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Abstract

The 2011 Tohoku-oki earthquake (Mw 9.0) was characterized by a huge fault slip on the shallowest part of the plate
interface, where fault behavior had been believed to be aseismic. In this study, we modeled the two-dimensional
resistivity distribution across the slip area based on ocean-bottom electromagnetic measurements to understand
the physical properties around the plate interface controlling fault rupture processes. The optimal 2D resistivity
model showed a conductive area around the shallowest plate interface where the huge coseismic slip was observed,
whereas the deeper plate interface where the fault rupture was nucleated was relatively more resistive. The shallowest
plate interface was interpreted to have a high pore seawater fraction, whereas the deeper interface was interpreted
as a dry area. These findings are consistent with the hypothesis that aseismic frictional conditions changed to condi-
tions enhancing fault rupture when the rupture propagated to the wet, clay-rich shallowest plate area. The optimal
resistivity model also revealed a conductive area under the outer-rise area of the Pacific Plate. This finding supports
the existence of a hydrated oceanic crust that supplied agqueous water to the subduction zone, including to the huge
fault slip area.
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Introduction

The 2011 Tohoku-oki earthquake (M,, 9.0) was associated
with a huge fault slip of more than 80 m in the shallowest
part of the plate interface that possibly produced the dev-
astating tsunami (e.g., Fujiwara et al. 2011; Ito et al. 2011;
linuma et al. 2012) (Fig. 1). In the deeper part of the plate
interface, the fault rupture nucleated but the estimated
slip was smaller (e.g., Koketsu et al. 2011; Ide et al. 2011;
linuma et al. 2012). The shallowest part of plate interface
is usually aseismic because the consolidated sediments
in this area enhance stable slip (e.g., Scholz 1998; Hynd-
man et al. 1997). Therefore, the huge shallow slip during
the 2011 earthquake changed our understanding of meg-
athrust earthquakes. Numerous studies have attempted
to understand this fault slip behavior. The results of
core sample experiments and borehole observations of
the Japan Trench Fast Drilling Project (JFAST), carried
out in the toe of the shallowest plate interface after the
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earthquake (Fig. 1), suggest that when the fault rupture
propagated with a high slip rate to the shallowest plate
interface, the frictional properties changed to a state that
enhanced fault slip because of the pelagic clay and high
pore fluid pressure distributed there (e.g., Chester et al.
2013; Ujiie et al. 2013; Fulton et al. 2013). Thus, pore
fluids made an essential contribution to the mega-slip
mechanism.

Seismic and electromagnetic explorations have esti-
mated that a highly hydrated zone exists in the crust and
uppermost mantle of the oceanic plate just before it is
subducted in some subduction zones, including in the
Tohoku-oki area (e.g., Fujie et al. 2018; Naif et al. 2015).
Because dehydration fluid from the subducted oceanic
plate is a main source of aqueous fluid in a subduction
zone, including in megathrust areas, it is important to
investigate the amount of pore water in the incoming
plate. Bending-related normal faulting in the outer-rise
area, where the oceanic plate is bowed upward just before
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Fig. 1 Maps showing the study area location. The red star indicates the epicenter of the 2011 Tohoku-oki earthquake (M,, 9.0). Elevation data are
from the ETOPO1 global relief model (NOAA 2009). a The open red rectangle indicates the area shown in b, and the yellow circle shows the location
of the Kakioka Geomagnetic Observatory. b Green diamonds denote OBEM stations. The 2D models were constructed along the thick orange line.
The yellow diamond indicates the JFAST borehole site (Chester et al. 2013). The red contours (10 m interval) show the fault slip during the 2011

Tohoku-oki earthquake based on (linuma et al. 2012)



Ichihara et al. Earth, Planets and Space (2023) 75:82

subduction, is believed to enhance hydration in the oce-
anic crust and uppermost mantle (e.g., Fujie et al. 2018).
Moreover, because outer-rise faulting has caused devas-
tating tsunamis (e.g., the 1933 off-Sanriku earthquake;
Kanamori, (1972)), it is essential to understand the physi-
cal properties of the incoming plate.

Imaging of the electrical resistivity distribution gives
insights into pore fluid and clay mineral distributions
because the bulk resistivity greatly depends on the resis-
tivity, amount, and connectivity of pore fluid and clay
minerals. A magnetotelluric (MT) investigation uses
electromagnetic signals from natural sources to image
the resistivity distribution in the crust and upper mantle.
For example, MT investigations have identified conduc-
tive zones along tectonic boundaries (e.g., Ichihara et al.
2016; Ikeda et al. 2013), suggesting that fluid-filled areas
in and around fault zones may contribute to slip behav-
ior at those boundaries. In the Tohoku-oki area, Key and
Constable, (2011) analyzed marine MT data acquired
from the forearc region (survey line along 40°N). They
showed that the MT impedance data could constrain the
thickness of surface conductive sediments and the under-
lying resistive zone associated with the mantle wedge and
oceanic lithosphere despite strong coast effect distor-
tions. Baba et al. (2017) estimated 1D resistivity profiles
in the western Pacific plate (their “area D”) and showed
that a more than 100-km-thick resistive lithospheric layer
overlies a conductive asthenospheric layer. However, the
resistivity distribution near the focal zone of the 2011
Tohoku-oki earthquake has not been investigated. In
this study, we used MT data acquired by ocean-bottom
electromagnetic surveys to estimate the resistivity dis-
tribution around the focal area of the 2011 Tohoku-oki
earthquake.

Data acquisition

We collected time series of electromagnetic data
obtained by ocean-bottom electromagnetometers
(OBEMs) deployed at 12 sites along a survey line crossing
the center of the slip area of the 2011 Tohoku-oki earth-
quake and extending to the outer-rise area of the Pacific
plate (Fig. 1). The OBEM investigations were carried out
between 2009 and 2017 during 10 research cruises con-
ducted by the Japan Agency for Marine-Earth Science
and Technology (JAMSTEC) and the University of Tokyo
(Additional file 1: Table S1). The OBEMs were deployed
by being released from the ship and allowed to sink onto
the seafloor. After data acquisition, the OBEMs released
weights, surfaced, and were retrieved by the ship. Two
types of OBEM were used for the measurements. A type
developed by the University of Tokyo was deployed at
sites 03 and 05. The other type, a small OBEM developed
by JAMSTEC (Kasaya and Goto 2009), was deployed at
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the other sites. Both types of OBEM measured two hori-
zontal components of the electric potential difference
with Ag—AgCl electrodes and three orthogonal compo-
nents of the magnetic field with fluxgate magnetometers
in a similar data quality. Time series of the electromag-
netic signals, together with instrumental tilts and tem-
peratures, were recorded at sampling intervals of 0.125,
10, or 60 s. The data were acquired over a period of 10
to 147 days, depending on the observation site. Magnetic
fields were not available at site 42 because of an instru-
mental problem.

Magnetotelluric responses

We used frequency-domain MT impedance tensors (Z)
to image the resistivity distribution. Z is estimated from
the two horizontal components of the electric field (E,
and E)) and the magnetic field (B, and B,) as follows:

Ex| _ | Zex Zay || Bx

E)’ ZJ’x ZJ’J’ By ’
where subscripts x and y indicate geographic north and
east, respectively. We also used geomagnetic transfer

functions (GTFs) (T), which reflect the horizontal gradi-
ent of the resistivity distribution, defined as follows:

B, =Tk Ty][gﬂ.

We estimated Z and T from the recorded electric field
and magnetic time series using BIRRP code (Chave and
Thomson 2004). The MT impedance at sites 31, 32, 41
and 42 were not well determined because of a low sig-
nal-to-noise ratio, especially in the short-period band
(<500 s); therefore, at these sites we applied FDICA-MT
code (Sato et al. 2021) to estimate MT impedance based
on the following reason. In deep seafloor where these
sites locate, the electromagnetic signals and external-
origin noises are decayed especially in the short periods
and the signal power is comparable to the instrumental
noise level. FDICA-MT can effectively decompose such
data with low signal-to-noise ratio into MT signal and
noise components, based on independent component
analysis. In the estimations of MT impedances and GTFs,
we applied the remote reference technique (Gamble et al.
1979) using horizontal magnetic field data from Kak-
ioka Geomagnetic Station (Kakioka Magnetic Observa-
tory 2013), which is more than 250 km southwest of the
OBEM sites (Fig. 1). To estimate the impedance at site 42,
we used geomagnetic field data at site 41 because mag-
netic field data for site 42 were not available. The esti-
mated period range are between 171 and 524288 s for
site 03 and 05; and are between 10.7 and 32768 s for the
other sites. As a result, high-quality MT responses and
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geomagnetic transfer functions were obtained at all sites
except site 05 (Fig. 2).

We then used the MT impedances to evaluate the
dimensionality and strike azimuth of the resistivity struc-
ture. Impedance values of the diagonal components of a
1D resistivity structure are zero (Z,,=Z,,=0), and those
of off-diagonal components are equivalent (Z,,=-Z,,).
Impedance values of the diagonal components of a 2D
resistivity structure are zero (Z,,=Z,=0) when the
axes (x or y) are parallel or perpendicular to the strike
azimuth. Therefore, on a polar diagram, the imped-
ance amplitude of the diagonal components is zero for
any coordinate azimuth of a 1D resistivity structure and
for strike azimuth or its perpendicular azimuth of a 2D
resistivity structure. On the other hands, off-diagonal
components are unity on a polar diagram of a 1D resistiv-
ity structure and are typically maximized or minimized
along the strike azimuth of a 2D resistivity structure.

While local resistivity anomalies near the MT station
cause galvanic distortion that affects the polar diagram
for land-based data, this issue is likely to be minimal in
seafloor MT impedance due to the near-uniform con-
ductivity of sediment beneath the seafloor (e.g., Key and
Constable 2011). The polar diagrams are thus valuable
tool for determining the dimensionality and the strike
azimuth of the seafloor MT data. The polar diagrams for
the 12 sites show that the amplitudes of the off-diagonal
component impedance are maximized mostly in the 015—
195° range for periods between 21 and 4096 s, except at
site 05 (Additional file 1: Fig. S1), which are consistent
with the strike direction of the subduction interface and
bathymetry (010 to 190°-015 to 195°). The amplitudes of
the diagonal components are much smaller than those
of the off-diagonal components for these periods. These
results indicate that the estimated MT impedance mostly
reflects a 2D resistivity distribution. The phase tensors,
which preserve the regional phase information regardless
of the galvanic effects (Caldwell et al. 2004), also indicate
a consistent geoelectrical azimuth with that of subduc-
tion interface and bathymetry (Additional file 1: Fig. S2).

GTF (T) is zero with a 1D resistivity distribution,
whereas with a 2D resistivity structure, T, is zero when
the x-axis is defined by the strike azimuth. Considering
this feature, we also used a GTF, graphically represented
by Parkinson’s induction vectors [Real{—T,}, Real{—Ty}],
(Imag{-T,}, Imag{-T,}] (Parkinson 1962), to examine the
dimensionality of the resistivity structure. In a 2D resis-
tivity distribution, direction of induction vector is per-
pendicular to the strike azimuth. The induction vector
amplitudes in the study area are small for short-period
MT data (<256 s) and large for longer period data (Addi-
tional file 1: Figs. S1, S2). The vectors are dominantly
directed toward 105° or 285° for periods between 256
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and 4096 s, that is, approximately perpendicular to the
contours of bathymetry and subduction interface. These
features also indicate a 2D resistivity distribution with a
strike azimuth of 015-195°.

Figure 2 shows sounding curves of the MT impedance,
and GTFs, which were rotated to align with the strike azi-
muth of 015°. Low apparent resistivities and low phase
values of short-period data imply a shallow, low-resistiv-
ity layer overlying a zone of higher resistivity. Cusps of
apparent resistivity and impedance phases that are out of
the ordinary quadrant are seen in the Z,, component at
a period of around 2000 s. These features have also been
observed at 40°N in the Tohoku-oki area, where they
were explained as a coast effect distortion due to the con-
ductive seafloor at the OBEM site and to resistive earth
beneath and adjacent to the OBEM (Key and Constable
2011). Extremely large GTF amplitudes are also seen at
around 2000 s.

2D resistivity modeling

We used the 2D inversion code MARE2DEM (Key 2016)
to construct resistivity models. MARE2DEM adopts arbi-
trarily shaped polygons for the inverse model and thus
can efficiently replicate the complicated bathymetry and
geometry of the plate interface. The inversion procedure
minimizes the following objective function (U):

U = |Rm|* + W (d — F[m])||?,

where m and d are the model parameter and the data
parameter vector, respectively, and R is the model rough-
ness operator. The first term on the right-hand side is
a model roughness term, defined as the L, norm of the
model gradient; this term, which is introduced to stabi-
lize the inversion, is called the smoothness constraint.
The second term is the data misfit term. F[m] is the vec-
tor of the forward response to m; W is a weight factor,
defined as the inverse of the standard deviation of the
data; and u is a hyperparameter that balances the data
misfit and model roughness terms. Note that we omitted
the prejudice term shown in the original equation of Key
(2016) (second term of Eq. 17). The inversion procedure
uses the fast Occam’s inversion approach to solve for m
iteratively by varying u (Constable et al. 1987).

For the modeling, we used the MT impedances and
GTFs at periods between 42.7 and 4096 s rotated to
align with the strike azimuth where x-axis is 015°, which
indicated a 2D resistivity distribution as described in
Sect. “Magnetotelluric responses” We omitted data
that indicate 3D resistivity structure: (1) Swift’s skew-
ness (Swift 1967), a rotational invariant of MT imped-
ance indicating asymmetry of the resistivity distribution,
larger than 0.2 (Reddy et al. 1977), and (2) x-component
of the induction vector with an absolute value greater
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than 0.15 (]T,|>0.15) in either real or imaginary com-
ponent. We selected the |T,| criterion but not |T,|/|T|
because large |T,|/|T,| values can occur in cases of small
lateral heterogeneity when both |7,| and |T)| are small.
We tested three values (0.05, 0.10 or 0.15) as the criterion
of |T,| and chose 0.15 to avoid losing the data with large
|7,| and small |T,|/|T,| representing two-dimensional
structures. We also excluded data at certain periods for
specific sites: data at site 30 for periods of 128, 171 and
256 s due to a polar diagram showing a significant devia-
tion from the assumed strike azimuth of 015°, and data at
site 31 for periods of 85.3 and 128 s due to a large ampli-
tude in the diagonal component of the MT impedance.

In total, 538 data parameters (Additional file 1: Fig. S1)
were used in the inversions. An impedance amplitude
of 10% and a GTF of 0.15 were applied as error floors.
Error floors for marine MT impedance vary among
studies (e.g., Tada et al. 2014 used 2.5% for off-diagonal
components in a 3D inversion, while Chesley et al. 2021
used 10% for 2D inversion). As our study is based on a
2D assumption but the data could be affected by three-
dimensional structure, we adopted a conservative error
floor value to avoid overfitting to the data. We utilized
data in which the x-component of the induction vector
was less than 0.15. This implies that 0.15 can serve as the
minimum error of the GTF and is consequently utilized
as the error floor. We set 3.0 as the horizontal-to-verti-
cal penalty weight (w,,) in the roughness term to inhibit
unrealistic horizontal variations (Key 2016).

Three-layered model

The out-of-quadrant phases and cusps of apparent resis-
tivity in the Z,, component make the inversion problem
difficult (e.g., Worzewski et al. 2012). To avoid model
trapping into local minima in the inversion procedure,
the initial model should explain such data. Key and Con-
stable (2011) approximated such MT responses observed
along 40°N by a simple 2D model consisting of three
homogeneous resistivity layers: seawater, a subseafloor
conductive layer reflecting seafloor sediment, and the
underlying background. Therefore, we first estimated the
initial inversion model to be a simplified three-layered
resistivity model. The resistivity of the seawater layer was
fixed at 0.3 Qm during the inversion procedures. The
bathymetry was based on the ETOPO-1 model (NOAA
2009). We divided the subseafloor layer into areas land-
ward and seaward of the Japan Trench. The thickness of
the landward subseafloor layer was set to 1.5 km because
seismic reflection surveys have shown the sediment
thickness in the Tohoku-oki area to be between 1 and
2 km (Kodaira et al. 2017). Similarly, the thickness of the
seaward subseafloor layer was set to 0.3 km because seis-
mic reflection surveys have shown sediment thickness to
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be between 0.2 and 0.4 km near the OBEM survey line
(Fujie et al. 2020). In total, three parameters (the resis-
tivities of the two subseafloor layers and the background)
were solved using the MARE2DEM code, but the model
roughness term was omitted because the number of data
(538) was much larger than the number of model param-
eters (3).

As the result of the preliminary inversion, we obtained
resistivities of 0.93, 0.23, and 277 Qm for the landward
subseafloor layer, the seaward subseafloor layer, and the
background, respectively (Model 0, Fig. 3). Model-pre-
dicted responses predominantly explain the observed
data, including the out-of-quadrant phases, the cusp of
apparent resistivity in the Z,, component, and the anom-
alously large GTF (root mean square (RMS) misfit: 2.582)
(Fig. 4, Additional file 1: Figs. S1, S2). However, the resis-
tivity model needs to be improved because the responses
do not adequately fit to data such as the apparent resistiv-
ity split between the Z,, and Z , components at the sea-
ward sites.

Inverted resistivity models

We next estimated 2D resistivity distributions using
Model 0 as the initial model. The same data set as was
used for the three-layered modeling (subsect. “Three-
layered model”) was used for the inversions described
below.

Resistivity boundaries may be distributed along the
bottom of the subseafloor conductive layer because the
resistivity of the seafloor sediment (1-2 Qm in the JFAST
borehole; Chester et al. 2013; Fig. 1) is considerably
smaller than that of crustal materials (e.g., chert, basalt,
gabbro, and consolidated sedimentary rock). In addition,
because the plate interface is a lithological boundary, it
may also be a resistivity boundary. In fact, Kodaira et al.
(2017) have reported a marked velocity contrast on the
plate interface near the trench. Therefore, we conducted
inversion procedures using the following four settings:

+ Model smoothness is equally applied in the whole
region (Model I).

+ Model smoothness is reduced along the bottom of
the subseafloor layer to 10% of the smoothness of
other regions (Model II).

+ Model smoothness is reduced along the plate inter-
face to 10% of the smoothness of other regions
(Model III).

+ Model smoothness is reduced along both the bottom
of the subseafloor layer and the plate interface to 10%
of the smoothness of other regions (Model IV).

In Models III and 1V, the location of the western part
of plate interface (y<— 50 km) is based on PS converted
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Fig. 3 Model 0 (initial model) and the inverted resistivity profiles of Models I-IV. Blue inverse triangles denote the OBEM stations. The horizontal and

vertical scale ratio of images is 1:2

seismic waves (Zhao et al. 1997) (Fig. 3). In the eastern
part (— 50 km<y<0 km), we set the boundary based on
the reflection plane and the V}, distribution estimated by
seismic surveys (Kodaira et al. 2017).

The inverted models were obtained after the 7-10
iterations of the inversion procedure. All of the models
explained most of the data (Fig. 4, Additional file 1: Figs.
S$4-S7); the RMS misfits were reduced to 1.001, 0.997,
1.002, and 0.992 for Models I, II, III, and IV, respec-
tively. Thus, all the inversions mostly reached the target
RMS misfit value (1.000). The inverted resistivity models
roughly showed a three-layered resistivity distribution:
(1) a conductive subseafloor layer (from the seafloor to
<10 km depth; <10 Qm); (2) a resistive layer (40-150 km
deep; 1000-20,000 QOm); and 3) an underlying conduc-
tive layer (<10 Qm) (Fig. 3, Additional file 1: S8). These
features are basically consistent with the resistivity dis-
tribution in and under the Pacific plate estimated about
1000 km offshore from the study area (Baba et al. 2013,
2017) and hence indicate that the rough structure in and
under the Pacific plate is maintained around the Japan
trench.

Validity of the resistivity model

All of the models showed an obvious conductive area
around the eastern edge of the upper plate (area C1 in
Fig. 5) although the distribution of the conductive area
varied among the models. These results indicate the
robustness of C1 independent of the smoothness con-
straint. The differences among the models are due to poor
resolution in the shallow area as well as to the differences
in the smoothness constraint. Indeed, model-predicted
MT impedances at periods shorter than the periods of
the inverted data were significantly different among the
models (Additional file 1: Figs. S4-S7). The results also
imply that the shorter period data are important for the
resistivity distribution in the shallow area.

The resistivity of the subseafloor layer in Models I and
III (0.5—4 QOm near the OBEM stations) is consistent with
the resistivity of seafloor sediments (typically 1-2 Qm,
e.g., Chester et al. 2013). In Models II and IV, however,
some areas are unrealistically conductive, especially near
the OBEM stations (<0.3 Qm). The unrealistic conduc-
tive areas can be attributed to the reduced smoothness
beneath the sediment layer. Therefore, Models I and III
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seem more compatible with the real resistivity distribu-
tion than Models II and IV.

Borehole logging at the JFAST site showed a sudden
resistivity increase with depth around the plate inter-
face caused by the geological change from pelagic clay
to chert (Chester et al. 2013). Moreover, a clear seismic
reflective plane associated with a change of V}, near the
plate interface (Nakamura et al. 2014) suggests that the
geological change is extended along the plate interface.
These findings imply the existence of a resistivity gap
along the plate interface. Therefore, we adopted Model
III as the optimal model in this study.

We evaluated the sensitivity of conductive area C1 on
the landward side of the Japan Trench (2—6 Qm in Model
III), which includes the area of huge coseismic slip of
over 80 m during the 2011 Tohoku-oki earthquake (e.g.,
Iinuma et al. 2012). In our evaluation, we modified the
optimum model to obscure the C1 anomaly and then
calculated the model responses. In the modified mod-
els, the lower limits of resistivity were values between
3 and 7 Qm between 1 km depth of the seafloor and
the plate interface, between y=0 km (trench axis) and
— 27 km (Fig. 5). In other words, we replaced areas where
the resistivity was less than 3-7 Qm with resistivities
of 3-7 Qm. A one-sided F-test showed at the 95% con-
fidence level that the variance of the normalized residu-
als between the observed and calculated responses of
the modified models was significantly larger than that of
the inverted model when the lower limit was larger than
6 Om (Fig. 6). Therefore, resistivity in C1 should be less
than 6 Om.

Next, we examined the deep resistive area R1 in the
upper plate (y=— 110 to — 50 km, Fig. 5), which includes
the hypocenter (where the fault rupture initiated) of the
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2011 earthquake. We modified the upper limit of the
resistivity in that area to a value between 12 and 50 Qm
(Fig. 5) and calculated the model responses. A one-sided
F-test showed at the 95% confidence level that the vari-
ance of the residuals of the modified models with an
upper limit smaller than 17 Qm was significantly large
compared to the optimum model (Fig. 6). These test
results indicate that the resistivity of the upper plate
(excluding the surface conductive layer) is significantly
larger in the deeper R1 area than that in the shallow C1
area.

The optimum model shows a conductive zone beneath
the sediment layer on the seaward side of the trench
(area C2 in Fig. 5). Area C2 is not an artifact caused by
the deep extension of the conductive subseafloor layer (to
300 m depth below the seafloor) by the smoothness con-
straint because the resistivity values of 0.6-2.0 Om just
beneath the seafloor in the optimum model are consist-
ent with those of seafloor sediments in the Tohoku-oki
area (Chester et al. 2013) and an additional conductive
area is required to explain the low apparent resistivities
and high phases of the MT impedances at sites 31, 41, 32,
and 42 (Fig. 2 and Additional file 1: Fig. S6). In addition,
the resistivity is too low (0.2-0.7 Qm) in the seafloor
sediment in Models II and IV, in which the smoothness
constraint was reduced beneath the sediment layer. This
indicates that the subseafloor conductive sediment layer
does not adequately explain the low apparent resistivities
and high phases of the MT impedances at sites 31, 41, 32,
and 42 (Additional file 1: Figs. S5 and S7).

To constrain the resistivity of area C2, we modified the
lower resistivity limit in the area from the bottom of the
subseafloor layer to a depth of about 9 km to 4-15 Om
(Fig. 5) and calculated the model responses. A one-sided
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F-test showed at the 95% confidence level that the vari-
ance of the residuals of the models in which the upper
limit of resistivity was replaced with a value of less than
10 Qm was significantly large compared with that of the
optimal model (Fig. 6).

Discussion

Pore fluid distribution and geological interpretations
Saline pore fluid is the main factor controlling resistivity
beneath the seafloor around the subduction margin (e.g.,
Naif et al. 2016). Therefore, we evaluated porosity based
on Archie’s law (Archie, 1942), an empirical relationship
between resistivity and porosity:

;00 = pW¢_m’

where pg is rock bulk resistivity, o, is resistivity of the
pore fluid, ¢ is porosity, and m is a cementation expo-
nent. Thus, the pore fluid volume fraction (=¢) can be
obtained from pg when p,, and m are known. Using this
relationship, we estimated the pore fluid contents in
conductive areas C1 and C2 and the resistive area R1,
where the sensitivity tests constrained the bulk resistiv-
ity (po) range. In these calculations, p,, was derived by
using a function relating it to temperature (7) and the
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NaCl concentration (¢) based on formulas determined
experimentally by Bannard (1975) and Sakuma and Ichiki
(2016). We assumed the NaCl concentration ¢ to be 3.4
wt%, which is equivalent to the general seawater salt con-
centration and consistent with that in pore waters in the
JEAST borehole, which was drilled in the C1 area (Expe-
dition 343/343T Scientists 2013)

Conductive frontal prism zone (C1)

Geological and seismic studies have indicated that
unconsolidated sediments have accreted on the upper
plate between the trench axis and the backstop fault in
the area called the accretionary or frontal prism (Fig. 7)
(e.g., von Huene et al. 1994; Chester et al. 2013; Kodaira
et al. 2017; Tsuru et al. 2000). The eastern part of low-
resistivity zone C1, constrained by the sensitivity test to
have a resistivity (op) of less than 6 Qm, corresponds to
the frontal prism area.

To evaluate ¢ in the shallow (eastern) and deep (west-
ern) parts of the plate interface at the frontal prism, we
estimated p,, and m. Temperature (7) is 27.3 °C at the
depth of the fault slip area in the JFAST borehole, which
is located at the eastern edge of the frontal prism (Fig. 1)
(Fulton et al. 2013), and temperature in the deepest part
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Fig. 7 a Coseismic slip distribution below the OBEM survey line during the 2011 Tohoku-oki earthquake (linuma et al. 2012). b The optimal
resistivity model (Model Ill) with interpretation. Thick and thin dashed lines denote the backstop fault and the bottom of the subseafloor sediment
layer based on a seismic survey at line THO3 (Kodaira et al. 2017), respectively. The horizontal and vertical scale ratio of images is 1:2
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of the frontal prism is less than 100 °C, based on Hynd-
man and Peacock (2003). Using these temperatures, we
calculated p,, to be between 0.177 and 0.070 Qm on the
plate interface at the eastern and western end, respec-
tively, of the frontal prism. For m in the frontal prism,
we adopted the value of 3.0, which we obtained by mini-
mizing the RMS misfit between the measured and calcu-
lated porosities based on data from the JFAST borehole
(Expedition 343/343T Scientists 2013) and temperature
(Fulton et al. 2013) (for details see Additional file 1: Doc-
ument and Table S2). Then, using these parameters, we
calculated porosity in the plate interface area to be 30.7%
at the eastern end and 22.7% at the western end of the
frontal prism. Note that these estimated porosities are a
lower limit because the bulk resistivity (o) of 6 Qm esti-
mated by the sensitivity test is an upper limit. The esti-
mated porosities correspond to the measured porosity
(35-53%) around the plate interface in the JFAST bore-
hole as well as to estimates based on seismic velocity
(Hondori and Park 2022). Therefore, our result implies
that the pore fluid content is high in the frontal prism. A
high V,/V; anomaly (>1.8) estimated by seismic tomog-
raphy also supports a high fluid fraction in the C1 area
(Yamamoto et al. 2014).

Area C1 also extends to the west of the backstop fault
(outside of the frontal prism), where Cretaceous or older
basement rocks are distributed, but the data resolution is
too low to examine precise resistivity values within C1.
Kodaira et al. (2017) estimated that ~2% of the sediment
on the oceanic plate is accreted to the frontal prism and
the other ~98% is subducted at the plate interface. Thus,
to the west of the backstop fault, C1 may reflect subduct-
ing sediment or dehydration fluid derived from the sub-
ducting sediments by compaction, which occurs a few
tens of kilometers from the trench axis (Hyndman and
Peacock 2003) (Fig. 7). Additional OBEM observations
between the existing observation sites are needed to con-
firm this hypothesis.

Resistive upper plate (R1)

To the west of the backstop fault, Cretaceous or older
sedimentary rocks (basement rock) underlie the sub-
seafloor sediment layers that formed from the Miocene
to the Pleistocene (von Huene et al. 1994; Kodaira et al.
2017). The upper part of pre-Tertiary rocks and the newer
sediment layers correspond spatially to the subseafloor
conductive layer whereas the lower part of pre-Tertiary
rocks correspond to R1 (Fig. 7). The depth variation of
resistivity within the pre-Tertiary rocks should attribute
to porosity variation. Here, we estimated the porosity at
the bottom of R1 (plate interface) by using Archie’s law
and assuming the following parameters. The sensitivity
test constrained the resistivity to be more than 18 Qm
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in R1. p,, was calculated to be 0.070 Qm when the tem-
perature (7T) was set at 100 °C, based on a contour map of
thermal structure at y=— 75 km (Hyndman and Peacock
2003). We assumed the standard range of m for sedimen-
tary rocks (1.5-2.5; Gueguen and Palciauskas, 1994),
because there is no constraint for m available from this
area. Using these parameters, we estimated porosity to be
from 2.6% (m=1.5) to 11.1% (m=2.5) in the upper plate
along the plate boundary. Note that the actual porosities
are lower than the estimates because the resistivity of 18
Qm is a lower limit. Therefore, a significant reduction of
the pore fluid content along the plate interface from the
C1 area to the R1 area is validated. The low-to-moderate
Vp/ Vs also supports a relatively low fluid fraction in the
R1 area (Yamamoto et al. 2014).

Conductive oceanic crust in the incoming plate (C2)
The low-resistivity area C2 (<10 Qm) underlies the con-
ductive sediment layer in the seaward of the trench area.
Because this zone is within oceanic crustal material
consisting of basalt and gabbro, which has high resistiv-
ity under dry, low-temperature conditions, pore fluid is
again the likely candidate to explain the decreased resis-
tivity. Using Archie’s law, we estimated porosity to be
more than 6.2% (18.9%) when m was assumed to be 1.5
(2.5). In this calculation, we also assumed the tempera-
ture to be 30 °C based on the average temperature profile
beneath the sediment layer in the outer-rise Tohoku-oki
area (Kawada et al. 2014). The porosity value (>6.2%)
suggests a higher amount of pore fluid than that typically
found in normal oceanic crust, as the porosity of sheeted
dike and gabbro in oceanic crusts were estimated to be
3.0% and 0.7%, respectively (Jarrard 2003). This result
thus supports the inference of hydration of the oceanic
crust in the outer-rise area indicated by the seismic
velocity distribution (e.g., Fujie et al. 2018, 2016).
Hydration in bending faults is thought to be a cause
of high water content in outer-rise areas (e.g., Fujie et al.
2018). However, the sparse OBEM observation sites and
the lack of short-period MT responses due to signal
attenuation in the deep sea prevented us from imaging
the resistivity distribution in the outer-rise area in detail.
By integrated analyses of natural source MT and con-
trolled electromagnetic investigations, Naif et al. (2016)
showed with high resolution the resistivity distribution
around the Mid-American Trench that indicates saline
pore fluid along the bending faults. Therefore, investiga-
tion utilizing dense OBEM deployments and controlled-
source electromagnetic surveys are essential to reveal
the distribution of the saline pore fluid. In this study,
OBEMs could not be deployed around the Japan Trench
(between sites 23 and 31) because the water depth there
(>6000 m) means that the water pressure exceeds the
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operating limits of the present instruments. This trench
area is also important because the pore fluid in C2 would
be a source of aqueous fluid to the subduction zone and
the pore water content should increase toward the trench
(e.g., Fujie et al. 2018). Hence, investigations with OBEMs
designed for ultra-deep-sea deployment are essential for
investigating water transport in the subduction zone.

Implications for megathrust earthquakes

The shallowest parts of plate interfaces are generally con-
sidered to be aseismic, and, in fact, earthquakes have
rarely nucleated around the frontal prism in the Tohoku-
oki area (Obana et al. 2013; Yamamoto et al. 2014). This
aseismicity can be explained by velocity-strengthening
frictional behavior (where friction increases with slip
rate) (e.g., Scholz 2019), and the clay-rich sediments
in this area are compatible with this behavior. The fault
rupture during the 2011 Tohoku-oki earthquake caused
>80 m of displacement in this area (e.g., Ide et al. 2011;
linuma et al. 2012). This large slip can be explained by a
change of the frictional behavior from velocity-strength-
ening to velocity-weakening when the slip rate became
high and the clay became saturated with pore water (e.g.,
Faulkner et al. 2011). In the case of the 2011 earthquake,
a very low friction coefficient and velocity-weakening
behavior were demonstrated around the earthquake fault
in the JFAST borehole by high-slip-rate friction experi-
ments on core samples (Ujiie et al. 2013) and temperature
measurements (Fulton et al. 2013). Our results support
the existence of a high amount of pore fluid in the fron-
tal prism (Fig. 7), which would enhance the velocity-
weakening behavior. In addition, seismic data analyses
have indicated that a fault rupture was propagated from
the deeper rupture zone with high slip rate (e.g., Ide et al.
2011). Therefore, conditions in the frontal prism were
appropriate for the occurrence of a huge coseismic slip
when the fault rupture propagated from the deeper plate
interface.

The 2011 Tohoku-oki earthquake fault rupture was ini-
tiated in the R1 area (Koketsu et al. 2011; Ide et al. 2011)
(Fig. 7). This area has been considered to be a major rup-
ture (stick—slip) area (Yamanaka and Kikuchi 2004), and
the largest foreshock of the 2011 earthquake (Mw 7.3)
also originated there (e.g., Gusman et al. 2012). There-
fore, R1 is an area where the frictional conditions caused
stick—slip behavior. The relatively dry conditions of R1
are compatible with such behavior because a high pore
fluid pressure decreases the strength of the interface.

This study clarified the resistivity structure at the plate
boundary, including the frontal prism near the Japan
Trench axis, based on natural source MT data, and
thereby constrained the pore fluid amount that controlled

Page 12 of 15

the 2011 Tohoku-oki earthquake. Although the very deep
and steep bathymetry around the Japan Trench made the
analyses challenging, we expect to be able to elucidate
the resistivity structure more easily in other subduction
zones, which have mostly shallower and less resistivity
contrast. Additionally, it is expected that the structure
of the entire subduction zone will be elucidated by joint
analysis of marine and land MT data in the future. The
resistivity structure is sensitive to fluid distribution and
is independent of the velocity structure obtained using
seismic waves. Hence, a comprehensive interpretation
of both structures, with increased precision, can signifi-
cantly enhance our comprehension of subduction zones,
including megathrust earthquakes. However, while there
have been multiple studies focusing on plate boundary
earthquakes using seismic waves, only a limited number
of research on resistivity structures have been conducted.
Consequently, it is crucial to conduct future research to
determine the resistivity structure with high accuracy.

Conclusions

Marine magnetotelluric investigations were conducted at
12 sites across the rupture zone of the Tohoku-oki earth-
quake (Mw 9.0). The MT impedances and GTFs obtained
from the electromagnetic data show a strong coast effect,
which complicated modeling of the resistivity structure.
Thus, we first constructed a simple three-layered 2D
resistivity model consisting of seawater, subseafloor con-
ductive sediment layers, and the underlying background
materials. This model reasonably explained the observed
data, including the coast effect. Then, we estimated the
2D resistivity distributions in more detail by conducting
inversion procedures using the three-layered model as
the initial model. We proposed four models with differ-
ent roughness conditions along the base of the subsea-
floor conductive layer and along the plate interface. After
consideration of the actual resistivity distribution, we
adopted the model that showed a resistivity gap along the
plate interface but not along the base of the subseafloor
conductive layer as the optimal resistivity model (Model
III). According to the optimal model, the upper plate is
conductive (C1,<6 Qm) at its eastern edge, whereas the
western part of the plate interface is resistive (R1,>17
Qm). The eastern part of C1 was interpreted to be an
accretionary (frontal) prism containing a large amount of
pore water (>22.7%). The deeper resistive part was inter-
preted as a relatively dry area composed of Cretaceous or
older basement rocks (<11.1%). These structural condi-
tions are compatible with the fault slip behavior observed
during the Tohoku-oki earthquake; the fault rupture was
nucleated on the deep dry plate interface and then propa-
gated to the shallow wet, clayey part of the plate inter-
face with a high slip rate, which changed the frictional
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behavior there to velocity-weakening and resulted in a
huge coseismic slip. In addition, a low-resistivity zone
(C2,<10 Om) estimated in the upper crust of the Pacific
oceanic plate implies hydration of the oceanic crust in
the incoming Pacific plate.
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