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Resistivity structure of a seismic gap along the
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Abstract

Seismicity along the Atotsugawa Fault, located in central Japan, shows a clear heterogeneity. The central segment of the
fault with low-seismicity is recognized as a seismic gap, although a lot of micro-earthquakes occur along this fault. In order to
elucidate the cause of the heterogeneity in seismicity, the electrical resistivity structure was investigated around the Atotsugawa
Fault by using the magnetotelluric (MT) method. The regional geoelectrical strikes are approximately parallel to the fault in
a low-frequency range. We constructed two-dimensional resistivity models across the fault using TM-mode MT responses to
minimize three-dimensional effects on the modeling process. A smooth inversion algorithm was used, and the static-shifts on
the apparent resistivity were corrected in the inversion process.

A shallow, low resistivity zone along the fault is found from the surface to a depth of 1–2 km in the best-fit model across the
high-seismicity segment of the fault. On the other hand, the corresponding low resistivity zone along the low-seismicity segment
is limited to a shallower depth less than 1 km. The low resistivity zone along the Atotsugawa Fault is possibly due to fluid in the
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fracture zone; the segment with higher levels of seismicity may have higher fluid content in the fault zone compared
lower seismicity segment. On a view of the crustal structure, a lateral resistivity variation in a depth range of 3–12 km i
below the fault trace in the high-seismicity segment, while a resistive layer of wide extent is found at a depth of about 5 km
the fault trace in the low-seismicity segment. The resistive layer is explained by less fluid condition and possibly chara
as high rigidity. Differences in the resistivity structures between low and high-seismicity segments of the fault suggest
seismic gap in the central part of the Atotsugawa Fault may be interpreted as a locked segment. Thus, MT is an effectiv
in evaluating a cause and future activity of seismic gaps along active faults.

The lower crust appears as a conductive zone beneath the low-seismicity segment, less conductive beneath the high-
segment. Fluid is inferred as a preferable cause of the conductive zone in this study. It is suggested that the conduct
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crust beneath the low-seismicity segment is recognized where fluid is trapped by an impermeable layer in the upper crust. On
the other hand, fluid in the lower crust may upwell to the surface along the high-seismicity segment of the fault.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recent dense GPS network (GEONET) by the Ge-
ographical Survey Institute, Japan, has clearly shown
a narrow deformation zone with a large convergence
rate of 20 mm/year along the Niigata-Kobe Tectonic
Zone (NKTZ inFig. 1), which is supposed to be a plate
boundary (Sagiya et al., 2000). In the NKTZ, a number
of quaternary active faults are concentrated, and large

earthquakes have recently occurred. The Atotsugawa
Fault with length of 60 km is one of the most active
faults in the NKTZ (Research Group for Active Faults,
1991). Fig. 1 shows the location of the Atotsugawa
Fault with a geological setting around the Atotsugawa
region. The Atotsugawa Fault is a strike-slip fault with
a right lateral displacement (Matsuda, 1966). The strike
of the fault trace is approximately N60◦E, and the fault
plane is almost vertically (90◦ ± 10◦) near the sur-
face. From geological studies, activity of the Atotsug-
awa Fault started in the latest tertiary (Matsuda, 1966).
There have been several large historical earthquakes
along the Atotsugawa Fault; one of the largest events
was the 1858 Ansei Hida earthquake with a magnitude
of about 7.0 (summarized inMikumo et al., 1988).

Seismicity along the Atotsugawa Fault is clearly
recognized as a belt-like concentration of epicenters
(Ito and Wada, 1999). The distribution of epicenters
around the Atotsugawa region is shown inFig. 2(a).
A lineament of the epicenters is clearly recognized,
corresponding to the surface trace of the Atotsugawa
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Fault. The focal depths along the fault are shallowe
than 15 km as shown inFig. 2(b). In addition, a spatial
heterogeneity of the seismicity along the Atotsugaw
Fault is clearly recognized (Mikumo et al., 1988; Ito
and Wada, 1999). The seismicity along the central seg-
ment (CAF) of the Atotsugawa Fault is rather low de-
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Fig. 2. Distribution of the earthquakes around the Atotsugawa region
from 1996 to 1999 (redrawn fromIto and Wada, 1999): (a) epicenter
distribution and (b) focal depth section along the Atotsugawa Fault
denoted by arrows in (a). The western, central and eastern segments
of the Atotsugawa Fault are denoted by WAF, CAF and EAF, respec-
tively. A seismic gap at shallow depth in the CAF is indicated by a
dashed line. Two MT profiles (AA′ and BB′) are also drawn.

heterogeneous seismicity along the Atotsugawa Fault
may be related to postseismic stress concentration af-
ter the 1858 Hida earthquake resulted from the hetero-
geneity of the fault strength. Similar relationships be-
tween a main shock and aftershocks are well studied on
large earthquakes along subducting plates. For exam-
ple,Nagai et al. (2001)studied seismic records of two
large earthquakes of magnitude greater than 7, which
repeatedly occurred off the northeast coast of Japan in
1968 and 1994. They concluded that two earthquakes
have a common rupture zone surrounded by their af-
tershocks, and interpreted the rupture zone as an as-
perity, as proposed byLay et al. (1982). In an asperity,
a rupture zone is locked during its preparation period
so that it exhibits low-seismicity, but suddenly radi-
ates a seismic wave with large magnitude. In the case
of the Atotsugawa Fault, it is possible that the seismic
gap in the CAF is due to a locked segment along the
active fault. Recently, dense GPS surveys across the

CAF were carried out (Hirahara et al., 2003), and the
observed horizontal displacements are approximately
explained by a simple model with the locked Atotsug-
awa Fault from the surface to a depth of 15 km and a
strain rate of 20 mm/year in an EW direction. However,
observed displacements near the Atotsugawa Fault do
not agree with predicted ones from this model, and pos-
sibility of a fault creep at the CAF cannot be excluded.

In order to elucidate the reason of heterogeneity
in seismicity along the Atotsugawa Fault, the resis-
tivity structure in the Atotsugawa region has been in-
vestigated in this study. As shown in previous studies
(e.g.,Electromagnetic Research Group for the Active
Fault, 1982; Handa and Sumitomo, 1985; Jones et al.,
1992; Unsworth et al., 1997, 1999, 2000), low resis-
tivity zones have been often found along active faults.
Such low resistivity zones are interpreted to be caused
by fluid in fracture zones (e.g.,Unsworth et al., 1997)
and/or conductive carbon concentrated by upwelling of
water in fracture zones (e.g.,Jones et al., 1992). There-
fore, the scale of a low resistivity zone along a fault can
be used as an index of fault activities. In this study, the
magnetotelluric (MT) sounding and the geomagnetic
depth sounding (GDS) methods were carried out along
two profiles across the Atotsugawa Fault as shown in
Fig. 1.
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f the Atotsugawa Fault. Natural fluctuations in
lectric and the magnetic fields were observed ar

he Atotsugawa region in 1994 and 1995. Two MT
truments (V5 systems by Phoenix Geophysics
anada), covering a wide frequency band from

o 0.0005 Hz, were used simultaneously with sync
ized clocks. Induction coils were used as magn
ensors, and electrodes of Pb–PbCl2 type with sep
rations of 30–100 m were used for measuring h
ontal electric fields. Three magnetic and two elec
omponents were recorded over 3–4 days at each
combination of fast Fourier transforms and casc
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decimation technique (Wight and Bostick, 1980) was
used for obtaining the auto and cross power spectra.
The total numbers of stacked power spectra were about
20,000 around 1 Hz and about 100 around 0.01 Hz.

Simultaneous time series data with two instruments,
separated by a distance of 20 km at least, were ob-
tained and the remote reference processing (Gamble
et al., 1979) was applied to estimate impedance ten-
sors. In 1995, another remote reference site was set
up at the part of northern Kyoto Prefecture, 250 km
west from the Atotsugawa region. The impedance ten-
sors obtained by using this far-remote site were nearly
same as ones obtained by using a local remote refer-
ence site in the Atotsugawa region. Therefore, the sep-
aration distance of 20 km is large enough for the stable
estimation of impedance tensors in this study. Most
of obtain apparent resistivities and impedance phases,
called as MT responses, showed small errors and high
multiple-coherencies between the electric and mag-
netic fields. However, large cultural noise at Sites 1, 3,
16 and geomagnetic quiescence during observation at
Sites 9 and 12 result in low-quality MT responses with
large errors and the low multiple-coherencies. In this
study, low-quality MT responses with large phase er-
rors (>30◦) are limited at several sites and frequencies,
and showed less smooth changes to frequency varia-
tions. Therefore, the observed impedance with phase
errors greater than 30◦ were rejected in the following
analyses and modeling. The remaining impedances ex-
hibit high multiple-coherences (>0.8).
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Eqs. (10) and (11)) is also used because the Chakridi’s
method is not effective in a case of no distortion. On
the Jones and Groom’s method, the following equa-
tions are satisfied when an angle between the rotated
direction and the regional strike is 45◦

arctan

(
imag((Zxx + Zxy)/(Zyx + Zyy))

real((Zxx + Zxy)/(Zyx + Zyy))

)
= 0,

arctan

(
imag((Zxx − Zxy)/(Zyx − Zyy))

real((Zxx − Zxy)/(Zyx − Zyy))

)
= 0 (2)

We rotated an observed impedance tensor at a site ev-
ery 2◦ and searched a rotation angle to satisfy Eq.(1).
A standard deviation of rotated angles from Eq.(1) in
a frequency range of 300–0.001 Hz is also estimated at
each site. Similarly, rotation angles and a standard de-
viation are calculated from Eq.(2). Finally, the method
by Eqs.(1) and (2)giving the smaller standard devia-
tion is chosen at each site as the better method for strike
estimation.

The distribution of the regional strike averaged over
the frequency range of 100–0.001 Hz at each site (solid
line) is shown inFig. 3(a). We note that the regional
strike is approximately parallel (or perpendicular) to
the Atotsugawa Fault. Real induction vectors (Parkin-
son vectors) over a frequency range of 1–0.1 Hz are
shown as arrows inFig. 3(a), approximately perpen-
dicular to both the regional strike and the Atotsugawa
Fault. Histograms of the strike in four respective fre-
quency bands along each profile are shown inFig. 3(b).
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he effect of surficial galvanic distortion (Groom and
ailey, 1989). The impedance tensor can be rota
nd if the rotation angle corresponds with the regio
eoelectrical strike, then the following equations

rctan

(
imag(Zxx/Zyx)

real(Zxx/Zyx)

)
= 0,

rctan

(
imag(Zxy/Zyy)

real(Zxy/Zyy)

)
= 0 (1)

are satisfied, whereZxx, Zxy, Zyx andZyy are ele
ents of a rotated impedance tensor at a frequen

his study, a similar method byJones and Groom (199:
lthough a slightly large dispersion of the strike
ection is seen in the frequency range of 10–1 Hz
trike directions are stable at the frequency range l
han 1 Hz. The averaged strike directions at 1–0.0
long AA′ and BB′ are N80◦E and N45◦E, respectively
hus, the regional structure around the Atotsugaw
ion is approximately two-dimensional with a NE
NE strike, while the shallow structure has a th
imensional character.

. Apparent resistivity and phase

The pseudosections of the observed apparent
ivity and the impedance phase along the profiles′
nd BB′ are shown inFig. 4(a) and (b), respectivel
ere, N30◦W was taken as thex-axis of the coordinat
nd N60◦E as they-axis, respectively. The curves
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Fig. 3. (a) Distribution of the regional strike averaged in a frequency
of 100–0.001 Hz at each site. Real induction vectors (Parkinson vec-
tors) averaged in a frequency of 1–0.1 Hz are also shown with a unit
vector. (b) Histograms of the regional strikes in four frequency bands
along the profiles AA′ and BB′. The regional strikes from N15◦E to
N105◦E are used for these plots. The strike of the Atotsugawa Fault,
N60◦E, is also shown as dashed lines.

both the apparent resistivity and phase are shown in
Fig. 7, in which standard errors of the MT response are
also plotted.

Along the profile AA′, the apparent resistivity and
phase change sharply near the Atotsugawa Fault (Site
2). At Sites 4, 5 and 8 located in the northern side of the
fault, larger values of the apparent resistivity (ρxy and
ρyx) are apparent in the lower frequency range. On the
other hand, the apparent resistivity decreases toward
the lower frequency range in the southern side of the
fault (Sites 9, 3, 1, and 19). Moreover, the phase val-
ues (ϕxy andϕyx) in the northern sites of the fault are
also smaller than 45◦ at the frequency range higher than
1 Hz, while they are larger than 45◦ in the southern sites.
These observed features imply that an underlying layer
is resistive in the northern area of the WAF, while it is
conductive in the southern area of the WAF. It is sug-
gested, therefore, that the WAF possibly corresponds
to a lateral resistivity boundary. Note MT responses
at Site 6 where the apparent resistivity is much lower
than ones at Sites 5 and 8, but the phase values at the
three sites are similar. Such low apparent resistivities at
Site 6 could be interpreted as a negative static-shift as
described byJones (1992: see Figs. 3–5 in his paper).

By contrast, the apparent resistivity and phase along
the profile BB′ gradually change across the fault, as
shown inFig. 4(b). The apparent resistivity increases
with its maximum at about 5 Hz, with the lower appar-
ent resistivity at the lower frequency. Also, the phase
value becomes low at 10 Hz and high at 0.1 Hz along
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he profile BB′. These features suggest that a resis
ayer widely spreads and a deep conductive laye
erlies beneath the profile BB′.

. Two-dimensional modeling with static-shift
orrection

In the Atotsugawa region, resistivity mod
ere constructed to explain the observed MT
ponse along each profile. As described above
esistivity structure is thought to be approxima
wo-dimensional (2D) with the strike parallel to t
totsugawa Fault (N60◦E), while the shallow structu

s three-dimensional (3D).Wannamaker et al. (198
howed that 2D modeling routines of the transv
lectric (TE) mode applied to MT responses on a
onductive body near the surface can make false
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Fig. 4. Pseudosections of observed apparent resistivity and impedance phase along (a) the profile AA′, and (b) the profile BB′. Observed data
points used for pseudosections are plotted as small circles. Inverted triangles indicate the surface location of the Atotsugawa Fault.
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resistivities at depth. This is because the TE modeling
algorithm do not account for the effects of charges
at resistivity boundaries. They also showed that the
elongated 3D body may be modeled accurately with a
2D modeling of the transverse magnetic (TM) mode
on centrally located profiles across the 3D body.
This is because the TM modeling algorithm includes
boundary charges in its formulation. Therefore, we
used only the apparent resistivity and phase in the
TM-mode (ρxy and ϕxy) for modeling in order to
minimize 3D effects in the 2D modeling.

Static effects or static-shifts, recognized as DC-
shifts on logarithmic apparent resistivity (e.g.,Jones,

F
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1992), should be removed because an erroneous resis-
tivity structure is obtained by inversion procedures. An
observed electric field (Eo) at the surface is expressed
by regional electric field (Ep) and local electric field
generated by the surface heterogeneity (Es) as follows:

Eo = Ep + Es (3)

The static-shift is due toEs field generated by a charge
buildup at a near-surface resistivity boundary (Ogawa,
1992). Such effects of the surface heterogeneity to the
static-shift can be confirmed by forward MT responses
with 2D resistivity models (Fig. 5(a) and (b)). The
model in Fig. 5(b) is based onFig. 5(a) but anoma-
ig. 5. (a) Resistivity model for a synthetic MT response. MT sites a
f 10 and 1000�m are inserted into the surface layer. (c) TM-mode ap
odels in (a) and (b). (d) Model obtained by ordinary inversion but dist
highly heterogeneous surface layer. A white broken line indicates t

orrection. See the main text for details.
re indicated by inverted triangles. (b) Same as (a) but resistivity blocks
parent resistivity and phase curves at Sites B and E calculated from the
orted by static-shifts. (e) Model obtained by our inversion procedure with
he bottom of surface layer. (f) Final model obtained after the static-shift
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lous blocks with thickness of 10 m and resistivity of
10 and 1000�m are inserted into the surface layer. We
used a program byUchida and Ogawa (1993)to calcu-
late forward MT responses. Comparing MT responses
from these models, shown inFig. 5(c), DC level of the
TM apparent resistivity curve is affected by anomalous
surface blocks, but the TM phase indicates little effects.

Unexpected effects of static-shifts in modeling
procedure are demonstrated by a smooth inversion
algorithm. Apparent resistivity and phase values in
the TM-mode are calculated in a frequency range of
2–2050 Hz on a 2D model shown inFig. 5(a). Then,
static-shifts are added to the calculated apparent resis-
tivity: positive shifts to Sites A, C and E with factor of
10 and negative shifts to Sites B, D and F with factor of
0.1, respectively. When such DC-shifted MT responses
are used with an ordinary 2D inversion byUchida
and Ogawa (1993), the obtained model is shown in
Fig. 5(d). Although resistive and conductive zones are
imaged in the model, those locations are incorrect, and
the shallow structure is strongly distorted by the static-
shift. The inversion algorithm byUchida and Ogawa
(1993)anddeGroot-Hedlin and Constanle (1990)and
so on are based on the smooth resistivity model. Unac-
ceptable inversion result as shown inFig. 5(d) is possi-
bly due to difficulty on imaging high heterogeneity of
the near-surface resistivity by using a smooth model.

We propose a new simple method for the static-
shift correction by using a 2D inversion with smooth-
ness constraints based onUchida and Ogawa (1993).
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surface blocks and makes the forward and inversion cal-
culations unstable (with overflow or underflow). There-
fore, we practically selected the weighting with the
above value forci2 andci3 as small as possible, based
on a number of synthetic tests such as described later.

In order to estimate static-shift factors, two syn-
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tivity in the surface layer (a part of model shallower
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the underlying blocks. In other words, two MT re-
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apparent resistivity curves have a similar shape but
a different DC level, and the phases coincide within
5◦ such as shown inFig. 5(c). Therefore, we adopt
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erage value of the factors from all sites is zero. Fi-
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Fig. 6. Two-dimensional resistivity models along (a) the profile AA′, and (b) the profile BB′. Flags indicate the locations of our MT sites. The
location of the Atotsugawa Fault is indicated by a broken line. Logarithmic static-shifts factors estimated in this study are also shown.
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the proper positions. In this case, any initial models
result in similar final solutions as shown inFig. 5(f).
It is concluded that static-shifts in MT response are
expressed by a highly heterogeneous surface with the
above weighting, and can be effectively corrected by
our method.

The 2D inversion with the static-shift correction
was applied to the observed TM-mode MT responses
around the Atotsugawa Fault (shown inFig. 7). A strike
of N60◦E is chosen for the 2D modeling along pro-
files AA′ and BB′. The width of the 2D model is taken

as 1500 km and the bottom depth is taken down to
2100 km. The number of elements is 55 in horizon-
tal and 35 in vertical. The minimum element width of
0.9 km is assigned near the Atotsugawa Fault and the
minimum thickness of 10 m is applied for a thin surface
layer. A uniform earth of 1000�m is used as an initial
model for the inversion. A sufficient fitting between
observed and calculated responses is achieved within
10 iterations.

The best-fit model along the profile AA′ is shown
in Fig. 6(a) with estimated static-shift factors; calcu-

F
B

ig. 7. Calculated apparent resistivity and impedance phases (lines) f
B′, respectively. The observed responses used for the inversion (cir
rom the best-fit models inFig. 6along (a) the profile AA′ and (b) the profile
cles) are shown together. Error bars of 1σ are added.
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Fig. 7. (Continued).

lated apparent resistivity and phase from the best-fit
model are shown inFig. 7(a). The most remarkable
and well-resolved feature in the model is a highly re-
sistive zone (>4000�m) below the northern area of
the Atotsugawa Fault, and a moderately resistive zone
in the southern area. This resistivity contrast near the
fault well explains the observed features along the pro-
file AA ′ that the apparent resistivity increases in the
frequency range of 10–0.1 Hz at northern sites of the
fault while it decreases at southern sites. Resistivity in
the model decreases below a depth of 12 km, which

explains the observed high phase at the frequency of
0.05 Hz. The minimum resistivity value of the conduc-
tive layer is about 600�m in depths of 12–20 km. At
shallow depths, a low resistivity zone (<100�m) is
found along the WAF, extending to a depth of 1.4 km,
with a minimum low resistivity of 60�m beneath Site
2. These features are summarized inFig. 8(a). Note
that the estimated static-shift factor at Site 6 is a large
negative value as predicted above.

The best-fit resistivity model for the profile BB′
is shown inFig. 6(b). Comparisons between the cal-
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culated and observed MT responses were shown in
Fig. 7(b). One of the major features in the model shown
in Fig. 6(b) is a resistive layer (>4000�m) of wide ex-
tent at a depth of about 5 km. The highest resistivity
value of about 7000�m is obtained just beneath the
surface trace of the Atotsugawa Fault. This resistive
layer is necessary to explain the low phase at 10 Hz ob-
served at all sites along the profile BB′. Another feature
in the best-fit model is a conductive layer (<800�m)
below a depth of about 12 km. The minimum resistivity
value of the conductive layer is about 300�m in depths

of 12–20 km. The deep conductive layer explains the
observed high phase at 0.1 Hz and the apparent resistiv-
ity decreasing at the frequency less than 1 Hz. Finally,
at shallow depths, a low resistivity zone (<100�m) is
found beneath Site 14, although its bottom is located at
a depth of 0.4 km. The minimum value in the low resis-
tivity zone is 30�m. These features are summarized in
Fig. 8(b).

Sensitivity of the best-fit model was checked us-
ing forward modeling. First, we checked sensitivity
of a deep extension of the low resistivity zone along

F
F
C
(
w
a

ig. 8. Schematic diagram of the obtained resistivity structures (a) ac
ault. Surface traces of the Atotsugawa Fault are shown as inverted
1–C4 and R1–R2, respectively. Within the low resistive zones alo

<100�m) are colored black. P-wave velocity structures fromIidaka et al. (
ith estimated velocity values. Hypocenters based onIto and Wada (1999
re plotted by circles.
ross the western segment and (b) the central segment of the Atotsugawa
triangles. Major conductive and resistive zones inFig. 6 are denoted by

ng the fault shown as gray (C1 and C3), extremely low resistive zones
2003)and Shimada (1996, pers. comm.) are overlaid by dashed lines
), which occurred in a horizontal width of 15 km along each profile,
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the fault (C1 and C3 inFig. 8). A low resistivity zone
along the Atotsugawa Fault is inserted into the best-fit
model along each profile (Fig. 6(a) and (b)) as shown
in Fig. 9. The width and resistivity are assumed to be
2.5 km and 100�m, respectively, based on the best-fit
model along the profile AA′ (Fig. 6(a)). The bottom
depth of the low resistivity zone (D in Fig. 9) is varied
from 1 to 12 km. The calculated TM-mode apparent
resistivity curves at Sites 2, 9, 14 and 15 are shown in
Fig. 9. At other sites, no major differences were found
in calculated MT responses with various bottom depths
(D). At Sites 2 and 14, immediately in the fault zone,
the difference between calculated and observed appar-
ent resistivity values becomes larger as the bottom of
the low resistivity zone becomes deeper. The only ex-
ception is the calculated response curve at Site 2 with
the bottom depth of 1 km, which is almost same as one
from the best-fit model. Therefore, it is concluded that
the bottom depths of the low resistivity zone is inferred
as 1–2 km along the WAF (C1), and less than 1 km
along the CAF (C3), respectively. Comparison between

F one
a low
r MT
r es are
c d
t ,
r

Fig. 10. Sensitivity test on the lower crust below the WAF by forward
modeling. A solid line denotes a calculated MT response at Sites 2
from the best-fit model inFig. 6(a). A gray line denotes a calculated
MT response from the similar model with a conductive lower crust.
See the main text for details.

the observed and calculated apparent resistivity values
at Site 15 also supports that the low resistivity zone
(C3) has no deeper extension than 5 km. Although the
calculated MT response at Site 9 is affected by the low
resistivity zone, the observed values show relatively
large errors and cannot be used for the sensitivity test.
Secondary, we checked whether the lower crust below
the WAF is significantly less conductive than below
the CAF or not. In this forward modeling, the resistiv-
ity values below the depth of 12 km along the profile
BB′ (Fig. 6(b)) are imposed to the corresponding parts
of the best-fit model along the profile AA′ (Fig. 6(a)).
The calculated TM-mode apparent resistivity at Site 2
is denoted by a gray line inFig. 10. A misfit between
the synthetic and observed apparent resistivity is obvi-
ous. Therefore, it is concluded that a high conductive
lower crust as shown below the CAF (C4 inFig. 8) is
not suitable below the WAF.

6. Discussion

6.1. Resistivity structure below the Atotsugawa Fault

The lateral variation of the resistivity structure be-
low the WAF (with the northern highly and southern
moderately resistive zones) is found at depths of
3–12 km by our magnetotelluric survey, which is a
common feature in other geophysical surveys. A seis-
mic experiment with explosive sources was conducted
i
a nd
n -
v g-
ig. 9. Sensitivity tests on a depth extent of the low resistivity z
long the fault by forward modeling. Schematic view of the
esistive fault zone is shown in this figure (upper). Calculated
esponses at Sites 2, 9, 14 and 15 are shown (lower). Broken lin
alculated from the best-fit model inFig. 6. Colored lines correspon
o MT responses in cases of bottom depth (D) of 1, 2, 5 and 12 km
espectively.
n the central Japan region (Iidaka et al., 2003), and
large lateral variation of P-wave velocity was fou

ear the WAF as shown inFig. 8(a). A magnetic sur
ey near the profile AA′ indicates that the total ma
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netic field in the north of the WAF is higher than in
the south (Murakami et al., 1984). These geophysical
surveys around the WAF imply the existence of lat-
eral variation of the crustal structure below the WAF.
On the other hand, the resistive block (R2 inFig. 8) is
found at the both side of the CAF. A similar P-wave
velocity structure across the CAF was obtained by a
3D seismic tomography around the Atotsugawa Fault
(Shimada, 1996, pers. comm.). The seismic velocity
structure beneath the profile BB′ were also shown in
Fig. 8(b). The high resistivity layer at a depth of 5 km
below the profile BB′ approximately corresponds to the
high velocity zone, and suggests that crustal structure
is almost continuous across the CAF.

The shallow, low resistivity zones beneath Sites 2
and 14 (C1 and C3 inFig. 8), immediately at the surface
trace of the Atotsugawa Fault, are explained by a frac-
ture zone along the fault. Low resistivity zones along
active faults have often been found, and are probably
related to fluid in the fracture zones. The existence of
fluid in the fracture zone along the Atotsugawa Fault is
supported by geochemical and self-potential measure-
ments.Sugisaki et al. (1983)found a high concentration
of H2 in a fracture zone along the Atotsugawa Fault,
and concluded that such concentration can be generated
from a reaction between groundwater and fresh mineral
surface formed by tectonic stresses in the fracture zone.
Ohshiman et al. (1987)found a self-potential anomaly
near the Atotsugawa Fault and concluded that ground-
water flow in the fault plane generates this anomaly.
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an interpretation of the seismic gap recognized in the
CAF. Unsworth et al. (1997)conclude that the creep
segment of the SAF at Parkfield is characterized by an
extremely low resistivity zone, suggesting a high fluid
concentration. However,Unsworth et al. (1999)found
a narrow low resistivity zone along the SAF at Car-
rizo Plain, an apparently locked segment, with smaller
conductance than at Parkfield. Therefore, the low resis-
tivity zone along the CAF (C3), with shallower bottom
than along the WAF (C1), is compared not to the ex-
tremely low resistivity zone along the creep segment of
the SAF, but to the narrow low resistivity zone along the
locked segment of the SAF. In addition, resistive blocks
are present on the both side of the locked segment of
the SAF (Mackie et al., 1997; Unsworth et al., 1999),
which is similar to the resistivity structure across the
CAF (R2). Meanwhile, a resistive block is imaged west
of the fault at the creep segment of the SAF, while a
conductive block is required to the east (Unsworth et
al., 1997), which is similar to the structure across the
WAF. These similarities on the resistivity structures in-
side and outside of the fault zones between the Atot-
sugawa Fault and the SAF support that the seismic gap
at the CAF is interpreted not as a creep segments, but
as a locked segment.

Our resistivity structures of the upper crust (in a
depth range of 3–12 km) also indicate that the CAF
has a character of main rupture zones of large earth-
quakes. In this study, the high resistive layer across the
CAF (R2) is interpreted as a low porosity zone and
p ke
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fi r,
herefore, it is concluded that the shallow low resis
ty zone near the Atotsugawa Fault is due to fluid in
racture zone. As described above, the low resist
one along the WAF has a deeper extension than
long the CAF. If fluid has a similar resistivity along
totsugawa Fault, this difference of the low resistiv
one is caused by different porosity or pore conne
ty between the WAF and the CAF on the basis of
rchie’s law (Archie, 1942). In other words, the frac

ure zone in the shallow depth less than 2 km along
AF has higher concentration or connectivity of fl

han one along the CAF.

.2. Resistivity structure and seismic activity
long the fault

Resistivity structures across the San Andreas F
SAF) are similar to our resistivity model, and give
ossibly has high rigidity, and little micro-earthqua
ccurs within it. On the basis of the seismic studies
ain rupture zones are mostly limited to high vel

ty (i.e., high rigidity) regions as reported byZhao and
anamori (1995)and Chiarabba and Amato (1997.
berhart-Phillips et al. (1990)found a high velocity
nd high resistivity zone corresponding to a main

ure zone of the Loma Prieta earthquake. A theore
tudy on faulting in inhomogeneous media (Rybicki
nd Yamashita, 2002) supports the correlation betwe
main rupture zone and a high rigidity zone. Th

eophysical studies imply that the CAF across the
esistivity layer can be an asperity.

Our interpretation that the CAF is possibly a loc
egment is supported by a frequency-magnitude
ionship of micro-earthquakes at the CAF, charac
zed using theb-value. Theb-value is a constant d
ned as the following equation (Gutenberg and Richte
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1944):

logN(M) = A − bM

whereA is a constant andN is a number of earthquakes
in an area with magnitude greater thanM. Mikumo et
al. (1988)analyzed earthquakes occurred in 1977–1986
along the Atotsugawa Fault, and reported that theb-
values are 0.81 for the WAF and 0.50 for the CAF,
respectively.Amelung and King (1997)found thatb-
value in a creep segment along the SAF is greater than
the neighboring segments.Hirose et al. (2002)also
found several areas with anomalously highb-values in
the northeastern Japan subduction zone, and no asperi-
ties correspond to the highb-value areas. These studies
support that the seismic gap along the CAF is inter-
preted as a locked segment rather than a creep
segment.

Similar resistivity structures to the CAF (Fig. 6(b))
have been reported along other faults except for the
SAF. In central Japan,Kasaya et al. (2002)carried out
a magnetotelluric survey around an earthquake fault
of the 1984 Western Nagano Prefecture earthquake
(M6.8), and compared the resistivity structure with
seismic activity in 1995, about 10 years after the earth-
quake. They concluded that a recent low-seismicity
region along the earthquake fault shows a reasonably
homogeneous crust, corresponding to the CAF. Mean-
while, they concluded that a recent high-seismicity re-
gion with micro-earthquakes along the fault is charac-
terized by a lateral resistivity variation, similar to the
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several years) and dense observations. Magnetotelluric
surveys as introduced in this study can be done within
several weeks, so that electromagnetic study is use-
ful for a first evaluation of an asperity along active
faults.

6.3. Lower crust conductors

Conductive zones in the lower crust are found be-
low a depth of 12 km (C2 and C4 inFig. 8). Kariya and
Shankland (1983)indicate that the dry lower crust can-
not explain the anomalously low resistivity because of
low temperature. Seismic reflection surveys help us to
discuss a possible cause of the low resistivity.Ito et al.
(1993)andUeno et al. (2002)found reflective layers in
the Atotsugawa region at depth of 15–20 and 12–14 km,
respectively. Conductive minerals in the lower crust
cannot explain these reflectors, so that a possible can-
didate of the conductive lower crust is fluid. In addition,
a depth at temperature of 400◦C in the Atotsugawa re-
gion is roughly estimated as 13.5 km by heat flow data
(Uyeda and Horai, 1964). Jones (1987)proposed that
an impermeable layer is created on the lower crust un-
der a temperature of 400◦C, which keeps a conductive
lower crust. Therefore, trapped fluid below an imper-
meable layer at the depth of about 12–15 km is a pos-
sible cause of the conductive lower crust around the
Atotsugawa region.

A regional resistivity structure helps us to discuss
the possible origin of fluid in the lower crust below
t
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p nd
AF. In Turkey, resistivity structures around a rupt
one of the 1999 Izmit earthquake (Mw 7.4), which
ad been known as a seismic gap along the North

olian fault zone until this earthquake, were obtai
mmediately after the earthquake. The results indi
hat the main shocks are located at northern edge
igh resistive zone (Oshiman et al., 2002) and after
hocks along the main rupture zone occur in the
esistive zone (Oshiman et al., 2002; Tank et al., 200).
hese electromagnetic surveys indicate that a res
one along an active fault is possibly related to an
erity along the fault with ordinary low-seismicity a
pisodic large earthquakes. Therefore, we claim
esistivity structures around active faults can be a g
ndex for evaluation on fault activities and cause
eismic gaps. Although detailed seismicity mapp
nd GPS measurements can allow us to discus
erities along a fault, they need long-term (more t
he Atotsugawa Fault.Utada et al. (1996)investigated
large-scale resistivity structure below central Ja

nd found a conductive lower crust and a thin con
ive layer at the top of the subducting Philippine
late. They also found that the lower crustal cond

or have contact with the slabtop conductor, and
est that the supply of free water from the subduc
hilippine Sea Plate is likely to be a source for the lo
rustal fluid. Fluid content in the lower crust is roug
stimated by conventional Archie’s law (Archie, 1942),
ften used to convert resistivity to porosity in syste
here electrical conduction is dominated by an

erconnected pore fluid. The Archie’s law is writ
s

r = ρfϕ
−m

hereρr is the effective resistivity of the rock,ϕ the
orosity andm is a constant that lies between 1 a
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2. If ρf is 1–0.1�m at 400◦C afterNesbitt (1993), a
porosity range of 0.03–5.8% is required to obtain re-
sistivity of 300�m in the conductive zone (C4). Sim-
ilarly, a porosity range of 0.02–4.1% is required to
obtain resistivity of 600�m in the conductive zone
(C2). These porosity values would be upper limits if
solid-phase conductors, such as graphite (summarized
in Wannamaker, 2000), had a contribution to conduc-
tion mechanism in the lower crust.

The lower crust is conductive below the low-
seismicity area along the CAF (C4), while it is less con-
ductive below the high-seismicity area (C2). We have
no reasonable explanation for such heterogeneity of
the lower crust conductor. One possible candidate may
come from a different diffusion process of fluid from
the lower crust to the surface. Below the WAF, fluid in
the lower crust may upwell through the fracture zone
along the WAF. The fluid concentration along the shal-
low part of the WAF (C1), higher than along the CAF
(C3), can be explained by such upwelling fluid with
high pore pressure. The released fluid is also consistent
with many micro-earthquakes along the WAF (Fig. 2)
because high pore pressure increased by fluid from a
deep interior can result in micro-earthquakes (Sibson
et al., 1988). On the other hand, fluid in the lower crust
below the CAF, the possibly locked segment, may be
preserved below a high resistive and possibly imper-
meable layer (R2) and result in the conductive layer
(C4). Similar structures below large earthquakes have
been reported by seismic and electromagnetic studies.
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7. Conclusion

Magnetotelluric soundings were carried out across
the Atotsugawa Fault. Two profiles were selected to be
across the low-seismicity segment of the fault (CAF)
and the high-seismicity segment (WAF). Although the
spatial distribution of the strike direction shows the
three-dimensionality in a shallow depth in the crust,
two-dimensional resistivity structure was investigated
by using the TM-mode of MT responses. The static-
shift was corrected in the inversion procedure. The re-
sistivity models along the two profiles are summarized
as follows:

(1) A lateral variation of resistivity structure is found
below the WAF, with a northern highly and south-
ern moderately resistive zones in the upper crust.

(2) A highly resistive layer widely underlies the sur-
face trace of the CAF.

(3) A shallow low resistivity zone is recognized along
the fault. The bottom of the low resistivity zone
along the WAF is deeper than one along the CAF.

(4) The lower crust of the Atotsugawa region is con-
ductive. The resistivity in the lower crust below the
WAF is higher than below the CAF.

A low resistivity zone along the fault is inferred as
a fracture zone. Therefore, we conclude that the differ-
ence between the low resistivity zones along the WAF
and the CAF reflects difference on fluid content or con-
n ral
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hao et al. (1996)found a low velocity zone belo
he hypocenter of the 1995 Kobe earthquake (M7
hey concluded that fluid-filled fractured rock mat
nderlies the large earthquake zone, and is pos
elated to the rupture nucleation of the earthqu
upta et al. (1996)found that the focal zone of th
993 Latur earthquake (Mw 6.1) was underlain by

ow-velocity and low resistivity layer interpreted
fluid-filled fractured rock matrix.Mitsuhata et a

2001)also found a deep conductive zone below
eismogenic region of the 1962 Northern Miyagi Ea
uake (M6.5). These studies suggest that resistivi

he lower crust below an active fault can be also use
n index to evaluate fault and seismic activities. In o

o confirm this hypothesis, a comparison between
eismicity and a spatial distribution of the lower cr
onductor by a number of additional magnetotell
urveys in the Atotsugawa region is necessary.
ectivity in the fracture zone. In addition, the late
esistivity variation in the upper crust below the W
ndicates a sharp material boundary, while there i
orresponding lateral variation below the surface t
f the CAF. Both the shallow structure near the f
nd the upper crustal structure support that the

s interpreted not as a creep segment, but possibly
ocked one. Thus, MT surveys around active faults
s useful information on fault activities, seismicity a
eismic gaps along faults.

The conductive lower crust is also inferred to be
o fluid. The heterogeneity of the lower crustal re
ivity is enigmatic, but may reflect a different diffusi
rocess of fluid from the lower crust to the surface.
uggested that the conductive lower crust beneat
AF is recognized where fluid is trapped by an imp
eable layer in the upper crust. On the other hand,

n the lower crust below the WAF may diffuse to t
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surface through the fracture zone along the fault. Such
upwelling fluid from the lower crust is consistent with
many micro-earthquakes along the WAF.
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