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SUMMARY

The dynamics of accretionary prisms and the processes that take place along subduction
interfaces are controlled, in part, by the porosity and fluid overpressure of both the forearc
wedge and the sediments transported to the system by the subducting plate. The Hikurangi
Margin, located offshore the North Island of New Zealand, is a particularly relevant area
to investigate the interplay between the consolidation state of incoming plate sediments,
dewatering and fluid flow in the accretionary wedge and observed geodetic coupling and
megathrust slip behaviour along the plate interface. In its short geographic extent, the margin
hosts a diversity of properties that impact subduction processes and that transition from north to
south. Its southernmost limit is characterized by frontal accretion, thick sediment subduction,
the absence of seafloor roughness, strong interseismic coupling and deep slow slip events.
Here we use seafloor magnetotelluric (MT) and controlled-source electromagnetic (CSEM)
data collected along a profile through the southern Hikurangi Margin to image the electrical
resistivity of the forearc and incoming plate. Resistive anomalies in the shallow forearc likely
indicate the presence of gas hydrates, and we relate deeper forerarc resistors to thrust faulting
imaged in colocated seismic reflection data. Because MT and CSEM data are highly sensitive to
fluid phases in the pore spaces of seafloor sediments and oceanic crust, we convert resistivity to
porosity to obtain a representation of fluid distribution along the profile. We show that porosity
predicted by the resistivity data can be well fit by an exponential sediment compaction model.
By removing this compaction trend from the porosity model, we are able to evaluate the
second-order, lateral changes in porosity, an approach that can be applied to EM data sets from
other sedimentary basins. Using this porosity anomaly model, we examine the consolidation
state of the incoming plate and accretionary wedge sediments. A decrease in porosity observed
in the sediments approaching the trench suggests that a protothrust zone is developing ~25 km
seaward of the frontal thrust. Our data also imply that sediments deeper in the accretionary
wedge are slightly underconsolidated, which may indicate incomplete drainage and elevated
fluid overpressures of the deep wedge.

Key words: Permeability and porosity; Controlled source electromagnetics (CSEM); Mag-
netotellurics; Gas and hydrate systems; Subduction zone processes.

sediments transported atop a subducting oceanic plate. These ac-
cretionary wedges cycle large volumes of water from the plate back
Accretionary wedge complexes develop along convergent margins to the ocean through the consolidation of pore spaces in sediments
through the tectonic deformation of off-scraped and underthrusted and crust and by dehydration reactions that release mineral-bound
water from altered oceanic lithosphere. Constraining the volatile

budget and extent of dewatering that occurs at these margins is rel-

*Now at: BlueGreen Geophysics, LLC. evant for characterizing the hydrogeology of accretionary wedges.

1 INTRODUCTION
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Additionally, because consolidation and dehydration reactions al-
ter the mechanical properties of sediments, knowledge of the rate
and distribution of dewatering is useful for determining the history
and evolution of a wedge’s internal structure. Thus, quantifying the
input porosity and loss thereof for the crust and sediments within
the accretionary wedge is crucial for calculating mass flux at sub-
duction zones and for modelling the mechanical response of these
deforming wedges (Bray & Karig 1985; Bekins & Dreiss 1992).

In addition to the role they play in the global water cycle, ac-
cretionary margins often provide a pressure and temperature en-
vironment that is ideal for the formation of gas hydrates, ice-like
structures consisting of natural gas trapped in a solid lattice of water
(Mienert 2022). Understanding the distribution of gas hydrate is im-
portant for several reasons. Much of the world’s methane is bound
in gas hydrate, which is why hydrate reservoirs are sinks for the
global carbon cycle and potential energy resources (Crutchley et al.
2018). Because of the narrow pressure—temperature range in which
solid hydrate is stable, gas hydrates have the potential to rapidly
decompose in response to increasing ocean temperatures and pose
both a climate hazard due to the release of methane and a geohazard
related to triggering of landslides.

Flow of water and gas through the accretionary wedge is strongly
controlled by the porosity and permeability of the host rock. These
inextricably interrelated quantities not only regulate fluid flow but
also alter effective stress along fault planes by modulating pore
pressure, which may ultimately be linked to the occurrence and na-
ture of megathrust slip (Bray & Karig 1985; Moore & Vrolijk 1992;
Saffer & Bekins 2006; Saffer & Tobin 2011; Saffer & Wallace 2015;
Warren-Smith et al. 2019). Because fluid flow influences effective
stress and pore pressure in an accreting margin, it will also impact
the structural development of the wedge and help determine whether
landward- or seaward-vergent thrust faults form (Seely 1977; To-
bin et al. 1993). Of particular importance for accretionary wedge
growth is analysis of dewatering in the region immediately seaward
of the main frontal thrust as this pertains to the development of
the protothrust zone, the location of the next frontal thrust, and the
spacing of consecutive imbricate thrust faults (Wang et al. 1994; Ito
& Moore 2021). Moreover, estimating the amount of fluids input at
the deformation front and released through various permeable path-
ways within the wedge and along the décollement remains a crucial
component in accurately determining where sufficient overpressure
exists to influence slip and to estimate the amount of water that is
recycled at subduction zones.

Here we analyse electromagnetic data that span the incoming
plate and accretionary wedge along the southern Hikurangi Margin,
New Zealand. The resistivity models generated allow us to estimate
the porosity of sedimentary units on the incoming plate and forearc
in this region and highlight the abundance of gas hydrate and/or
free gas present in this accretionary margin. Through removal of a
background, compaction-based porosity model, we infer pore pres-
sure conditions in the input sediments and accretionary wedge. We
also show that the incoming plate sediments become increasingly
dewatered as they approach the deformation front, suggesting the
incipient formation of a protothrust zone can be imaged using elec-
tromagnetic techniques.

1.1 Hikurangi margin tectonic setting

The Hikurangi subduction zone, located offshore the North Island
of New Zealand, formed through oblique subduction of the Pacific
Plate beneath the Australian Plate (Fig. 1). Westward subduction of

the Pacific Plate began ca. 27 Ma (Davy et al. 2008; Jiao et al. 2014)
after a brief phase of southward subduction beneath the Chatham
Rise from ca. 105 to 100 Ma (Davy et al. 2008; Hoernle ez al. 2010;
Davy 2014). Geodetic observations show a marked decrease in con-
vergence rate from ~60 mmyr~! in the northernmost part of the
margin to ~20 mm yr~! at its southernmost limit due to clockwise
block rotation of the eastern North Island relative to the Australian
Plate (Wallace et al. 2004). Moving southward, oblique subduction
at the Hikurangi Margin eventually gives way to an entirely strike-
slip accommodated relative plate motion in the Marlborough Fault
System of New Zealand’s South Island (Wallace et al. 2004) and
then again becomes subduction in the reverse sense with the Aus-
tralian Plate subducting beneath the Pacific Plate at the incipient
Puysegur Trench (Gurnis ef al. 2019).

In this area, the Pacific Plate is thickened relative to normal
oceanic lithosphere by the Hikurangi Plateau, a Cretaceous Large
Igneous Province (Davy et al. 2008). Geophysical estimates of the
crustal thickness of the Hikurangi Plateau range from 9 km (Gase
etal 2021)to 35 km (Reyners 2013). Despite the large differences in
these estimates, the plateau is at least 50 per cent thicker than normal
ocean crust. [IODP cores have sampled volcaniclastic lithologies at
the top of the plateau, and subparallel reflectors in seismic data
suggest that this layer of volcanics interbedded with sediment is
2-3 km thick in the northern part of the Margin (Barnes et al.
2020; Gase et al. 2021). It is evident that subduction of the buoyant
Hikurangi Plateau has caused uplift in the eastern North Island and
has led to a shallower forearc than is common at subduction zones,
facilitating its extensive instrumentation (Litchfield et al. 2007;
Wallace 2020). Compared to the much deeper (>9 km water depth)
Kermadec trench to the north, the Hikurangi Margin is characterized
by a shallow trench (~3 km water depth; Barnes et al. 2010).

The Hikurangi Margin offers a natural laboratory in which to
study dramatically varying megathrust behaviour in a relatively
small geographic area. Of particular note in recent decades are
intriguing along-strike variations in interseismic coupling and the
occurrence of slow slip events (SSEs) at this subduction zone. With
enhanced geodetic capabilities, including the widespread instal-
lation of campaign and continuous GPS sites, observations have
revealed that the downdip limit of interseismic coupling transitions
around Cape Turnagain from a depth of ~40 km at the southern-
most part of the margin to depths less than 15 km in the central and
northern Hikurangi Margin (Fig. 1; Wallace et al. 2004). Addition-
ally, the unitless coupling coefficient, ¢;., which relates long-term
fault slip to short-term creep rate, increases from ¢;. = 0.1t0 0.2 in
the northern Raukumara Peninsula and Hawke’s Bay regions to ¢j.
= 0.8 to 1.0 in the south, suggesting that the southern part of the
margin is more strongly seismically coupled than the northern mar-
gin (Wallace et al. 2004). Because these large coupling coefficients
occur over a broad region of the southern North Island (90180 km
wide and ~40 km deep), large subduction earthquakes with mag-
nitudes of M,, 8.2—-8.7 may be possible and thus present a serious
potential seismogenic hazard for New Zealand (Wallace et al. 2009;
Clark et al. 2015).

At the southern end of the Hikurangi Margin, the incoming plate
is covered by a thick section of sediment that thins to the north,
exposing numerous seamounts. Differences in the roughness of the
Pacific Plate are notable in bathymetric maps of the region (Figs 1
and 2). Some have proposed that this subducting topography may
prevent the build-up of large stresses and thus promote creeping
in the northern Hikurangi Margin (Wallace et al. 2009; Bell et al.
2010; Chesley et al. 2021). Seismotectonic analogue models show
that rougher plate interfaces lead to weaker interseismic coupling
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Figure 1. Tectonic setting of the Hikurangi Margin. Grey circles are locations where controlled-source electromagnetic data and magnetotelluric (MT) data
were collected during the Hikurangi Trench Regional Electromagnetic Survey to Image the Subduction Thrust described in Section 2. Purple squares are
locations where long-period MT data were collected. White arrows indicate convergence rate and direction of the Pacific Plate relative to the Australian Plate in
mmyr~!. Shaded contours are cumulative slip patches in 100 mm (red and blue) or 20 mm (green) contour intervals from slow slip events (SSEs): Red—SSEs
from 2002 to 2014; Green—deep slip associated with 2006 and 2008 SSE and Blue—afterslip from 2016 Kaikoura earthquake [see ref. Wallace (2020) and
refs therein]. Dashed black curve outlines the Pegasus Basin. HM, Hikurangi Margin; TVZ, Taupo Volcanic Zone; RP, Raukumara Peninsula; HB, Hawke’s
Bay; CT, Cape Turnagain; PB, Pegasus Basin and MFS, Marlborough Fault System. The white box is an outline of the region shown in Fig. 2, which is the

focus of this paper.

than their smooth counterparts by producing a more heterogeneous
stress distribution along the megathrust (van Rijsingen et al. 2019).
This, in turn, partitions the interface and results in lower inte-
grated fault strength than can be achieved along smoother interfaces
(Dominguez et al. 1998, 2000; van Rijsingen et al. 2019). Global
subduction zone compilations support these modelling efforts and
find a statistically significant relationship between the thickness of
subducting sediment and the magnitude of megathrust events, with
earthquakes M,, > 7.5 being more likely to nucleate where thicker
subducting sediment packages (>1 km) are present (Scholl et al.
2015). Recent geophysical investigations at the northern Hikurangi
Margin have revealed the presence of a subducting seamount and
associated upper plate damage zone in a region that experienced slip
during the 2014 SSE (Bell ez al. 2010; Wallace et al. 2016; Barker
et al. 2018; Chesley et al. 2021). Although the exact relationship
between this subducted topography and the 2014 SSE is unclear,
Chesley e al. (2021) observed large variations in fluid content along
the plate interface, which is consistent with the substantial litholog-
ical heterogeneity imaged seismically (Barnes et al. 2020). They
suggest that the seamount played a role in modulating vertical fluid
release from the slab, thus contributing to the cyclic nature of slow
earthquake occurrence (Warren-Smith et al. 2019). Observations
of increasing sediment subduction from the shallow SSE regime of

the north to the locked zone in the southern Hikurangi Margin as
well as a change in the lithology of the megathrust-hosting protolith
from volcaniclastics interspersed with calcareous pelagic sediments
to siliciclastic sediments have also been implicated in controlling
the slip transition (Gase et al. 2022)

Sediment thickness increases from ~1 km off the Raukumara
Peninsula in the north to >5 km in the southernmost part of the
margin due to increasing proximity to submarine canyons in the
south that supply turbidites to the trough (Barnes et al. 2010). The
imbricated frontal accretionary wedge that is actively being built
landward of the trench ranges from 10 to 200 km in width (Barker
etal. 2009) and is compositionally divided into three major sections:
(1) inner Late Cretaceous and Palacogene rocks that preceded sub-
duction, (2) outer wedge accreted trench-fill turbidites, which are
late Cenozoic in age and correlate with sequences found in the
Hikurangi Trough on the incoming plate and (3) a Miocene—present
deforming cover sequence of shelf and slope sediments (Barnes
et al. 2010). The ubiquity of bottom-simulating reflectors (BSRs)
in seismic reflection data point to the prevalence of free gas and/or
gas hydrates in both the accretionary wedge and Hikurangi Trough
(Barnes et al. 2010; Plaza-Faverola et al. 2012; Crutchley et al.
2015; Fraser et al. 2016; Wang et al. 2017; Crutchley et al. 2018;
Han et al. 2021; Kroeger et al. 2022).
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Figure 2. Bathymetric map for the area of the southern Hikurangi Margin discussed here (white rectangle in Fig. 1). Bathymetry data are from Ryan et al.
(2009). Grey squares are locations of the OBEMs. Light blue squares are locations where evidence for fluid seeps exists (Watson et al. 2020).

2 HT-RESIST DATA COLLECTION AND
PROCESSING

We carried out the Hikurangi Trench Regional Electromagnetic Sur-
vey to Image the Subduction Thrust (HT-RESIST) from December
2018 to February 2019. Data acquisition was completed aboard
the R/V Roger Revelle and involved simultaneous collection of
controlled-source electromagnetic (CSEM) data and magnetotel-
luric (MT) data at a total of 136 stations using a fleet of 42 ocean
bottom electromagnetometers (OBEMs). We used the Scripps In-
stitution of Oceanography Mk III broadband OBEMs with 10 m
long electric dipoles and induction coil magnetometers capable of
measuring orthogonal, horizontal electric and magnetic field com-
ponents in the 0.0001-500 Hz frequency band (Constable 2013).
We used a 125 Hz sampling rate and the broadband recording ca-
pacity allowed for the simultaneous collection of high frequency
(0.1-10 Hz) CSEM and longer-period (0.0001-0.1 Hz) MT data.

Our complete survey (Fig. 1) included three trench-crossing pro-
files that spanned the north—south extent of the Hikurangi Margin
and one approximately trench-parallel profile that crossed the transi-
tion from weak to strong interseismic coupling (Wallace et al. 2004,
2009). After gathering the data from these profiles, we additionally
deployed an array of 42 OBEMs, which collected long-period MT
data for approximately six weeks. Here, we discuss results from the
southernmost trench-crossing profile, the data for which we col-
lected over the course of 5 d (Fig. S1). Results for the northernmost
profile are presented in Chesley et al. (2021).

2.1 Magnetotelluric data

The magnetotelluric (MT) method capitalizes on natural time vari-
ations in Earth’s magnetic field as its source for electromagnetic
induction. The time-varying source currents that originate in the
ionosphere are generated by the interaction of Earth’s magnetic
field with the solar wind, creating a low frequency electromagnetic
signal that diffuses down through the seafloor, where its amplitude

and phase are modified in a manner that is controlled by the un-
derlying resistivity (Chave & Weidelt 2012). Our OBEMs recorded
these electric and magnetic field variations throughout the five day
deployment period (Fig. S1).

In processing the MT data, we seek to accurately estimate the
impedance tensor at each frequency of interest from the electric and
magnetic field time-series and to assign statistical uncertainty to
each of these impedance tensor estimates. The impedance tensor is
the Earth response function that relates variations in the horizontal
electric and magnetic fields:

E=ZH (D
VA Z

Z = |2 W], Q)
|:Zyx Z)’,V

where E and H are the frequency dependent electric and mag-
netic fields, respectively, and Z is the complex-valued, frequency-
dependent impedance tensor. Note that the x and y subscripts refer
to any two arbitrary orthogonal directions in the horizontal plane.
We apply the robust remote reference multistation processing
approach of Egbert (1997) to estimate Z. Using a multiple station
approach to impedance tensor estimation is advantageous because
it increases the attainable signal-to-noise ratio (SNR) and is less
sensitive to outliers in remote stations compared to single station
remote reference schemes (Egbert 1997). With this method, the
electric and magnetic field time-series data are first Fourier trans-
formed to the frequency domain using pre-whitened, overlapping
windows of data and cascade decimation, which optimizes com-
putations by reducing the number of time samples required in the
Fourier transforms for the lowest frequencies of interest. Instrument
channel-specific, frequency-dependent calibrations are applied to
each electric and magnetic field channel to remove the sensor and
amplifier responses. The amplitudes of the resulting Fourier coeffi-
cients obtained are manually inspected as spectrograms to remove
any data before the instrument settles on the seafloor and after it is
released to return to the surface; to flag dead or poorly connected
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channels; and to remove data recorded during CSEM tows. After
obtaining the impedance estimates, we inspected them for 2-D com-
patibility and removed all data that suggested the presence of 3-D
induction effects, as indicated by the shape of the impedance polar-
ization diagram, or by Swift skew (S;) values >0.26 (Swift 1967),
where

|Zxx + Zyyl
|ny - Zyx|

Such 3-D distortions tended to appear at periods >300 s (Fig. 3). We
noted that receiver s38 showed a stark rotation in strike at periods
>100 s compared to the other receivers in the survey and chose not
to include its data in the inversion. Of the 38 receivers deployed on
this profile, we modelled the MT data from 32 of them.

Ss = (3)

2.2 Controlled-source electromagnetic data

CSEM data were collected by deep-towing the Scripps Underwater
Electromagnetic Source Instrument (SUESI) approximately 100 m
above the seafloor to minimize signal attenuation through seawater
and maximize signal coupling to the crust, while also maintaining
a safe towing altitude above bathymetric features (Constable 2013).
For this survey, SUESI output a 230-310 A alternating current
across a 300 m horizontal electric dipole terminated by copper
electrodes. This alternating current induces electric and magnetic
fields that propagate through the underlying lithosphere and are
attenuated based on its resistivity. We used the complex binary
Waveform D of Myer ef al. (2011) with a fundamental transmission
period of 4 s. Waveform D is doubly symmetric and designed to
spread the high power harmonics over about a decade of frequency,
thus allowing for constraints on the resistivity structure at different
length scales (Myer et al. 2011).

We employed the inverted long-baseline (ILBL) system described
in Key & Constable (2021) to navigate SUESI’s position and orien-
tation in the water column. We expect that the ILBL system provides
accuracy to within 5 and 37 m in the inline and crossline positions,
respectively (Key & Constable 2021), and that the pressure sensor
used can measure SUESI’s depth to an accuracy better than 1 m.

To estimate the locations of our OBEMs, we used a long-
baseline (LBL) navigation system, which exploits two-way trav-
eltimes (TWTTs) between the ship and OBEMs to triangulate the
OBEMSs’ positions. We use TWTTs along with the ship’s GPS loca-
tion and a seawater velocity-depth profile based on SUESI’s CTD
unit in a Levenberg-Marquardt inversion for the OBEM’s location,
similar to the procedure used to navigate ocean-bottom seismome-
ters (Russell et al. 2019). In addition to estimating the OBEM
location on the seafloor, our processing workflow uses linearized
uncertainty analysis to estimate the uncertainty in the navigated
position. This method allowed for the determination of OBEM lo-
cations to within 11 m for all receivers and a median of 3.7 m.

We processed the CSEM time-series data by dividing the time-
series into 4 s windows, the length of the fundamental period.
These sections were then pre-whitened, Fourier transformed, and
post-darkened to produce Fourier coefficients (Myer et al. 2011).
The Fourier coefficients were normalized by the complex source
dipole moment and corrected for the individual sensor responses
of each OBEM. To reduce variance, the Fourier coefficients were
then stacked in 240 s segments using an algorithm that iteratively
removes any outliers present. Because the seafloor sediment pack-
age is so thick in the southern Hikurangi Margin, the CSEM data
are sensitive to a predominantly laterally invariant 1-D resistivity
structure. Hence this longer than typical stack time allowed for
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Figure 3. MT impedance polar diagrams with Swift skews for all of the
Southern HT-RESIST data. |Z,| and |Zy,| are dark and light blue, respec-
tively. Swift skews below the 0.26 cut-off are white or light blue. Skews
above this cut-off are shaded orange. Periods where the MT response curve
deviates from varying smoothly are blacked out. Data used in the inversion
are indicated by light blue shading and dashed blue boxes. The compass rose
shows the direction of the CSEM tow path (grey) and the direction oblong
impedance polar diagrams should ideally point (dark blue) in order to be
compatible with the 2-D modelling performed here.
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data reduction without loss of lateral structural resolution. The vari-
ance of each stack, and hence the data error, was assigned based
on the stack residuals. The instrument sensor error floors are used
to calculate the SNR of the stacked data. We discarded data with
SNRs less than or equal to 2 because such noisy data offer lit-
tle information and can contaminate the model by allowing for a
much wider range of model parameters. We then manually removed
any outliers that remained afterwards. Receivers s05, s11 and s25
experienced poor electrode connections on the electric field chan-
nels, and therefore the electric field data from those receivers were
unusable. The SUESI tow path deviated severely from the inline
direction over receivers s07, s36, s37 and s38, so we did not include
the CSEM data from those receivers in our analysis. Technical er-
rors in downloading the data caused us to lose the data from receiver
s33. We, therefore, modelled the CSEM data from the 30 remaining
OBEM:s.

3 CSEM AND MT DATA INVERSION

We used the MARE2DEM code to jointly invert the CSEM and MT
data. MARE2DEM is a freely available, parallel, adaptive finite
element code that, among its other capabilities, can perform non-
linear, regularized, anisotropic joint inversion of marine CSEM and
MT data. Because the EM inversion problem is ill-posed, we use
regularization in the form of a model roughness norm to stabilize
the solution (Constable ef al. 1987). In MARE2DEM, the inversion
seeks to minimize the functional (Key 2016):

U = 1""|IW(d — F(m))|]” + ||Rm] %, “4)

where d is the data vector, F(m) is the forward response for model
parameters, m, W is a diagonal matrix of inverse standard errors
on the data, and |[W(d — F(m))||? is the model misfit term. R is
the model roughness operator and the Lagrange multiplier term, A,
defines the relative weight placed on minimizing the model rough-
ness compared to the weight placed on minimizing the model misfit.
Conceptually, increasing the penalty against model roughness (in-
creasing A in eq. 4) steers the inversion away from models that con-
tain sharp resistivity gradients between adjacent grid cells and thus
forces resistivity to vary smoothly with depth and lateral distance in
the Earth. This assumption is not unreasonable given that the domi-
nant control on shallow lithospheric resistivity in the marine setting
is porosity, a property that typically decreases exponentially with
depth (Bahr et al. 2001). Such a penalty does not preclude the in-
version from finding rougher models but rather drives the inversion
away from such models unless the data require dramatic resistivity
contrasts.

Early isotropic inversions of the HT-RESIST data indicated the
presence of anisotropy in the seafloor sediments consistent with
horizontally layered isotropic sedimentary sequences (e.g. Newman
et al. 2010; Du & Key 2018). We therefore inverted the data for
vertical transverse isotropy in which the horizontal components of
resistivity comprise a plane of isotropy and the resistivity tensor has
the form:

p= P , ®)
P

where p;, and p, are the horizontal and vertical resistivity, respec-
tively (see Fig. S2 for model anisotropy ratios).
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Figure 4. (a) Inline electric field amplitude for receiver s10 at 0.25 Hz
and (b) uncertainty for these data. In (b), light blue and red circles are the
geometrical uncertainty and true stacking errors, respectively. Uncertainty
values outlined in black indicate the error structure used when modelling the
data. The dashed black line shows where a 2 per cent error floor would lie.
At short transmitter-receiver offsets, the geometrical uncertainty increases
with decreasing offset because of the impact of navigational uncertainties,
whereas the uncertainty increases at larger offsets due to the absolute noise
floor of the electric field.

3.1 Estimating geometric uncertainty

Navigational uncertainties will impact the error in CSEM data to
varying degrees depending on the relative transmitter-receiver ge-
ometry. Importantly, shorter offset data will be more affected by
inaccuracies in navigation estimates than longer offset data due
to the manner in which EM field amplitudes decay—the ampli-
tude changes rapidly when the source is nearby, and more grad-
ually with increasing transmitter—receiver distance (see Fig. 4a).
The navigational parameter with the most potential to impact un-
certainty in the data is the relative transmitter—receiver separation,
but uncertainties in the transmitter dip and azimuth will compound
the effects of geometrical uncertainties as well. In order to appro-
priately model the data and avoid overfitting sources of naviga-
tional noise, we apply the method of (Myer et al. 2012), which
uses uncertainty in the navigational parameters to estimate a com-
posite geometrical uncertainty on each CSEM data point. Often,
this ‘geometrical uncertainty’ is greater than the 2 per cent error
floor at short offsets (Fig 4); at longer offsets, the stacking errors
dominate.

3.2 Resistivity models of the southern Hikurangi Margin

The southern HT-RESIST profile crosses the Hikurangi Margin in a
region devoid of shallow SSEs and where significant seafloor topog-
raphy on the incoming plate is absent (Fig. 2). The smoothness of
the incoming plate bathymetry indicates thick sediments fill the Pe-
gasus Basin. To highlight the complementary sensitivities of CSEM
and MT data, we show inversions using each data type along with
the preferred joint CSEM-MT inversion model. Unless otherwise
stated, the starting model for all inversions is a uniform, 1 Q-m
half-space.
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Figure 5. Individual inversions of the (a)—(b) CSEM and (c)—(d) MT data at the southern Hikurangi Margin. Resistivity contours of 2, 2.5 and 10 Q-m are
shown for clarity. Each inversion is for vertical transverse isotropy with (a) and (c) being the vertical components of the resistivity model and (b) and (d) being
the horizontal components. White circles in (a)—(b) are receivers with usable CSEM data. Inverted white triangles in (c)—(d) are receivers with usable MT data.

3.2.1 CSEM-only inversion

We inverted the three highest power frequencies (0.25 Hz, 0.75 Hz,
and 1.75 Hz) of the CSEM data using the geometrical uncertainty
and 2 per cent error floor described in Section 3.1 (Figs 5a and b).
The model converged to RMS = 0.995. This inversion model con-
firms that conductive sediments blanket the incoming plate and fore-
arc in at least the upper 2 km of the profile. Because of this consid-
erable sediment thickness, the controlled-source signal attenuates
rapidly with depth and the CSEM data have limited sensitivity to
structure beneath the sediments. The model does suggest an increase
in resistivity with depth beneath the sediments, but the details of that
increase are masked by the thick conductive package that covers the
seafloor.

Within the flat-lying forearc from —28 to —24 km and the two
ridges just landward of the trench, resistors (1.8-3.5 ©2-m) appear
to follow the seafloor bathymetry at depths of ~200-700 m below
seafloor (mbsf). Based on the prevalence of BSRs in this region
(Plaza-Faverola et al. 2012; Crutchley et al. 2015, 2018, 2020;
Fraser et al. 2016; Koch et al. 2016; Turco et al. 2020; Han et al.
2021; Kroeger et al. 2022), it seems likely that these resistors in-
dicate the presence of gas hydrates and/or free gas, and we note
that these resistors are similar to resistive hydrates and gas seen
in EM results from surveys at other continental margin locations
(Hyndman et al. 1999; Constable 2010; Weitemeyer et al. 2011;
Myer et al. 2015; Attias et al. 2018). Some resistors appear be-
neath gaps in our receiver spacing, but we remind the reader that
CSEM data are sensitive to seafloor structure between the receiver
and transmitter, and not just beneath the receiver. This means that,
even with the <5.7 km spaces between receivers, the CSEM data

are still sensitive to shallow resistors. Indeed, these shallow resis-
tors appear even in models where data from alternating receivers
in the forearc are excluded from the inversion (Figs S3—-S4. A dif-
fuse, less resistive band appears to extend from —23 to —14 km,
which might suggest that the flat-lying forearc resistor and ridge
resistors are connected. Resistors beneath the second ridge at 3.2—
5.6 km depth are most likely associated with localized dewater-
ing along thrust faults and excess pore closure due to horizontal
compression.

3.2.2 MT-only inversion

We inverted the 2-D compatible MT data shown in Fig. 3 with pe-
riods ranging from 17 to 683 s and an error floor of 8 per cent
to avoid overfitting and to allow for a balance between the MT
and CSEM data fits (Figs 5c and d); the model converged to RMS
= 1.009. These longer periods allow for greater depth sensitiv-
ity compared to the CSEM data, and so the MT-only inversion
model illuminates the transition from conductive sediments to the
top of the resistive Hikurangi Plateau, approximately consistent
with the 10 ©2-m contour (Mochizuki et al. 2019). Because the 2-D
compatible MT data periods are not long enough to show us the
peak in apparent resistivity of the MT response, this value may
underestimate the true resistivity. It is, however, consistent with
the resistivity of volcaniclastic material (Naif et al. 2015; Ches-
ley et al. 2019, 2021; Johansen ef al. 2019), that characterizes
the upper ~1.5-3 km of the Hikurangi Plateau (Davy et al. 2008;
Mochizuki et al. 2019; Gase et al. 2021). The uppermost sedi-
ments appear more conductive than they were in the CSEM-only
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Figure 6. Joint vertical transverse isotropic inversion of the CSEM and MT data at the southern Hikurangi Margin with interpretations shown on the right.
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et al. (2019).

inversion and there is no longer any evidence of forearc resistors.
Both of these observations are related to the complementary aspects
of CSEM and MT data. MT data are most sensitive to horizontal
resistivity whereas inline CSEM data are primarily sensitive to re-
sistivity variations within the vertical plane between the transmit-
ter and the OBEM; broadside CSEM data have greater sensitivity
to horizontal resistivity (Newman et al. 2010; Marti 2014; Key
2016). For layered seafloor sediments, resistivity should be lower
in the horizontal plane because this plane corresponds to parallel
(versus series) resistance. Therefore, the sediments appear to be
more conductive in the MT-only inversion because the MT data
are more sensitive to the parallel resistance of the layered sedi-
ments. Additionally, electrical currents are preferentially induced
in conductors, which is why MT data are more sensitive to conduc-
tive rather than thin, resistive anomalies (Constable 2013). On the
other hand, resistive layers give rise to slower data amplitude de-
cay with transmitter-receiver offset and slower phase changes than
do conductive regions, making CSEM data much more sensitive to
thin resistors than MT data (Constable 2013). The lower-frequency
MT data also have much less resolution to shallow structure rel-
ative to the higher-frequency CSEM data. Thus the forearc resis-
tors appear in the CSEM-only inversion but not in the MT-only
model.

3.2.3 Joint CSEM and MT inversion

The joint CSEM-MT inversion shows many of the features noted
individually in the CSEM-only and MT-only inversions (Fig. 6).

This model converged to RMS = 0.994; Figs S5-S12 give detailed
breakdowns of the model fits.

A 5-6-km-thick package of sediments (0.8—10 2-m) covers the
incoming plate. These sediments exhibit a gradual increase in re-
sistivity until roughly 2.5 km below seafloor (kmbsf) where their
resistivity begins to grow more rapidly. The Hikurangi Plateau is
apparent as the dipping resistor beneath the sediments; we use the
10 Q2-m contour as the approximate top of the Plateau because it
nearly matches the boundary for the plateau identified in Mochizuki
etal. (2019), and because 10 2-m is a reasonable resistivity estimate
for the volcanic material that covers the Plateau (Naif et al. 2015;
Chesley et al. 2019; Johansen et al. 2019; Chesley et al. 2021).
In the shallow forearc, resistors from —28 to —24 km (R1) and in
the ridge (R2) again appear conspicuously along with the conical
resistor beneath the landward-most ridge (R3).

As with the CSEM-only inversion, there seems to be a diffuse
resistive layer from —23 to —14 km that may connect R1 and R2
(dashed black lines in Fig. 6). To assess the necessity of this re-
sistive layer connection by the data, we fixed its resistivity to 1.5
and 1 Q-m in the vertical and horizontal directions, respectively,
which is similar to the resistivity of the surrounding sediment. We
inverted the remaining model space (Figs S13a and b). Although
this model converged with an acceptable RMS misfit of 1.001, the
new model includes a halo of increased resistivity around the zone
of fixed resistivity. This can be observed more clearly by examining
the difference in resistivity between this new model and that of the
preferred model (Figs S13c and d). This analysis suggests, there-
fore, that some form of resistive connection between R1 and R2 is
required by the data.
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4 DISCUSSION

4.1 Porosity of the southern Hikurangi Margin

Quantifying the porosity of sediments before they enter the trench
and upon accretion or subduction is key to determining their consol-
idation state and understanding how deformation mechanisms and
dewatering pathways operate in a given subduction system. This
in turn has implications for the strength of the megathrust and its
ability to nucleate earthquakes Marone & Scholz (1988).

The porosity of the outer forearc margin has generally been de-
termined using cores from drilling expeditions and seismic velocity
models, each of which has its limitations. Although they allow for in
situ porosity measurements with high accuracy to be obtained, core
samples are localized data points and extensive coring is resource
prohibitive. Additionally, most cores penetrate less than the top 2 km
of sediment and oceanic crust (International Ocean Discovery Pro-
gram 2021). Seismic techniques, on the other hand, provide porosity
estimates on a much broader scale spatially. Yet seismic waves are
strongly influenced by lithology in addition to porosity, resulting in
poorer accuracy of seismically derived porosity.

Because the electrical resistivity of sediments is strongly depen-
dent on porosity (Naif et al. 2021), EM geophysical methods are
the ideal candidate for providing porosity constraints over large
swaths of seafloor. EM methods have been applied in a number of
deep-water and continental shelf settings to map both the porosity
and salinity of, for example, oceanic crust, incoming plate bending
faults, seamounts, the outer forearc, and submarine aquifers (Evans
1994; Naif et al. 2015, 2016; Gustafson et al. 2019; Attias et al.
2020; Micallef et al. 2020; Chesley et al. 2021). For our applications
at Hikurangi, it is relevant to note that saline fluids, namely seawater,
are more conductive than most near-surface, rock-forming minerals
by several orders of magnitude (Naif et al. 2021). This, importantly,
means that the bulk resistivity of the forearc and Hikurangi Plateau
are essentially controlled by their porosity and the resistivity of the
pore fluid.

The strong dependence of resistivity on porosity in the shallow
subsurface allows for the estimation of porosity from a resistivity
model. One of the most widely used relationships between porosity
and resistivity is the empirical Archie’s law (Archie 1942):

6= (p—f)ﬁ, ©)
0

where ¢ is porosity, p is the bulk resistivity, o, is the pore fluid
resistivity and m is the cementation exponent. The shape of grains,
which directly influences the shape of pore spaces, is one of the most
important factors that determines the cementation exponent. Higher
angularity of the grains translates to larger values of m (Salem &
Chilingarian 1999). More intense fracturing will lead to lower m
values. Lithology also influences m with higher contents of sand
and fractured limestone corresponding to lower m values (Salem
& Chilingarian 1999). Here we choose m = 2.4 as it is consistent
with other studies in the southern Hikurangi Margin (Schwalenberg
et al. 2017). Because our resistivity model suggests an anisotropic
structure, the cementation exponent should realistically be repre-
sented by a tensor to allow pore geometry to vary with direction
(Kennedy et al. 2001; Liu & Kitanidis 2013). We do not, however,
have constraints on such directional dependence of the cementation
factor and have instead chosen to use the geometric mean of the
diagonal elements of the resistivity tensor in porosity calculations,
that is: /o5 pn Py (Guo et al. 2022). We assume the pore fluid has
seawater salinity and compute its temperature-dependent resistivity
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using the following relationship from Constable et al. (2009):

p;' =2.903916(1 + 0.0297175T + 1.5551
x 107472 — 6.7 x 10777T?), (7)

where T is the seawater temperature in °C. We assumed a linear
temperature profile:

T=T,+ HAz, (3)

where 7 is temperature at the seafloor found by extrapolating tem-
peratures recorded by the CSEM transmitter; such values ranged
from 1.2 to 5.3 °C. H is the geothermal gradient, which was esti-
mated as 29 °C km™! from modelling of BSRs in a seismic reflection
profile near our study area (Fohrmann & Pecher 2012). Az is depth
below seafloor.

Due to surface-mediated ion transport conduction mechanisms,
the presence of clay minerals in the subsurface can cause porosity
estimates obtained from Archie’s law to be higher than the true
porosity of the crust and seafloor sediments (Pezard et al. 1989). A
modified form of Archie’s law may be applied to account for such
surface conduction and takes the form (Sen & Goode 1992; Naif
et al. 2016):

1 1
Iy o a
= —— = —— N 9
¢ (p(1+pr)> <6f+R) ©)
1.93m pur O,
R=123 Rl i S 10
wurQ 1+0.7ur py (10)

where o is the electrical conductivity, which is the reciprocal of
the electrical resistivity (p~'), O, is the volumetric concentration of
charges and p7 is the mobility of counter-ions, which varies with
temperature:

pr = 1+40.0414(T —22) . (11)

The contribution of clay minerals to the bulk resistivity varies with
0,, and increasing clay contents correspond to larger O, and m
values. Examining the effect of temperature on the denominator of
eq. (9) for O, = 0.5, a value that might be typical of smectite-rich
sediments (Revil et al. 1998), shows that the modified Archie’s
denominator is approximately equal to the fluid conductivity when
the fluid conductivity is greater than or approximately equal to that
of seawater (Fig. S14). This difference is especially negligible at
lower temperatures. Because seawater conductivity increases with
temperature, the increases in R (and hence R + o) with increasing
temperature are nearly offset so that the Archie’s denominator is still
essentially equivalent to the conductivity of seawater. Deviations
arising at higher temperatures are comparable to the uncertainty in
the cementation exponent. For fresher systems, on the other hand,
R + o diverges appreciably from o such that surface conduction
from clays is expected to be the dominant conduction mechanism
(Sen & Goode 1992). It is reasonable to assume that the pore fluid
within the seafloor sediments and crust at Hikurangi is seawater (or
free gas in the case of the forearc anomalous resistors). Thus surface
conduction from clays is negligible when compared to conduction
from ion mobility in seawater, and its exclusion should not greatly
impact porosity estimates.

The resistivity-derived porosity model for the Southern HT-
RESIST data is shown in Fig. 7. For regions of the model where
gas hydrate or free gas are likely present we instead show estimates
of the hydrate saturation. This is discussed further in Section 4.3.
As is expected, the first-order trend is a decrease in porosity with
depth as pore spaces close due to vertical compaction (Athy 1930;
Bahr er al. 2001). Resistor R3 stands out as a porosity anomaly.
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Figure 7. Resistivity-derived porosity and gas hydrate saturation for the Southern HT-RESIST profile calculated using the average resistivity of the preferred
model from the joint CSEM-MT inversion (Fig. 6). The approximate base of the gas hydrate stability zone is shown as a blue dashed line. Key resistivity
features are outlined in black. The grey solid and dashed lines are the approximate depth to the top of the Hikurangi Plateau and the estimated locations of
thrust faults, respectively, from the SAHKE-01 seismic reflection data and velocity models in Mochizuki et al. (2019).

Given that it is situated below the base of the gas hydrate stability
zone (BGHSZ), R3 is most likely associated with compressional
tectonics in the forearc and the availability of dewatering pathways
along thrust faults.

4.2 Consolidation state of the southern Hikurangi Margin
inputs and protothrust zone development

Although the 2-D representation of porosity allows us to see how
features in resistivity space map to porosity, it is difficult to identify
other important features of the porosity and pore pressure that may
exist in the model because the dominant porosity trend, particularly
in the incoming sediment package, is due to vertical compaction
(Athy 1930; Bahr er al. 2001; Morgan & Karig 1995). For that
reason, it is useful to visualize relative, rather than absolute, porosity
variations, which inform us about the consolidation state of the
subduction inputs and of the accretionary wedge material. Ideally,
a reference porosity model would be derived from sediment cores
along this profile, but no such data are currently available.

Porosity-depth data from sediments of various localities have
been shown to obey an exponential decay relationship, referred to
as Athy’s Law (Athy 1930; Bahr e al. 2001). Bahr ez al. (2001)
present an analytical justification of this exponential trend based
on its physical underpinnings, namely compaction from sediment
overburden. They demonstrate the agreement of this exponential
trend with real data by fitting porosity data from marine sediment
cores to exponential decay curves (Bahr ez a/. 2001). While an ex-
ponential curve cannot, of course, encapsulate all details of a given
porosity-depth data set, it will approximate the overall compaction
trend due to uniaxial stress. Thus it is reasonable to choose a ref-
erence porosity model that takes the form of a depth-parametrized
decaying exponential.

Similar to the approach of Han ez al. (2017), we define a reference
compaction porosity model using a region of the 2-D resistivity-
derived porosity model that is far enough seaward of the deformation
front so as to be isolated from the effects of tectonic deformation.
Barnes et al. (2018) note that the maximum width of the protothrust
zone in the south-central Hikurangi Margin is 25 km, so we have
chosen to average the porosities between 37 and 47 km seaward of
the deformation front as the reference state of porosity for the South-
ern HT-RESIST profile. Using a single compaction model for the
entire depth range leads to large misfits from the resistivity-derived

o
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Figure 8. Compaction curves for the lithological units of the Southern HT-
RESIST profile’s incoming plate based on the average resistivity-derived
porosities. Units are from Mochizuki ez al. (2019). The shading is the poros-
ity of each unit between between 37 and 47 km seaward of the deformation
front. Solid lines are the compaction curves obtained by averaging the pre-
exponential and decay constant terms from fitting the data from each porosity
profile to an exponential decay equation. Parameters for these compaction
curves are given in Table 1.

porosity model for depths greater than ~2.5 kmbsf (Fig. S15).
To avoid artificial trends that might arise because of the distinct
lithologies and tectonic histories of sedimentary units in this re-
gion, we generated a separate compaction curve for each sharp
velocity boundary identified in the P-wave model of Mochizuki
et al. (2019), which are related to the lithological units from Bland
et al. (2015). This approach is preferred to assuming a single expo-
nential decay curve because it allows each lithology to be described
by a unique set of prefactors and decay constants. To create the com-
paction curves, we fit a decaying exponential to each unit of every
1-D vertical profile through the porosity model from 37 to 47 km.
We then averaged the compaction coefficients from these models
to obtain a prefactor and decay constant of the exponential trend
for each unit (Fig. 8). These values are given in Table 1. We obtain
a porosity anomaly model by removing the reference compaction
porosity model from the resistivity-derived porosity model.
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Table 1. Compaction curve parameters for porosity. These pa-
rameters were found by fitting the porosity averages from the 2-D
model to the exponential model ¢ = ¢poe™, where ¢ is porosity,
and z is depth below the top of the unit boundary in meters. See
text for more details.

Unit ID bo c

4C 0.5991 2.957 x 10~*
4A/B 0.7634 4294 x 1074
3A/B 0.4628 2.932 x 10~*
2 0.2865 1.910 x 10~*
Deeper Hikurangi Plateau 0.1901 1.249 x 104

A negative porosity anomaly is equivalent to overconsolidation
and hence suggests relatively high effective stress and low pore
pressures compared to a positive porosity anomaly. Because the
compaction models only take into account vertical stress imparted
by the overburden, we would expect the accretionary wedge material
to have a negative porosity anomaly due to the additional horizon-
tal strain from convergence unless this material cannot be drained
efficiently. Indeed, the porosity anomaly is negative for most of the
shallowest unit, Unit 4, in the accretionary wedge, but becomes pos-
itive with depth implying underconsolidation of and elevated fluid
overpressures in the wedge and/or décollement. Because increased
pore pressure decreases normal stress at the plate interface such con-
ditions are thought to favor weak plate coupling (Audet & Schaeffer
2018), which does not match the observations of strong interplate
coupling at the southern Hikurangi Margin (Wallace 2020). Though
underconsolidation and heightened pore pressures are inferred in re-
gions with reduced geodetic locking (e.g. Eberhart-Phillips et al.
2005, 2017; Han et al. 2017; Nakai et al. 2021), studies from the
Alaska subduction zone have reported substantially higher pore
pressures in the locked Semidi segment of the megathrust com-
pared to the neighboring Shumagin Gap, which is poorly coupled
(Li et al. 2018). Velocity data from the southern Hikurangi Mar-
gin have shown evidence for a weakly overpressured megathrust
(Bassett et al. 2014), and this may also be indicated by its low ta-
per angle (Saffer & Bekins 2002, 2006). Along with our porosity
anomaly result, these observations imply that there is some thresh-
old in the amount of overpressure required to favor creeping over
locked conditions or that there is some temporal component to fluid
pressure cycling that is not captured in these studies (Warren-Smith
et al. 2019).

Permeability must also be considered when discussing wedge
overpressure as low permeability inhibits drainage in the prism
(Saffer & Bekins 2002, 2006). Our porosity anomaly results may
indicate that permeability is high in the shallow accretionary wedge,
but that the presence of a less permeable lithology inhibits the es-
cape of fluids at depth. Thus, only the material in the shallow wedge
becomes dewatered and feeds fluid seeps in the region (Watson
et al. 2020). A thin section of high amplitude, subparallel reflec-
tions consisting of alternating layers of mudstones and nanofossil
chalks (Sequence Y of Wood & Davy 1994) is found throughout
the Pegasus Basin and has been identified as a potential seal for
migrating fluids (Davy ef al. 2008; Plaza-Faverola et al. 2012). This
sequence has been mapped in the forearc above the décollement
(Gase et al. 2022), where it may continue to impede dewatering and
therefore contribute to excess overpressures at depth.

The porosity anomaly model also brings to light a key trend in
the shallow Unit 4C sediments of the incoming plate (Fig. 9). This
upper sediment package exhibits a notable reduction in porosity as it
approaches the trench. Because this trend appeared upon removing
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the effects of compaction-related porosity reduction, it may be the
result of lateral compressive stress, and implies that the hydrological
response of the shallow incoming plate sediments to plate conver-
gence occurs at least 20 km seaward of the trench in this region.
We propose that this negative porosity anomaly is indicative of the
development of a protothrust zone where additional sediment con-
solidation by tectonic compression has begun to reduce the porosity
of the sediment package ahead of the frontal thrust. Reflection to-
mography of the nearby PEG(09-23 seismic profile shows a trend
in the velocity of the upper 1.5-2 km of incoming plate sediments
that is consistent with the porosity anomaly seen here wherein V,,
begins to increase around 18 km seaward of the deformation front.
Interestingly, protothrusts are not readily apparent in the SAHKE-01
seismic reflection data (Bland ef al. 2015; Mochizuki et al. 2019).
If the porosity anomaly revealed by our EM data is indeed an ac-
curate representation of the consolidation state of the sediments in
this area, then it provides us with a snapshot of the hydrological
conditions leading up to the formation of protothrusts, which will
eventually translate the deformation front seaward.

Below the shallow sedimentary package, the porosity anomaly
model displays the opposite trend—porosity increases relative to
the reference model as the underlying sedimentary Units 4A/B and
3A/B approach the deformation front. The cause of this trend is
not obvious, but may imply that the deeper sedimentary package
experiences extensional, rather than compressive, stress near the
trench. Because compression is no longer the dominant strain axis
below the décollement (Morgan & Karig 1995), the change in the
sign of the porosity anomaly from Unit 4C to Unit 4A/B might
indicate that a younger décollement will form at this boundary.
Cochrane et al. (1994) identified a velocity reversal below the sand
unit of the protothrust zone offshore Cascadia, which they attributed
either to a change in lithology or consolidation state. They classi-
fied the base of the sand unit as the protodécollement and suggest
that a reduction in porosity at the boundary between the sands and
underlying mudstones may lead to fluid entrapment and overpres-
sure beneath the protodécollement. Wang et al. (1994) show that
protothrust formation seaward of the frontal thrust requires height-
ened pore pressures in the incipient décollement. It is possible that
the positive porosity anomaly of the deeper sediments is similarly
suggestive of overpressured conditions, as were observed in the ac-
cretionary wedge. Currently, the décollement exists between Units
4A/B and 3A/B (Bland et al. 2015), so if the protodécollement is
to form at the porosity anomaly reversal, it will require a step-up in
the décollement.

Alternatively, the positive porosity anomaly of Units 4A/B and
3A/B could indicate the opening of tensional cracks and normal
faults as the plate experiences intense bending in this region (Herath
et al. 2020). Though subtle, the observed positive anomaly begins
around the seaward-most normal fault interpreted in the SAHKE-
01 seismic reflection profile (Henrys et al. 2013; Bland et al. 2015;
Mochizuki et al. 2019), lending support to the argument that ten-
sional stresses may be responsible for the anomaly. The ability of
this sedimentary unit to fracture would imply that it is heavily in-
durated, perhaps even partially lithified, before it subducts.

Statistical analyses of subduction zone parameters and compi-
lations of sediment thickness at subduction zones show that great
earthquakes (M,, > 8.5) are more likely to nucleate on the longest
subduction segments where a thick sediment package is being sub-
ducted (Wang & Bilek 2014; Scholl et al. 2015; Brizzi et al. 2018).
The inversion in the sign of the porosity anomaly suggests that
the upper sedimentary unit is decoupled from the deeper sediment
package. Most of this thick, deeper sedimentary section should
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Figure 9. Reference compaction porosity model and porosity anomaly for the Southern HT-RESIST profile. Panel (a) shows the compaction porosity model
derived from the curves in Fig. 8. (b) is the porosity anomaly calculated by removing the compaction porosity models from the resistivity-derived porosity
(see Fig. 7). A negative porosity anomaly suggests that the porosity in Fig. 7 is less than what would be predicted from vertical compaction whereas a positive
anomaly suggests a higher relative porosity than would be expected from compaction alone. Solid green, red, orange, and purple lines are the lithological unit
boundaries from Mochizuki ez al. (2019). Solid black lines and dashed grey lines in (b) are the approximate locations of normal faults in the Hikurangi Plateau
and thrust faults in the accretionary wedge, respectively (Bland et al. 2015; Mochizuki ef al. 2019). Dashed blue line is the estimated BSR depth. Proposed

regions containing gas or hydrates are indicated by black shading.

therefore subduct with the Hikurangi Plateau. In studies of the min-
imally accreting south-central Chile subduction zone, it has been
suggested that the smoothness of the plate interface, which can be
attributed to the subduction of a thick (~1.5 km) and well-drained
sediment package, has allowed for higher levels of stress accumula-
tion over broader areas than would be the case for regions with rough
subduction (Olsen ef al. 2020). Such a capacity for large stress ac-
cumulation may in turn contribute to why the Chile subduction zone
has experienced some of the largest megathrust earthquakes in his-
torical times (Olsen et al. 2020). The deeper sedimentary unit here
may similarly act to smooth the interface in the southern Hikurangi
Margin so that the upper plate is shielded from the roughness of the
Hikurangi Plateau below (Gase et al. 2022). Analogue models of
rough and smooth subducting slabs reveal that rougher slabs exhibit
less interseismic coupling than smoother slabs and that smoother
models produced larger rupture areas (van Rijsingen et al. 2019).
Thus the subduction of this thick sediment package may help ex-
plain why interseismic coupling is much stronger in the southern
Hikurangi Margin than to the north, where rough subduction is
well-documented (Bell ef al. 2010; Barker et al. 2018; Shaddox &
Schwartz 2019; Barnes et al. 2020; Gase et al. 2021; Chesley et al.
2021; Gase et al. 2022).

The thickness of the sedimentary units in the southern Hikurangi
Margin impedes a higher resolution at plate interface depths that
was obtained in Chesley ef al. (2021) and, therefore, precludes a
detailed comparison between the northern and southern Hikurangi
resistivity models. Nevertheless, the two models do show that the
northern Hikurangi Margin has a much higher degree of hetero-
geneity in its resistivity structure than does the southern part of
the margin, which translates to a greater complexity in the porosity
of the incoming plate material in the north. It is unclear whether
the inhomogeneity of the porosity structure, heterogeneity in lithol-
ogy of the subducting protolith, considerable seafloor roughness, or
some other factor drives the occurrence of shallow slow slip events
in the northern Hikurangi Margin compared to their absence in the
shallow megathrust of the south.

4.3 Gas hydrate in the accretionary wedge

Gas hydrates, compounds that contain gas, usually methane, bound
in a solid lattice of water, are often a target of CSEM studies be-
cause their high resistivity relative to the seawater they displace in

sediments makes them easily detectable by the active currents asso-
ciated with an inline electric field (Weitemeyer et al. 2006; Consta-
ble 2010; Schwalenberg et al. 2010, 2017; Weitemeyer ef al. 2011;
Myer et al. 2012, 2015; Attias et al. 2018; Kannberg & Constable
2020). The potential use of gas hydrates in the energy industry has
led to interest in quantifying their abundance in locations with ex-
traction potential. Formation of these hydrates requires a relatively
narrow high pressure, low temperature window, and such conditions
are often met in the shallowest sediment layers of an accretionary
wedge (Mienert 2022). The source for this gas may be thermogenic
or biogenic in origin, and migration of the gas from its generation
site into the gas hydrate stability zone can occur via advective or
diffusive mechanisms. To estimate the approximate BGHSZ along
our profile (see Figs 6 and 7), we calculated the depths at which
the temperatures from the methane hydrate phase diagram given
in Bohrmann & Torres (2014) would equal the temperature in the
shallow sediments (see eq. 8).

Gas hydrate deposits have been recognized extensively at the
Hikurangi Margin (Pecher et al. 2010; Crutchley et al. 2011, 2015;
Mountjoy et al. 2014; Plaza-Faverola et al. 2012; Fraser et al. 2016;
Kochetral 2016; Schwalenberg et al. 2017; Han et al. 2021; Kroeger
et al. 2022). Given the anomalously high resistivity of R1 and R2
(1.8-3.5 ©2-m) and their location above the BGHSZ, they likely in-
dicate the presence of gas hydrate, although their resistivity could
also be consistent with free gas. Typically, the strongest BSRs in
the southern Hikurangi margin locate beneath ridges that have un-
dergone compressional deformation and deeply penetrating thrust
faults have been shown to act as conduits for focused fluid flow to-
wards and through the gas hydrate system in this area (Pecher et al.
2010; Crutchley et al. 2011; Plaza-Faverola et al. 2012; Kroeger
et al. 2022). Reduced permeability of anticlines often causes such
folds to trap vertically migrating gas (Koch et al. 2016), and our re-
sistivity model supports that observation for R2. It is also likely that
R1 is located in a palaeco-anticline (Bland et al. 2015; Mochizuki
et al. 2019).

Observations of thick free gas pockets beneath thrust ridges sug-
gest that the thrust systems of the accretionary wedge play a key
role in wedge dewatering (Crutchley ez al. 2015). Additionally, high
reflectivity segments that extend a limited distance from some BSRs
indicate permeability-facilitated, layer-constrained hydrate precipi-
tation from the migration of free gas into the gas hydrate stability
zone (Crutchley et al. 2015). Thus, free gas can be brought to the
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gas hydrate stability zone along thrust faults and is then able to accu-
mulate and spread laterally via permeable strata above the BGHSZ
(Crutchley er al. 2015; Wang et al. 2017; Kroeger et al. 2022). In
general, this layer-restricted flow of gas would be consistent with
a greater bulk layer normal resistance compared to the layer paral-
lel resistance, and this agrees with our model, which shows higher
vertical resistivity relative to horizontal resistivity in R1 and R2
(Fig. 6). It is possible that thrust faults beneath R2 have focused the
flow of gas into the ridges and the boundaries between sedimentary
units or the strata themselves have acted as permeable pathways
along which gas can migrate (Plaza-Faverola ef al. 2012; Crutchley
et al. 2015; Fraser et al. 2016; Kroeger et al. 2022).

Interestingly, R1 and R2 lie mostly above the estimated BGHSZ,
whereas the BGHSZ cuts through the middle of the less resistive
connection between R1 and R2. This seems to further implicate R1
and R2 as concentrated gas hydrate accumulations. Concentrated
gas hydrate deposits imply that a mechanism exists for direct fluid
flow from depth (Wang et al. 2017), and such a migration of methane
through the accretionary wedge should influence fluid pressure in
the forearc. The less resistive connection between R1 and R2 may
also be associated with gas fed from the major and antithetical
thrust faults of the accretionary wedge, although diffuse flow of the
gas that ponds at the BGHSZ may alternatively be responsible for
supplying gas to this resistor. Whatever mechanisms contribute to
transporting gas to this location seem unable to transfer the gas even
shallower, preventing some formation of solid clathrate.

Gas hydrate saturation can be estimated from resistivity using
Archie’s Law (Archie 1942) in the following form:

Se=1— (qj;"p)i, (12)

where S, is the saturation of gas hydrate, and as before (see eq. 6),
pris the resistivity of the seawater, p is the measured bulk resistivity,
¢ is the porosity of the unit and m is the cementation exponent. We
let the saturation exponent n = 2 after Schwalenberg et al. (2017).
Because no cores or well logs exist along this profile we use our
porosity model to estimate ¢ in eq. (12). As in Section 4.1, we seek a
1-D compaction model for the shallow forearc. We isolate the region
from —30 to —24 km and from 0.2 kmbsf to 1.5 kmbsf. We then
remove any parts of the model where the vertical resistivity is >1.8
Q-m, values which suggest gas hydrate or free gas is present. We
then fit a decaying exponential to each 1-D profile extracted from
what remains of the porosity model and average all of the estimated
compaction curve parameters to define a single compaction model
(Fig. S16). This is the compaction-based porosity model we use to
approximate ¢ in eq. (12).

Fig. 7 shows the calculated gas hydrate saturation for R1, R2
and the diffuse resistive connection between these more prominent
resistors. Our data suggest that gas hydrate (or free gas) saturation
as high as 17 and 33 per cent may be expected in R1 and R2, respec-
tively. Of course, compaction is not the only control on porosity inan
accretionary wedge, where lateral shortening also leads to expulsion
of pore fluids and extension at the apex of anticlines may increase
porosity. Therefore, the compaction curve, which we have generated
using porosities from the landward side of the forearc, does not take
into account spatial variability in the additional tectonic forces that
affect accretionary wedge porosity. The saturation estimates will
thus be more accurate for R1 and the diffuse connection between
R1 and R2 than they will be for R2, which may be undergoing ad-
ditional deformation. Even so, our data indicate where pockets of
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the Southern Hikurangi forearc are highly saturated with free gas
or gas hydrate.

4.4 Resistivity properties of margin thrust faults

At present, depth-migrated seismic data are not available for
SAHKE-01, the seismic reflection profile that is co-located with
our southern Hikurangi resistivity data. However, from the inter-
preted TWTT section of Bland et al. (2015) and velocity model of
Mochizuki et al. (2019), it appears that the landward edge of resistor
R3 is bounded by a major thrust fault in the forearc such that R3
forms the footwall of this fault. The heightened resistivity of R3 im-
plies either that the footwall has undergone significant compression
compared to the hanging wall, the footwall contains large quantities
of trapped gas, or that the hanging wall is heavily fractured. If the
former interpretation is appropriate, then it suggests that porosity
reduction by heterogeneous horizontal compaction has led to an
average porosity of the footwall (0.27) that is 16 per cent less than
that of the hanging wall (0.32). For rapid thrusting or low perme-
ability sediments, this observation of a more resistive footwall with
respect to the hanging wall contrasts what has been observed in the
field (Cochrane et al. 1994; Screaton et al. 2002; Bangs et al. 2004;
Hamahashi et al. 2013; Flemings & Saffer 2018) and in numeri-
cal simulations (Sun ef al. 2020b, a). Typically, it may be expected
that the footwall should be more conductive than the hanging wall
because the material that comprises the hanging wall was buried
more deeply, and should thus have been more consolidated, than
that of the footwall prior to thrust displacement. A more resistive
footwall might imply that high permeability in the footwall allowed
for faster drainage and subsequent lateral compression to close pore
spaces more efficiently in the footwall. This could be the result of
lithological differences between the footwall and the hanging wall
wherein the footwall contains material that drains more readily than
that of the hanging wall. Alternatively, asymmetric damage may
have led to more intense fracturing in the hanging wall relative to
the footwall, as is the case for the Papaku Fault along the North-
ern HT-RESIST profile (Savage et al. 2021). Such fractures would
potentially form well-connected fluid pathways. And, as mentioned
before, we cannot rule out the possibility that the pore spaces of R3
contain some non-trivial amount of gas, making this feature more
akin to a gas chimney. Other types of geophysical and geochemical
data could help narrow down these possibilities.

5 CONCLUSIONS

In this study, we have modelled the resistivity along the southern
Hikurangi Margin using marine CSEM and MT data. Shallow re-
sistors in the forearc indicate the presence of free gas or gas hydrate
in the accretionary wedge with saturation as high as 33 per cent. A
deeper resistor beneath the forearc ridges locates in the footwall of a
major thrust fault, which may imply the presence of small amounts
of gas or more rapid pore closure in the footwall compared to the
hanging wall.

Converting our resistivity model into porosity confirms that ver-
tical compaction is the dominant control on porosity. Removal of
a background compaction trend gives us insight into the consoli-
dation state of the incoming plate sediments and the accretionary
wedge. Negative porosity anomalies in the shallow units of the ac-
cretionary wedge indicate overconsolidation and efficient drainage,
whereas positive porosity anomalies in the deeper forearc suggest
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overpressured conditions and the inability of some fluids to es-
cape the system. Although heightened fluid pore pressures generally
seem to favor aseismic creep, geodetic data show that the southern
Hikurangi Margin exhibits strong plate coupling. Thus our obser-
vation of underconsolidation deeper in the wedge could imply that
a threshhold pore pressure is necessary to promote aseismic creep
where thick sediment packages are being subducted.

The porosity anomaly for the incoming plate illuminates a trend
wherein the shallow sediments become increasingly overconsoli-
dated upon approaching the trench. This observation is consistent
with the early stages in the formation of a protothrust zone at least
20 km seaward of the main frontal thrust. Positive porosity anoma-
lies in the deeper sediment units of the incoming plate may imply
a change from mainly compressive to extensional stresses. This re-
versal could cause a step-up in the décollement with time, which
would lead to the subduction of an even thicker sediment package
that acts to smooth the plate interface and promote strong interseis-
mic coupling.

SUPPORTING INFORMATION
Supplementary data are available at GJI online.

Figure S1. Deployment duration and depth for each ocean-bottom
electromagnetometer. The upper panel purple bar graph shows the
length of time each receiver was recording on the seafloor for this
survey. The bottom panel orange bar graph shows the depth at which
each receiver settled on the seafloor.

Figure S2. Anisotropy ratios (p,/p;) for: (a) CSEM-only (Figs 5a
and b), (b) MT-only (Figs 5c¢ and d) and (c) joint inversions (Fig. 6).
The largest anisotropy ratios are apparent in the joint inversion
because of the preferential sensitivities of the CSEM and MT data
to vertical and horizontal resistivity, respectively.

Figure S3. Sensitivity analysis for resistors R1 and R2 in the forearc.
CSEM data from the odd-numbered receivers in the forearc (523,
s27, 529, s31 and s35) were excluded and a joint inversion of the
remaining CSEM data and all MT data was run from a 1 2-m half-
space starting model. The RMS misfit of the final model shown
here is 1.002. Receivers with MT data are depicted as inverted,
black triangles and those with CSEM data as pink circles. Vertical
(horizontal) resistivity with and without the interpretations from
Fig. 6 are shown in (a) and (b), (c) and (d), respectively. The resistors
are still present in the model even with the exclusion of the odd
receivers. No additional resistors have been added in the new data
gaps.

Figure S4. Sensitivity analysis for resistors R1 and R2 in the forearc.
CSEM data from the even-numbered receivers in the forearc (s24,
$26, s30, s32 and s34) were excluded and a joint inversion of the
remaining CSEM data and all MT data was run from a 1 2-m half-
space starting model. The RMS misfit of the final model shown
here is 1.010. Receivers with MT data are depicted as inverted,
black triangles and those with CSEM data as pink circles. Vertical
(horizontal) resistivity with and without the interpretations from
Fig. 6 are shown in (a) and (b), (c) and (d), respectively. The resistors
are still present in the model even with the exclusion of the even
receivers. No additional resistors have been added in the new data
gaps.

Figure S5. Normalized RMS misfits for CSEM (top panel) and
MT (bottom panel) data based on the preferred model (Fig. 6).
Dashed black line shows where RMS = 1. The blue and red circles
are normalized residuals for all inline electric field amplitude and
phase data, respectively, at a given transmitter position. The bars are

RMS misfit for impedance tensor components of each MT receiver:
blue, TE mode apparent resistivity; green, TE phase; orange, TM
mode apparent resistivity; purple, TM phase.

Figure S6. CSEM data (top panel), model fits (middle panel) and
normalized residuals (bottom panel) as a function of distance from
the Hikurangi Margin and transmitter-receiver offset for the 0.25 Hz
(fundamental) frequency. Left-hand column is amplitude and right-
hand column is phase.

Figure S7. CSEM data (top panel), model fits (middle panel) and
normalized residuals (bottom panel) as a function of distance from
the Hikurangi Margin and transmitter—receiver offset for the 0.75 Hz
frequency. Left-hand column is amplitude and right-hand column
is phase.

Figure S8. CSEM data (top panel), model fits (middle panel) and
normalized residuals (bottom panel) as a function of distance from
the Hikurangi Margin and transmitter—receiver offset for the 1.75 Hz
frequency. Left-hand column is amplitude and right-hand column
is phase.

Figure S9. Fit of the preferred resistivity model (lines) to MT data
(circles) from receivers sO1 to s10. TE mode is blue and TM mode
is red.

Figure S10. Fit of the preferred resistivity model (lines) to MT data
(circles) from receivers s12 to s20. TE mode is blue and TM mode
is red.

Figure S11. Fit of the preferred resistivity model (lines) to MT data
(circles) from receivers s22 to s31. TE mode is blue and TM mode
is red.

Figure S12. Fit of the preferred resistivity model (lines) to MT data
(circles) from receivers s32 to s37. TE mode is blue and TM mode
is red.

Figure S13. Sensitivity analysis for the presence of a resistive con-
nection between R1 and R2 in which a fixed resistivity of 1.5 and
1 Q2-m in the vertical and horizontal directions, respectively, was
assigned to the outlined rectangle before inverting the remaining
model space. (a) and (b) are the inversion results for resistivity in
the vertical and horizontal directions, respectively. (c) and (d) show
the differences between resistivity in this inversion and that of the
preferred model (Fig. 6) in the area near the fixed resistivity patch
(black rectangle). This model fits the data well (RMS = 1.000), but
note that resistivity has increased directly above and below the patch
of fixed resistivity in this model compared to that of the preferred
model. This implies that a resistive connection between R1 and R2
is required.

Figure S14. Variations in the modified Archie’s denominator of Sen
& Goode (1992) as a function of pore fluid conductivity. Each panel
shows a different pore fluid temperature from 0 to 105 °C. Green and
brown lines show changes in R and R + o, which is the modified
Archie denominator from eq. (9), as a function of the pore fluid
resistivity. Dashed blue line highlights where conductivity equals
that of the pore fluid. Dotted, vertical black line indicates seawater
conductivity at each of these temperatures. Note that the modified
denominator is approximately equal to the pore fluid conductivity
for pore fluids that are at least as conductive as seawater. This is
especially true at lower temperatures. Thus Archie’s law is roughly
equivalent to the modified law when seawater is the pore fluid.
Figure S15. Comparison between a single compaction model (solid
black line) from 37 to 47 km along the profile to the compaction
models in Fig. 8 that were generated for each lithological unit in
Mochizuki et al. (2019). Solid lines are the compaction models
and points forming a shaded region are the porosities from Fig. 7.
The single compaction curve deviates from the porosity data at all
depths, but particularly at depths greater than ~2.5 kmbsf.
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Figure S16. Compaction curves for the shallow forearc of the south-
ern HT-RESIST profile for the (a) vertical and (b) horizontal porosi-
ties. The magenta dots are porosity taken from —30 to —24 km in
Fig. 7. The solid black lines are the compaction curves derived from
averaging the pre-exponential and decay constant terms from fitting
the data from each vertical porosity profile to an exponential decay
equation.

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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