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a b s t r a c t

We report on strong coast effect distortions observed for broadband marine magnetotelluric (MT) data
collected on the forearc offshore northeastern Japan. Eight days of horizontal electric and magnetic fields
recorded at eight seafloor stations and the horizontal magnetic fields from a land remote station were pro-
cessed with a robust multiple-station algorithm, yielding good MT responses and inter-station transfer
functions at periods of 7–10,000 s. Transverse electric (TE) mode responses have cusps in apparent resis-
tivity and negative phases at periods around 1000 s, while the transverse magnetic (TM) mode responses
are galvanically depressed below the TE responses. An analysis of inter-station transfer functions con-
firms that the apparent resistivity cusps are a magnetic field, rather than electric field, phenomenon,
consisting of an amplitude minimum and rapid phase change around a characteristic frequency. Poynt-
ing vectors for a TE coast effect model study illustrate that the anomalous phases are associated with
energy diffusing back up to the seafloor from below, after being turned around from its usual downward

propagating trajectory by inductive coupling between the conductive ocean and the resistive seafloor
along the continental margin. We show that the characteristic frequency and position of the TE mode
apparent resistivity cusps are determined by a relatively simple combination of the electrical resistivity
of the seafloor, the depth of the ocean, and the distance from the coastline. By including coastlines and
bathymetry in 2D inversion, we recover the seafloor conductivity structure along the forearc, demonstrat-
ing that broadband data can constrain the thickness of conductive forearc sediments and the underlying

with
high resistivity associated

. Introduction

In this paper we examine the nature of the ocean-side coast
ffect and its influence on marine magnetotelluric (MT) data.
he geomagnetic coast effect was first observed as a land-side
henomenon consisting of a steepening of normally horizontal
agnetic field fluctuations at periods of several thousand seconds

ear the coast in Australia (Parkinson, 1959) and Japan (Rikitake,
959). Parkinson (1962) correctly inferred that this was a conse-
uence of induction in the oceans, and efforts to model the coast
ffect drove the first two-dimensional (2D) numerical models of
eomagnetic induction (Jones and Price, 1970). It was also rec-

gnized early on that the land-side coast effect may depend not
nly on induction in the ocean, but also on conductivity contrasts
n the deeper (mantle) structure between continent and ocean,
nd numerous efforts were made to interpret the available data in
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terms of such structure. Parkinson and Jones (1979) provide a com-
prehensive early review of this work. The land-side coast effect is
exemplified by the ratio of the vertical to horizontal magnetic fields
at a particular frequency, or (equivalently), the size of induction
vectors (or tipper, in MT parlance), which point towards the ocean
near coastlines. In a 2D context, the land-side coast effect is a TE-
mode phenomenon (called E-polarization in the older literature), in
which the MT component has an electric field parallel to strike (or
the coastline, in this case). Taking a simplistic view, a coast-parallel
current sheet induced in the ocean produces a vertical magnetic
field at its edge, which accounts for the steepening of the observed
fields.

In contrast to the land-side coast effect, the ocean-side coast
effect has traditionally been considered to be a TM-mode (or H-
polarization) phenomenon, in which low frequency electric fields
perpendicular to the coast are attenuated as a consequence of cur-
rent being interrupted by the more resistive continental rocks (Cox,

1980). Since the MT apparent resistivity is derived from the ratio of
electric to magnetic fields, this behavior has the effect of suppress-
ing the resistivity of the coast-perpendicular mode. In a provocative
paper, Heinson and Constable (1992) suggested that this suppres-
sion of apparent resistivities extended to three dimensions and
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as ubiquitous throughout the ocean basins. They suggested that
pparent resistivities depressed in all directions were responsible
or unrealistically high mantle conductivities being inferred from
D interpretations of long-period marine MT data. Although con-
roversial at the time (Tarits et al., 1993; Constable and Heinson,
993), it is now generally recognized that the effects of bathymetry
nd the coastlines need to be incorporated into marine MT inter-
retation (e.g., White et al., 1997; Baba and Chave, 2005; Seama
t al., 2007; Matsuno et al., 2010).

Returning to the land-side coast effect, it is interesting to note
hat early efforts to model the contribution of oceanic/continental

antle conductivity contrasts as part of the TE-mode coast effect
ften used marine MT interpretations that were overly conductive
s a result of TM-mode distortions (e.g., Parkinson and Jones, 1979;
envielle et al., 1982), or inferred a highly conductive oceanic man-

le based on a purely 2D interpretation of long-period marine MT
ata which may have been subjected to 3D TM-mode type distor-
ion (e.g., Kellett et al., 1991). It should be emphasized that much of
his early work was based on long-period MT data where the short-
st period recorded was 1000 s or longer, skin depths in seawater
ere greater than the ocean depth (allowing thin-sheet modeling),

nd the compensation distance, defined by Cox (1980) as the e-
olding distance over which the TM-mode coast effect operated, is
housands of kilometers.

Largely spurred by interest in economic exploitation of the con-
inental shelves, marine MT studies have recently focussed on
cquiring much shorter period data (down to 1 s or so, depend-
ng on water depth and signal strength) by using sensors and
ampling rates optimized for higher frequencies, typically induc-
ion coil magnetometers and high-gain AC-coupled electric field
ensors (e.g., Constable et al., 1998). This so-called broadband
nstrumentation covers a bandwidth of about 1–10,000 s, whereas
raditional long period marine MT instrumentation operates at
bout 500–100,000 s. This has allowed the collection of MT data
ith increased sensitivity to crustal structure and that is induc-

ively decoupled from the TM coast effect when far from the
earest land (e.g., Key and Constable, 2002). However, when data
re collected close to coastlines, not only is the classic TM-mode
epression of apparent resistivities observed, but the TE-mode
oast effect is manifest as peaks (or cusps) in apparent resistivity
nd negative phases.

Ferguson (1988) is probably the first to report a seafloor TE
ode coast effect, noting unusual TE phases and apparent resistiv-

ty cusps at about 1000 s in long period data collected in the Tasman
ea, and documenting that these effects arise from magnetic field
istortion resulting from the nearby Australian and New Zealand
oastlines. Constable et al. (2009) reported negative TE phases and
pparent resistivity cusps at 100 s period in the San Diego Trough,
ffshore California, and explained it in terms of the same steep-
ning of the magnetic field as is observed in the land-side coast
ffect. Alekseev et al. (2009) presented a brief model study showing
hat the anomalous TE phase is predominantly due to large mag-
etic field phase, rather than the electric phase. Here we report
ven more extreme behavior in some early broadband marine MT
ata collected offshore Japan, localized at a period of around 1000 s.
e show that the frequency and position of the TE mode apparent

esistivity cusps are determined by a relatively simple combination
f the electrical resistivity of the seafloor, the depth of the ocean,
nd the distance from the coastline. An analysis of inter-station
ransfer functions demonstrates how the apparent resistivity cusps
re a magnetic field, rather than electric field, phenomenon. Exam-

nation of the Poynting vector shows that negative TE phases
re associated with energy diffusing back up to the seafloor
rom below after being turned around from its usual downward
ropagating trajectory by inductive coupling with the coastline
opography.
lanetary Interiors 184 (2011) 194–207 195

Although the purpose of the current paper is to develop a deeper
physical understanding of the ocean-side coast effect, we show
that by including coastlines and bathymetry in 2D inversion one
can recover seafloor conductivity structure, as demonstrated by
Constable et al. (2009). Three dimensional bathymetry and coast-
lines, however, present a severe challenge to current numerical
capabilities, since it is clear that the near-shore coast effect is
strongly coupled to seafloor conductivity structure.

2. Broadband marine MT survey

In May 2000 we carried out deployments of a newly developed
broadband marine MT instrument on the accretionary prism of the
Japan trench as a pilot study to examine the use of MT sounding to
characterize the seismogenic zone; preliminary results were pre-
sented in Mikada et al. (2000). The survey region lies on the forearc
of the Japan trench where the Pacific plate is subducted beneath the
northeastern Japan island arc at 8 cm/year. Earthquakes occur near
the top of the subducting plate over a distance of at least 300 km,
spanning from the outer rise to beneath the island of Honshu; the
area has been subjected to several strong earthquakes of M7 and
greater, including the Mw 8.4 great Sanriku earthquake of 1933 and
the 1968 Tokachi-Oki Mw 8.2 earthquake (e.g., Gamage et al., 2009;
Hino et al., 2009). Seismic surveys, using both seismic reflection
profiling and ocean-bottom seismometers, have been carried out
to characterize the forearc sediments and mantle wedge, the sub-
ducting plate, and earthquakes (Ito et al., 2000, 2004; Hino et al.,
2000; Tsuru et al., 2000; Hayakawa et al., 2002; Fujie et al., 2006;
Itoh and Tsuru, 2006). The role of the MT method is to character-
ize the quantity and distribution of fluids in the accretionary prism
and subducting slab, since porosity, pore pressure and subducting
fluids have a large influence on earthquake generation.

Because of the MT method’s inherent sensitivity to increased
electrical conductivity associated with water and partial melt, it has
been used fairly extensively to study subduction systems, mainly
using data acquired on land. The earliest example is the Vancou-
ver Island study of Kurtz et al. (1986). More recently studies have
been carried out in New Zealand (Wannamaker et al., 2009), South
America (Schwarz and Krüger, 1997; Brasse and Eydam, 2008;
Booker et al., 2004), and Mexico (Jödicke et al., 2006). Examples
of marine MT data being used to study subduction zones includes
the amphibious EMSLAB experiment (Wannamaker et al., 1989)
and the purely marine MT study of the Mariana subduction zone
(Matsuno et al., 2010), both of which used long period instrumen-
tation, resulting in a response bandwidth of 1000–100,000 s period.

We deployed 10 seafloor MT instruments on a line 100–200 km
offshore and perpendicular to the coast of Honshu, about 100 km
south of the junction with the Kuril trench. The geology and
bathymetry are locally 2D but become 3D towards the north where
Honshu and the Japan trench join the Kuril trench, Hokkaido, and
the Kuril Islands (Fig. 1). The instruments were deployed for 11–13
days in water depths from 1200 to 5400 m, and all were recov-
ered with data and one with an octopus. Eight of the instruments
were the then recently developed 16-bit instruments described by
Constable et al. (1998), sampling at 25 Hz and equipped with com-
mercial induction coil magnetometers (model BF-4 manufactured
by EMI) and high-gain AC-coupled electric field amplifiers con-
nected to silver chloride electrodes on 10 m orthogonal dipoles.
Two instruments (sites 3 and 10) were prototypes using 24-bit
digitization sampling at 125 Hz. However, an adverse interaction

between the magnetometer coils and the electric field amplifiers
on these instruments compromised the data quality; we do not
include these in the analysis presented here.

All instruments recorded 4 channels of data from two horizon-
tal magnetometer coils and two horizontal electric field antenna
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ig. 1. Topographic map showing the location of the seafloor magnetotelluric surve
tations and the Iwate district onshore remote site. Arrows in the upper left corner

nto a 2 Gbyte hard drive, under control of an Onset Tattletale
microcontroller. Timing was provided by onboard clocks set

efore deployment using GPS time and checked against GPS time
n recovery; time drift was typically 20 ms over the experiment,
orresponding to less than one degree phase error at the shortest
eriods. Orientations were recorded using a mechanical compass
hich was locked after deployment by a clamping mechanism and
timer based on dissolving sugar crystals, and checked by com-

arison of transfer functions with a land site. Magnetometers and
and versions of the logging equipment were installed in the Iwate
nd Ashiro districts on Honshu, to provide remote references. We
ave since determined that land-based remote references are not
equired for marine MT processing, but in this case it provided the

pportunity to compute transfer functions between the land and
arine magnetic fields. A representative 60 min section of the time

eries from a few stations is shown in Fig. 2.
This was one of the first deep-water deployments of an MT

eceiver capable of recording much shorter period signal than
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Time on 12 June 2000

ig. 2. Sixty minutes of magnetotelluric data recorded at the land remote site and
eafloor stations s09 (1200 m water) and s01 (5400 m water). The relative lack of
igh frequency variations for s01 results from the increased source field attenuation
ue to its deeper water depth. Each channel has been correct for the frequency
ependent sensor response and then rotated to x = north and y = east.
ore Northeastern Japan. Orange squares show the location of the eight seafloor MT
e the coordinate axes used for the MT responses.

possible with conventional long period marine MT sensors (e.g.,
Filloux, 1973). While we have modified and improved the instru-
ment over the intervening decade in many ways (8 channels
of 24 bit recording, custom microcontroller, storage on compact
flash, external electronic recording compasses, custom low-power
lightweight magnetometer coils, and broader bandwidth electric
field amplifiers), the instrument used in the project described here
is functionally the same as the current broadband MT instrument,
capable of recording high quality MT data at full ocean depths in
the period range 10–10,000 s. One critical aspect of the MT receiver
that has not changed over its development history is the care-
ful coupling of the instrument frame to a 100–200 kg concrete
anchor slab in order to minimize motional noise on the magne-
tometers. Conventional long-period instruments, typically using
fluxgate magnetometers and smaller anchor systems, collect data
down to periods of several hundred seconds at best, and extend
the long-period range to about 100,000 s at the cost of signifi-
cantly extended deployment time (typically at least a few months),
requiring separate deployment and recovery cruises. In contrast,
the broadband system can obtain reliable MT responses at shorter
periods with deployments lasting only a few days to weeks dur-
ing a single cruise (e.g., Key and Constable, 2002; Key et al., 2006;
Constable et al., 2009).

3. Array transfer function estimation

MT responses were computed using a robust multiple-station
response estimation procedure (Egbert, 1997). This method ana-
lyzes all data channels in an array of stations in order to robustly
identify coherent magnetotelluric signal from incoherent noise.
This approach conveniently allows for the estimation of transfer
functions between any pairs of channels in the entire array. For
example, the transfer tensor relationships between the fields at
stations i and j can be written for magnetic fields H and electric
fields E as
Hi = Mi,jHj, (1)

Ei = Ti,jEj, (2)

Ei = Zi,jHj, (3)
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here Zi,i is the standard MT impedance tensor relationship for
lectric and magnetic fields at station i and Zi,j represents hybrid
mpedances for electric and magnetic fields recorded at different
tations. These tensors expand into 2×2 matrices. For example:

=
(

Zxx Zxy

Zyx Zyy

)
. (4)

The utility of these transfer tensors can be elucidated by not-
ng that the magnetotelluric source field H0 and the observable

agnetic and electric fields H and E, which are a combination of
he external source field and internally induced fields, can be com-
actly represented using transfer tensors (e.g., Berdichevsky and
hdanov, 1984):

Hi = Pi,0H0,
Ei = Qi,0H0,

(5)

here P and Q are transfer tensors that contain the fundamental
nformation on the source field interaction with Earth structure.
ince Earth’s conductivity generates induced fields everywhere, it
s not feasible to measure H0 directly. Instead, cancellation of H0 in
he expressions above results in:

i,j = Pi,0P−1
j,0 , (6)

i,j = Qi,0Q−1
j,0 , (7)

i,j = Qi,0P−1
j,0 . (8)

These expressions show that the measurable tensors M, T and
are linear combinations of the fundamental Earth responses P

nd Q. Since the impedance tensor Z contains both P and Q terms,
t effectively captures the magnetotelluric response of the Earth,

hereas M and T separately describe aspects of the response that
re unique to magnetic and electric field variations across the array,
nd may allow for further constraints on conductivity structure
e.g., Egbert, 2002; Berdichevsky and Dmitriev, 2008). A more com-
lete discussion of the full response space of geomagnetic induction
ata can be found elsewhere (Egbert and Booker, 1989; Egbert,
997).

For the array processing of our data set, eight days of simulta-
eous time-series from the eight seafloor stations and the onshore
emote magnetic station were divided up into 128 point sections
ith 32 points of overlap using a cascade-decimation procedure

hat maximizes the number of independent samples available for
tatistical response estimation (Wight and Bostick, 1980). Each sec-
ion was pre-whitened with a four-term autoregressive sequence,
indowed with a Hamming taper, Fourier transformed and then

orrected for filter responses, gains and the pre-whitening. The
ourier coefficients from all channels were then processed in a
obust multivariate errors-in-variables algorithm that estimates
esponse eigenvectors for the entire array, from which the ten-
ors M, T and Z were then computed (Egbert, 1997). This method
btained good quality responses at periods of about 7–5000 s,
here the short period limit is governed by severe attenuation of

he high frequencies through the conductive seawater and the long
eriod limit is due to the relatively short recording time.

. Impedance responses

The resulting MT apparent resistivity and phase responses are
hown in Fig. 3. The strong increase in the apparent resistiv-
ty is indicative of near surface conductive sediments underlain

y a resistive basement. The responses also show character-

stics we have previously observed in seafloor MT data that
ave been distorted by seafloor topography and the coastline
ear the San Diego Trough (Constable et al., 2009). The identify-

ng characteristics of such distortions are cusps in the TE mode
lanetary Interiors 184 (2011) 194–207 197

apparent resistivity, negative TE phases and a galvanic depression
of the TM mode apparent resistivity. The responses show a system-
atic increase in these distortions with site location, with the largest
negative phases and cusps in the Zxy (TE) data for the three deepest
stations (s04, s02 and s01). While the general character of the dis-
tortions is similar to those observed in the San Diego Trough, their
magnitude is much different for this data set. For the Trough data,
the negative TE phases and the TE mode apparent resistivity cusps
are centered around a period of about 200 s, with the most negative
phase reaching to −15◦. The deepest sites in this project have a TE
mode cusp centered around a longer period of about 1600 s, while
the most negative phase is observed at site s01, where it reaches
−65◦ at 1600 s period. Two stations, s01 and s04, also exhibit neg-
ative phases for the shortest period Zyx (TM) data. For the deepest
sites, the TE phase at long periods rapidly increases from large neg-
ative to large positive values over periods of 1000–3000 s. Unlike
the Trough data, which have depressed TM mode apparent resistiv-
ities that are up to a factor of 500 times smaller than the TE mode,
the data here show a smaller TM mode depression by a factor of 10
at periods greater than 500 s and a factor of 3 or less at the shorter
periods, although this varies somewhat from site to site. It should
be noted that the bathymetry of the Trough and the present study
are quite different. The bathymetry of the Japan Trench is extreme,
but has a fairly simple geometry. Whereas the Trough bathymetry is
less severe, but somewhat complicated due to the broad and heavily
faulted continental borderland.

5. Impedance polarization diagrams and phase tensor
ellipses

Fig. 4 shows the impedance polarization diagrams (e.g.,
Berdichevsky and Dmitriev, 2008) and phase tensor ellipses
(Caldwell et al., 2004) for all seafloor stations. The impedance
polarization is a metric for evaluating the dimensionality of the
conductivity structure and the geologic strike. The polarizations are
largely direction independent for sites s05–s09 at periods less than
about 100 s, indicating a predominantly 1D shallow conductivity,
whereas the deeper sites (s01–s04) exhibit a roughly north–south
polarization at these same periods, indicating a 2D strike that is
parallel to the local trend of the Japan trench. At longer periods all
sites show a rotation of strike to the northwest-southeast direction.
The diagonal impedance component Zxx also increases in size at
long periods as the impedances become more polarized. Although
not shown, the impedance tensors for the seafloor stations exhibit
skews (Swift, 1986) of less than 0.2, thus implying that the data
are devoid of large 3D inductive effects. There are a few excep-
tions to this with skews as large as 0.45 for data at 1000–5000 s
period at sites s01 and s04. Overall, the impedance tensor polar-
izations suggest the short period data are compatible with a 2D
strike that is roughly aligned with the local north–south trend of
the Japan trench, associated seafloor topography and the nearby
coastline, whereas the increase in polarization and the rotation for
the longer period data (>100 s) indicate a change in geologic strike.
Given that seafloor MT data are sensitive to conductivity variations
both beneath the measurement site as well horizontally distant, the
long period rotation in strike is likely due to the strong 3D conduc-
tivity contrast associated with the bend in the trench strike only
100 km to the north of our array, as it transitions from the roughly
north–south strike of the Japan trench to the southwest-northeast
strike of the Kuril trench.

MT phase tensors are a recent innovation that are immune to

the galvanic distortions such as static shifts that can strongly affect
land MT measurements (Caldwell et al., 2004). While regional and
coastal seafloor topography is known to cause galvanic shift of TM
mode measurements (e.g., Heinson and Constable, 1992; White
et al., 1997; Constable et al., 2009), there have been been no defini-
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ig. 3. Apparent resistivity and phase responses for the eight seafloor MT stations. T
orward responses (lines) for the 2D model shown in Fig. 6, illustrating that much o
he long period TE apparent resistivity, and depressed TM mode apparent resistivit

ive studies documenting static shifts in marine MT data, at least
n the conventional land MT sense that static shifts are caused by
mall scale near-surface conductivity variations. One explanation
or the absence of static shifts is the ubiquity of nearly uniform
onductivity surrounding seafloor MT sensors, both in the form
f the conductive seawater and the porous conductive sediments
n the seafloor. Regardless, phase tensors are still worthwhile to
onsider for marine MT since they represent an independent met-
ic of data variations across the array and may be helpful in cases
here seafloor data have strong galvanic distortion from TM mode

oast effects. In Fig. 4, sites s05–s09 exhibit nearly circular phase
ensor ellipses at short periods, in agreement with the impedance
ensors indicating a shallow 1D conductivity. However, the phase
ensors become highly polarized at long periods due to the large
plit between the Zxy and Zyx phases. These strongly polarized
hase ellipses are correlated with the band of large negative
hases at periods of 114 s and longer. Additionally, there is a strong
llipse rotation at longer periods, again suggesting a rotation in
eologic strike or the presence 3D distortions. Fig. 4 shows that
he phase tensor strike angles (Caldwell et al., 2004) also suggest
predominantly north-south strike for the short period data and
strike rotated to the northwest-southeast for the long period

ata.
Given the results of the impedance polarization and phase ten-

or analyses, we determined that the best 2D strike direction is the

orth-south direction, in agreement with the large first order con-
uctivity contrast between the seafloor and ocean locally around
he receiver array. However, care will need to be taken for 2D exam-
nation of the longer period data since there is a rotation in strike
y about 30◦ to the northwest.
y (dots) and Zyx (circles) data are shown along with corresponding TE and TM mode
observed difference between the responses, including negative TE phases, cusps in
be simply explained as topographic distortion of the MT responses.

6. Inter-station magnetic and electric transfer functions

Fig. 5 shows the magnetic transfer functions M and electric
transfer functions T. Since the observed tensors are diagonally dom-
inant with off-diagonal terms at least 10 times smaller, only the
diagonal terms are shown. These responses are dominated by the
large attenuation of the short period data due to the conductive
overlying seawater, with the deepest sites experiencing the largest
attenuation, in good agreement with 1D theoretical predictions
(e.g., Chave et al., 1991). The magnetic transfer tensor component
Myy, corresponding to the east–west magnetic field, exhibits a strik-
ing local minimum in amplitude and a rapid phase shift of over
100◦ at periods around 1600 s for the three deepest sites. Con-
versely, the electric transfer tensor component Txx does not display
such extreme behavior, although there is a weak local minimum
in amplitude at similar periods. We can now explain the cusps in
the Zxy apparent resistivity and corresponding negative phases as
arising from the variation of Hy. Since for a 2D geometry Zxy = Ex/Hy,
when Hy reaches a minimum at around 1600 s the corresponding
Zxy apparent resistivity will contain a positive cusp. Conversely, the
Mxx and Tyy transfer functions are well-behaved and do not dis-
play these features, in agreement with the stable behavior of the
corresponding Zyx responses.

7. Numerical modeling of 2D coast effect distortions
In order to elucidate the nature of the severe distortion of the
MT responses, we carried out numerical forward modeling experi-
ments on 2D models of the coastline and seafloor along the survey
profile. A 1000 km long transect of topography was discretized into
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ig. 4. Impedance polar diagrams (left) and phase tensor ellipses (right) for all s
gray) and Zxy (black) as a function of geographic orientation (north = up). The phas
rominent zone of negative phases for data at periods of about 100–1000 s. Lines o
lot has been normalized to unit magnitude along the maximum polarization.

oints spaced every 5 km and used to create an unstructured tri-
ngular finite element mesh of the 2D topography of the Japan
sland, trench and deep-ocean abyssal plain. The entire model

esh was made more than 5000 km wide to ensure distortions
rom the coastline topography in the central portion did not cor-
upt the 1D boundary conditions applied along the sides of the
odel. The model was divided up into four regions: air, ocean,

eafloor sediments and a uniform underlying half-space, as shown
n Fig. 6. The sediment thickness is based on seismic reflection
nd refraction surveys that found a ∼1 km thin veneer of Neogene-
uaternary sediments overlies an Oligocene unconformity (Tsuru
t al., 2000; Hayakawa et al., 2002; Ito et al., 2004). A sediment
esistivity of 1 ohm-m was assigned based on the high porosities
redicted by the low seismic compressional velocities of 2–3 km/s.
T responses were computed using a parallel goal-oriented adap-

ive finite element method (Key and Ovall, in revisions). After some

rial-and-error, we found that a background resistivity of 200 ohm-

produces forward responses that match the main trends of the
bserved responses, as shown in Fig. 3. The model responses show
he negative TE mode phases, the cusp in TE resistivity observed
or the deepest sites and the rapid increase in TE phase angle at
s as a function of period. The polar diagrams show the relative magnitude of Zxx

or ellipses are shaded according to the minimum phase angle and clearly show the
phase tensors indicate the regional phase strike angle (Caldwell et al., 2004). Each

long periods. The model responses also reproduce some of the TM
mode depression observed in the data. Fig. 5 shows the inter-station
transfer functions for the 2D model are in good agreement with the
main trends of the observed data, reproducing the minimum in the
Myy amplitude and the corresponding large phase shift at around
1600 s period.

The electric field transfer functions for the 2D model illustrate
behaviors related to the inductive and galvanic distortions from
the coastline. At long periods, the TM mode Tyy responses show
a large galvanic distortion, consisting of a frequency independent
shift between the amplitude responses for each station, with the
absence of a corresponding phase shift. Conversely, the the TE mode
Txx model responses vary both in amplitude and phase at long peri-
ods, indicating inductive distortion. Comparison with the observed
data shows that the Tyy data have a distortion that appears largely
galvanic, as expected for the local topography and coastline. Some-

what unexpectedly the Txx data appear to have a galvanic distortion
that is larger than the Tyy data, with significant shifts between
the amplitude responses for each site and a lack of corresponding
phase distortion. This can be explained as galvanic distortion from
the large bend in the regional topography where the Japan trench
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oins the Kuril trench and islands, which are nearly perpendicular
o the T component and hence allow for TM mode-like galvanic
xx

istortions. This is further evidence (in addition to the impedance
olarizations and phase tensors) to support the idea that the long
eriod data are sensing 3D effects due to a rotation in strike, with
he implication that the interpretation of the long period data will
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ig. 6. A simple two-dimensional model consisting of the island and seafloor topog-
aphy along the MT profile, extending through the trench and onto the abyssal plain.
he MT responses of this model are shown in Fig. 3 and the inter-station transfer
unctions are shown in Fig. 5. Only the central region of the model is shown here.

hite triangles are the locations of the seafloor MT stations.
. Black arrows indicate the electric field transfer function amplitudes exhibiting a

require the ability to simulate the 3D topography on a regional scale
around the survey area.

The fact that such a simple 2D model is able to reproduce the
many data distortion features serves to illustrate the severity of
the coast effect, with strong implications for the interpretation
of marine MT data affected by such distortions. The sensitivity to
the seafloor half-space resistivity is demonstrated in Fig. 7, which
shows the TE mode response and the Myy transfer function at site
s01 as a function of the underlying half-space resistivity. When the
seafloor is 1 ohm-m, nearly as conductive as the seawater, there is
no distortion of the MT response nor the magnetic transfer function.
However, as the seafloor resistivity increases the response becomes
increasingly distorted, as indicated by large negative phases and
even phase wrapping through 360◦ of variation. The degree of the
TE mode distortion as a function of resistivity is similar to results
from an earlier model study presented in Constable et al. (2009).
The Myy transfer function distortion shown here illustrates how this
unusual TE mode response behavior is largely due to a TE magnetic
field distortion that consists of an amplitude minimum and rapid
phase change at a characteristic frequency. A corresponding study
of the TM mode coastline distortion shows that it is predominantly
manifest as a downward galvanic shift in the apparent resistivity
(Constable et al., 2009).
7.1. Insights from the electric field and Poynting vectors within
the earth

While the above examples document that the TE mode distor-
tion arises as a magnetic field phenomenon, they do not provide
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Fig. 7. The TE mode MT response and Myy transfer function at s

uch insight on its physical cause. Some clarity can be gained by
xamining how the TE mode fields vary within a cross section of
he 2D model. Fig. 8 shows the TE mode electric field amplitude
hroughout the central region of the model domain for periods of
00, 1000 and 10,000 s. As expected, the TE electric field diffuses
hrough the resistive Japan island with little attenuation, whereas
he conductive seawater produces a strong attenuation of the field
iffusing through the ocean, which is particularly evident in the
00 s section. Because of the continuity condition, the strike aligned
lectric field diffusing through the island must decay laterally to
he attenuated levels on the deep ocean seafloor, thus leading to a
trong lateral gradient in the electric field. In some cases, the elec-
ric field contours steepen past vertical, for example at the base
f the trench for the 100 and 1000 s sections. The extreme lateral
radient of the TE electric field from land to the deeper regions of
he seafloor was pointed out in our earlier study as a contributing
actor for the TE coast effect distortion (Constable et al., 2009).

Even greater insight is gained by visualizing the diffusion path
f the downward propagating TE magnetotelluric field using the
ime-average of the complex Poynting vector (e.g., Stratton, 1941):

¯ = 1
2

Re(E × H∗), (9)

here H* is the complex conjugate of the magnetic field. For the
D TE mode, this expands into

¯ = 1
2�ω

Re

(
iEx

(
∂E∗

x

∂y
ŷ + ∂E∗

x

∂z
ẑ

))
, (10)

here � is the magnetic permeability, ω is the angular frequency,
= √−1 and ŷ and ẑ are unit vectors in the y and z directions. This
tates that the direction of energy flow depends on the product
etween the TE electric field and its spatial gradients in the y–z
lane, rather than just its gradient as might be incorrectly inferred
rom the bending of the TE electric field contours shown in Fig. 8.
he right column of Fig. 8 shows streamlines computed from S̄.
he streamlines clearly show how the bathymetry and coastline
ct to distort the incident magnetotelluric field. At 100 s period, the
egions far from the coastline and seafloor topography have stream-

ines showing the energy is diffusing vertically into the ground (as
s expected for typical MT induction), whereas around the coast-
ine and at the base of the deep trench, the energy appears to curve
hrough the ground and diffuse back up to the seafloor. This effect
ecomes more pronounced at 1000 and 10,000 s period. While this
Period (s)

1 as a function of the underlying seafloor half-space resistivity.

appears similar to refraction phenomenon where a ray path bends
as it traverses media of different physical properties, we note that
the seafloor in our model study has a uniform conductivity in this
region so that refraction is not occurring. Instead, the curvature of
the diffusing electromagnetic field can be interpreted as the result
of strong inductive coupling between the conductive ocean and the
resistive seafloor topography.

For comparison, the TE mode phases are also shown in each
section. These show that the phases reach extreme values only in
the regions where the TE energy is diffusing back up to the seabed
instead of the typical downward trajectory. At 100 s period, most
of the anomalous TE phases are negative, whereas at 10,000 s the
TE phases reach up to 180◦, both in agreement with our observed
data. Evidently, the extreme phase values observed in our data
result from interference between the TE electromagnetic field that
diffuses down through the conductive ocean and the less attenu-
ated field that diffuses laterally and upward through the resistive
seafloor.

While the streamlines at 1000 and 10,000 s appear to be region-
ally distorted over the entire forearc slope, the distortion at 100 s
period appears to be localized around two specific regions: the
vicinity of the coastline and a second region where the bathymetry
is very steep near the bottom of the trench. This suggests that at
short periods the coast-effect and topographic distortion is due to
local conductivity gradients, whereas at longer periods where the
skin-length is much larger the distortion arises from regional coast-
lines and the overall integrated seafloor topography. This supports
our explanation for the rotation in strike seen in the impedance
polarizations and phase tensor ellipses shown in Fig. 4. Given
the strong bend in the trench axis only 100 km to the north of
the survey line, it is likely that the impedance strike rotation is
arising from topographic distortion from the 3D shape of entire
trench margin. There may also be additional distortion from 3D
subsurface conductivity associated with the subducting slab and
volcanic systems observed onshore. However, the first order con-
ductivity contrast between the seawater and seafloor suggests that
topographic effects are probably the primary cause of the strike
rotation.
Another aspect of the lateral and upward flow of energy shown
in Fig. 8 is that the TE coast effect distorted MT fields measured
on the seafloor can be sensitive to the seafloor conductivity along a
wide swath of the continental margin. For example, at 1000 s period
an MT sensor located over the middle of the continental slope can
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ig. 8. The TE mode coast effect as elucidated by the strike parallel electric field amp
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e sensitive to the integrated seafloor conductivity all the way to
he coastline, as shown by the streamlines in Fig. 8.

. Interpretation of coast-effect distorted data

When topographic distortions are present in seafloor mag-
etotelluric data, there are two methods commonly used for

nterpretation. The first method involves directly including the
opography in the numerical grid used for forward and inverse

odeling, typically implemented with either finite difference or
nite element methods (e.g., Key and Constable, 2002; Li et al.,
008; Constable et al., 2009). However, accurately meshing com-
licated bathymetry can present a challenging grid design problem
hat often leads to very large discretizations when using structured
ectangular modeling grids, particularly for accurate computa-
ions at the short periods measured by broadband instrumentation.
his has spurred the development of modeling techniques that
an accommodate seafloor and coastline topography with much
parser numerical grids. Baba and Seama (2002) implemented a

onductivity averaging approach to allow for a uniformly spaced
ectangular finite-difference modeling grid, while Key and Weiss
2006) developed an adaptive finite element method that uses
nstructured triangular elements that readily conform to complex
opography. Additional finite element methods utilizing unstruc-
e (left column) and the TE response phase (right column), shown for periods of 100,
treamlines of the time-averaged complex Poynting vector (right column).

tured grids are presented in Franke et al. (2007), Li and Key (2007),
Li and Pek (2008) and Key and Ovall (in revisions).

An alternative approach treats the topographic effects as remov-
able distortions (e.g., Heinson and Lilley, 1993; Nolasco et al., 1998;
Baba and Chave, 2005; Matsuno et al., 2007). In this case, the
forward response of the topography is similarly computed with
finite difference or finite element methods, or for very long peri-
ods using thin-sheet methods, but it is then combined with the
response of a flat seafloor model in order to estimate electric and
magnetic topographic distortion tensors for each seafloor station.
With knowledge of the distortion tensors, topographic effects are
removed from the observed MT responses, which can then be mod-
eled using a numerically simpler modeling grid with a flat seafloor.
See Matsuno et al. (2007) for a recent discussion on the various
distortion tensor formulations that have been proposed.

While the distortion removal approach has proven effective for
long period MT data collected in the deep ocean abyssal plain
where topographic distortions can be effectively decoupled from
the deeper mantle resistivity under investigation (e.g., Matsuno

et al., 2007), the large lateral field gradients experienced close to
the continental margin makes their use problematic for our sur-
vey data, particularly since the coast effect distortions are strongly
coupled to the unknown continental margin seafloor resistivity.
Another obvious difficulty is the choice of the flat seafloor depth
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Fig. 9. Occam2DMT inversion model fitting the data to RMS 1.0. Seafloor MT stations
are shown as black diamonds. White lines show the base of low velocity sediments
imaged in a seismic survey (Ito et al., 2004). Thick gray lines show the oceanic
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rust being subducted beneath the forearc (Fujie et al., 2006). To minimize potential
orruption from long period 3D effects, only data at periods less than 500 s were
nverted.

equired for estimating the topographic distortion tensors. For sur-
eys in the deep ocean abyssal plain, the average sea depth is
ffective, but for surveys across the continental slope there is no
bvious choice for the corrected seafloor depth, particularly when
eceivers are positioned across a wide range of depths, for example
rom the shoreline to the deep ocean seafloor.

For the survey data considered here, the target objective is to
mage the conductivity from the seafloor down to the subducting
late boundary at depths of 10–30 km. Because the coast effect is
trongly coupled to this relatively shallow region, a reliable inter-
retation can probably be achieved only through direct topographic
odeling approaches, rather than currently available methods for

istortion removal. While a thorough analysis of the entire data
et requires 3D modeling of the Japan and Kuril trench topogra-
hy, the dimensional analysis presented earlier indicates that the
ata at shorter periods are compatible with 2D structure aligned
erpendicular to the survey profile. Therefore, we perform 2D inter-
retation on a reduced data set consisting of the TE and TM mode
esponses at periods less than 500 s.

We used the standard Occam2DMT inversion algorithm
deGroot Hedlin and Constable, 1990). Occam2DMT is built
round a finite element forward modeling code capable of han-
ling seafloor topography using structured triangular elements
Wannamaker et al., 1987) and that utilizes a reciprocity method
or rapid computation of the Jacobian (de Lugao and Wannamaker,
996). The model was parameterized into 3592 free parameters
nd a total of 416 apparent resistivity and phase data were inverted
fter applying a 20% error floor. We note that this subjective error
oor is significantly larger than many of the statistical variances of
he computed MT responses, yet it serves to pad the 2D inversion
rom over-fitting 3D distortions in the data. The inversion started
rom a 10 ohm-m halfspace resistivity and after 10 iterations con-
erged to an RMS misfit of 1.0. The resulting conductivity model is
hown in Fig. 9.

The inversion model contains a layer of conductive sediments
ver a resistive forearc mantle wedge and subducted seafloor. Com-
arison with the basal depth of the sediments as mapped with
eismic data shows that even a few sites of MT data do a reasonably
ood job at mapping the sediment thickness. Although we have
runcated the data to periods less than 500 s, simple skin-length
rguments suggest that the data are still sensitive to structure at the
epth of the plate boundary. The lack of any conductivity anoma-
ies in this region implies a low bulk porosity and fluid content
or the subducting ocean crust in this region. Seismic velocities
mmediately beneath the subducted plate boundary are consis-
ent with those of normal layer 2 oceanic crust, although at these
Fig. 10. Model parameterization for studying the coast effect as a function of seafloor
resistivity �l , ocean thickness h and distance r from the coast.

depths they are poorly resolved (Ito et al., 2004). We have certainly
taken a conservative approach to inversion of this data set given the
known rotation in strike at longer periods. It is worth pointing out
that conductivity variations along the subducted plate boundary, if
present, may be below the conservative 20% error floor imposed on
the data. Future analysis of this data set that incorporates 3D topo-
graphic modeling is required to make a more conclusive assessment
of the deeper plate boundary structure. However, our simple 2D
topography inversion approach demonstrates a methodology for
effective imaging of crustal conductivity variations on the continen-
tal margin. Finally, there may be cases where highly 3D bathymetric
variations distort seafloor MT data such that 2D interpretation is not
valid and full 3D modeling is required, even for imaging shallow
crustal structure.

9. Distortion with distance from the coast

The previous sections have characterized the TE mode distor-
tion on the continental margin specifically in our survey area. It
is now worthwhile to consider how this distortion manifests in
the broader context of seafloor MT soundings at a variety of ocean
depths, distances from coastlines and for variable seafloor resis-
tivity. Fig. 10 shows a simple 2D model consisting of a coastline
of height h, a uniform land and seafloor resistivity �l, and seafloor
MT stations at a distance r from the coastline. We computed MT
responses for this model using a parallel adaptive finite element
method (Key and Ovall, in revisions) at periods of 1–100,000 s, cor-
responding to the combined period range of typical broadband and
long period instrumentation. Seafloor MT stations were spaced log-
arithmically at distances r of 100–1,000,000 m from the coastline.
Responses were computed for ocean depths h of 100, 1000 and
4000 m and seafloor resistivity �l set to 10, 100 and 1000 ohm-m,
thereby covering the range of ocean depths and seafloor resistivi-
ties typically encountered in continental shelf and deep ocean MT
surveys. The resulting TE and TM mode responses are shown in
Fig. 11.

There are distinct similarities and differences between the TE
and TM mode responses. The responses are similar in that the
largest distortions occur for the 4000 m ocean with a 1000 ohm-
m seafloor, and that most of the distorted response is present at
offshore distances that are less than a skin-length in the seafloor,
although at the shortest periods the distortions are present to
greater distances. Conversely, the 1 ohm-m seafloor results in
almost no distortion for any of the ocean depths since the seafloor
conductivity is close to seawater, representing only a subtle 2D
contrast. The large distortions are expected for the more resistive
seafloor models since they represents significant 2D contrasts. The
size of the distortion and its bandwidth increase with the ocean

depth for both TE and TM modes and both modes contain depressed
apparent resistivities, but the TE mode has a narrow positive peak
in apparent resistivity at some distance, after which the distortion
subsides at greater distances. Conversely, the TM mode does not
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Fig. 11. The distortion of seafloor apparent resistivity responses as a function of ocean height, seafloor resistivity and coastline distance. The model parameters are shown
in Fig. 10. The responses have been normalized by the seafloor resistivity so that black and white colors correspond to large distortions while gray colors indicate little or no
distortion. The dashed and solid lines show the skin-length for the 0.3 ohm-m ocean and the variable seafloor resistivity, respectively. The white dots show the predicted
location of the TE mode resistivity peak based on the empirically derived scaling model given in the text.
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ontain a peak in resistivity, although the 1000 ohm-m seafloor
esponses exhibit a small increase in resistivity along a narrow
idge at long ranges. The depressed TE and TM mode resistivities
an be in excess of 100 times smaller than the halfspace value,
hile for a given model the TM mode has a significantly more
epressed response than the TE mode. The TM distortion only varies
eakly with period and extends across the entire period band-
idth of the computations, indicating it is predominantly a galvanic
istortion. Conversely, the TE distortion varies strongly with fre-
uency, with the distortion largely absent at the longest periods.
he transition between distorted and undistorted TE responses
aries systematically with ocean depth and seafloor resistivity. This
eriod dependence is consistent with the TE distortion being an

nductive effect as required by the TE mode physics. Another dif-
erence between the modes is that the TM distortions vary slowly
ith distance from the coast, whereas the TE distortions can vary

ubstantially, with the largest TE distortions found at some distance
ar offshore.

The peak in TE apparent resistivity remains above the halfspace
alues over a fairly narrow range of distances from the coastline. For
xample, the 1000 m ocean model with a 100 ohm-m seafloor has a
eak at distances of 5–20 km offshore, with a center at about 10 km
ffshore. The peak extends over a much wider range of periods,
ut this is somewhat complicated by a crescent shape to the peak
or the deep ocean models with more resistive 100 and 1000 ohm-

seafloors. In all cases where a peak is present, it is above the
alfspace values for at least a decade of periods.

Interestingly, the strong peak in the distorted TE apparent
esistivity occurs systematically at a distance of just under half a
kin-length in the seafloor. The peak moves to farther ranges and
onger periods as the ocean depth and seafloor resistivity increase.
rom the range of parameters shown in Fig. 11, the peak location in
he range and period space appears to depend linearly with seafloor
esistivity, while its period depends on the square of the ocean
epth and its range depends linearly on ocean depth. Empirically,
he following equations have been found to accurately predict the
eriod and range of the TE response peak:

= a
�lh

2

�2
s

, (11)

= b
�lh

�s
, (12)

here a = 1.88 × 10−7 and has the same units as magnetic per-
eability and the dimensionless quantity b = 0.091. Although not

hown here, these equations were tested on two other models with
rtificial ocean resistivities �s set 10 times larger and smaller than
he realistic 0.3 ohm-m value used in here. In both cases, the above
quations accurately predict the location of the TE response peak,
hich is located in a new location in range-period space according

o the dependence on �s given in the equations above. The sim-
le form of these equations and their reliability for predicting the
E resistivity peak over the large range of model parameters given
ere suggests that there may be a simple underlying theoretical for-
ulation for this aspect of the TE mode distortion that is awaiting

uture discovery.
While this 2D model study is undoubtedly oversimplified in

omparison to the complex topography and seafloor of real con-
inental margins, we note that its prediction for the TE mode peak
grees strikingly well with real data we have collected. For example,
he San Diego Trough has a 1000 m ocean depth, with 2D inversion

ecovering an average seafloor resistivity of 100 ohm-m. Eq. (11)
redicts a TE response peak of 200 s, in excellent agreement with
he observed peak at the same period. Similarly, Eq. (12) predicts
he peak occurs around a range of 30 km offshore, in agreement
ith the distance of the Trough from the San Diego coast. Applica-
lanetary Interiors 184 (2011) 194–207 205

tion to the data considered here predicts a TE mode peak centered
around 180 km offshore, in agreement with the TE peak observed
at 150–200 km distance offshore at sites s01, s02, s04 and s05. Data
collected at the mid-ocean ridge along the northern East Pacific Rise
do not contain any peaks in apparent resistivity, despite seafloor
resistivities in excess of 500 ohm-m and ocean depths of 2500 m
(Key and Constable, 2002). This is simply due to the nearest coast-
line being over 1000 km distant. Likewise, broadband data collected
at Gemini Prospect in the Gulf of Mexico in 1 km ocean depths
about 100 km offshore contains no evidence of coast effect distor-
tion since the 7 km thick continental shelf sediments are almost
uniformly 1 ohm-m (Key et al., 2006). The reliability of these equa-
tions suggests that the range and period location of the TE response
peak could be well predicted before a survey if the seafloor resis-
tivity is known a priori. Conversely, if one observes a peak in the TE
resistivity, since the distance offshore, the ocean depth and seawa-
ter resistivity are well known quantities, equation 11 or 12 could be
used to estimate the bulk seafloor resistivity. However, there will
certainly be more complicated situations where these equations
may not be valid, such as where coastlines are 3D or in regions
with significant 2D and 3D subsurface conductivity variations.

The high level of distortions produced by such a simple model
geometry demonstrates that the coast effect observed in both the
San Diego Trough and the data considered here are probably ubiq-
uitous features of seafloor MT soundings near thinly sedimented
continental margins, rather than spurious features present only
for the particular coastline and seafloor topography of these sur-
vey regions. Another implication is that the depressed apparent
resistivities may extend to several hundred or even thousands of
kilometers offshore for a very resistive seafloor, even at relatively
short periods. If care is not taken to properly include the coast effect
depression in numerical modeling efforts, the resulting interpreta-
tion of such distorted data would result in a gross underestimation
of the mantle resistivity. Heinson and Constable (1992) came to
a similar conclusion with thin-sheet modeling of the coast effect
for long period marine MT data (>1000 s). A final cautionary warn-
ing regards the interpretation of the TE apparent resistivity cusp,
which if not recognized and properly accounted for with 2D or
3D numerical methods could result in a large overestimation of
seafloor resistivity.

Certainly there may be cases where the offshore topography is
highly 3D, or where substantial leakage paths may alter the mag-
nitude of the coastline distortion. However, we are not aware of
any MT studies documenting the presence of such leakage paths,
although this may be due to the relative sparsity of marine MT
observations in the ocean basins worldwide. There may also be
coast-effect like distortions produced by other large-scale seafloor
topographic features such as transform offsets, fracture zones,
small islands and seamounts.

10. Conclusions

The strong galvanic and inductive distortions of our broadband
marine MT data collected on the forearc of the Japan trench demon-
strate the severity of the coast effect along resistive continental
margins. While it has been known for some time that the TE mode
coast effect is largely due to a magnetic field distortion (Ferguson,
1988), our Poynting vector analysis provides new insights on this
phenomenon. The Poynting vectors show how the normal down-
ward diffusion path of the MT plane-wave is inductively distorted

by the resistive seafloor topography, so that energy diffusing down
through the onshore section bends laterally and then back upwards
beneath the continental margin. This results in a zone of inter-
ference along the seafloor where energy diffusing down through
the ocean collides with energy propagating upwards from beneath
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he seafloor, producing anomalous TE mode responses containing
usps in apparent resistivity and phases that wrap out of quadrant.
he characteristic frequency and position of the TE mode apparent
esistivity cusps are determined by a relatively simple combination
f the electrical resistivity of the seafloor, the depth of the ocean,
nd the distance from the coastline. Because coast effect distortions
perate over a variety of length scales related to the skin-length
f the electromagnetic fields, care needs to be taken in the inter-
retation of seafloor MT data so that 2D and 3D distortions are
roperly accounted for. By including coastlines and bathymetry in
D inversion and limiting the analysis to shorter period data that
re less sensitive to 3D coast effect distortion, our broadband data
onstrained the thickness of conductive forearc sediments and the
nderlying high resistivity associated with the mantle wedge and
ubducting oceanic lithosphere.
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