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Abstract

The 2008 Iwate-Miyagi Nairiku earthquake (M 7.2) was a shallownthlkearthquake that
occurred in the volcanic front of the northeastern Japan arc. To umdenstay th
earthquake occurred beneath an active volcanic area, in which ductilgemmasally impedes

fault rupture, we conducted magnetotelluric surveys at 14 stations dtmuegicentral arga

2 months after the earthquake. Based on 56 sets of magnetoiailoeidances measured by
the present and previous surveys, we estimated the three-dimengeDal electrica
resistivity distribution. The inverted 3-D resistivity model showeshallow conductive zone
beneath the Kitakami Lowland and a few conductive patches beneath \amtanic areas.
The shallow conductive zone is interpreted as Tertiary sedimenbaiks. The deepér
conductive patches probably relate to volcanic activities and ppssibdicate high
temperature anomalies. Aftershocks were distributed mainly iretligtive zone, interpreted
as a brittle zone, and not in these conductive areas, interpretedtites zbuees. The size of
the brittle zone seems large enough for a fault rupture area capableratiggresn M 7-clas
earthquake, despite the areas distributed among the ductile zoremtdigretation implie
that 3-D elastic heterogeneity, due to regional geology and voleatvities, controls th
size of the fault rupture zone. Additionally, the elastic heterotieseaiould result in local
stress concentration around the earthquake area and cause faulting.
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Findings
Introduction

The 2008 Iwate-Miyagi Nairiku earthquake (M 7.2) was an inland esaiktegthat occurred
in the vicinity of the volcanic front of the northeastern Japan arc aluly42008. The focal
mechanism of the earthquake was a reverse type, which is consiste the crustal
deformation displaying east—west contraction around the study area (Malr2@02, 2004).
Aftershocks of the earthquake were distributed within an area &f B®) km and showed a
complex distribution (Figure 1) (Okada et al. 2012). A curious featutieeoéarthquake was



that volcanic areas (Mt. Kurikoma, Mt. Yakeishi, and Onikobe Caldarapwnded the

earthquake area. In general, ductile areas caused by high temparad partial melting are
distributed beneath volcanic regions. Because these ductile ar@edeirtine propagation of
fault ruptures, it would seem difficult for large earthquakescimupin volcanic regions. To
address this question and better understand the relationships betlaednearthquakes and
volcanic activity, detailed structural investigations are required.

Figure 1 Study locations.The red star and red triangles denote the epicenter of the 2008
lwate-Miyagi Nairiku earthquake (M 7.2) and active volcanoes, respect{a¢lhe yellow

circle denotes the remote reference site (Sawauchi station). The ddssdharea indicates

the Kitakami Lowland(b) Yellow diamonds and triangles denote MT stations in this and a
previous study (Mishina 2009), respectively. Small red dots denote aftershocks of the 2008
earthquake (Okada et al. 2012).

The magnetotelluric (MT) method reveals the distribution ofteéat resistivity and has
been used to clarify the geology, high-temperature anomaliesjuaddlitribution around
earthquake zones (e.g., Mitsuhata et al. 2001; Ogawa et al. 200da Saral. 2004,
Unsworth and Bedrosian, 2004; Ichihara et al. 2008, 2009, 2011; Wannamake20&9al.
Yoshimura et al. 2009). Mishina (2009) conducted MT surveys along threeyslimes
across the northern edge, central part, and southern edgeaftetiseock area (Figure 1) and
estimated resistivity distributions based on two-dimensional (#¥grsions. The models
showed low-resistivity anomalies around the earthquake area that ¢nyskal fluid flows.
They also showed significant differences among the resisticofjigs, which indicate strong
three-dimensionality. However, 2-D inversion of a strong threexd#ional (3-D) resistivity
structure often results in inaccurate models (e.g., Siripunvarapatn2€05b). Additionally,
MT data were not measured around the epicenter of the main skmodhis Istudy, we
conducted wide-band MT measurements around the epicentral area artddufta
resistivity models based on a 3-D inversion. Then, we interpretecethegical and thermal
heterogeneity based on the estimated resistivity model angsdext the relationship between
the earthquake and these heterogeneities.

Magnetotelluric measurements and impedances

Wide-band MT surveys were conducted at 14 sites along a prafdsing through the
epicenter of the earthquake in August 2008 (Figure 1). We recorded tvizorital
components of electric field and three components of magnetic field using MTUZQ6thsy
(Phoenix Geophysics, Ltd., Toronto, Canada). The electric and madiedtis were
measured using Pb-PhCtlectrodes and induction coils, respectively. The recorded time
series were converted into frequency-domain MT impedance tenstweebe 320 and
0.00034 Hz by using the SSMT200 system (Phoenix Geophysics, Ltd.)emb&erreference
technique (Gamble et al. 1979) was applied in the estimation of mpedances using
horizontal magnetic field data from Sawauchi station (Figureviijch yielded high-quality

MT responses.

We then evaluated the dimensionality of the resistivity distinutased on MT impedances
and geomagnetic transfer functions at 56 sites: 14 sites evhlathis study, 41 sites by
Mishina (2009), and 1 site by the Geographical Survey Institute. Fystews the phase
tensor ellipses (Caldwell et al. 2004) and Parkinson's induction vectokm@@a 1962). The
azimuths of®dmax (@ — f) in the phase-tensor ellipses were directed dominantly toward 115° to
295° in the long period (227 s in Figure 2). This azimuth is perpendiculdret strike



azimuth of the NE Japan arc. On the other hand, no obvious trend was fourttidrphase
tensor in the shorter period or the induction vectors in all periogsirg-2). Additionally,
large p| values (>10°) were recognized in more than half of the pleasers in the long
period. These indicate that the resistivity distribution was highly threerdioreal.

Figure 2 Phase tensor ellipses and induction vectorsarge ellipses denote observed phase
tensor ellipses, whereas small ones in the background denote synthetic dllipspsaive
virtual sites, which were calculated from the 3-D resistivity model.cbher of the ellipse
denotesdnin, Pmin, andp for (a), (b), and(c), respectively. Purple arrows in (c) denote the
observed real part of Parkinson's induction vectors (Parkinson 1962). Note that we exclude
observed values showing large error exceeding 5°, 5°, 2°, and 0 @%ifp®min, B, and

induction vector, respectively.

Three-dimensional inversion

The 3-D resistivity distribution was estimated based on the 56inyEdances via a 3-D
inversion code. We adopted the WSINV3D code (Siripunvaraporn et al. 20@%ah is
based on a data-space variant of the Occam approach, for énsionv Twelve periods of
MT impedances between 0.44 and 990 s were used as input for the inVensioriloors of
10% and 20% were applied for off-diagonal and diagonal components, reslyedthe 3-D
resistivity model covered a 4,00@-gxis) x 4,000 y-axis) x 1,240 km (vertical) region
discretized into 54 x 65 x 31 layers (without air layers). Thgtleand width of the blocks
within the survey area were 2 km, but these widened outside the atedy The initial
inversion model consisted of a 3@ m homogeneous half-space model, except for the
seawater area. The model blocks in the seawater areaixezted 0.3Q2 m. The same model
used for the initial model was adapted as a prior model. Weeitetiag¢ inversion procedure
10 times and obtained a minimum RMS misfit model in the sixth iberfRMS misfit 2.54).
Then, we adopted the sixth iteration model as the initial and prastelmand reran the
inversion procedures 10 times. Finally, a minimum RMS misfit mode obtained in the
second iteration of the second procedure (RMS misfit 1.53). The ifinaited resistivity
model mostly explained all components of the measured impedangass(B). The model
showed distinct conductors around the aftershock area (Figures 4 ansh8)tow conductor
(1 to 10Q2 m) beneath the Kitakami Lowland (C-1); conductors beneath theniolageas of
Mt. Kurikoma (C-2), Onikobe Caldera (C-3a), and Mukaimachi Cald&&b); and
conductors distributed beneath the C-1 conductor (C-4 and C-5). On the atderhign
resistivity (100 to 10,00 m) was estimated in the mainshock and aftershock areas.

Figure 3 Apparent resistivities and impedance phaseBots with error bars and solid lines

are based on measured impedances and calculated impedances of the inverted model. The
dashed, dash-dotted, and dotted lines denote the calculated impedances of the sess#ivity
(see text for details).

Figure 4 Horizontal cross sections of the inverted resistivity modeTl.he pink diamonds
denote MT stations. The red star and red dots denote the epicenters of the mainsheck and i
aftershocks, respectively. The dashed lines indicate replaced areas imstheityetests. The

thin lines denoted as 'Y,’ ‘I, ‘K,” and ‘N’ indicate the locations of the cross eastin

Figure 5.

Figure 5 Vertical cross sections of the inverted resistivity modelhe red arrows indicate
the margins of the Kitakami Lowland. The other symbols are the same asria #igu




High @max and @nin (>45°) in short-period data (<1 s) in the Kitakami Lowlangureed the
C-1 conductor (Figure 2). Induction vectors around the middle perianl 30 &) directed to
the Kitakami Lowland supported the C-1 conductor. The C-2, C-3a, C-4, arab@ibctors
were verified based on the following sensitivity tests. If tlea@nclosed by the black dashed
line around C-2 in Figures 4 and 5 was given a uniform resistiviB06fQ m, the RMS
misfit for all the MT sites was increased to 1.895 from 1.530 innherted model. In this
sensitivity test, the calculated phases in the YX componentdesreased more than 10° at
site K180 in the periods between 0.885 and 7.09 s compared with the edeiaspedances
and the response of the inverted model (Figure 3). Similarly, the sguadives in the MT
sites near the C-3a, C-4, and C-5 conductors and the total RMSsmasfie significantly
changed when these conductors were replaced with(360 (Table 1 and Figure 3). The
resistive zone around the earthquake area (R-1) was alseddrdised on the following
sensitivity test. If the area enclosed by white dashed line in Figuaed 5 was given with 30
Q m, the RMS misfit was increased to 2.906 and the calculatedinpEdances were
significantly changed in the short-middle period band (<100 s) (Figure 3).

Table 1 The RMS misfits of the sensitivity test models (see text for details

Conductor Inverted model 3Qm 10Qm 30Qm 100Q m 3000 m
C-2 1.530 1.532 1.541 1.580 1.715 1.895
C-3a 1.530 1.537 1.568 1.667 1.895 2.118
C-4 1.530 1.537 1.570 1.663 1.878 2.124
C-5 1.530 1.530 1.533 1.558 1.620 1.684

The resistivities in the first row indicate filled resisti®s in the tests. RMS misfits indicating
significant differences compared with the inverted model alieied. The significances are
based on th€ test at the 95% confidence level. All models have 5,375 degrees of freedom.

We next constrained the reliable resistivity ranges of ti2g C-3a, C-4, and C-5 conductors
based on the following additional sensitivity tests (Toh et al. 20@6}hese tests, we
replaced the conductors in the inverted model with 100, 30, agdrhi0The replaced areas
are enclosed by dashed lines in Figures 4 and 5, except for the thatlshowed lower
resistivity than the replacing resistivities. The RMS n8sbf these models are shown in
Table 1. To examine whether the filled test models were signifly different from the
original inverted models, we adopted fheest. Based on the test with a 95% confidence
level, C-2, C-3a, C-4, and C-5 with resistivities higher than 30, 30, 30,160d2 m,
respectively, were significantly worse compared with the waiginverted model, which
indicated that the resistivity of the conductors should be lower than theswitesst

Discussion

Although C-1, C-2, C-3b, C-4, and C-5 were also found in the previous stuely blashe 2-
D inversion method (Mishina 2009), their shapes and distribution depths farertifin the
present model. The C-2 and C-3b conductors are in shallower areasSiDthmdel than in
the 2-D models. This inconsistency is probably due to inaccuracy iR-fhanversion,
because largg||values (>10°) above C-2 and C-3b (Figure 2) indicate a strongffed i
the MT impedances. Additionally, a conductor beneath Mt. Yakeisthier2-D model does
not occur in the 3-D model. The likely reason for this differandbe models is that the 2-D
inversion may have detected C-2, which is distributed alongside but not below the&p s
line (Figure 4), because 2-D inversion often shows conductors distribifiteeé profile (e.qg.,
Siripunvaraporn et al. 2005b).



The C-1 conductor reflects Tertiary sedimentary rocks becdwsse trocks show low
resistivity (1 to 10Q m) in the NE Japan area (Takakura 1995; Ichihara et al. 2011) and are
distributed from the surface to a depth of 3,000 m (maximum) bertee Kitakami
Lowland, according to geological and seismic surveys (e.g., Katb 2006). However, the
C-1 conductor is not shown in blank areas of the MT stations (betwssn¥iand | and east

of line N), although seismic surveys found thick sediment in thesss (Kato et al. 2006). In
order to assess the impact of the surface conductive sedimentiarkeareas to the present
MT data, we filled these areas (purple dashed line in Figurepdh @5 to 3.0 km) in the
inverted model with conductor @ m) and calculated MT impedances (‘test C-1’ in Figure
3). The calculated impedances are slightly changed from thdke ofverted model except
for the long-period impedances in the eastern part of C-1 araa dbep conductors such as
C-4 and C-5 also affect the long-period MT responses as weasditater. This indicates that
the present MT data are hard to detect C-1 in the blank areashws)dconductors are
possibly distributed. On the other hand, the resistive zone includingeRebath C-1 and the
aftershock area is reliable regardless of the shape of C-1 contlectuse it slightly affects
the MT impedances above the R-1 while the MT responses are significantijyedhahen R-

1 is covered with 3@2 m (sites Y170 and 1820 in Figure 3). The R-1 are interpreted as
granites because these rocks are distributed beneath theyTsgtianentary rocks and are a
basement rock of the NE Japan arc (e.g., Sato 1994).

The C-2 conductor is distributed beneath Mt. Kurikoma, which has displayate@ary
volcanic activity (Fujinawa et al. 2001). Okada et al. (2010) inelecat low-velocity (Vs)
anomaly in this area that was interpreted as partial melfingy inferred that the melt
originated from upwelling flow in the mantle wedge (e.g., Hasegatved. 2005). Thus, C-2
can be interpreted as high-temperature or partial melt zat@®d to volcanic activities.
Assuming that C-2 consists of a silicic composition and contains Z®twt% or 0 wt%
H,0, the temperature of C-2 (<% m) would be 500°C or 600°C, respectively, based on
Gaillard (2004) (Figure 6). Similarly, the temperature of C-380(€ m), which is
distributed beneath the Onikobe Caldera, should be more than 500°@nthast, the
temperature in the non-volcanic area of the volcanic front arealepth of 8 km should be
210°C, assuming a heat flow of 80 mW/fibased on Tanaka and Ishikawa (2002) and
Tanaka et al. (2004)). Therefore, the temperature in the arélas Gf2 and C-3a conductors
should be 200°C higher than that of the surrounding area, assuming thaerhjggrature
causes the conductive anomalies. The actual temperature in #sechrthe C-2 and C-3a
conductors, however, should be higher than these estimates for theirfglireasons: (1)
andesite, which requires a higher temperature to explain thersaistvity, as compared to
silicic material (e.g., Gaillard and Marziano 2005), is distridute the Kurikoma volcano
(Fujinawa et al. 2001) and (2) the actual resistivity in the conduatieas should, in part, be
lower than 32 m because the inverted model shows a value@f in the centers of the
C-2 and C-3a conductors and the inversion adopted a smoothness constteahtnBla or a
large amount of aqueous fluid may be required to explain such a |lstivigs For better
constraint, additional surveys are required, especially for the c&@+8kuctor, which does not
include an MT station.

Figure 6 Resistivity of obsidians based on Figure seven in Gaillar@@04. Diamonds
denote laboratory measurements of resistivity for hydrous obsidians. Red ahddd e
estimated resistivity based on the Arrhenius law. The resistivity of drgiabgblack line) is
calculated from the results of different pressure conditions. The green dashéehotes the
resistivity range of the C-2 and C-3a conductors.




The C-4 conductor is possibly required to explain out-of-quadrant phasése YX
component at sites Y200, Y210, and Y220 because the anomalous large pbhaset ar
explained when the C-4 conductor is filled with 3Q0m (Figure 3). Similarly, out-of-
guadrant phases observed at site 1823 are not explained when Clédisvith 300Q m
(Figure 3). On the other hand, strong channeling of telluric currentta@ube shallow
conductor beneath the Kitakami Lowland (C-1) is also a candidatbdcanomalous large
phases because a shallow conductor complex sometimes induces oulrafijydnases
(e.g., Ichihara and Mogi 2009; Ichihara et al. 2013). Indeed, the abpwéhbgis model that
the conductor is inserted in the blank areas of the MT sites @4uncreases YX phase in
the anomalous phase areas (Figure 3). However, the truevigsdistribution around the
Kitakami Lowland is difficult to obtain based on the present datause the shallow
resistivity distribution is not constrained in the blank area of d¥fftions, as we discussed
previously.

The aftershocks are dominantly distributed in the resistive zorerdwstightly within the C-
1 and C-2 conductors. Because these are interpreted as granitieriady Tsedimentary
rocks and high-temperature areas, respectively, the aftershaakseacin brittle areas but
rarely in ductile areas. This indicates that the seisynidiépended highly on three-
dimensional elastic heterogeneity. As mentioned in the ‘Introduction,imagnitude and
rupture area of the 2008 Iwate-Miyagi Nairiku earthquake (M 7.2a@aoenalously large for
an earthquake occurring in a volcanic area where ductile zonegeaegally distributed.
However, this study has indicated that the ductile zones relatedldanic activities are
patchily distributed and that the size of the brittle aredaige enough for M 7-class
earthquakes to occur. These elastic heterogeneities mahaleobeen responsible for the
earthquake occurrence in a different way because elaséimbeneities may result in local
stress concentration zones and can cause faulting (e.g., Ichirer£2@08, 2013; lio et al.
2002). These interpretations imply that the MT method can detetit dlaterogeneities that
may control the occurrence and magnitude of the large inland eartsqU&lezefore, three-
dimensional resistivity modeling based on MT surveying is impor@antunderstanding
earthquake occurrences.

Conclusion

We conducted magnetotelluric surveys at 14 stations around the feaaifahe 2008 Iwate-
Miyagi Nairiku earthquake (M 7.2). Based on the MT impedances atamgpfofiles by the
present and previous studies, a preliminary 3-D resistivity model obtained using
WSINV3D code. The resistivity model showed a shallow conductive 20+ énd a few
distinct conductive areas around the focal area (C-2, C-3a, C-4, Ghd>ct was interpreted
as Tertiary sediment based on its geological distribution. @2 G&3a possibly indicate
high-temperature zones related to volcanic activities beneatiKiiitkoma and Onikobe
Caldera. Aftershocks were distributed mainly in the resistive zaneé not in the
aforementioned conductive zones, which implies that elastic hetsibgelue to volcanic
activity and geology may control the magnitude and occurrence freguef such

earthquakes. However, this study could not constrain the preciger/tgsisstribution in the

blank areas of MT stations. Thus, dense surveys between thagyisifiles of MT stations
are required for more detailed interpretations.
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