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Abstract Focused gas migration through the gas hydrate stability zone in vertical gas conduits is

a global phenomenon. The process can lead to concentrated gas hydrate formation and seafloor gas
seepage, which influences seafloor biodiversity and ocean biogeochemistry. However, much is unknown
about how gas and gas hydrate co-exist within and around gas conduits. We present seismic imaging of
the gas hydrate system beneath a four-way closure anticlinal ridge at New Zealand's southern Hikurangi
subduction margin. Gas has accumulated beneath the base of gas hydrate stability to a thickness of up

to ~240 m, which has ultimately led to hydraulic fracturing and propagation of a vertical gas conduit

to the seafloor. Despite the existence of an array of normal faults beneath the ridge, these structures are
not exploited as long-range gas flow conduits. Directly beneath the conduit, and extending upward from
the regional base of gas hydrate stability, is a broad zone characterized by both negative- and positive-
polarity reflections. We interpret this zone as a volume of sediment hosting both gas hydrate and free
gas, that developed due to partial gas trapping beneath a mass transport deposit. Similar highly reflective
zones have been identified at the bases of other gas conduits, but they are not intrinsic to all gas conduits
through gas hydrate systems. We suggest that pronounced intervening sealing units within the gas hydrate
stability zone determine whether or not they form.

Plain Language Summary Gas hydrates are ice-like substances composed of natural gas and
water. They form between sediment grains underneath large regions of the Earth's seafloor. An important
reason to study gas hydrates is that they partly control the way that methane gas flows through sediments
and out of the seafloor. It is this flow of methane that sustains some diverse biological communities

on the seafloor and affects the chemistry of the oceans. In this study, we use reflected sound waves to
explore how gas flow beneath the seafloor depends on the way in which sedimentary layers are folded
and fractured. Our data reveal a 240-m thick reservoir of gas that is trapped in a large sedimentary fold,
~500 m beneath the seafloor. The buoyancy of the gas has caused a vertical fracture zone to propagate
upward to the seafloor, where gas bubbles are venting into the ocean. Further, our data suggest that a
broad accumulation of gas hydrates (together with gas) has formed beneath the vertical fracture zone. This
gas hydrate deposit may grow larger with time, and it will continue to influence the way that gas flows
through the sediments.

1. Introduction

Gas migration through the gas hydrate stability zone (GHSZ) is a widespread global phenomenon, with
many examples having been documented from seismic reflection data, scientific drilling and modeling
studies (Brooks et al., 1994; Flemings et al., 2003; Fu et al., 2020; Gorman et al., 2002; Liu & Flemings, 2006;
Plaza-Faverola et al., 2011; Tréhu, Flemings, et al., 2004; Wood et al., 2002). A range of mechanisms have
been invoked to explain free gas existence within the GHSZ, including factors that suppress the rate of
hydrate formation or alter its thermodynamic stability (e.g., Clennell et al., 1999; Liu & Flemings, 2006),
or rapid free gas transport rates that out-pace the rate of hydrate formation (e.g., Haeckel et al., 2004; Liu
et al., 2019; Tréhu, Flemings, et al., 2004). The pathways of focused free gas flow are commonly referred

”

to as “conduits”, “chimneys” or “pipes”, which often extend all the way to the seafloor. The focused flow
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influences gas hydrate formation in the subsurface (e.g., Haeckel et al., 2004; Liu & Flemings, 2006; Liu
et al., 2019), while the methane released at the seafloor has broad implications for marine biodiversity and
ocean biogeochemistry (Biastoch et al., 2011; Levin et al., 2016; MacDonald et al., 2003).

The driving force behind gas conduit formation is overpressure accumulation, where gas buoyancy from in-
terconnected free gas columns beneath the base of the gas hydrate stability zone (BGHSZ) drives the system
toward mechanical failure (e.g., Flemings et al., 2003; Tréhu, Flemings, et al., 2004). It is often unclear what
extent focused free gas migration makes use of existing planes of weakness (shallow faults) versus the gen-
eration of new pathways formed by hydraulic fracturing (e.g., Finkbeiner et al., 2001; Flemings et al., 2003;
Hornbach et al., 2004). In this sense, both faults and hydraulic fractures can be thought of as gas conduits if
they provide pathways for focused upward gas migration.

Rapid free gas migration through to the seafloor has implications for gas hydrate formation styles. At South
Hydrate Ridge, a broad zone of gas hydrate has formed from the free gas phase in the shallow sub-seafloor
as a result of rapid gas transport (Haeckel et al., 2004; Tréhu, Flemings, et al., 2004). This zone of concen-
trated hydrate manifests itself in seismic reflection data as disrupted, high-amplitude reflectivity (Crutch-
ley et al., 2013; Tréhu, Flemings, et al., 2004; Tréhu, Long, et al., 2004). In other cases, gas conduits are
also cored by broader zones of high-amplitude reflectivity that extend upwards from the regional BGHSZ
(e.g., Koch et al., 2016). The relationships between free gas and gas hydrate within such zones are not well
understood.

In this study, we investigate the development of a gas conduit that has formed above a thick interconnected
free gas column beneath a four-way closure anticlinal ridge. Using a combination of older low-frequency
and recently acquired high-frequency seismic reflection data, we aim to:

1. Determine the broad geological controls on free gas accumulation and trapping beneath the ridge.

2. Constrain the thickness of interconnected free gas beneath the conduit and the approximate in-situ
stress conditions within which the gas conduit developed.

3. Evaluate fault-controlled free gas migration versus vertical conduit formation.

4. Investigate the possible co-existence of gas hydrate and free gas in a zone of high reflectivity that extends
upward from the regional BGHSZ, at the base of the conduit.

2. Geological Setting

Our study area lies at the southern end of New Zealand's Hikurangi subduction margin, where the Pacific
Plate has been subducting beneath the Australian Plate (Figure 1a) since ~24-30 Ma (Ballance, 1976; Stern
et al., 2006). Convergence is highly oblique in this region (DeMets et al., 2010, Figure 1b), which results
in a tectonically complex transition zone between subduction and strike slip motion (Barnes et al., 1998;
Wallace et al., 2012).

Bottom simulating reflections (BSRs) and methane seepage out of the seafloor are widespread on the Hi-
kurangi margin (Barnes et al., 2010; Greinert et al., 2010; Katz, 1982; Watson et al., 2020). There is also
widespread evidence from seismic reflection data for concentrated gas hydrate accumulations, particularly
within dipping strata of anticlinal ridges that tend to focus fluid flow (e.g., Crutchley, Kroeger, et al., 2018;
Fraser et al., 2016; Pecher & Henrys, 2003). Geochemical analyses point to a biogenic origin of methane for
hydrate formation (Koch et al., 2016; Schwalenberg et al., 2010). Deep seismic imaging and modeling stud-
ies have suggested that thermogenic gas generation may also contribute to the formation of concentrated
hydrate accumulations (Kroeger et al., 2015, 2019; Plaza-Faverola et al., 2012).

The ridge we are investigating in this study lies close to the deformation front of the wedge, ~2,100-2,300 m
below sea level (mbsl) (Figure 1c). The ridge is a four-way closure anticline system, with its longest axis
trending approximately northeast-southwest. Active free gas release into the water column near the crest of
the ridge has been documented by Watson et al. (2020).
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Figure 1. (a) Regional tectonic setting of New Zealand. Pacific Plate subducts obliquely beneath the Australian Plate at the Hikurangi subduction margin
(HSM). Red box shows extent of map in (b), (b) The southern HSM. Approximate location of deformation front = bold toothed black line. Coordinate

system = UTM60S, WGS84 datum (coordinates shown in km). Faint white lines = regional 2D seismic data. Location of the study area in this paper = red
box. White arrow is the inter-plate vector (DeMets et al., 2010). Location of Takahé Seep site = black dot. (c) Enlarged study area map, rotated 25° clockwise.
Coordinate system = UTM60S (meters), WGS84 datum. Contours = meters below sea level. Yellow and red lines show locations of seismic sections in
subsequent figures. Pale gray lines show all seismic lines collected across this ridge. Blue polygon near ridge crest = region of elevated seafloor backscatter,
marking long-term gas seepage. (d) The ridge-parallel patch of high seafloor backscatter (light gray region) at the crest of the ridge. (¢) Elevated water column
backscatter energy. Note: areal extent of this map is the same as (d).

3. Data and Observations
3.1. Multibeam Echo-Sounder Data

We collected multibeam bathymetry data and water column imaging data with a hull-mounted Kongsberg
Maritime EM302 multibeam echo-sounder during Research Voyage TAN1808, aboard RV Tangaroa in 2018.
These data revealed a region of gas seepage at the seafloor, which manifests itself as an area of high seafloor
backscatter (Figure 1d), possibly related to the formation of authigenic carbonate and/or seep fauna. We
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Figure 2. Lower-frequency seismic data (APB13 survey). (a-a’) Ridge perpendicular section (Line APB13-32).

See Figure 1c for location. Waveform polarity shown at selected locations. TWT = two-way time (s). Thin black

lines = interpreted normal faults. Vertical blue lines = intersection with line (b-b’). Broken red line = base of a mass
transport deposit (MTD) that is better imaged in high-frequency data in Figure 4. BSR = bottom simulating reflection.
(a-inset) Enlarged plot from (a-a’) showing a steeply dipping, linear, negative-polarity reflection that we interpret as a
gas-charged fault plane reflection near the top of the shoaling BSR. (b-b’) Ridge parallel section (Line APB13-25), with
similar annotations to (a-a’). See Figure 1c for location. Red and blue arrows point to top and bottom (respectively) of
the MTD. Vertical blue lines = intersection with line (a-a’). (b-inset) Enlarged color plot of a zone of doming reflectivity
above the regional BSR level (see yellow box in (b-b’) for location). Black arrows point to negative polarity events. White
arrow points to zone of diffuse, positive polarity, high-amplitude reflectivity.

have also produced a vertical stack of multibeam water column data to reveal the region of active methane
release into the water column (Figure 1e).

3.2. Long-Offset (Low-Frequency) Seismic Data

Two long-offset seismic lines, approximately orthogonal to each other, cross the crest of the ridge (Fig-
ure 1c, yellow lines). These lines (Sections 2a-2a’ and 2b-2b’, Figures 2a and 2b, respectively) are from the
APB13 survey collected in 2013 by Anadarko New Zealand Company and processed by CGG Services Ltd.
(Anadarko New Zealand Ltd, 2014). The data were collected with an 8 km-long streamer and a 3,610 in3
(~59 litre) airgun array. CGG Services Ltd. carried out a comprehensive seismic processing flow, includ-
ing de-bubble and zero phase de-signature, various noise attenuation approaches, de-ghosting, de-multiple
and Kirchhoff pre-stack time migration. Their final sections have a dominant frequency in the range of
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10-20 Hz. Further details about the acquisition parameters and the processing flow are provided in the Sup-
porting Information S1. For display purposes in this paper, we have flipped (180° phase rotation) the polari-
ty of the seismic sections such that they conform with the American polarity convention, where an increase
in acoustic impedance leads to a positive polarity peak in the seismic data (Brown & Abriel, 2014). This is
demonstrated by the inset wavelets from the seafloor in Figures 2a and 2b. Wavelet shaping has resulted in
a clean peak for the seafloor reflection, with only very minor negative polarity side lobes.

In addition to showing the migrated seismic sections as processed by CGG Services Ltd. (Figures 2a and 2b;
Anadarko New Zealand Ltd, 2014), we carried out our own basic re-reprocessing of Section 2b-2b’ (Fig-
ure 2b). The sole aim of our re-processing was to generate seismic interval velocities in the shallow sub-sea-
floor for this line, which were not otherwise available to us but are useful for investigating the gas hydrate
system. Our re-processing included crooked line geometry definition, band pass filtering (frequencies of 5,
15, 100, and 150 Hz), Kirchhoff pre-stack time migration and semblance-based seismic velocity analysis
on the pre-stack time migrated gathers. We converted the root-mean-square stacking velocities to interval
velocities using the standard Dix equation (Dix, 1955), which is appropriate in the case of near flat-lying
seismic reflectors. The most steeply dipping reflections that constrained our analysis on Section 2b-2b’ dip
at 3°, and most reflections have a dip of less than 2°.

3.2.1. Bottom Simulating Reflections and Gas-Water Contacts

The low-frequency seismic data reveal a prominent negative-polarity (opposite to seafloor polarity) BSR
(Figures 2a and 2b), marking the BGHSZ in sediments. In these data, the BSR shoals toward the seafloor
close to the apex of the anticlinal structure, with four-way closure that mimics the elongated bathymetry of
the ridge. A linear, steeply dipping event occurs above the shoaling BSR near the apex of the anticline (Fig-
ure 2a-inset). Based on local seismic velocities, we estimate the dip of this event to be ~40°, which is within
the dip range of steeply dipping stratigraphic reflections observed on the limbs of anticlines elsewhere
in this data set. This demonstrates that the linear event may be a properly imaged reflection; its negative
polarity suggests that it may be a reflection from a free gas-charged fault. However, we cannot rule out the
possibility that the event is an out-of-plane reflection or diffracted energy from a nearby zone of enhanced
reflectivity (i.e., the “doming zone” labeled in Figure 2b and described in Section 3.2.2).

The low-frequency data also reveal a clear, positive-polarity gas-water contact (Figures 2a and 2b). Gas-wa-
ter contacts like these have been observed elsewhere on the southern Hikurangi margin (Crutchley, Kro-
eger, et al., 2018; Fraser et al., 2016). The seismic signal is significantly attenuated ~100-200 ms beneath the
BSR, but there is sufficient energy to return a coherent reflection from the gas-water contact at the base of
the gas reservoir (Figures 2a and 2b). Our seismic velocity analysis on Line 2b-2b’ resulted in the interval
velocities shown in Figure 3a. The velocity model clearly reveals low velocities indicative of gas-charged
sediments beneath the BSR (e.g., Fraser et al., 2016; Gorman et al., 2002; Singh et al., 1993), with velocities
increasing again beneath the gas-water contact. The low velocities between the BSR and the gas-water con-
tact are the reason for the non-horizontal appearance of the gas-water contact; it is a velocity “push down”
effect (e.g., Chadwick et al., 2019).

3.2.2. Zone of Upward-Doming Reflectivity: Above the Regional BSR and Below a Mass-
Transport Deposit

A distinct upward-doming zone of high-reflectivity exists above the regional BSR level in the centre of Sec-
tion 2b-2b’ (see Figure 2b-inset). We hereafter use the term “doming zone” to refer to this feature. Note that
our usage of this term describes the spatial distribution of elevated seismic reflectivity related to gas and/or
gas hydrate distribution, and not to any local doming of stratigraphy.

The doming zone in Section 2b-2b’ is characterized by localized negative polarity reflections indicative of
free gas accumulations (Figure 2b-inset, black arrows), as well as a more diffuse background zone of posi-
tive polarity reflections (Figure 2b-inset, white arrow). The diffuse region of positive polarity has distinctly
higher amplitudes than the sediments surrounding the doming zone. Our velocity analysis through the
doming zone indicates that it is a high-velocity zone, compared to the low velocities beneath the regional
BSR level (Figure 3a). An example extraction of the semblance spectra (Figure 3b) shows the clear increase
in root-mean-square velocities from the top of the doming zone to the BSR level.
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Figure 3. Lower-frequency seismic data (APB13 survey). (a) Ridge parallel section (Line APB13-25), from Figure 2b.
TWT = two-way time (s). Some annotations from Figure 2b are included: BSR = bottom simulating reflection. Semi-

transparent color overlay shows interval velocities (V; ) (m/s) from semblance-based seismic velocity analysis. (b)

Example semblance spectrum at a location through the doming zone (location shown by vertical broken black line in
(a)). Vertical scale identical to (a). Black = low semblance, white = high semblance. Picked semblance peaks from the
seafloor, the top of the doming zone, the BSR level and the gas-water contact are shown. The velocity clearly increases
from the top of the doming zone to the BSR.

The doming zone is capped by a unit of chaotic reflectivity with an irregular upper surface (red arrow,
Figure 2b), a typical seismic manifestation of a mass transport deposit (MTD) (e.g., Sawyer et al., 2009).
This MTD, and its relationship to the doming zone, is more clearly imaged in high-frequency seismic data
(Section 3.3).

3.3. High-Frequency Seismic Data

During Research Voyage TAN1808 we collected a dense grid of 2D seismic lines (gray lines in Figure 1c)
over the ridge to complement the lower-frequency imaging of the gas hydrate system. The data were ac-
quired with a much shorter streamer than the APB13 survey, which precludes seismic velocity analysis.
However, the advantage of the TAN1808 data is that they were acquired with a much smaller seismic source
(150 in3, or ~2.46 litres) that delivered a significantly higher dominant frequency (~60-100 Hz), which
enables higher-resolution imaging of the sub-seafloor (Figure 4). The acquisition parameters are provided
in the Supporting Information S1 and in Crutchley, Mountjoy, et al. (2018). Our processing included: (a)
crooked line geometry definition, (b) bandpass filtering (Butterworth filter with corner frequencies of 12,
24, 300, and 400 Hz), (c) automatic de-spiking and frequency-wavenumber (FK) filtering in the shot do-
main, (d) common-midpoint sorting and normal moveout (NMO) correction, and (e) 2D Stolt migration.
The NMO correction and migration were carried out using a constant velocity of 1,500 m/s. As with the
long-offset seismic data (Section 3.2), we applied a 180° phase rotation to the stacked sections of Crutchley,
Mountjoy, et al. (2018) to conform with American polarity, so that a reflection from an increase in imped-
ance is marked by a positive polarity waveform. This is demonstrated by the inset wavelets from the seafloor
reflection in Figures 4a and 4b, where the strongest amplitude in the waveform is the positive (black) peak.
Our interpretations of reflection polarity in the high-frequency data are based upon observing the dominant
part of the waveform (negative or positive), as compared to the seafloor wavelet.

3.3.1. High-Frequency Seismic Manifestations of the Gas Hydrate System

Asis known from studies elsewhere, gas hydrate systems manifest themselves very differently depending on
seismic acquisition frequency (e.g., Berndt et al., 2019; Haines et al., 2017; Vanneste et al., 2001). The lateral-
ly coherent BSRs imaged in Section 2b-2b’ (Figure 2b), for example, are not prevalent in the high-frequency
data shown in Figures 4a and 4b. A faint BSR is apparent in places, but for the most part we interpret the
upper limit of strong reflectivity as the seismic manifestation of the BGHSZ (Figures 4a and 4b), which cor-
relates with the depth of BSRs in the low-frequency data. Negative polarity wavelet examples at this upper
limit of strong reflectivity are shown in Figures 4a and 4b.
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Figure 4. Higher-frequency seismic data (TAN1808 survey). (a-a’) Seismic line TAN1808-92 (see Figure 1c for location). Black lines = normal faults. Wavelet
insets show polarity at selected locations. Dotted yellow line = interpreted base of gas hydrate stability zone (BGHSZ), also constrained by crossing lines. Dotted
cyan line = doming zone, extending up from the regional BGHSZ. Black triangles = gas-water contact (gwc). MTD = mass transport deposit. Note: MTD3 is the
same MTD as that shown by the red and blue arrows in Figure 2b. Broken red line = base of MTD3. Blue dot = intersection of base MTD3 with BGHSZ. Black
dot = intersection of gwc with base MTD3. Magenta dot = intersection of gwc with BGHSZ. Yellow boxes = enlargements shown in Figure 5. (b-b’) Seismic
line TAN1808-97 (see Figure 1c for location). Annotations as in (a-a"). (c) Normalized amplitudes along base MTD3, from Line TAN1808-92 (horizontal scale
identical to (a-a’)). Broken red line represents the 5 km horizontal distance along the base of MTD3. Blue dot = intersection with the BGHSZ. Blue arrow points
to high amplitudes where gas is trapped beneath MTD3 at the apex of folding. (d) Normalized absolute amplitudes along base MTD3 (broken red line in (b-b’)),
from Line TAN1808-97 (horizontal scale identical to (b-b’)). Annotations as in (c).

The high-amplitude doming zone identified in Section 2b-2b’ (Figures 2b and 2b-inset) is also evident in the
high frequency data (Figures 4a, 4b, 5a, and 5b). As in Section 2b-2b’ (Figure 2b-inset), the high-frequency
data reveal complex/disrupted reflectivity, with examples of both negative polarity and positive polarity
reflections within this zone (Figure 5e). The gas-water contact reflection is also apparent in the high-fre-
quency data (Figures 4a, 4b, and 5d). Although it is subtler than in the low-frequency data, it can be traced
broadly throughout the network of seismic lines.

3.3.2. Mass Transport Deposits and 3D Structural Relationships

MTDs are identified in seismic data based on their chaotic and generally low-reflectivity appearance. The
TAN1808 data image several MTDs that are interbedded within the continuous stratigraphic reflections
beneath the ridge (Figures 4a and 4b). Amplitudes extracted along the base of the deepest MTD (MTD3)
highlight the occurrence of free gas beneath this unit. For example, strong negative polarity amplitudes oc-
cur along the base of MTD3 in the region where it occurs beneath the regional BGHSZ (Figures 4c and 4d).
Likewise, negative spikes in the amplitude at the base of MTD3 occur at the apex of folding, where the
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Figure 5. Enlargements from selected regions of Figures 4a and 4b (higher-frequency seismic data (TAN1808 survey). (a) The high-amplitude doming zone

in Line TAN1808-92 (within dotted cyan lines). Base of Mass Transport Deposit 3 (MTD3) = broken red line (as in Figures 2 and 4). Solid black lines = normal
faults. “gc” is the vertical gas conduit. (b) The high-amplitude doming zone in Line TAN1808-97. Annotations as in (a). Note: as in (a), the base of MTD3 has
been offset by one of the normal faults. (¢c) Upper extent of the vertical gas conduit. (d) Enlargement showing intersections of gas-water contact (gwc) with
MTD23. (e) Enlarged color display of reflections within the upper part of the high-amplitude doming zone from (b). Orange arrows point to negative-polarity
events; white arrows point to positive-polarity events. Dotted white lines mark the approximate downward projection of the vertical gas conduit shown in (a-c).

(f) Example normal fault.

upper limit of the doming zone coincides with the level of the base of MTD3 (Figures 4c and 4d). These local
amplitude anomalies can be seen in Figures 5a and 5b.

The closely spaced seismic profiles enable us to map out key seismic reflections spatially, including the
regional BGHSZ and the base of MTD3. These structural maps in two-way time (Figure 6) reveal: (a) the
intersection of the base of MTD3 with the BGHSZ, (b) the intersection of the gas-water contact with the
base of MTD3, and (c) the intersection of the gas-water contact with the BGHSZ. Projected on top of both
maps is the extent of the seafloor gas seep, as determined from elevated seafloor backscatter (Figure 1d).

3.3.3. Gas Conduit Amid Extensional Normal Faults

Directly above the shallowest part of the high-amplitude doming zone is a vertical gas conduit that extends
to the seafloor (Figures 4a, 4b, and 5a-5c), where seafloor backscatter is elevated (Figure 1d) and free gas
escapes into the water column (Figure 1e). The gas conduit, striking SW-NE, lies directly beneath the re-
gion of seafloor seepage. The gas conduit is vertical (Figure 5c), as opposed to surrounding normal faults
(Figures 4a, 4b, and 5f) that have typical apparent dips of ~60°, based on depth conversion using represent-
ative sub-seafloor velocities from Section 2b-2b’ (Figure 2b). The normal faults extend through much of the
GHSZ and some reach as deep as the upper limit of the high-amplitude doming zone, offsetting the base of

MTD3 (Figures 4a, 4b, 5a, and 5b).
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Figure 6. (a) Horizon map of base of Mass Transport Deposit 3 (MTD3), two-way time (TWT) in seconds (s). Red lines = locations of lines shown in (4a-4a’)
and (4b-4b’). Yellow polygon = seafloor seep site, from Figure 1d. Blue line = intersection with interpreted base of gas hydrate stability zone (BGHSZ). Black
line = intersection with gas-water contact (gwc). Note, map extent is identical to that in Figure 1c: Coordinate system = UTM60S (meters), WGS84 datum. (b)
Horizon map of BGHSZ, plus the doming zone that extends upward from the BGHSZ, in TWT (s). Map extent identical to (a). Blue line = intersection with
base MTD3. Black line = intersection with gwc. Note: gas reservoir occurs between the black and blue lines, and also closes further to the northeast. Other
annotations as in (a). Color bar identical to (a).

4. Discussion
4.1. Seismic Manifestations of Gas-Water Contacts Beneath Hydrate Systems

Gas-water contacts beneath gas hydrate systems commonly manifest themselves as relatively abrupt ter-
minations of high reflectivity along dipping seismic reflections. “Horizon A” at South Hydrate Ridge on
the Cascadia Margin is a well-documented example, where the down-dip termination of high reflectivity
marks the gas-water contact within a succession of coarse-grained, ash-rich turbidite beds (Tréhu, Flem-
ings, et al., 2004). Many other examples exist globally, including in relatively coarse-grained units in the
Gulf of Mexico (e.g., Boswell et al., 2012). Another manifestation of the gas-water contact beneath hydrate
systems is the “flat spot” — a sub-horizontal, positive polarity reflection marking the base of the free gas zone
over broader lateral extents and across multiple dipping reflections (e.g., Amundsen et al., 2015; Crutchley,
Kroeger, et al., 2018; Fraser et al., 2016; Rocha-Legorreta, 2009). The gas-water contact beneath the ridge in
this current study falls into this latter category, indicating that free gas is distributed across a broad succes-
sion of dipping lithological units rather than being focused into a particular dipping unit. However, unlike
the example presented by Amundsen et al. (2015), we do not observe multiple flat spots at different sub-sea-
floor depths on the same seismic line. We interpret that the clearly defined flat spot (e.g., Figure 2b) records
the base of a trapped interconnected column of free gas that extends laterally across strata and upward to
the regional BGHSZ. The high amplitudes present and the fact that there is a single flat spot suggests that
this gas reservoir is fairly homogenous and composed of rocks with a low capillary entry pressure, such as
sand-rich reservoirs.

4.2. Seismic Reflection Evidence for Both Gas Hydrate and Free Gas Within the Doming Zone

The doming zone is a distinctive high seismic velocity zone, with velocities similar to (or slightly higher
than) other regions directly above the BSR (Figure 3a) where gas hydrate is expected to exist. In clear con-
trast, the pronounced low velocity zone caused by free gas extends from the gas-water contact upward to
the base of the doming zone-i.e., the regional BSR level (Figure 3a). In corroboration with the high seismic
velocity character of the doming zone, the low-frequency data show that this zone contains diffuse, posi-
tive-polarity reflectivity that is stronger than the reflectivity of the surrounding sediments (Figure 2b-inset).

In addition to these observations supporting gas hydrate occurrence within the doming zone, the low fre-
quency data also reveal strong, localized, negative-polarity reflections at the margins of the doming zone
(Figure 2b-inset) that point to the existence of free gas. We infer that the free gas accumulations are too
localized to be resolved by the semblance-based velocity analysis.
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The high frequency data show both strong negative-polarity and positive-polarity reflections within the
doming zone (Figure 5e). In summary, there are seismic reflection indicators in both the low-frequency
and high-frequency data for both gas hydrate (positive polarity reflections) and free gas (negative polarity
reflections) within the doming zone.

4.3. Lithological Seals and the Base of Gas Hydrate Stability

Our mapping of key seismic horizons reveals the importance of pronounced lithological contrasts in con-
trolling the upper limit of free gas in sediments. The lithological contrast in this case is a buried MTD
(“MTD3”, Figures 4a and 4b) that has been folded into the anticline together with the surrounding stratified
sediments, and also offset locally by normal faults (Figures 5a and 5b). MTD3 appears to control the lateral
extent of the free gas reservoir on the northwest side of the ridge; that is, the gas-water contact terminates
laterally against the base of the folded MTD (Figure 5d), which is significantly deeper than the regional base
of hydrate stability (Figures 4a and 4b). On the southeast side of the ridge, the gas-water contact truncates
against the seaward-dipping BGHSZ, which lies well below the folded MTD (Figures 4a and 4b). Beneath
the centre of the ridge, closer to the apex of folding, the MTD has again trapped free gas accumulations
within the high-amplitude doming zone (Figures 5a and 5b).

MTD3 is therefore acting as an upper seal that limits the lateral and vertical extent of the gas reservoir.
This is not surprising, since MTDs are typically characterized by densified sediment that have reduced
pore throat diameters and enhanced capillary sealing (e.g., Day-Stirrat et al., 2013; Dugan, 2012; Sawyer
et al., 2009; Sun et al., 2017). Indeed, the basal reflections of the three MTDs identified in Figures 4a and 4b
are negative polarity, indicating a transition from high acoustic impedance within the MTDs (densified
sediment) to lower acoustic impedance in the strata directly beneath the MTDs. The regions of anomalously
high negative-polarity amplitudes along the base of MTD3 (e.g., Figures 4c and 4d) represent regions where
free gas is trapped beneath the MTD. The free gas in these places leads to a local amplification of the inher-
ent, lithology-derived impedance contrast.

The vertical extent of interconnected free gas, from the gas-water contact upwards, can be considered in
relation to the approximate in-situ conditions for hydraulic fracturing at the base of the gas conduit. How-
ever, it is not immediately clear from the seismic data whether the gas conduit was initiated at the top of
the high-amplitude doming zone (directly beneath MTD3), or whether it formed deeper in the stratigraphic
succession—for example, approximately in line with the regional BSR level. To shed light on this, we inves-
tigate relationships between estimated sub-seafloor stress, gas buoyancy pressure, and hydraulic fracture
criteria in the following section.

4.4. Mechanical Failure Conditions at the Base of the Gas Conduit

To understand the development of the gas hydrate system beneath this ridge requires that we explore the
processes governing the movement of free gas into the GHSZ. This includes the flow of free gas across the
regional BSR level and into the high-amplitude doming zone, as well as through MTD3 and upward toward
the seafloor.

The regional BSR level beneath the gas conduit occurs at 3.38 s two-way time (TWT), i.e., 0.6 s beneath the
seafloor (Figures 7a and 7b). The top of the doming zone occurs at 3.28 s TWT, i.e., 0.5 s beneath the seafloor
(Figures 7a and 7b). We convert these times to depth below seafloor using the velocity model we generat-
ed along Section 2b-2b’ (Figure 3a). Likewise, we estimate the thickness of the free gas zone between the
gas-water contact and the regional BSR level using a velocity of 1,550 m/s, based on velocities from Section
2b-2b’. From these conversions we arrive at depths of ~435, ~540 and ~775 m below seafloor (mbsf) for
the top of the doming zone, the regional BSR level and the gas-water contact, respectively (Figure 7c). We
estimate an error of £5% in our interval velocities, after converting from root-mean-square velocities, which
is based on errors in picking semblance spectra. The percentage error accounts for increasing absolute er-
ror at higher velocities deeper beneath the seafloor. In the Supporting Information S2 we have carried out
additional (conservative) analyses of potential velocity errors and how they propagate through to depth es-
timates of the key horizons named above. These analyses include a consideration of P-wave velocities from
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Figure 7. (a) Interpreted strike line (Line APB13-25, lower-frequency data, from Figure 2b). Labeled are: bottom simulating reflection (BSR) that marks the
regional base of gas hydrate stability (BGHSZ); gas water contact (gwc) and Mass Transport Deposit 3 (MTD3). Bold broken black line outlines the high-
amplitude doming zone, extending up from the BSR. Vertical exaggeration is ~5x. (b) Interpreted dip line (Line TAN1808-97, higher-frequency data, from
Figure 4b) plotted at same scale as the section in (a). Annotations as in (a). Vertical red line is the gas conduit, black lines are normal faults. (c) Estimated sub-
seafloor stress state (see text for descriptions). P, = hydrostatic fluid pressure; g, = horizontal stress; o, = vertical stress. Depths of top doming zone, regional
BSR level and gas-water contact (gwc) are indicated. Red line shows effect of gas buoyancy pressure added to hydrostatic pressure. Blue dot = combined
pressure at regional BSR level, black dot = combined pressure at top doming zone. Vertical brown tick at “top doming zone” = critical pressure for shear
failure at this depth. The reader is referred to the Supporting Information S2 and S3 for assessments of uncertainty in depths of key horizons and the estimated

horizontal stress ().

logging-while drilling data further north on the margin, as well as depth corrections of the “push down”
effect at the gas-water contact.

In Figure 7c, we calculate sub-seafloor vertical stress o, according to Equation 1:

Oy =Pp 8% (@)
where p, is bulk sediment density (kg/m?), g is the gravitational acceleration constant (m/s?) and z is depth
(m) below seafloor. We use an average value of 1,910 kg/m? for p, beneath the seafloor, based on mean bulk
density of the upper 500 mbsf from three International Ocean Discovery Programme (IODP) drill sites
(Sites U1517, U1518, and U1519) on the northern Hikurangi margin, some 450 km northeast of our study
area (Pecher et al., 2018). Our plot of sub-seafloor vertical stress is added to hydrostatic pressure at the sea-
floor (20.9 MPa), which we calculate from the seafloor depth of 2,073 mbsl and a water density of 1,030 kg/
m?. The continuing hydrostatic pressure beneath the seafloor is also plotted in Figure 7c.

The vertical gas conduit and the normal fault network indicate that the ridge is undergoing extension,
meaning the greatest principal stress is vertical (i.e., o; = o), and the least principal stress is horizontal (i.e.,
o3 = oy,). The horizontal stress o), is the minimum pressure necessary for hydraulic fracturing.

We consider two approaches to estimate o,: (a) poro-elasticity under uniaxial strain and (b) the assumption
that the system is undergoing coulomb failure along favorably oriented faults.

First, we use Poisson's ratio v to estimate o, based on the assumption of linear elasticity and uniaxial strain

(e.g., Daigle et al., 2020; Eaton, 1969) (Equation 2):

, v '
o, = v o,. (2)
o, and o, are the effective vertical and horizontal stresses, respectively-i.e., o, = o, — Prand oy =0y - P,
where P, is pore fluid pressure, which we here assume to be hydrostatic.

Poisson's ratio (required in Equation 2) is determined from the relationship between P-wave velocity (Vp)
and S-wave velocity (V,) in Equation 3:
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where we take v, from our velocity analysis on Line 3b-3b’ (Figure 3b) and use Hamilton (1979) relation-
ships for “silt clays, turbidites and mudstones” to estimate V, at depth beneath the seafloor (Equation 4):

Vx(x:()—S(y) =116 +4.65-z V-\‘(z:36—120) =237+128-z V.s'(::IZ()—()S()) =322+0.58-z, 4

where z is depth below seafloor in m and V, is in m/s. Our estimate of Poisson’s ratio at the top of the
doming zone is 0.44, which is a reasonable value for shallow submarine sediments (Hamilton, 1979; Reyn-
olds, 1997). The corresponding effective stress ratio O-—’,’ of 0.78 is reasonable for this sub-seafloor depth (Dai-

o,
gle et al., 2020) and would be typical of mudrocks that can act as effective sealing units (Casey et al., 2015).

Alternatively, we note that we could assume that the effective stress ratio is controlled by Coulomb failure
along favorably oriented faults (e.g., Finkbeiner et al., 2001; Flemings, 2021). In this case the effective stress
ratio is described by Equation 5:

o 1 —sing’

o, = —0. 5

"1+ sing' Q)
A friction angle (¢") of ~8° will produce a stress ratio of ~0.8. While this friction angle is low it is not unrea-
sonable for smectite rich mudrocks (Casey et al., 2015). In Supporting Information S3 we further explore
the significant uncertainty in estimating o, from o,.

The gas-water capillary pressure (P,
Equation 6:

.w) at the top of an interconnected free gas column is calculated with

chw:(pw_pg)'g'zl’ (6)

where o, and p, are the densities of water and methane gas, respectively (kg/ m?), and z, is the height (m) of
the free gas reservoir (Flemings, 2021). This approach assumes that the capillary entry pressure for the res-
ervoir is negligible. As above, we take the density of sea water to be 1,030 kg/m?. We estimate in-situ meth-
ane gas density to be 190 kg/m?, using Kossel et al. (2013) “SUGAR Toolbox”, based on ambient temperature
and hydrostatic pressure at the depth of the BSR from the methane hydrate phase boundary (Tishchenko
et al., 2005). In Figure 7c, we add the gas-water capillary pressure P,,, to hydrostatic pressure to show gas
phase pressure (red line) under the assumption of hydrostatic pore water pressure, and compare it to the
estimated in-situ stress conditions. The black dot in Figure 7c shows that our estimate of gas phase pressure
approximately equals the estimated fracture gradient o, at the top of the doming zone. This indicates that
hydraulic fracturing is feasible at the top of the doming zone, i.e., the base of MTD3, under hydrostatic pore
water pressure conditions. In contrast, hydraulic fracturing at the depth of the regional BSR would not be
feasible under hydrostatic pressure conditions (blue dot is well below o, at that depth). In Supporting In-
formation S3 we evaluate how uncertainties in both sub-seafloor depths and the effective stress ratio prop-
agate into uncertainties in the relationship between gas phase pressure and o,. This uncertainty analysis
underscores the feasibility of hydraulic fracturing at the top of the doming zone under hydrostatic pore
water pressure conditions. It also shows that hydraulic fracturing at the regional BSR level is unlikely under
hydrostatic pore water pressure, even for the least mechanically stable case in our uncertainty analysis.

Based on Figure 7c, and the uncertainty analysis in Supporting Information S3, we present our interpreta-
tion of the development of the vertical gas conduit in the conceptual sketches of Figure 8. The geometry of
Figure 8 is based on the section in Figure 7b, with depth conversion based on representative sub-seafloor
velocities from Figure. The thick (up to 240 m) free gas column that has accumulated beneath the regional
BGHSZ implies that the BGHSZ has acted as a significant capillary seal. The capillary seal presumably
formed as a result of hydrates filling the largest pores (e.g., Fang et al., 2020). We assume that inherent
lithological permeability barriers (i.e., impeding flow across the folded layers) also played a role in trap-
ping the free gas at the regional BGHSZ level, since strata are sub-parallel to the BGHSZ. Once the gas
column reached the thickness required for capillary entry at the BGHSZ level, free gas migrated upward
and intercepted MTD3 (Stage 1; Figure 8b). Some degree of subsequent free gas trapping and lateral flow
at the base of MTD3 is implied by the free gas accumulations at that depth, directly beneath MTD3 (e.g.,
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Figure 8. Sketch of interpreted gas migration scenario beneath the ridge. (a) Large-scale section, based on the geometry in Figure 7b, with depth conversion
based on velocities from Figure 3a. Interpreted flow paths (red arrows) shown beneath the base of the gas hydrate stability zone (BGHSZ; broken blue line).
MTD3 = Mass Transport Deposit 3. Cross-hatched region doming up from the BGHSZ beneath the center of the ridge = doming zone. (b) Enlargement from
region in blue box in (a), around the doming zone, depicting our interpretation of Stage 1 of gas conduit development. BGHSZ is the broken blue line. Free gas
depicted by red circles; hydrate by purple diamonds. (c) Same field of view as (b), showing our interpretation of Stage 2, and the development of the doming

zone (within the dotted black line).

Figures 4a, 4b, 5a, and 5b). With free gas then interconnected between the gas-water contact and the base of
MTD3, the gas phase pressure reached the fracture gradient (o) in MTD3 and hydraulic fracturing propa-
gated through to the seafloor (Stage 2; Figure 8c). Gas continued to spread out beneath MTD3, forming the
high-amplitude doming zone of mixed gas and gas hydrate between the regional BGHSZ level and the base
of MTD3. Finally, we interpret that the entire system at the present day is in a gas-rich state of equilibrium;
as more gas is added to the reservoir it “bleeds off” out of the top, through the gas conduit to the seafloor.
In the absence of any drilling data (e.g., bulk density data), we cannot make any reliable estimate of gas
saturation within the reservoir. However, as a comparison, we note that gas saturations exceeding 60% have
been inferred in the free gas column within “Horizon A” beneath Hydrate Ridge on the Cascadia Margin
(Tréhu, Flemings, et al., 2004).

While Figure 8 depicts our preferred interpretation for this system, we note that it is also possible that
hydraulic fracturing initiated at the deeper regional BGHSZ level rather than at the base of MTD3. This
alternative scenario would require either supra-hydrostatic water pressure (Flemings et al., 2003) or a sig-

. . . Oy . . . -
nificantly lower effective stress ratio —- in the reservoir sediments at the BGHSZ level, or a combination of

O-V

both. Our sensitivity testing (Figure S4) suggests that excess water pressure would likely be required even in
the case of a lower bound effective stress ratio (0.5) in the reservoir sediments.
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4.5. Normal Faults: Often Ignored as Gas Flow Conduits?

Uplifted ridges in accretionary wedges are commonly associated with shallow normal fault systems that
accommodate gravitational collapse of the local relief that is caused by the geometry of folding (e.g., Mor-
ley, 2009; Weinberger & Brown, 2006). Although there are examples elsewhere of normal faults acting as
preferred free gas migration pathways through the GHSZ (e.g., Bottner et al., 2018), it is interesting that
normal faults are often not utilized and free gas migration through the GHSZ succeeds by establishing a
conduit through “new” hydraulic fracturing systems (e.g., Riedel et al., 2018). At the ridge in this study, the
vertical conduit has formed amid an array of normal faults (Figures 4a and 4b). For reference, we have plot-
ted the critical pressure (P, ) required for shear failure at the top of the doming zone in Figure 7c, which
is lower than the pressure required for hydraulic fracturing. This approach to predict P, __was described by
Finkbeiner et al. (2001) and is given by Equation 7 (Flemings, 2021):

o - 1 — sing' -
h 1+ sing’ )"

Piewr = s
shear N 1— Sl'n¢/ (7)
1 + sing’

where ¢' is the friction angle of the reactivated normal faults, which can be estimated from Equation 8, from
the dip angle of the faults (8), which we estimate as 60°.

¢' = abs(90 - 20). (8)

shear

Although there is tentative evidence for upward free gas migration along a short segment of a single fault
(i.e., up to ~130 m vertically; Figure 2a-inset), the migration of free gas through to shallower depths suc-
ceeds solely through the vertical conduit. A similar general observation has been made from 3D seismic
data at Opouawe Bank, ~20 km NE from here (Figure 1b), where elongated vertical fluid conduits enable
gas seepage at the seafloor, despite widespread normal faulting throughout the GHSZ (Riedel et al., 2018).

In general, faults that are conductive to fluid flow are those that are critically stressed for shear failure (Bar-
ton et al., 1995; Townend & Zoback, 2000). Importantly though, in a comprehensive study of natural CO,
leakage on the Colorado Plateau, Naruk et al. (2019) observed that the faults that leak are those where (1)
there is a fractured fault damage zone and (2) the total fluid pressure reduces the horizontal effective stress
to approximately zero. Criterion (2) must have been met at the base of the gas conduit in this study, since
the vertical conduit has formed by fluid pressure exceeding the horizontal effective stress. On the other
hand, it is unknown whether criterion (1) is met within the normal faults that extend to these depths (e.g.,
those in Figures 5a and 5b). In some cases, shearing can thwart hydraulic conductivity due to a reduction
of matrix porosity and permeability, or through the formation of ductile smears in the case of diagenetically
immature shales (Naruk et al., 2019; Zoback, 2010). Also of relevance in shallow gas hydrate-bearing sed-
iments is the likelihood that the entire sediment column between the seafloor and the BGHSZ is relatively
incompetent (soft sediments). Such strata will presumably have a low tendency to accommodate dilatation-
al strain along fault segments during sliding because of soft sediment deformation. We suggest that one or
more of these factors could explain an apparent lack of leaking normal faults in the GHSZ on the southern
Hikurangi margin.

4.6. Other Examples of Doming Zones Beneath Gas Conduits?

Our observation of a distinct doming zone beneath a gas conduit, and directly above the regional BSR level,
has implications for understanding gas hydrate formation around gas conduits. Zones of mixed free gas
and gas hydrate are known to form in nature close to the seafloor around gas conduits (Haeckel et al., 2004;
Tréhu, Flemings, et al., 2004; Tréhu, Long, et al., 2004), manifesting themselves as disrupted but strong
reflectivity in seismic data (e.g., Crutchley et al., 2013; Riedel et al., 2018; Tréhu, Long, et al., 2004). Our
results in this study indicate that broad zones of free gas and gas hydrate can also develop at the bases
of gas conduits, in agreement with previous numerical modeling studies (e.g., Chatterjee et al., 2014; Liu
et al., 2019). There are other examples in nature of doming reflectivity above the regional BSR level at the
bases of gas conduits (e.g., Koch et al., 2016). However, there are also many examples where this doming
phenomenon does not occur (e.g., Petersen et al., 2010; Plaza-Faverola et al., 2011), including in cases where
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Figure 9. Comparison between gas conduits, plotted at identical horizontal and vertical scales. The vertical exaggeration is ~3x, based on a representative
sediment velocity of 1,600 m/s. TWT = two-way travel time. (a) The conduit in this study, from Line TAN1808-92 (Figure 4a), with the doming zone annotated.
(b) A gas conduit beneath the Takahé Seep (see Figure 1b for location). Example waveforms show polarity at the seafloor (position “1”), at an example location
at the top of the doming zone (position “2”), and at the bottom simulating reflection (BSR) (position “3”). Yellow box enlargement (upper right) shows the
sealing unit at the top of the doming zone, the base of which is marked by a negative polarity reflection (dotted blue line).

high seismic velocities point to concentrated gas hydrate accumulations within and around gas conduits
(Plaza-Faverola et al., 2010).

In Figure 9 we compare the gas conduit in this study with another example gas conduit, beneath the Takahé
seep site (Koch et al., 2016) (~20 km to the northeast, see Figure 1). The two doming zones have similar
dimensions, despite having formed in different water depths. There is also evidence from waveform polarity
(Figure 9b) for gas hydrate in the doming zone surrounding the base of the Takahé conduit. The doming
zone at Takahe is capped by a regional negative polarity reflection that marks the base of a weakly reflective
unit, which has acted as the seal (Figure 9b). From these two examples, it appears likely that the causes of
such doming zones are compacted lithological units above the BGHSZ, which divert some of the ascending
free gas laterally. The sealing units in both examples are ~100 ms (or ~80-100 m) above the regional BGHSZ
level. The sealing unit in Figure 9a is the mass transport deposit (MTD3), while it is unclear what the litho-
logical origin of the sealing unit is in Figure 9b.

Since vertical gas conduits influence seafloor ecology and ocean chemistry (e.g., Levin et al., 2016) as well as
subsurface gas hydrate formation (e.g., Haeckel et al., 2004; Tréhu, Flemings, et al., 2004), it is important to
explore how geological settings control their development. This study has demonstrated the important role
of lithological seals (in this case a folded mass transport deposit; Figure 8) in constraining the lateral and
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vertical distribution of a thick free gas reservoir. Such seals can also lead to doming zones of free gas and gas
hydrate extending upward from the regional BGHSZ around gas conduits. We suggest that future modeling
of gas conduit propagation might consider the role of pronounced lithological contrasts within the hydrate
stability zone, and how such heterogeneity influences free gas flow and gas hydrate formation.

5. Conclusions

‘We have presented seismic reflection images of a classic gas conduit through the GHSZ, amid a network of
normal faults. We draw the following conclusions about the gas hydrate/free gas system:

1. The gas conduit is underlain by a thick free gas zone, the base of which is marked by a distinct reflection
from the gas-water contact that cuts across dipping lithological reflectors. At its thickest point, the free
gas zone is ~240 m thick, from the BSR to the gas-water contact.

2. The interconnected free gas column has led to capillary entry into the GHSZ and, ultimately, to hydraulic
fracturing of the overburden and propagation of the gas conduit through to the seafloor. Though there is
evidence for relatively short free gas migration along a single fault, the broader normal fault network is
not exploited for large-scale free gas migration through the hydrate stability zone.

3. Beneath the gas conduit is an upward doming zone of higher-than-background reflectivity. This doming
zone extends upward from the regional base of hydrate stability (as determined from BSRs in low-fre-
quency data) and contains both positive- and negative-polarity reflections. Note that the term “doming”
in this context refers to the shape of enhanced reflectivity, and does not refer to physical doming of
stratigraphic layers.

4. We interpret the doming zone as a region of free gas and gas hydrate that formed directly beneath the gas
conduit, prior to the gas conduit developing. Lateral spread of fluid beneath the gas conduit has likely
been encouraged by a sealing mass transport deposit.

5. Doming zones like the one described in this study have also been observed beneath other gas conduits,
but they are not inherent to all gas conduits through hydrate-bearing sediments globally. We suggest that
they form in places where there are pronounced lithological seals within the hydrate stability zone that
trap some of the ascending free gas and deflect it laterally.
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