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[1] Interplate coupling on the Hikurangi subduction margin
along the east coast of New Zealand’s North Island changes
north to south from almost uncoupled to locked. Clay-rich
sediments and aqueous fluids at the subduction interface
have been invoked as key factors in the frictional processes
that control interplate coupling. Here we use magnetotelluric
data to show that the subduction interface in the weakly
coupled region is electrically conductive but is resistive in
the locked region. These results indicate the presence of a
layer of fluid- and clay-rich sediments in the weakly
coupled region and support the idea that the presence of
fluid and hydrated clays at the interface is a major factor
controlling plate coupling. Citation: Heise, W., T. G. Caldwell,
E. A. Bertrand, G. J. Hill, S. L. Bennie, and Y. Ogawa (2013),
Changes in electrical resistivity track changes in tectonic plate
coupling, Geophys. Res. Lett., 40, doi:10.1002/grl.50959.

1. Introduction

[2] The M9 2011 Tohoku-Oki earthquake demonstrated
that current understanding of the frictional properties of the
subduction interface is incomplete. During this earthquake,
parts of the subduction interface that had previously under-
gone slow slip [e.g., Ito et al., 2013; Kato et al., 2012] and
were expected to act as barriers to rupture propagation also
ruptured [Noda and Lapusta, 2013]. On the Hikurangi
subduction margin along the east coast of New Zealand’s
North Island, GPS data show that interplate coupling changes
along the margin from very weakly coupled in the north to
strongly coupled (or locked) in the south. Several studies
[e.g., Schwartz and Rokosky, 2007; Wallace and Beavan,
2010, Faulkner et al., 2011] suggest that clay-rich sediments
and aqueous fluids play a key role in plate coupling. The
presence of clay-rich sediments at the subduction interface
has recently been offered as a possible explanation for the
dynamic weakening of parts of the Tohoku-Oki subduction
interface that failed in 2011 and that had been assumed to be
creeping [Noda and Lapusta, 2013].
[3] Changes in interplate coupling are thought to result

from a combination of the effects of plate structure, the
presence or absence of sediment at the interface, temperature,
stress regime, and fluid pressure [e.g.,McCaffrey et al., 2008,

Wallace et al., 2009]. In particular, the 350°C isotherm has
often been taken to mark the downdip transition from strong
to weak interplate coupling [Hyndman and Wang, 1993;
McCaffrey et al., 2008]. However, in the northern part of
the Hikurangi margin, the plate interface is weakly coupled
at depths that are too shallow and too cold to be caused by
temperature [McCaffrey et al., 2008]. Also, the abrupt change
in the interplate coupling observed along the Hikurangi
margin (Figure 1) is not easily explained by changes in
thermal structure alone [McCaffrey et al., 2008].
[4] Other mechanisms controlling friction at the plate inter-

face invoke the presence of overpressured fluid; fluids have
been proposed as a key causative factor in the occurrence of
slow slip events (SSEs) [Schwartz and Rokosky, 2007; Liu
and Rice, 2007]. Twenty-four SSEs have been observed along
the Hikurangi margin since continuous GPS recording
commenced in 2000, all but one of which are located in the
region where the coupling is weak [Wallace et al., 2012].
Seismological evidence for the presence of overpressured
fluids on a subduction interface has also been reported at
several subduction margins where SSEs occur [e.g., Ito
et al., 2007; Kodaira et al., 2004], including the northern part
of the Hikurangi margin [Reyners et al., 1999]. Seismic
tremor, thought to represent slip on the plate interface that is
too small to be resolved in GPS data, has been described as
representing “fluid-enabled shear slip” [Shelly et al., 2006]
and has been linked to areas of high fluid content in seismic
reflection data at the Cascadia subduction margin [Kao et al.,
2006,Calvert et al., 2011]. Finally, magnetotelluric (MT) data
from the northern part of the Hikurangi margin [Heise et al.,
2012] show that the plate interface just north and downdip
of a large SSE in 2010 (Figure 2) is electrically conductive.
Heise et al. [2012] interpret the high conductivity as a zone
of underplated sediments and a region of upward fluid
transport along the plate interface.
[5] In general, the MT data are much more sensitive to the

presence or absence of small amounts of interconnected
fluid than seismological methods. Here we report new MT
data from the locked part of the Hikurangi margin and from
the weakly coupled area where tremor was located [Kim
et al., 2011] during the 2010 SSE (Figure 2). Umeda et al.
[2006] also noted that low-frequency tremor beneath the
Kii Peninsula in SW Japan is associated with a lower crustal
conductive zone above the subduction interface.

2. Magnetotelluric Data and Analysis

[6] The MT method uses surface recordings of fluctuations
in the Earth’s electromagnetic field over a wide period range
to infer the electrical resistivity of the subsurface down to
depths of ~50 km for the period range (0.01 to 680 s) of the
data discussed here. The amplitude and phase relations
between the surface electromagnetic field components that
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form the MT data are expressed in the frequency domain by
the “impedance tensor” Z and the “induction vector” K. Z
and K are complex transfer functions that relate the horizontal
electric (E) field vector and the vertical component of the mag-
netic field (Hz) to the horizontal magnetic field components
(H), respectively. The transfer functions are defined by the
equations E=ZH and Hz=�KH and represent the normalized
response of the Earth to a vertically incident plane wavemagnetic
field excitation.
[7] While the magnitude relations in the impedance tensor

data can be strongly distorted by localized conductivity
heterogeneities near the surface, the phase relationships
are unaffected and provide a direct indication of the lateral
and vertical resistivity changes in a depth range that
depends on the period and overlying resistivity. This phase
relationship depends on polarization and is a tensor
Φ =X�1Y, where X and Y are respectively the real and
imaginary parts of Z [Caldwell et al., 2004]. This 2-D tensor
can be represented graphically by an ellipse; the ellipse axes
show the orientation and the relative magnitude of the
tensor principal values Φmax and Φmin. Differences in the
magnitude and the orientation of the tensor principal values
thus provide a way of directly visualizing resistivity gradi-
ents present at depth.
[8] In Figures 2 and 3, we use the geometric mean

Φ2= √(ΦmaxΦmin) of the principal values to indicate the
magnitude of the phase tensor response. In simple (quasi 1-D)

situations, decreasing resistivity with increasing depth is
indicated by values of Φ2> 45°. Where a phase tensor
analysis of the data identifies a 1-D section at short periods,
the case for almost the entire data set discussed here, the
phase mixing effects of any near-surface distortion on the
impedance can be removed from the impedance data prior
to inversion [Bibby et al., 2005].

3. Results

[9] Maps of phase tensor ellipses at 28 s period for both the
southern and northern MT surveys are shown in Figures 2
and 3. In the northern, uncoupled part of the margin, 50
new MT soundings were added to the MT survey reported
in Heise et al. [2012]. High (>45°) Φ2 values (warm colors)
near the east coast indicate the presence of a thick layer of
conductive sediments, while the high phases in the west
(where resistive basement rocks are exposed at the surface)
suggest the presence of a conductor at depth.

Figure 2. Map of phase tensor ellipses and induction
vectors for the northern Hikurangi margin. The phase tensor
ellipse sizes have been normalized by their major axis
(Φmax). The color fill showsΦ2. Dashed lines show the depth
to the subduction interface. Black contours show the total slip
(in mm), and red stars show the locations of seismic tremor
associated with the 2010 SSE [Kim et al., 2011]. The black
line shows the location of the model cross section shown in
Figure 4b.

Figure 1. Map of Hikurangi subduction interface plate
coupling with a coupling coefficient of 1 being fully locked
[Wallace and Beavan, 2010]. Dashed contours show the
depth to the subduction interface. The black arrow shows
the motion of the Australian Plate relative to the Pacific
Plate in the North Island. The black boxes mark the two study
areas. Locations of the MTmeasurements in the northern part
of the Hikurangi margin are shown by orange and yellow
dots measured in 2009 and 2011–2012, respectively. White
lines show the locations of the model cross sections shown
in Figure 4.
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[10] In the locked part of the margin in the south, 24
broadband MT soundings were recorded on a single profile
approximately perpendicular to the strike of the subducting
plate and where the plate interface is between 10 and 20 km
deep (Figure 3). The along-profile change in the phase tensor
orientation (Figure 3) indicates a strong 3-D response
(Figure S1 in the supporting information) reflecting the
influence of the seawater in Cook Strait (Figure 1). Higher
Φ2 values near the coast suggest that conductive rocks are
present close to the coast.

4. 3-D Inverse Modeling

[11] The relationship between the MT data and the resis-
tivity is inherently nonlinear, and inversion methods must
be used to create a model of the resistivity structure.
Although the data from the southern part of the margin are
restricted to a single profile, the 3-D nature of the observed
response requires a 3-D approach to data inversion. We used
the 3-D inversion algorithm of Siripunvaraporn et al.
[2005] to invert the data from both regions (for details, see
the supporting information).
[12] The resistivity model for the southern line of measure-

ments is shown in Figure 4a. Three near-surface conductive
areas (~3Ωm) mark small basins of quaternary sediment
[Begg and Johnston, 2000], the low resistivity reflecting the
high clay and fluid content of the sediments. Only at its
southeastern end are resistivities less than 50Ωm observed
at deeper levels (C1 and C2 in Figure 4a). These conductors
(C1 and C2) are interpreted to show fluids released from
dewatering sediments associated with the accretionary prism
present offshore. A similar feature was observed in the MT
data from a profile across the northern part of the South
Island [Wannamaker et al., 2009.]. Note, in particular, that
the crust above the plate interface northwest of C1 and C2
is resistive (~300Ωm).
[13] In the weakly coupled part of the Hikurangi margin in

the north, analysis of earlier MT data [Heise et al., 2012]
showed that a conductive zone is present above the plate
interface. In Figure 4b, we show a slice through an updated
3-D resistivity model of the same region incorporating addi-
tional data from 50 MT soundings. The new measurements
encompass the area in which seismic tremor has been

located [Kim et al., 2011] (Figure 2). This model shows
two conductive features: a layer of highly conductive
material marking the thick (~8 km) sequence of marine sedi-
ments present near the east coast and a less conductive zone
above the plate interface confirming the results of our earlier
study [Heise et al., 2012]. The new data also show that the
zone above the subducting plate is conductive in the area
where seismic tremor was located (Figure 2) during the
2010 SSE [Kim et al., 2011]. Note that the resistive zone
above the plate interface updip of the area of tremor (R1 in
Figure 4b) is a localized feature that is not present on nearby
parallel slices through the 3-D model volume.

5. Discussion

[14] The difference in the resistivity structure above the
subduction interface between the weakly and strongly coupled

Figure 3. Phase tensor ellipses and induction vectors at the
southern part of the Hikurangi margin. Other features as in
Figure 2.

Figure 4. (a) Slice through the 3-D resistivity model along
the profile in the southern part of the Hikurangi margin
(Figure 2). Black dots show relocated earthquake hypocen-
ters within 25 km of this profile [Reyners et al., 2011]. The
dashed white line shows the plate interface [Reyners and
Eberhart-Phillips, 2009]. (b) Slice through the 3-D resistivity
model from the northern part of the Hikurangi margin
(Figure 2). The dashed white line shows the plate interface
[Reyners et al., 2011].
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parts of the Hikurangi margin is remarkable. While the MT
data will not resolve a thin conductive zone (e.g., a thin clay-
rich layer of fault gouge), hypothesis testing (Figures S5 and
S6 in the supporting information) shows that a dipping
conductor similar in conductance (i.e., the conductivity thick-
ness product) to that present above the plate interface in the
northern part of the margin would be resolved by our data
on the southern line if present. Thus, the MT data are consis-
tent with a layer of conductive underplated sediments above
the plate interface in the north (C4 in Figure 4b) but not in
the south. Heise et al. [2012] interpreted the dipping conduc-
tive layer above the interface in the north to mark a zone of
fluid-rich underplated sediment.
[15] This inference is in good accord with the structure

of the margin. In the north, where the convergence rate is
50–60mm/yr [Wallace et al., 2004], the margin is erosional
while in the south, where the convergence rate is smaller
(20–30mm/yr), sediment is accumulating offshore in an
accretionary prism [Barnes and Mercier de Lepinay, 1997].
[16] There is other geologic and seismological evidence for

the subduction and underplating of sediment in the northern
part of the Hikurangi margin [Walcott, 1987; Reyners et al.,
1999; Eberhart-Phillips and Reyners, 1999; Bassett et al.,
2010]. In particular, Reyners et al. [1999] showed that
anomalously high P wave to S wave velocity ratios occur
above the subduction interface within a zone of crustal Pwave
velocities, consistent with the presence of overpressured fluid
within a layer of subducted sediment.
[17] In Figure 4b, the resistivities in the southeast within the

upper ~8 km (C3) are ~3Ωm reflecting the high fluid and clay
(in particular smectite) content of the marine sediments
[Darby, 2002; Mazengarb and Speden, 2000]. Below ~8km,
resistivity values increase to >30Ωm in the dipping conduc-
tive layer (C4) above the interface. Heise et al. [2012] argued
that the increase in resistivity, which seems to occur with the
onset of seismicity, reflects the transformation of smectite to
illite [Vrolijk, 1990;Hyndman et al., 1995] and/or the increase
in cementation [Moore et al., 2007] within the downgoing
sediments. Thus, both illitic clays and saline fluids may be
the cause of the conductance within the dipping layer.
However, since MT data best resolve the conductance, the
layer resistivity and thickness are not separately determinable,
and we cannot rule out the possibility that interconnected
fluids alone, perhaps overpressured and hosted in connected
fractures, might explain the increased conductivity.

6. Conclusions

[18] The difference in plate coupling and resistivity struc-
ture between the northern and southern parts of the
Hikurangi margin suggest that the presence of a conductive
layer of fluid- and/or clay-rich sediments may play an impor-
tant, perhaps dominant, role in controlling the frictional
processes at the interface and thus the interseismic coupling.
[19] Although large subduction earthquakes may not be

able to nucleate within a weakly coupled patch of the subduc-
tion interface [Faulkner et al., 2011; Noda and Lapusta,
2013], the presence of a layer of fluid- and clay-rich sediments
on the interface may make the propagation of an earthquake
rupture into and through such parts of the interface more
favorable due to coseismic weakening. If this inference is
correct, the likelihood of a margin-spanning earthquake on
the Hikurangi margin is greater than currently recognized

[Stirling et al., 2012]. Confirmation that sediments and/or
overpressured fluid control the frictional properties of the sub-
duction interface has important ramifications for subduction
margin hazard because the tacit assumption has generally been
that weakly coupled parts of the interface are unlikely to
dynamically rupture in a large earthquake.
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