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Abstract Marine controlled source electromagnetic (CSEM) data have been collected to investigate
methane seep sites and associated gas hydrate deposits at Opouawe Bank on the southern tip of the
Hikurangi Margin, New Zealand. The bank is located in about 1000 m water depth within the gas hydrate
stability field. The seep sites are characterized by active venting and typical methane seep fauna
accompanied with patchy carbonate outcrops at the seafloor. Below the seeps, gas migration pathways reach
from below the bottom-simulating reflector (at around 380 m sediment depth) toward the seafloor,
indicating free gas transport into the shallow hydrate stability field. The CSEM data have been acquired with a
seafloor-towed, electric multi-dipole system measuring the inline component of the electric field. CSEM data
from three profiles have been analyzed by using 1-D and 2-D inversion techniques. High-resolution 2-D and
3-D multichannel seismic data have been collected in the same area. The electrical resistivity models show
several zones of highly anomalous resistivities (>50 Qm) which correlate with high amplitude reflections
located on top of narrow vertical gas conduits, indicating the coexistence of free gas and gas hydrates within
the hydrate stability zone. Away from the seeps the CSEM models show normal background resistivities
between ~1 and 2 Om. Archie’s law has been applied to estimate gas/gas hydrate saturations below the
seeps. At intermediate depths between 50 and 200 m below seafloor, saturations are between 40 and 80%
and gas hydrate may be the dominating pore filling constituent. At shallow depths from 10 m to the seafloor,
free gas dominates as seismic data and gas plumes suggest.

1. Introduction

Gas hydrates are naturally occurring ice-like solids storing large amounts of methane in a cage structure of
water and gas molecules. They form at high pressure and low temperatures and have been identified world-
wide in shallow seafloor sediments along continental margins. Present research interest in submarine gas
hydrate is focused on the energy resource potential [Boswell and Collett, 2011] as the global amount of carbon
stored in submarine hydrates is vast and likely exceeds the total amount of conventional hydrocarbon
resources including oil, gas, and coal [e.g., Kvenvolden, 1993; Milkov, 2004].

Of particular interest are areas of enhanced fluid flow and methane seepage from deepwater sediments
which are often found along compressive margins and have been associated with the formation of locally
higher gas hydrate concentrations [e.g., Collett et al., 2009; Piriero et al., 2013]. These seep structures are
characterized by the migration of methane-rich fluids and/or free gas along subvertical faults and fissures
into the gas hydrate stability zone (GHSZ). Gas plumes in the water column and seepage-related ecosystems
indicate where the seep structures reach the seafloor.

Geophysical methods have been commonly used to identify and assess the resource potential of gas
hydrates in the subseafloor. Electrical resistivity data derived from marine controlled source electromagnetics
(CSEM) are sensitive to the sediment porosity and the electrical properties of the pore fluid. In particular, the
replacement of conductive seawater with resistive gas or gas hydrate increases the formation resistivity [e.g.,
Edwards, 1997] which can be used to derive volume saturation estimates. Carbonates that have formed at
active seep sites are also resistive and may increase the formation resistivity. Reflection seismic and hydroa-
coustic data provide structural images of subseafloor gas migration pathways and the presence of gas
hydrate, both causing scatter and blanking of seismic signals [e.g., Riedel et al., 2002; Wood et al., 2008;
Plaza-Faverola et al., 2012]. Seismic velocity data also distinguish between gas hydrate (higher velocity)
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and free gas (lower velocity) and have been used to estimate gas hydrate saturations [e.g., Wood et al., 1994;
Yuan et al., 1996].

The combination of electrical resistivity and seismic data has demonstrated great use for the identification
and evaluation of submarine gas hydrate reservoirs in boreholes [e.g., Paull et al., 2000; Tréhu et al., 2006;
Riedel et al., 2005; Expedition 311 Scientists, 2006; Shankar and Riedel, 2014] and in an increasing number of
area-wide operating geophysical field studies [Yuan and Edwards, 2000; Schwalenberg et al., 2005, 2010a,
2010b; Weitemeyer et al., 2006, 2011; Weitemeyer and Constable, 2010; Ellis et al., 2008; Goto et al., 2008;
Goswami et al., 2015; Constable et al., 2016]. Simple rock physics models [e.g., Hashin and Shtrikman, 1962;
Archie, 1942] have been applied to estimate the amount of gas or gas hydrate within the sediments. These
models demonstrate that high saturations of either free gas or gas hydrate (>50%) are required to increase
the formation resistivity typically from values around 1 Qm to values closer to 3 Qm. Smaller saturations
on the order of <10% may not impact resistivity data or could be mistaken for lithological changes. In con-
trast, only a few percent of free gas and gas hydrate can alter seismic signals and velocities. Thus, the com-
bination of seismic and CSEM methods allows better quantification of free gas and gas hydrate
accumulations and improves the understanding of their distribution in the subsurface.

Here we present a case study by using marine CSEM data and reflection seismic imaging to investigate gas
seep structures and related gas hydrate deposits at Opouawe Bank, New Zealand. The CSEM data have been
acquired by using a newly developed, seafloor-towed, electric dipole-dipole system designed to image the
subseafloor sediment section where gas hydrate typically occurs. 1-D and 2-D inversion techniques have
been applied to the CSEM data to derive the electrical resistivity distribution and to estimate the free gas
and gas hydrate concentration below the seeps. The CSEM results show that large volumes of resistive
material (i.e., both gas and gas hydrate) have accumulated below the seeps which was not clear from seismic
data alone and also demonstrates that these features may have particularly high resource potential.

2, Study Area

Opouawe Bank is located at the Hikurangi Margin off the east coast of New Zealand’s North Island (Figure 1)
which marks the southern end of the Tonga-Kermadec-Hikurangi subduction zone where the Pacific plate is
subducting westward beneath the Indo-Australian plate [Walcott, 1978]. The central part of the Hikurangi
Margin is characterized by accretion of 500-2000 m thick marine sediments of Pliocene to Quaternary age
[Davy and Wood, 1994]. These sediments lie on top of the 12-15 km thick crust of the Hikurangi Plateau which
consists of mid-ocean ridge basalts of pre-Tertiary age. The slope of the accreted sediment is generally less
than 4°, suggesting low friction at the plate interface, presumably the result of high water content in the
sedimentary layer [Barnes et al., 2010].

Methane seepage on the Hikurangi Margin was first described by Lewis and Marshall [1996] based on
evidence from seep faunas, bubble plumes, carbonate crusts, and bacterial mats. The presence of submarine
gas hydrate on Hikurangi Margin has been inferred from widespread bottom-simulating reflectors (BSRs) in
reflection seismic data representing the base of the gas hydrate stability zone (GHSZ) [Townend, 1997; Katz,
1982; Henrys et al., 2003; Pecher et al., 2004] and through direct sampling of gravity cores collected within the
NEW VENTS and NEMESYS projects during R/V SONNE cruises SO191 and SO214 [Bialas et al., 2007; Bialas,
2011; Schwalenberg et al., 2010a].

2.1. Opouawe Bank

An area of particular interest within these projects was Opouawe Bank located offshore the Wairarapa coast
(Figure 1). It is part of the ridge and basin systems of the accretionary wedge of the subduction zone. SW-NE
striking Opouawe Bank is about 20 km x 10 km in size and located in 1000-1100 m water depth. So far, 14
seep sites have been found at Opouawe Bank [Greinert et al., 2010].

Most seep sites are aligned along the ridge crest. Repeated observations of methane plumes in hydroacoustic
data indicate active venting. Video observations, high-resolution deep-towed side scan, and sub-bottom
profiler data [Klaucke et al., 2010; Dumke et al., 2014] show outcrops of authigenic carbonates indicating that
seafloor venting has been active for some time. Multichannel seismic (MCS) reflection studies conducted as
part of the NEW VENTS project found the BSR at Opouawe Bank at 0.5-0.6 s two-way travel time below
seafloor [Netzeband et al., 2010; Barnes et al., 2010]. High-resolution 2-D MCS and low-frequency sediment
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Figure 1. Map of the southwestern part of Opouawe Bank located in water depth from 1000 to 1100 m. The red circles indi-
cate seep site locations. The black squares and lines are waypoints along CSEM profiles P1, P2, and P3 used in this study. The
gray lines are CSEM profiles published in Schwalenberg et al. [2010a]. The dotted rectangle marks the outline of the 3-D
seismic volume and the dashed line the 2-D MCS line.

echo sounder data reveal subvertical gas migration structures beneath all seep sites and horizontal strata
away from the seeps. They present conduits for essentially pure methane through the GHSZ [Koch et al.,
2016]. The conduits are characterized by high amplitude reflection anomalies, acoustic turbidity, blanking,
and upward bending of reflections at different levels [Netzeband et al., 2010]. Krabbenhoeft et al. [2013]
proposed that seepage at Opouawe Bank is structurally driven and parts of the upward migrating gas
form gas hydrate resulting in a higher gas/gas hydrate saturation below the seeps. So far, the only gas
hydrate samples at Opouawe Bank have been retrieved from shallow gravity cores at Takahe seep site
[Luo et al., 2016; Bialas, 2011; Schwalenberg et al., 2010a].

Analysis of new sediment echo sounder, 2-D and 3-D MCS data collected during cruise SO214 of R/V
SONNE, provides further evidence of free gas entering the GHSZ [Koch et al, 2015, 2016]. 3-D seismic
images show that the gas conduits in fact are narrow elongated fracture systems perpendicular to the
ridge axis [Koch, 2016]. Velocity data derived from 2-D industry-style, long-offset MCS data disclosed a
low-velocity zone (LVZ) at BSR level and dipping high amplitude reflections crossing the BSR at the
LVZ indicating traps of upward migrating free gas at the base of the GHSZ [Plaza-Faverola et al., 2012;
Koch et al., 2016].

Earlier marine CSEM data collected in 2007 as part of the NEW VENTS project [Schwalenberg et al., 2010a;
Bialas et al., 2007] revealed highly anomalous resistivities beneath the North Tower and South Tower seep
sites (Figure 1) and have been assigned to locally higher gas hydrate saturations. Takahe, a smaller seep site,
yielded only slightly elevated resistivities which have been explained by patchy gas hydrates and
gas pockets.

In summary, Opouawe Bank is an area of active seafloor venting indicating a high supply of biogenic
methane from below the BSR into the GHSZ [Koch et al., 2016]. Hydroacoustic and seismic data provide
evidence that large amounts of free gas migrate through the GHSZ toward the seafloor and possibly form
concentrated hydrate on top of the conduits. Highly anomalous resistivity zones beneath North Tower and
South Tower, inferred by our previous CSEM experiments, have been explained with locally enhanced gas
hydrate saturations. Away from the seeps seismic, hydroacoustic and CSEM data show normal layering and
background values with no indication for methane seepage.
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3. Materials and Methods

A summary of the basic theory of marine time domain CSEM methods can be found in Cheesman et al. [1987]
and Edwards [1997, 2005]. Based on their high resistivities, Edwards [1997] suggested the use of time domain
CSEM data for the detection of submarine gas hydrates. Several gas hydrate exploration case studies followed
using CSEM systems in time domain [Yuan and Edwards, 2000; Schwalenberg et al., 2005, 2010a, 2010b],
frequency domain [Weitemeyer et al, 2006, 2011; Weitemeyer and Constable, 2010; Ellis et al., 2008;
Constable et al., 2016; Goswami et al., 2015, Attias et al., 2016], and a DC resistivity system [Goto et al., 2008].

3.1. CSEM Instrumentation

The marine CSEM data used in this study have been acquired with a newly developed, time domain, seafloor-
towed, electric dipole-dipole system called HYDRA (Figure 2) which has been particularly designed for
subseafloor gas hydrate assessments [Schwalenberg and Engels, 2011]. The system is an advancement in
terms of data coverage and quality to the previous seafloor-towed CSEM system built at the University of
Toronto which consisted of only two electric dipole receivers [Yuan and Edwards, 2000] and which was used
during the NEW VENTS project on R/V SONNE cruise SO191 [Schwalenberg et al., 2010a, 2010b]. HYDRA is a
modular system consisting of four electric receiver dipoles towed at offsets from 160 m (R1) to 754 m (R4)
behind a 100 m long transmitter dipole (TX), thus measuring inline components of the horizontal electrical
field (Figure 2). The system is typically sensitive to structure up to about 300 m below the seafloor. A heavy
weight (“pig”) is attached to the front of the seafloor array. It hosts the control unit which also records the
transmitted source signal, a CTD (conductivity, temperature, and density) sensor to measure seawater
conductivities and pressure that provides water depths, and an acoustic transponder to locate the seafloor
instrument. A current-controlled transverter located on board the research vessel was used, capable to trans-
mit currents up to 13 A at 1000 V but was limited by the resistance of the deep-tow coaxial cable and
slip-rings to a maximum peak-to-peak amplitude of / = +6 A. The transmitted source signal had a square
waveform with 100% duty cycle and a period of 6 s (see Figure S1 in the supporting information).

The four receiving dipoles were between 10 and 20 m long with a pair of Ag/AgCl electrodes on either end.
Each RX dipole was connected to a battery-powered receiver unit which includes low noise front end electro-
nics, a 22 bit analog-to-digital converter, a data logger, and a high-precision oven-heated oscillator clock.
Data were sampled at 10 kHz and stored locally at each receiver unit on Secure Digital cards. Online commu-
nication and data transfer between the deck unit and the seafloor array during deployments were not yet
realized; thus, data were downloaded after instrument recovery.

3.2. Surveying

HYDRA was deployed by using the vessel’s aft A-frame and aligned on the seafloor paying out the deep-tow
cable while moving the ship along the profile. A cable length of 3 times the water depths was used to tow the
array behind the ship. To collect high-quality data the ship was kept stationary every 150 m to 500 m for
about 10 min, while an additional cable length of 300 m was paid out to avoid movement of the array during
measurements on-site. This extra length was reeled in before the ship moved to the next waypoint. Even
though this procedure considerably slows down the survey and risks damage to the instrument while towing
on the seafloor, the recorded time series show high data quality and allow higher stacking to improve signal-
to-noise ratios and denser spacing over areas of particular interest (Figures S1 and S2). It is common proce-
dure to calibrate the HYDRA system while the complete array was hanging vertically in the water in the
beginning and end of the deployment but, unfortunately, these data were noisy due to receiver electrodes
moving in the water and could not be used.

3.3. Data Processing

Matlab scripts have been composed to process the CSEM data. The recorded time series of all receivers were
visually inspected, and time intervals were selected while the array was stationary at each waypoint. A zero-
phase Butterworth low-pass filter with a cut-off frequency equal to the Nyquist frequency of the decimated
time series (here 1250 Hz) was applied to reduce internal high-frequency noise from the electronics. The
transmitter and receiver time series were then decimated from the original sampling rate of 10 kHz to
2500 Hz which also has the effect of a low-pass filter. Gain, DC-offset, and drift corrections were applied to
the data, and the time series intervals at each waypoint were divided in 3 s long half-periods.
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Figure 2. Configuration of the seafloor-towed HYDRA system used during the SO214 expedition. The system consists of a
100 m long transmitting dipole and four receiving dipoles towed at increasing offsets from 160 m to 754 m. The pig is a
heavy weight hosting the control unit, a CTD sensor, and an acoustic transponder.

We analyzed the data by using 1-D inversion in time domain and 2-D inversion in frequency domain. For data
analysis in time domain a stacked data set was derived from the selected half-periods by using an iterative
stacking scheme (Figure S2). Data errors were calculated from the standard deviation of each stack.

For data analysis in frequency domain, the half-periods of both transmitter and receiver data were trans-
formed into frequency domain via fast Fourier transformation and real and imaginary parts were calculated
from band-pass filtered auto- and cross correlations. Data errors were estimated by using a Fisher distribution
(Figure S3).

4. Results

CSEM data have been analyzed along three profiles intersecting most of the known seep sites at Opouawe
Bank (Figure 1). Profile P1 is oriented in NE-SW direction and intersects seeps Takahe, North Tower,
Pukeko, and Piwakawaka. Profile P2 crosses seeps Takahe, North Tower, Pukeko, and Riroriro. Profile P3 runs
in ESE to WNW direction and intersects with Profile P1 at Piwakawaka and covers parts of South Tower. The
map also shows the 2-D MCS line and the area surveyed with the P-cable 3-D seismic system during cruise
S0214 [Bialas, 2011].

4.1. 1-D Inversion

In a first step we applied the 1-D inversion program MARTIN provided by C. Scholl (University of Toronto,
2007, unpublished software) to calculate apparent resistivity profiles for each receiver. The program uses
either Marquardt- [Marquardt, 1963] or Occam-type inversion techniques [Constable et al., 1987] to determine
the subsurface resistivity structure.

The objective function for the Occam-type inversion can be expressed as

@ = (d—f(m))" W2 (d—f(m)) + B (\x Rm"Rm + Ace mIcrm). m

Here d is the data vector, m the model vector, f(m) the forward operator, W a diagonal weighting matrix with
the inverse of the error estimates on its main diagonal, R a roughness matrix as described in Constable et al.
[1987], and B is the trade-off parameter between data fit and model roughness. Ic is a square matrix that has
entries only on the main diagonal relating to the calibration factor (CF), and Az and A are scalars that are
used to balance the two parts of the regularization term. 8 acts on both parts of the regularization term
and is the only parameter that the inversion changes itself, while Ag and Acr are set in a series of test runs with
the goal to reach a minimum misfit and keeping the regularization strong. The calibration factors (CFs) are
part of the model vector m. They are multiplied by the model responses and compensate for unknown
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errors such as geometry, unexpected time delays between the transmitter and receiver unit clocks, or 2-D
and 3-D effects in the data [Hoerdt and Scholl, 2004; Commer and Newman, 2008]. Ideally, the calibration fac-
tor is equal or close to 1.

For Marquardt-type inversion equation (1) is reduced to the first term on the right-hand side corresponding
to the data misfit and a B-controlled damping term.

The inversion progress is controlled by the root-mean-square (RMS) misfit which is here defined as

1 dqbs_dgalc 2
total RMS = NE’N (d™=d)

2
0’ )

where N is the number of observations, i.e., data; d° are the measured data from all receivers considered in
the inversion; d"“ are the model responses; o; are the data errors derived from the standard deviations of the
stacked half-periods at each site; and f; are scaling factors applied to the data errors. The inversion terminates
if a total RMS of 1 or less is reached, which means that the fit is within the statistically data error or no better
model update can be found. The total RMS misfit is the mean of individual receiver RMS misfits, which can be
higher or lower than 1. A single RMS value can lead to bias the inversion as parts of the data would be up- or
down-weighted. This problem can be tackled by scaling the data errors with f; to yield individual receiver
misfits close or equal to 1.

4.1.1. Apparent Resistivity Profiles

Marquardt inversion was used to calculate the apparent resistivity at each site along the three profiles from
simple half-space starting models and fixed water depth and seawater conductivities. This provides a first
overview of the average resistivity distribution shown in Figure 3. Apparent resistivity values are clearly
anomalous (>10 Qm) at the western seep sites (Piwakawaka, Riroriro, Pukeko, North Tower, and South
Tower), while normal background resistivities of 1.16-1.64 Qm have been derived away from the seep sites.
At Takahe to the east, resistivities are slightly elevated at receiver R1 on profile P2.

Penetration depth increases with receiver offset; thus, the apparent resistivity profiles already indicate
whether the anomaly is located closer to the seafloor (p, is highest for R1 at 160 m offset, e.g., Pukeko on
profile P2) or deeper within the GHSZ (p,, is highest for R3 and R4 at 405 m and 610 m offsets, e.g., Riroriro
on profile P2). Calibration factors (CFs) and RMS misfits are close to 1 at most sites and high above the seeps
which we attribute to 2-D and 3-D effects in the data.

Figure 3 also indicates that at several sites, data from some receivers are missing which was due to drifts of
the receiver electrodes. Along profile P1, data from R1 are only available at the eastern end of the profile.
Between 3200 m and 4200 m along profile, data from R4 are missing, as well as at the western end from
R2 (0-1900 m) and R3 (0-1000 m). For profiles P2 and P3 no data from R2 are available. Data from R1 are
missing after profile meter 1000 on profile P3. Note, the original tow direction was NE to SW along P1 and
P2 and SW to NE along P3.

4.1.2. 1-D Occam Inversion

Multilayered 1-D Occam inversions have been conducted to obtain constraints on the vertical resistivity
structure by using starting models with 20 layers of logarithmically increasing thicknesses. Water depths
and seawater conductivities were taken from the CTD sensor and are fixed parameters in the inversion.
The individual 1-D layered resistivity models were derived from joint inversion of all available transmitter-
receiver pairs at each site and have been assigned to the midpoint between the transmitter dipole and the
dipole of receiver R3 at 405 m offset. The 1-D models have been stitched together laterally for a 2-D presenta-
tion (Figures 4a-4c, bottom row). All three profiles show highly anomalous resistivities (>10 Qm) below the
western seep sites within the top 200 mbsf (meters below seafloor) compared to relatively homogeneous
background resistivities of 1-2 Qm away from the seep sites. At greater depths, the models show anoma-
lously low resistivities (<1 Qm, dark red colors) which we attribute to be numerical artifacts caused by 2-D
or 3-D effects around the seeps and to topography effects at North Tower. Calibration factors and total
RMS misfits are >1 at Pukeko and North Tower where topography and 3-D effects are strongest and a 1-D
interpretation fails and close to 1 elsewhere. Individual receiver RMS misfits are generally balanced around
1 when applying scaling factors f;=[1.0,0.8,0.7,0.5] for R1, R2, R3, and R4, respectively (Figure 4, top row).
Time domain data and data fit of the models in Figure 4 are shown in Figure S4.
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Figure 3. (bottom row)Apparent resistivity profiles, (top row) RMS misfit, and (middle row) calibration factors (CFs) for all
available receivers along profiles (a) P2, (b) P1, and (c) P3 derived from Marquardt inversion. Missing receiver data are due
to electrode drift. Offsets to R4 were 754 m for P1 and 610 m for P2 and P3. Sketch top right depicts the position of the profiles
and the seep sites Takahe (TK), North Tower (NT), Pukeko (PK), Riroriro (RR), Piwakawaka (PW), and South Tower (ST); see also
Figure 1 for locations. Highly anomalous apparent resistivities clearly correlate with the seep site locations. RMS misfits are
high over the seeps indicating limitations of the half space interpretation. Calibration factors are generally close to 1.

4.2. 2-D Occam Inversion

We used the 2-D finite difference, Occam-type inversion algorithm OTZE by C. Scholl (CGG Electro Magnetics,
proprietary software) to determine 2-D images of the subseafloor resistivity distribution. The program solves
an objective function that equates the formula in equation (1). It allows anisotropic inversion with vertical
transverse isotropy, taking account of the regional bathymetry along the profiles with the depth and dip
of the transmitter and receivers being adjusted, accordingly. Figure 5 shows the inverted vertical resistivity
models of the three profiles by using all available transmitter-receiver pairs. On top of the models the lateral
coverage of available receiver data is displayed.

The 2-D inversion reveals areas of highly elevated electrical resistivities (>50 Qm) at the western seep sites
within the top 200 mbsf which is consistent with the 1-D inversion results in Figure 4. No unrealistically
low resistivities appear at the deeper parts below the seeps in contrast to the 1-D inversions, supporting
our assumption that these features are limitations of the 1-D inversion. Takahe seep site to the east occurs
as a small anomaly at profile meter 6900 in profile P2 (Figure 5a), a result that is consistent with
Schwalenberg et al. [2010a].

Away from the seeps the resistivities are much lower, but the models show a three-layer case of conductive
shallow sediments (1.1-1.4 Qm), followed by a more resistive layer (2.0-2.2 Qm) at about 150 mbsf and again
lower resistivities (1.4-1.8 Qm) at depth >250 mbsf. We think this could be caused by a change in lithology
and subsequently in porosity supported by the prominent subhorizontal reflectors visible in the seismic
sections (Figures 8 and S7-1). Also, a gas hydrate layer of moderate concentration would be plausible.
Another explanation could be that more structure is introduced in the model by the inversion to reach a total
RMS of 1 and the data are actually over-fit. The 1-D Occam inversion results in Figure 4 show that the
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Figure 4. (bottom row) Stitched 1-D Occam inversion results, (top row) RMS misfit, and (middle row) calibration factors
(CFs) for all available receivers along profiles (a) P2, (b) P1, and (c) P3. Sketch top right depicts the relative position of
the profiles and the seep sites Takahe (TK), North Tower (NT), Pukeko (PK), Riroriro (RR), Piwakawaka (PW), and South Tower
(ST). Highly anomalous resistivities not only clearly correlate with the seep site locations but also show high conductivities
(above seawater) in the deeper parts which are due to 2-D and 3-D effects around the seep structures. Away from the
seeps the resistivities have normal background values around 1-2 Qm. RMS misfits of individual receivers are generally
balanced around 1 for all receivers after error scaling with factors f;=[1,0.8,0.7,0.5] for R1, R2, R3, and R4. Calibration
factors are also close to 1 except the seep sites at profile P2.

background sites away from the seeps could also be explained with a predominantly homogeneous
resistivity structure.

All three models obtained from joint inversion of all available receivers have acceptable total RMS misfits of
1.31 (P1), 1.18 (P2), and 1.12 (P3). However, RMS misfits of individual receivers show values greater or smaller
than 1.0 along the profiles (Figure 5, top row). Thus, the inversion process may be biased toward areas with
higher data coverage and better data quality. Even though the data coverage is not homogeneous along the
three profiles, the resistivity anomalies particularly below the western seep sites are well constrained, first-
order features in the models, and are also confirmed by the data (see Figure S5).

5. Saturation Estimates

One objective of the CSEM study is to estimate the free gas and gas hydrate saturation that may have
accumulated below the seeps at Opouawe Bank. Both free gas and gas hydrates are electrically resistive
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Figure 5. (bottom row) 2-D Occam inversion results and (top row) RMS misfit for all available receivers along profiles (a) P2, (b) P1, and (c) P3. On top of the three
models the color-coded TX-RX offsets of all available receiver data are depicting the data coverage along the profiles (R1: blue, R2: black, R3: green, R4: red).
Calibration factors are close to 1 along all profiles and not shown here. Sketch top right shows the relative position of the profiles and the seep sites Takahe (TK),
North Tower (NT), Pukeko (PK), Riroriro (RR), Piwakawaka (PW), and South Tower (ST). At the western seep sites all three models show extended zones of highly
anomalous resistivities (>50 Qm) within the first 100-200 m below the seafloor. Takahe seep to the east shows slightly elevated resistivities at profile P2. Away from
the seeps the resistivities have background values around 1-2 Qm. Total RMS misfits are between 1.1 and 1.3 but show stronger undulations along the single receiver

RMS profiles.

and cannot be distinguished from resistivity data alone. Authigenic carbonates that precipitate at active cold
vents at the seafloor are also resistive but cover only patchy and isolated areas at Opouawe Bank [Klaucke
et al., 2010] and are therefore not further considered.

Archie’s law [Archie, 1942] has been the most commonly used approach to derive the gas hydrate/free gas
saturation from borehole resistivity data [e.g., Collett and Ladd, 2000; Tréhu et al., 2006; Expedition 311
Scientists, 2006] and also from marine CSEM surveys [Schwalenberg et al., 2005, 2010a; Weitemeyer et al.,
2006, 2011; Ellis et al., 2008; Goswami et al., 2015]. Cook et al. [2010] showed that saturation estimates derived
from borehole resistivity logs via Archie’s equation can be severely overestimated when hydrate has formed
in fissures and fractures causing electrical anisotropy. Here we use Archie’s law [1942] to derive average
saturation estimates of large sediment volumes in the order of tens to hundreds of meters covered by
CSEM data where we assume that the gas hydrate and free gas distribution is rather pore-filling on average.

Archie’s empirical porosity-resistivity relation for a two-phase porous system of sediment grains and pore
fluids is given by

po=ap, ¢ 3)

where py is the formation resistivity of the pore water saturated sediment (i.e., background resistivity), p, is
the electrical resistivity of the pore fluid, ¢ the sediment porosity, a is an empirical constant (tortuosity
constant), and m is the cementation factor. If a third resistive phase is present, i.e, gas or gas hydrate,
equation (3) can be generalized to
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Pgh = APy S, 4)

where pg, is the formation resistivity of a sediment volume containing gas and/or gas hydrate, S, is the
saturation of the pore fluid, n is the saturation exponent, and Sy, = (1 -5, is the saturation of the third resis-
tive phase, accordingly. Thus, gas hydrate/free gas saturation estimates can be derived by using

Sgh = 1- |:ap“’¢7m/p :|". (5)
gh

Assuming that the lithology does not change between gas hydrate/gas-free sediment sections, equation (4)
simplifies to

Pgh = Po S Q)

and equation (5) to

San = 1= [/ | )

accordingly. In this case the general form of Archie’s law requires no knowledge about the sediment porosity
and cementation factor but only requires that these parameters do not change in the presence of gas
hydrates or free gas.

In the general case, saturation estimates by using equation (5) require knowledge of the pore water resistiv-
ity, the sediment porosity, and a set of Archie coefficients a, m, and n. These parameters are usually derived
from borehole measurements and core data but are not available for the Hikurangi Margin due to the lack of
nearby drill sites. To derive a suitable parameter set for Opouawe Bank we looked at the range of para-
meters used in other drilled and surveyed gas hydrate areas at Blake Ridge, ODP 164 [Collett and Ladd,
2000]; Hydrate Ridge, ODP 204 [Tréhu et al., 2006]; and Northern Cascadia Margin, IODP 311 [Expedition
311 Scientists, 2006].

5.1. Pore Water Resistivity

Pore water resistivity mainly depends on temperature and salinity. Salinity depth profiles are usually derived
from interstitial waters and generally decrease with sediment depth. During gas hydrate formation, salt ions
are excluded from the hydrate structure, causing an increase in the surrounding pore water salinity. As the
salt diffusivity is generally very low, pore water may remain very conductive (above seawater conductivity)
within zones of high hydrate concentration [Liu and Flemings, 2007]. This would have an opposing effect
on the formation resistivity and in fact could mean that the calculated gas/gas hydrate saturation would
be even higher if a higher pore water salinity is taken into account. However, the effect becomes smaller with
increasing saturation, as less pore space is available.

In order to estimate a pore water resistivity depth profile for Opouawe Bank, we used the relationship in
equation (8) by Von Herzen et al. [1983] which has been also used by Goswami et al. [2015] at Vestnesa

Ridge, west of Spitsbergen.
° -1
oo+T|C
Py = (%H) ®)

where 0y is the seawater conductivity and k is the gradient assuming a linear relationship between conduc-
tivity and temperature.

Using equation (8) with a bottom seawater conductivity of 0p=3 S/m measured with the CTD sensor, an aver-
age geothermal gradient of 40 mK/m measured with temperature sensors in shallow sediments at a transect
outside the seeps at Opouawe Bank [Bialas et al., 2007], and a somewhat steeper gradient than Von Herzen
et al. [1983] of k=15 we obtain a pore water resistivity profile for Opouawe Bank with decreasing values from
0.31 Om at the seafloor to 0.24 Qm at 300 mbsf. This is in agreement with pore water resistivity profiles
measured at Blake Ridge [Collett and Ladd, 2000] (Figure S6).

5.2. Porosity

Porosity data from Opouawe Bank are only available from four gravity cores along a short transect across
South Tower with values between 60% and 50% within the first 4 mbsf [Schwalenberg et al., 2010a].
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Table 1. Archie Coefficients Used for Gas Hydrate Saturation Estimates at Blake Ridge [Collett and Ladd, 2000], Hydrate
Ridge [Tréhu et al., 2006], Cascadia Margin [Expedition 311 Scientists, 2006], and for Opouawe Bank

Region a m n
Blake Ridge, ODP 164 1.05 2.56 1.9386
Hydrate Ridge, ODP 204 1.0 2.8 1.9386
Cascadia Margin, IODP 311 1.0 2.2-26 2.0
Opouawe Bank 1.0 24 2.0

Porosity depth profiles derived from density logs and core samples at Hydrate Ridge (ODP 204 [Riedel et al.,
2006]) and Northern Cascadia Margin (IODP 311 [Expedition 311 Scientists, 2006]) typically decrease from
~60% to ~40% within the first 300 mbsf. To derive saturation estimates for Opouawe Bank we used
background porosity profiles within this range.

5.3. Archie Coefficients

The choice of proper Archie coefficients and the general use of Archie’s law to estimate gas hydrate satura-
tions from electrical resistivity data have been widely discussed and have been found to be practical for
porous and sandy sediments. Jackson et al. [1978] found values for m between 1.4 and 1.9 by using natural
and artificial marine sediment samples in laboratory experiments. However, most sets of Archie coefficients
have been derived from in situ borehole logs and core data. The constant a is often set to 1.0. The cementa-
tion factor m generally increases with depth as the pore space is changing in tortuosity. a and m are typically
derived for background sediment intervals containing no gas or gas hydrate. The saturation factor n is often
set equal to the cementation factor m but can be much higher in regions of high gas hydrate concentration
[Spangenberg, 2001].

In Table 1 we list Archie coefficients which were used for saturation estimates at three other drilled gas
hydrate areas. In the absence of any constraints from drilling we used a set of Archie coefficients with
a=1, n=2, and m=24 for Opouawe Bank which is within the range of Archie parameters found at
the other gas hydrate areas and results in saturation estimates closest to 0 for the background sedi-
ments away from the seeps. Note, the dependence on m decreases as resistivity and saturation
estimates increase.

Aside from the dependence on the proper choice of Archie’s coefficients, we can estimate the saturation
below the seeps, assuming that the sediment lithology does not change between background and seeps.
The saturation estimates are then considered as additional gas/gas hydrate saturations which do not exclude
that some amount of hydrate is present in the background sediments.

5.4. Saturation Estimates at Opouawe Bank

In Figure 6 we show apparent saturation estimates calculated with equation (5) from the apparent resistiv-
ity profiles in Figure 3 using decreasing porosities from 55 to 48% and pore water resistivities declining
from 0.31 to 0.28 Qm with increasing receiver offsets and Archie coefficients a=1,m=2.4, and n=2. At
the seeps the saturations can be as high as 60-80% of the pore volume and small or close to 0% away from
the seeps.

In Figure 7 we calculate saturation estimates from the 2-D resistivity models in Figure 5 according to equa-
tion (5). Therein we use a similar porosity gradient decreasing from 58% at the seafloor to ~50% at 300 mbsf,
a pore water resistivity profile derived from equation (8), and the same set of Archie coefficients as in Figure 6
witha=1,m=24,and n=2.

Saturations rise up to 80% beneath the western seep sites which is in agreement with the apparent satura-
tions in Figure 6. Negative saturations occurring at deeper model parts of profile P2 are attributed to our
simplified assumption that the lithology does not change between seeps and background sediments, and
thus, we can use the same set of Archie parameters. Saturations of 10 to 20% at intermediate depths in
the background sediments at profile meters 5000-8000 of profiles P1 and P2 are caused by the resistive layer
in the 2-D models in Figure 5 and could be caused by lithology changes or even a gas hydrate layer of
moderate concentration.
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Figure 6. Saturation estimates calculated with equation (5) by using the apparent resistivity profiles in Figure 3, decreasing
porosities and pore water resistivities with depth, and Archie parameters as shown in the legend. Average saturations are
up to 60-80% at the seeps and small or close to 0% away from the seeps.
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Figure 7. Saturation estimates derived from the 2-D models in Figure 5 by using equation (5), a linear porosity gradient from 58% at the seafloor to ~50% at
300 mbsf, a pore water resistivity profile derived from equation (8), and Archie parameter (a=1, m=2.4,n=2). Below the seeps, saturations are up to 80%.
Lower resistivities away from the seeps result in saturation estimates in the order of 10-20% and are more sensitive to the chosen porosity and pore water

resistivity profile but could also indicate a lower gas hydrate concentration. The seep sites are Takahe (TK), North Tower (NT), Pukeko (PK), Riroriro (RR),
Piwakawaka (PW), and South Tower (ST).
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6. Comparing Seismic and CSEM

High-resolution 3-D MCS data (P-cable) and a 2-D MCS line have been acquired in the same target area at
Opouawe Bank [Koch et al., 2016] (Figure 1). In Figure 8 we combine the CSEM profiles with the corresponding
seismic profiles. CSEM profile P1 is almost coincident with the 2-D MCS line which is therefore used. For
profiles P2 and P3 the corresponding depth-migrated seismic lines have been extracted from the
3-D volume.

The profiles show a very good agreement between resistivity anomalies and high seismic amplitude anoma-
lies below the western seep sites. The seismic sections also show vertical conduits with reduced amplitudes
and wipe-out zones [Koch et al., 2016; Krabbenhoeft et al., 2013]. The resistivity anomalies seem to be clearly
separated from each other which is also supported by the seismic images showing layered sedimentation
between the individual conduits. In the shallow sediments the gas migration pathways appear as circular
structures with various amplitude anomalies also accompanied by gas-controlled doming of seafloor sedi-
ments [Koch et al., 2015]. The highest resistivities have been derived at depth where seismic conduits merge
into zones of high amplitude reflections (HARs) below the seeps (Riroriro and North Tower on profile P2,
Piwakawaka and North Tower on profiles P1, and Piwakawaka and South Tower on profile P3). In some cases
HARs seem to enclose the areas of highest resistivity (Riroriro on P2 and Piwakawaka on P1). At Pukeko (pro-
files P1 and P2), resistivities are highest close to the seafloor.

Takahe seep at profile meter 6800 on profiles P1 and P2 differs from the western seeps. It is seismically
characterized by a narrow vertical conduit terminating with high amplitude reflections near the seafloor
[Netzeband et al., 2010; Koch et al., 2016] but shows only slightly elevated resistivities on profile P2 in
Figure 8b. However, seafloor venting [Greinert et al., 2010], shallow gas hydrate samples [Schwalenberg et al.,
2010a; Bialas, 2011], and bacterial mats but no distinctive cold seep communities and no carbonate outcrops
have been observed at Takahe [Bowden et al., 2013], indicating that this may be an active and younger seep
site where large amounts of gas hydrate have not yet accumulated.

7. Interpretation

Marine CSEM data reveal highly anomalous resistivity zones within the first 300 m of the gas hydrate stability
zone at Opouawe Bank. Resistivity values in excess of 50 Qm are among the highest derived from marine
CSEM data so far. The zones of highest resistivity occur beneath a series of active seafloor vents aligned along
the ridge crest. Below the vents, seismic conduits terminate in high amplitude reflections (HARs) at intermedi-
ate depths between 75 and 100 mbsf. These conduits indicate focused upward flow of free gas from below
the BSR into the GHSZ [Koch et al., 2016]. Between the seeps, resistivities have normal background values of
typical shallow seafloor sediments between 1 and 2 Qm, and seismic stratigraphy shows normal layering.

The observation of gas migration pathways, HARs, and extended resistivity anomalies suggests the coexis-
tence of gas hydrate and free gas within the GHSZ at Opouawe Bank. Carbonates are also electrically resistive
and have been observed at the seafloor at the western seep sites [Klaucke et al., 2010]. However, the outcrops
are patchy and seem to have no depth extent.

From electrical resistivity alone we cannot distinguish between free gas and gas hydrate. High amplitude
reflections can be also caused by both patches of free gas and gas hydrate accumulations. Liu and
Flemings [2006, 2007] list three mechanisms how free gas can be transported through the gas hydrate stabi-
lity field: (i) rapid gas flow causing that equilibrium conditions are not present due to kinetic effects; (ii) deple-
tion of water while gas is supplied in excess of its proportion in hydrate; and (iii) upward perturbation of the
pressure-temperature boundary by advecting warm fluids, capillary effects in fine-grained sediments, or high
pore water salinity linked to massive hydrate formation leading to three-phase equilibrium of water, hydrate,
and free gas [Liu and Flemings, 2006]. The first mechanism was used by Torres et al. [2004] and Haeckel et al.
[2004] to explain chloride enrichment, massive gas hydrate formation, and methane transport at southern
Hydrate Ridge. At Opouawe Bank, chloride profiles are only available from a few gravity cores showing no
chloride enhancement within the first 5 mbsf [Bialas et al., 2007, Koch et al., 2016]. We can also rule out the
second point: depletion of water, as water should be available in excess in the wet sediments of the accre-
tionary wedge [Barnes et al., 2010]. Also, the BSR-derived regional heat flow of 35-42 mW/m? is generally
low [Henrys et al., 2003].
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Figure 8. The 2-D CSEM models in Figure 5 have been superimposed on the corresponding 2-D depth-converted lines extracted from the 3-D seismic volume (see
Figure 1 for location). CSEM profile P1 almost coincides with the 2-D MCS line which is used in this case. The zones of highest resistivity correlate with high amplitude
reflections (HARs) located on top of narrow vertical gas conduits, suggesting the coexistence of gas hydrate and free gas within the GHSZ. At intermediate depth
within the areas of highest resistivity, gas hydrate may be the dominating constituent, while free gas is prevailing closer to the seafloor, as seismic data, seafloor

venting, and resistivity pattern suggest. The seep sites are Takahe (TK), North Tower (NT), Pukeko (PK), Riroriro (RR), Piwakawaka (PW), and South Tower (ST).
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Liu and Flemings [2006] demonstrated that the salinity needed for three-phase equilibrium where all phases
coexist within the GHSZ requires high hydrate saturations of up to 70%. This would mean that the high resis-
tivity areas at depth from 50 to 200 mbsf are dominated by concentrated gas hydrate. Free gas is likely also
present in the central part of the anomalies as seismic data suggest. Massive hydrate formation would
increase pore water salinity due to exclusion of salt which would subsequently reduce the formation resistiv-
ity. A simple calculation by using equation (5) reveals that reducing the pore water resistivity from, e.g.,
0.3 Om to 0.15 Om, would imply an increase in saturation of less than 5% for the high resistivities
(>50 Qm) derived below the Opouawe Bank seep sites. In other words, there would be simply not enough
pore space left, that pore water freshening has a significant impact on the gas/gas hydrate
saturation estimates.

Below 100-200 mbsf gas transport is confined to the narrow elongated conduits [Koch, 2016] and gas hydrate
saturations are low, as lower resistivities and saturation estimates show. Here the reaction front of three
phase equilibrium described by Liu and Flemings [2006] has already moved upward.

At shallow depth, where the areas of high resistivity and the seismic conduits reach the seafloor, free gas may
be prevailing as seafloor doming [Koch et al., 2015] and active seafloor venting suggest.

Similar situations of high resistivity anomalies within the GHSZ corresponding to seismically inferred seep
sites have been reported by Goswami et al. [2015] on Vestnesa Ridge west of Spitsbergen, Weitemeyer
et al. [2011] on Southern Hydrate Ridge, and Schwalenberg et al. [2005] on the Northern Cascadia Margin.
Together with our results from Opouawe Bank, these studies support the concept of gas hydrate sweet spots
in areas of high fluid flow and gas venting as suggested by, e.g., Liu and Flemings [2007], Boswell and Collett
[2011], and Pifiero et al. [2013]. Insight from such experiments should be easily transferred and applied to
other seep site areas within the gas hydrate stability field. However, more case studies including constraints
on the physical parameters from drilling are required to provide ground-truthing of the free gas/gas hydrate
distribution below the seeps.

8. Conclusions

1-D and 2-D inversion of marine CSEM data showed that significant amounts of gas hydrate may have formed
at intermediate depth below a number of methane seep sites at Opouawe Bank on the southern Hikurangi
Margin. The areas of highest resistivities correlate with patches of high amplitude reflections in MCS data
and are located around seismically inferred narrow conduits along which free gas is transported upward into
the gas hydrate stability field. Gas hydrate and free gas likely coexist within the anomalous areas. Free gas
may be driven by focused gas flow and three-phase equilibrium of water, hydrate, and gas. Saturation
estimates derived with Archie’s law are high, up to 80% in the central parts of the anomalies. We believe
gas hydrate is the dominating phase, but the share in free gas within these zones is not clear from our
analysis. Close to the seafloor hydrate may become less stable and free gas migrates to the seafloor where
active venting has been observed.

Connecting marine CSEM and MCS data is demonstrably effective to assess gas and gas hydrate accumula-
tions in the subsurface. The seafloor-towed electric dipole-dipole system HYDRA has shown great use for
detailed studies of closely spaced seep sites and related gas hydrate accumulations. Combining resistivity
volumes and their distributions with MCS imaging documents their relationship with gas migration
structures. Thus, the conclusions about potential gas and gas hydrate reservoirs are highly improved.
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