crustal rock around 
the AF, based on the theory of Takei (2002). They showed that the fluid 
fraction under the Atotsugawa fault system (AFS), which is composed of 
the UF, AF, and the Mozumi–Sukenobu fault (MSF) (Figure 1), is high-
er than its surrounding area. From the fluid fractions and the electrical 
resistivity obtained by this study, we roughly estimated the connectivity 
of the subsurface aqueous fluid in the lower-crustal rocks at R2, C2–C4, 
and the area sandwiched between C3 and C4. Following the discussions 
in Nakajima et al. (2010), we performed the estimation for two different 
types of the lower-crustal rock: hornblende-pyroxene gabbro and pyrox-
ene amphibolite. When the lower-crustal rock is hornblende-pyroxene 
gabbro, fluid fraction and aspect ratio values are assumed to be 10 vol% 
and 0.2, respectively, under the AFS, while 3.5 vol% and 0.055 under the 
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Figure 14. The most appropriate electrical resistivity structure down to 
a 200-km depth. The horizontal axis denotes the distance from the center 
of the 2-D profile shown in Figure 1. Deep conductive anomaly C5 is 
outlined by broken gray lines. The upper boundary of the Philippine Sea 
slab inferred from Nakajima et al. (2009) is shown as a bold broken line. It 
should be noted that the coverage of the observation stations used in this 
work is too narrow to give enough constraints on the geometry of such a 
deep conductivity anomaly although the observed data used in the study 
have sensitivity to the conductor. In addition, there is no resolution to 
the crustal structures around the right and left edges, where no station is 
located.

Electrical 
resistivity 
anomaly

Electrical resistivity 
after change (Ωm) RMS

Variance ratio 
to the most 

appropriate model

R1 1,000 1.84 1.14

R2 1,000 6.51 14.33

R3 1,000 3.44 4.00

C1 100 13.22 59.08

C2 100 2.08 1.46

C3 100 1.99 1.34

C4 100 1.89 1.21

C5 100 3.29 3.66

Table 1 
Summary of the Sensitivity Tests of the Characteristic Electrical Resistivity 
Anomalies in the Most Appropriate Model
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surrounding area, by referring to Nakajima et al. (2010). Because the aspect ratio 0.2 corresponds to a dihe-
dral angle over 60° of equilibrium geometry and is within the range of tube geometry (Takei, 2002), we used 
the tube model (Equation 12) for estimating the connectivity f under the AFS. On the other hand, we used 
Equation 13 for estimating the values of connectivity under the surrounding area because the aspect ratio 
0.055 means that the dihedral angle is smaller than the critical value of 60° and that the interstitial fluids 
must be easily interconnected (Takei, 2002). In this case, the tube-type connection no longer holds and the 
use of Equation 12 would overestimate the connectivity. Similarly, when the lower-crustal rock is assumed 
to be pyroxene amphibolite, fluid fraction and aspect ratio values are 2.5 vol% and 0.045, respectively, under 
the AFS, while 0.8 vol% and 0.015 under the surrounding area. In the latter case, since the aspect ratio is 
small even under the AFS, we used Equation 13 for both under the AFS and its surrounding area.

In order to estimate connectivity f from Equations 12 and 13, we need to estimate in situ electrical conduc-
tivity of the interstitial aqueous fluid. We first estimated the subsurface temperature structure by referring 
to Tanaka et al. (2004) and Furukawa (1995). We also calculated the subsurface pressure, assuming a 1-D 
density structure. Since Sakuma and Ichiki (2016) computed electrical conductivity values of saline water 
(NaCl solutions) for three different NaCl concentrations (0.58, 3.38, and 9.52 wt%), we can estimate the in 
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Figure 15. Comparison of the electrical conductivities calculated from the Hashin–Shtrikman upper/lower bounds 
(Hashin & Shtrikman, 1962) and the film model (Waff, 1974; Watanabe, 2005), assuming the electrical conductivities 
of the resistive and conductive material are 0.0001 and 10 S/m, respectively. These values are consistent with the 
magnitude of the electrical conductivities of dry rock and saline water in the lower crust (Kariya & Shankland, 1983; 
Sakuma & Ichiki, 2016). For the film model, electrical conductivities calculated from four different values of 
connectivity f are shown.

Lower-crustal rock: pyroxene 
amphibolite (%)

Lower-crustal rock: hornblende-
pyroxene gabbro (%)

Location
Horizontal location 

(km)
Electrical resistivity 

(Ωm)

Concentration of NaCl Concentration of NaCl

0.58 wt% 3.38 wt% 9.52 wt% 0.58 wt% 3.38 wt% 9.52 wt%

C2 −32.2 1.35 × 101 >100 64.8 30.9 80.0 14.7 6.97

R2 −22.3 1.68 × 103 0.907 0.166 0.0793 0.599 0.110 0.0522

C3 −5.8 6.37 × 10° >100 43.8 20.9 >100 29.0 13.8

Between C3 and C4 9.0 3.28 × 102 14.5 2.66 1.27 3.29 0.604 0.287

C4 30.0 1.71 × 101 >100 51.0 24.3 63.0 11.6 5.49

Table 2 
Estimated Connectivity of the Subsurface Aqueous Fluid at a Depth of 22.5 km
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situ electrical conductivity of the interstitial fluids of these NaCl concen-
trations by using the in situ temperature and pressure estimates. Then, 
we can estimate in situ connectivity f from Equations 12 and 13.

Table 2 shows the resultant connectivity estimated from the procedure 
described above. To avoid estimating the connectivity near the bounda-
ries of finite elements, where the electrical resistivity changes discontin-
uously, we estimated the connectivity at central points of finite elements. 
The depth of the evaluation points is 22.5 km and their horizontal loca-
tions (location on the 2-D profile shown in Figure 1) are shown in Table 2. 
Table 2 demonstrates that there are differences of more than an order of 
magnitude between the connectivity at the conductive areas and those 
at the other areas, that is, the areas sandwiched between conductors, for 
the same host rock and NaCl concentration, suggesting that there is a 
significant difference in the interconnectivity of aqueous fluid between 
the deep extension of the faults and the other areas.

Because experimental studies indicate that fluid connectivity is lost at 
porosities less than a few percent for many mineral-fluid systems, most 

mid-to-lower-crustal rocks will be impermeable unless deformation generates interconnected fracture net-
works (Cox,  2002, 2005), that is, a sustained interconnected fluid network in the ductile crust requires 
continued deformation to prevent healing and sealing of the network. Yoshino (2002) suggested that, in the 
lower crust, a fluid network highly interconnected enough to produce electrically conductive anomalies 
requires nonhydrostatic conditions. Yoshino (2002) also suggested that a localized ductile shear zone with 
fluid is a strong candidate for lower-crustal conductors. The importance of ductile shear zone as a cause of 
high permeability, which correlates with the electrical conductivity (Gueguen & Palciauskas, 1994), in the 
deep crust is also reported by isotopic and petrologic studies (e.g., Dipple & Ferry, 1992; Géraud et al., 1995; 
McCaig, 1997; Streit & Cox, 1998). Therefore, we interpreted that the conductive areas at the deep extension 
of the UF, AF, and TOFZ indicate the localized ductile shear zones at the deep extension of the faults, where 
connected fluid networks are maintained because of stable slips. As suggested by Nakajima et al. (2010) and 
Iidaka et al. (2015), aqueous fluid in the lower crust of the study area would reduce the mechanical strength 
of the lower-crustal rocks (Bürgmann & Dresen, 2008). However, the electrical resistivity structure obtained 
by this study implies that the strain is not uniformly distributed in the lower crust but is localized at the 
deep extension of the UF, AF, and TOFZ, thus supporting the localized stable slip model proposed by Mizu-
no et al. (2005) and Imanishi et al. (2011). The localized ductile shear zones would consequently aid strain 
accumulation at the UF, AF, and TOFZ, which is consistent with the results obtained in the geodetical study 
of Ohzono et al. (2011). We considered that those localized ductile shear zones are responsible for the large 
strain ratio in the study area and the strain accumulation at the UF, AF, and TOFZ (Figure 16). Because the 
viscosity in the shear zones is significantly lower than that in the country rocks (Mehl & Hirth, 2008), the 
shear zones may promote the strain localization by themselves.

The importance of fluid in earthquake nucleation and recurrence has been discussed because subsurface 
fluids have strong influences on the shear strength and viscosity of rocks, and subsequent local stress 
accumulation (e.g., Becken & Ritter, 2012; Jiracek et al., 2007; Liu & Hasterok, 2016; Ogawa et al., 2001; 
Sibson,  1992). The fault-valve hypothesis of Sibson  (1992) suggests that overpressured fluid reduces the 
frictional fault strength, inducing the earthquake and promoting upward fluid flow from deep fluid-rich res-
ervoirs to the shallower crust, but the fluid pressure drop after the fault rupture subsequently reverses and 
rises once again. Recently, it is suggested that the overpressured fluids not only contribute to the initiation 
of earthquakes but also contribute to the final magnitude of earthquakes (Aizawa et al., 2021). Based on the 
fault-valve hypothesis, it is likely that electrical conductors under the UF, AF, and TOFZ contain suprahy-
drostatic fluids, which can induce intraplate earthquakes at the faults in the future.

As a cause of deep fluidized reservoirs, Connolly and Podladchikov (2004) suggested that the brittle–ductile 
transition zone acts as a barrier to upward fluid flow from fluid-rich domains with spherical or vertical 
elongated geometries, resulting in fluid stagnation below the brittle-ductile transition zone. They showed 
that the balance between the buoyancy forces acting on fluids and the vertical stress gradient in rocks 
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Figure 16. Schematic model regarding the strain accumulation 
mechanism around the AF. AF, Atotsugawa fault.
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causes such fluid stagnation zones. Comeau, Becken, Connolly, et al. (2020) confirmed the validity of the 
conceptual model of Connolly and Podladchikov (2004) by revealing the consistencies of the location and 
length scale of lower crustal electrical conductors under the Bulnay fault zone (central Mongolia) with the 
values predicted by the conceptual model. The depth of the middle crust around the AF is about from 10 
to 20 km (Iidaka et al., 2015; Ueno et al., 2005). Because the tops of the conductors C2–C4 are located at 
the middle crust depth and the depths of their centers are deeper than 20 km, the conductors are probably 
localized below the brittle-ductile transition zone, showing consistency with the model of Connolly and 
Podladchikov (2004).

Under central Japan, a low-velocity zone considered to be attributed to fluid or melt was found over the 
PHS (Nakajima & Hasegawa, 2007; Nakajima et al., 2010). Therefore, Nakajima et al. (2010) and Iidaka 
et al. (2015) suggested that the fluid originating from the subducting PHS rises through the mantle wedge 
by upwelling flow and is consequently supplied to the lower crust around the AF. The fluid is probably 
generated by the dehydration of hydrous minerals such as serpentine and chlorite on top of the PHS 
(Iwamori, 1998). Under the survey area, it is suggested that the concentrated upward flux of the PHS fluid 
may occur due to the steep dip of the PHS (Nakajima & Hasegawa, 2007; Nakamura et al., 2008). The pos-
sibility of the supply of fluids from the PHS to the north of the Chubu region of Japan is supported by the 
geochemical studies using Pb–Sr–Nd isotopic ratios of rock samples from Quaternary volcanoes (Nakamura 
et al., 2008) and high 3He/4He ratios of gas samples (Umeda et al., 2013).

On the other hand, Nakamura et al. (2008) revealed that the fluid dehydrated from the Pacific slab (PAC) 
also contributes to the magma generation under central Japan. The upper boundary of the PAC is located at 
a depth of about 250 km under the study area (Zhao et al., 2012). Analysis of the volcanic rocks around the 
study area reveals that the contribution of the fluid from the PAC is higher than that from the PHS at the 
northern side such as Tateyama and Hakusan volcanoes (the AF is sandwiched between the two volcanoes 
as shown in Figure 1) while the contribution of the fluid from the PHS is higher at the southern side such as 
Ontakesan volcano (Nakamura et al., 2008). They suggested that the higher contribution of the fluid from 
the PAC in the northern part of central Japan is caused by the lack of overlapping PHS under that area, 
which shifts the dehydration reaction at the PAC to shallower depths (150–250 km). We thus consider that 
the fluid derived from the PAC may also be supplied to the lower crust around the AF.

In Figure 14, we denote the upper boundary of the PHS inferred from Nakajima et al. (2009) as a dashed 
line. Figure 14 illustrates that the conductive area C5 is located above the PHS and its downward extension. 
The location of the conductive area is consistent with a low-velocity anomaly identified by seismic tomog-
raphy (Nakajima & Hasegawa, 2007). Therefore, it can be inferred that the conductive area is rich with the 
fluid or melt originated from the water dehydrated from the PHS and/or the PAC, which rises upward by 
upwelling flow and are consequently supplied to the lower crust around the AF. Several previous studies 
identified highly conductive anomalies associated with fluid that originated from subducting slabs under 
the island arc of Japan using long-period MT data (Hata et al., 2015; Ichihara et al., 2016; Ichiki et al., 2015; 
Toh et al., 2006; Yamaguchi et al., 2009). In the Kyusyu region of Japan, Hata et al. (2015) imaged a deep, 
large-scale conductive area associated with aqueous fluid or melt over the PHS using another NMT data 
set, proving that NMT data have an ability to image such a deep conductor. However, the coverage of the 
observation stations used in this study was too narrow to give enough constraints on the geometry of such 
a deep and large-scale conductor. Therefore, to clarify the location and the configuration of the conductive 
area (C5) in the mantle wedge, it is necessary to widen the observation area and expand the survey aperture, 
by adding more observation stations.

7. Conclusions

We estimated the 2-D electrical resistivity structure around the AF in the NKTZ. To obtain a reliable elec-
trical resistivity structure from the crust to the uppermost mantle around the AF, we deployed the NMT 
survey in addition to the conventional WMT survey and developed a new inversion method combining the 
WMT and NMT data sets. By performing synthetic inversions, we confirmed that the combined inversion 
gives subsurface electrical resistivity structure reliably even when the apparent resistivity of WMT stations 
is significantly affected by the static shift.
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By using the newly developed combined inversion method, we estimated a 2-D electrical resistivity struc-
ture around the AF. One of the most prominent features of the estimated electrical resistivity structure is 
the lower-crustal conductors located in narrow areas just beneath the UF, AF, and TOFZ. We inferred that 
the connectivity of aqueous fluid in the lower-crustal conductors under the faults is significantly high-
er than in the surrounding areas. As sustained interconnected fluid network in the ductile crust requires 
continued deformation, we interpreted that the conductive areas under the UF, AF, and TOFZ indicate the 
localized ductile shear zones at the deep extension of the faults, where connected fluid networks are main-
tained because of stable slips. We considered that the localized ductile shear zones consequently help the 
strain accumulation at the UF, AF, and TOFZ.

In the electrical resistivity structure down to a depth of 200 km, a conductive area over the PHS and its 
downward extension is noticeable. This conductive area is consistent in terms of its location with the 
low-velocity area of the seismic velocity structure (Nakajima & Hasegawa, 2007), implying that the conduc-
tive area could be rich with the fluid or melt originated from the water dehydrated from the PHS. In addi-
tion, it seems likely that the fluid that originated from the PAC may also contribute to the high conductivity 
of the area. We consider that the lower-crustal fluid under the UF, AF and, TOFZ originated from the fluid 
in the upper mantle.

Compared with the conventional MT measurement method, the NMT measurement method has the advan-
tages that the response functions at periods longer than several thousands of seconds can be estimated with 
small errors and that the response function is negligibly affected by the galvanic distortion. Furthermore, 
by performing a combined inversion of NMT and WMT data sets, we can eliminate the disadvantage of the 
NMT measurement method which is low sensitivity to shallow structures. In several other areas in Japan, 
NMT measurements have been conducted at the same survey area as WMT measurements. The newly de-
veloped combined inversion method has the potential to reveal new electrical resistivity structures in other 
survey areas.

Appendix A: How to Calculate Electric Field Component of an Arbitrary 
Direction From Those of Two Different Directions
In this appendix, we describe how to calculate electric field component in an arbitrary direction from elec-
tric field components of two different directions, assuming the electric field is uniform. In the following, 
we consider the case where the electric field components of the directions at the angle θ1 and θ2 from the 
positive x-direction are E1 and E2, respectively. Because of the uniform electric field, when the z-axis corre-
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Figure A1. Ellipse on a plane of electric potential passing the origin, assuming a uniform electric field. E1, E2, and E 
are the electric field components of the directions at angles θ1, θ2, and  from the positive x-direction, respectively.
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sponds to the electric potential, the electric potential can be represented as a plane. We consider the plane 
of the electric potential, assuming that the electric potential at the origin is zero (Figure A1). The electric 
potential at the two points (x, y) = (cos θ1, sin θ1) and (x, y) = (cos θ2, sin θ2) are –E1 and −E2, respectively. 
An arbitrary plane centered at the origin of the three-dimensional space can be written as

   0,ax by cz (A1)

where a, b, and c are real constants and the vector

  a b cn i j k (A2)

indicates the normal vector to the plane. If the plane is not parallel to the z-axis, that is, the magnitude of the 
electric field is finite, c is not zero. Therefore, in this case, Equation A1 can be transformed to

   0,Ax By z (A3)

 / ,A a c (A4)

 / .B b c (A5)

Because the plane of the electric potential passes (x, y, z) = (cos θ1, sin θ1, −E1) and (x, y, z) = (cos θ2, sin θ2, 
−E2),

   1 1 1cos sin 0,A B E (A6)

   2 2 2cos sin 0.A B E (A7)

From Equations A6 and A7, the constants A and B are determined as
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When the electric potential at     , cos ,sinx y , which is the point on the line directed at angle   from 

the positive x-direction, denoted as  V , we can obtain the following equation from Equation A3,
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From Equations A8–A10,
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Therefore, the electric field component of the direction at the angle   from the positive x-direction can be 
calculated as
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Data Availability Statement
The data used in this study are archived in the repository of the University of Tokyo (http://doi.
org/10.15083/00080173), and they can be freely accessed.
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