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The bottom simulating reflection (BSR) is widely observed along continental margins and is believed to

mark the base of gas hydrate stability zone (BGHSZ). In some regions, double or multiple overlapping
BSRs are observed, yet their formation mechanisms and geologic implications are not well understood.
Here we present 3D seismic images from the 2018 NZ3D experiment that covers a 14 x 60 km? survey
area on New Zealand’s northern Hikurangi subduction margin. We observe double BSRs in five locations.
Beneath the Tuaheni Basin in the mid-slope, a secondary BSR (BSR2) lies ~100-360 m deeper than the
primary BSR (BSR1) and its 3D geometry mimics the unconformity at the base of the basin. At three
thrust ridges located 18-38 km from the deformation front, BSR2 lies ~55-130 m below and is sub-
parallel to BSR1. At another thrust ridge ~14 km from the deformation front, BSR2 forms above the BSR1,
and the two BSRs converge towards the peak of the ridge. Through 3D modeling of BGHSZ and analysis
of the geometry and reflection characteristics of the double BSRs, we identify three potential mechanisms
for their formation (1) rapid sedimentation, (2) tectonic uplift, (3) overpressure/heat advection caused by fluid
migration. Our study demonstrates that formation of double BSRs is closely linked to subduction processes
along the northern Hikurangi margin, and double BSRs may be used as indicators for areas with recent
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1. Introduction

A bottom simulating reflection (BSR) is a seismic reflection that
mimics the seafloor and crosscuts sediment layers. It is widely ob-
served in the upper few hundred meters of marine sediments at
continental margins, and is often associated with the presence of
gas hydrate, an ice-like structure where methane or other gases are
trapped in a cage formed by water molecules (Bohrmann and Tor-
res, 2006). Gas hydrate is stable in high pressure and low temper-
ature environments. At the base of the gas hydrate stability zone
(BGHSZ), hydrate-bearing or water-bearing sediments lie above
low-velocity gas-charged sediments. This negative impedance con-
trast gives rise to the reversed polarity of BSRs with respect to the
positive impedance seafloor reflection (Haacke et al., 2007; Hol-
brook et al., 1996).
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At some locations, two or more overlapping BSRs are observed,
for example at the Nankai trough (Foucher et al., 2002), the Hy-
drate Ridge of the Cascadia margin (Bangs et al., 2005), and the
Black Sea (Popescu et al., 2006; Zander et al., 2017). While the
primary BSR is regionally continuous and is generally consistent
with the BGHSZ inferred from current pressure and temperature
(P-T) conditions, the secondary BSR is usually more spatially lim-
ited and weaker in amplitude, and is separated from the primary
BSR by several tens of meters. Many secondary BSRs also have re-
versed polarity, similar to the primary BSR (Bangs et al., 2005). It
is noteworthy that although BSRs are widespread along continental
margins, double or multiple BSRs are relatively rare.

The formation mechanisms of double/multiple BSRs are not
well understood. The depth at which BSRs occur is determined
by pressure, temperature, salinity of pore water, and the com-
position of gas (Sloan and Koh, 2007). Proposed mechanisms for
double BSRs formation can be grouped into two categories. The
first category assumes that both BSRs are in equilibrium with cur-
rent P-T conditions, and they are associated with hydrate formed
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Fig. 1. Bathymetry map of study area on the northern Hikurangi subduction margin. Black rectangle: the extent of NZ3D seismic dataset. White dashed line: outline of a
subducted seamount inferred from magnetic anomalies (Barker et al., 2018). Blue dots: seep sites inferred from acoustic anomalies in the water column data acquired during
the NZ3D experiment. Purple lines: traces of major thrust faults at the seafloor. Yellow dots: IODP Exp. 372/375 drilling Sites U1517-U1526. Inset: regional tectonic setting.
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

from different gases (Andreassen et al., 2000). For example, while
the shallow BSR marks the BGHSZ for methane hydrate (Structure-
I gas hydrate), the deeper BSR occurs at the BGHSZ for hydrate
formed by gas containing higher order hydrocarbons (Structure-II
gas hydrate). Although Structure-II hydrate has been sampled in a
few locations including Gulf of Mexico (Milkov and Sassen, 2000)
and offshore Borneo (Paganoni et al., 2016), it has not been re-
covered at a location where double BSRs are observed. Thus this
mechanism has not been confirmed. The second category assumes
that one of the BSRs is in equilibrium with current or very recent
P-T conditions, yet the other BSR is a relic BSR in the process of
dissipating due to changing P-T conditions. Proposed mechanisms
for changing P-T conditions include changes in bottom water tem-
perature (BWT) and sea level due to climate changes (Bangs et al.,
2005; Popescu et al., 2006), tectonic uplift and subsidence (Foucher
et al,, 2002; Pecher et al., 2017), and sedimentation and erosion
(Crutchley et al., 2011; Zander et al., 2017). Yet due to large un-
certainties in past climate conditions and tectonic history, these
proposed mechanisms are in general not well constrained.

Along the Hikurangi subduction margin offshore New Zealand,
double BSRs have been previously observed at two locations from
2D seismic lines. At Western and Eastern Porangahau Ridge along
the southern Hikurangi margin, Crutchley et al. (2011) report
closely spaced double BSRs (separation <50 ms two-way-travel-
time) and suggest one of the BSRs may be a relic BSR formed prior
to seafloor erosion or enhanced heat flow. In the northern Hiku-
rangi margin, two BSRs separated by ~70-120 m are imaged near
the pinch-out of the BGHSZ in the upper slope and are proposed

to form by tectonic uplift (Pecher et al, 2017). However due to
the isolated observations, whether these double BSRs formed only
from local processes, or are related to broader-scale tectonic pro-
cesses is not clear.

In this study, we present 3D seismic images covering an area
of 14 x 60 km? from the 2018 NZ3D experiment along the north-
ern Hikurangi margin (Fig. 1). We observe double BSRs at multi-
ple locations beneath several thrust ridges and a mid-slope basin
(Figs. 2-5). Through analyses of 3D geometry and reflection charac-
teristics of the double BSRs, modeling of BGHSZ and paleo-seafloor,
and incorporation of drilling data from International Ocean Discov-
ery Program (IODP) Expeditions 372 & 375 (Pecher et al., 2019;
Wallace et al,, 2019), we investigate the origins of these double
BSRs in relation to subduction processes. In particular, we iden-
tify three potential mechanisms for double BSRs formation asso-
ciated with rapid sedimentation, tectonic uplift, overpressure/heat
advection caused by fluid migration. Our new data provide better
constraints and new insights into the formation processes of dou-
ble BSRs. Our study also demonstrates that the dynamics of gas
hydrate systems along the northern Hikurangi margin is closely
linked to subduction processes, and double BSRs may be useful
indicators for revealing areas with recent sedimentation, tectonic
and/or fluid activities in subduction zone studies.

2. Tectonic setting

The Hikurangi trough lies offshore the east coast of New
Zealand’s North Island. Here the Pacific plate subducts west-
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ward beneath the Australia plate at convergence rate of 45-55
mm/yr (Wallace et al., 2004). The subducting Hikurangi Plateau,
a Mesozoic-age large igneous province with anomalously thick
(~10-15 km) crust (Davy et al., 2008), is studded by numerous
seamounts (Pedley et al., 2010). The accretionary wedge at the
northern Hikurangi margin is relatively small and is interpreted as
resulting from repeated erosion by subducting seamounts (Collot
et al,, 2001; Pedley et al., 2010). Subducted seamounts beneath the
wedge have also been inferred from seismic reflection profiles and
modeling of magnetic data (Barker et al., 2018; Bell et al., 2014).
The plate interface along the northern Hikurangi margin is charac-
terized by shallow locking and aseismic creeping. Slow slip events
(SSEs) are observed to occur here every 1-2 years at shallow depth
(<15 km), with relatively short duration (<1 month) and a range
of equivalent earthquake magnitudes from events of M,y > 7.0 to
events of My,6.0 ~ 6.5 (Wallace, 2020).

3. Data and methods

In January and February of 2018 we acquired a 3D seismic
data volume within a 14 x 60 km? survey area aboard the R/V
Langseth along the northern Hikurangi margin (Fig. 1). Two groups
of airgun arrays, each includes 18 guns with a total volume of
3,300 in® (54 L), were towed at a nominal depth of 7 m and
fired alternately every 25 m. The data were recorded with four 6-
km-long, solid-state streamers towed at a nominal depth of 8 m
with 150 m spacing. Each streamer is composed of 468 active
hydrophone groups spaced at 12.5 m. Positions of sources and re-
ceivers were derived from shipboard and tailbuoy GPS receivers,
compass-enhanced DigiCourse birds and an acoustic transponder
array placed along the streamers. Data were recorded in 9.5-s long
records with a sampling rate of 2 ms.

The 3D processing sequence includes 3D geometry definition
(bin size 25 m x 37.5 m), filtering to remove cable noise, trace
editing, spherical divergence correction, resampling to 4 ms, ve-
locity analysis, stacking, and 3D Kirchhoff post-stack time migra-
tion using stacking velocity. A starting velocity model was built
by expanding a 2D velocity profile going through the NZ3D area
that was derived from traveltime tomography on 12.5 km offset
streamer data to 3D (A. Arnulf, personal communication). High-
resolution multi-beam bathymetry acquired during our survey was
used to define the seafloor of the 3D velocity model. Semblance-
based velocity analysis (Schneider and Backus, 1968) was then
conducted on every 30 inlines (1.125 km) and 50 crosslines
(1.25 km) to refine the velocity model (Fig. S1). The uncertainty
of the velocity is estimated to be ~ £5% within the depth ranges
of the BSR for most places, but can be higher in areas with no clear
reflections. Multiple suppression was not applied as our target
depths are all above the water column multiple. Depth conversion
was applied to the 3D migrated images using interval velocities
derived from stacking velocity (Fig. S1). From the depth converted
3D volume, we interpreted BSRs, faults, unconformities, and other
relevant horizons.

To investigate whether the gas hydrate system at this part of
the northern Hikurangi margin is in thermodynamic equilibrium,
we conducted 3D modeling of BGHSZ in steady state conditions
following the approach of Hornbach et al. (2012) (Supplementary
Information). We constructed a starting temperature field from
XBT measurements of water column temperature during the NZ3D
experiment (Fig. S2), bathymetry encompassing the survey area,
and an initial thermal gradient. We ran the model over a simulated
period of 1 Myr to allow the temperature field to reach the final
steady state. BSR depth is calculated using a pure methane gas hy-
drate stability curve with pore water salinity of 3.45%, assuming
hydrostatic pressure at the BSR depth (Sloan and Koh, 2007).
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4. Results
4.1. Slope structure within NZ3D area

Our study area on the northern Hikurangi margin is charac-
terized by a steep lower slope consisting of new thrust ridges, a
mid-slope basin (the Tuaheni Basin) overlying older thrust ridges,
and a gently dipping upper slope that has failed with submarine
landslides (Fig. 1).

Within ~23 km from the deformation front, the seafloor shal-
lows from ~3500 m to ~900 m across five thrust ridges (Fig. 1).
The orientation of the thrust ridges is approximately N-S near the
deformation front, but changes to NE-SW at the 5th (the most
landward) ridge. A major slump that is ~3.5 km across with a
scarp ~1.2 km high is present at the northern end of the 2nd
ridge. A few smaller scale slumps are also observed along the 1st,
2nd, and 3rd ridges (Fig. 1).

In the middle slope, the Tuaheni Basin lies between the 5th
ridge and the upper slope and is bounded by the Tuaheni Ridge
to the south (Fig. 1). The basin is ~19 km long (in the NE-SW
direction) and 12 km wide. While the basin area is mostly flat,
high-resolution bathymetry reveals fine-scale blocky appearance
and streaks at the seafloor, which may indicate debris flow de-
posits (Fig. 1). The basin fill sediments are deposited on top of
older thrust ridges and lap onto the upper slope (Fig. 3). The un-
conformity that marks the base of the basin shows the shape of
a channel oriented NE-SW in the western part of the basin, sub-
parallel to the 5th ridge and the seaward edge of the upper slope
(Fig. 3a). This channel is shallow (~130-140 mbsf) and narrow
(~1.2 km) in the SW and gradually widens (to ~2.4 km) and deep-
ens (to ~600 mbsf) to the NE. The upper 150-160 m of the basin
deposit is relatively chaotic whereas the deeper section consists of
strongly reflective layers (Fig. 3b-d). Both the upper and the lower
sections show slight tilt in the east, likely in response to the de-
formation of the underlying thrust ridges (Fig. 3b, d).

The upper slope is composed of a section of seaward dipping
wedge deposits (Fig. 3b). Arcuate-shaped head scarps across the
upper slope mark several episodes of slope failure in the southern
part of our 3D survey area (Fig. 1). They are part of the Tuaheni
Landslide Complex (Mountjoy et al., 2009). To the north, sheet
slides have removed the topmost ~20-30 m of strata from the up-
per slope (Fig. 1).

4.2. Distribution and characteristics of double BSRs

Within the NZ3D volume, BSRs are observed from upper slope
to near the deformation front (Fig. 2). The BSR appears as a reflec-
tion with negative polarity that follows the seafloor in most areas
(e.g. Fig. 4). It is in general a regionally continuous reflection but is
not imaged or difficult to identify beneath the main outlet of slope
failures, the northwestern edge and eastern portion of the Tuaheni
Basin, or around the slump areas (Fig. 2a). We interpret this BSR
as the primary BSR and label it as BSR1.

At five locations within the NZ3D volume we also observe a
second BSR in discrete patches with dimensions of a few kilome-
ters below or above the more regionally continuous BSR1 (Fig. 2b).
We consider these BSRs (labeled as BSR2) to be secondary BSRs
because of their more limited spatial extent relative to BSR1. As
for BSR1, BSR2 also crosscuts sediment strata (Figs. 3-5). In ar-
eas where the reflection is strong enough to discern its polarity,
the BSR2 appears to be of negative polarity, similar to the BSR1
(Figs. 3e-g, 5¢-f).

4.2.1. Tuaheni Basin
The largest BSR2 patch (Patch A) forms across the western part
of the Tuaheni Basin (Figs. 2-3). This 5.5 km x 2 km patch strikes
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et al.,, 2018). Blue dots: seep sites inferred from acoustic anomalies in the water column data acquired during the NZ3D experiment. Purple lines: traces of major thrust faults
at the seafloor. Yellow dots: I0DP Exp. 372/375 drilling Sites U1518 and U1519. Locations of the example inlines and crosslines in Figs. 3-5 are shown in (b).
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BSR2 along example inlines and crosslines are superimposed by modeled steady state BGHSZ. Vertical white dashed lines indicate crossing line locations. Time sections of

the seismic images are in Fig. S5.

NE-SW, sub-parallel to the long axis of the basin (Fig. 2b). Here
both BSR1 and BSR2 occur within the thrust ridges underlying the
basin deposit, significantly deeper than the modeled steady-state
BGHSZ at this location (Fig. 3b-d). BSR2 is a much weaker reflec-
tion than the BSR1 and crosscuts the dipping strata of the thrust
ridges. There is no apparent change in reflection amplitude of
these dipping strata across the BSR2. In places, BSR2 lies beneath
the expected position of BSR1 but BSR1 is not seen (Fig. 3b-c). Sim-
ilar to the BSR1, BSR2 does not mimic the flat seafloor, but instead
it deepens from 600 to 1180 mbsf, toward the center of the basin

and towards the NE where the basin deposit thickens (Fig. 2). The
separation between BSR1 and BSR2 also increases from ~100 m in
the SW to ~360 m in the NE. The 3D shape of BSR2 Patch A re-
sembles the unconformity that separates the basin fill deposit and
the underlying thrust ridges (Figs. 2-3).

4.2.2. Thrust ridges
BSR2 is also present in patches beneath the flanks and/or peaks
of four thrust ridges located 14 to 38 km landward of the defor-
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mation front (Fig. 2b). These BSR2 patches are ~2-3 km across and
lie ~55-130 m below or above BSR1 (Figs. 2b, 4, 5).

The double BSRs beneath Peak 3B (Patch B), the 4th Ridge
(Patch C), and the Tuaheni Ridge (Patches D1 and D2) share a num-
ber of similarities (Fig. 4): (1) BSR2 lies below and is sub-parallel
to BSR1; (2) BSR2 is in general a weaker reflection than BSR1; and
(3) BSR1 fits the modeled steady-state BGHSZ well (except for one
example shown in Fig. 4f, where the ridge is adjacent to the basin)
and BSR2 is deeper than the modeled BGHSZ. These BSR2 patches
also have some differences. While Patches B and D are located be-
neath the landward flank of the ridges, Patch C is located beneath
the peak (Fig. 4a, ¢, e). Furthermore, there is another reflection, po-
tentially a third BSR (labeled as BSR3), beneath the southern end
of Patch C (Fig. 4c).

The double BSRs imaged beneath Peak 3A at the south side
of the 3rd thrust ridge (labeled as Patch E) show several unique
characteristics compared to double BSRs at other ridges (Fig. 5).
The double BSRs occur beneath the seaward flank of the Peak 3A
within a section of steeply dipping strata. Instead of being sub-
parallel to each other, the two BSRs are separated by ~60-120 m
at their seaward end and converge towards the ridge peak (Fig. 5a).
Both BSRs are bright reflections. Although their waveforms are
more complex than normal BSR1 reflection elsewhere, and show
spatial variations, their polarity is in general negative (Fig. 5c-f).
While it is not clear from inline images which BSR is primary and
which is secondary, the crossline images show that the deeper BSR
is more regionally continuous than the shallower one (Fig. 5b).
Thus we regard the deeper BSR as BSR1 and the shallow one
as BSR2. Both BSRs are significantly shallower than the modeled
steady state BGHSZ beneath Peak 3A (inline 50-90, crossline 1100-

1200); but outside of the double BSRs area, the BSR1 lies close to
the modeled BGHSZ (Fig. 5).

5. Formation of double BSRs

The position of a BSR is closely related to P-T conditions and
gas composition. The occurrence of double/multiple BSRs has been
proposed to mark the BGHSZs for hydrates with different gas com-
positions (Andreassen et al., 2000). In our study area, ocean drilling
by IODP Exp. 372&375 found that methane is dominant in gas
composition (> 99.8%) and higher order hydrocarbon gases such
as ethane and propane only exist in trace amounts, not enough to
form Structure-II hydrate (Pecher et al., 2019; Wallace et al., 2019).
Extensive sediment coring in the past decade also suggests purely
biogenic methane generation in this part of the Hikurangi Margin
(Crutchley et al., 2016; Greinert et al., 2010; Huhn, 2016). The pen-
etration depths of most of these drill sites are within the stability
zone of methane hydrate, so it is possible that more higher or-
der hydrocarbon gases exist at greater depth due to compositional
fractionation, but are not sampled (Paganoni et al., 2016). While
fractionation of thermogenic gas has been suggested to cause dou-
ble BSRs, we are not aware of any locations globally where this
process has been confirmed. Therefore we consider it unlikely that
the BSR2s in our 3D dataset are formed from Structure-II hydrate.
We focus our discussion below on the more likely cause of BSR2
formation, which is change of BGHSZ for methane hydrates follow-
ing changes in P-T conditions in this region.

The simplest cause of changes in P-T conditions at the GHSZ
are changes in sea level and BWT due to glacial cycles, which
have been proposed to explain the double BSRs formation in
some regions (Bangs et al., 2005; Popescu et al., 2006). Rising sea
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level during deglaciation is usually accompanied by BWT warming,
while the opposite occurs during glaciation (Ruppel and Kessler,
2017; Screaton et al., 2019). Thus changes of sea level and BWT
have opposing effects on BGHSZ depth. The BWT history in our
study area is not well known. Recent modeling study shows that
BWT changes of 2°C during glacial cycles would mostly counter-
act the impacts of sea level change along the northern Hikurangi
margin (Screaton et al., 2019). Furthermore, the dominant ocean
current in this region is the East Cape Current that flows south-
westward along the east coast of the North Island. Within our
study area, there are no permanent eddies, nor is there major up-
welling/downwelling (Chiswell et al., 2015). CTD measurements of
water column temperature in our study area show minimal spa-
tial variations (Fig. S2). Thus changes in sea level and BWT should
have a regional effect, at least on the scale of our survey area, and
BSR2 should mimic the seafloor and BSR1. Yet BSR2 in the Tuaheni
Basin does not follow the seafloor bathymetry and BSR2 beneath
the Peak 3A converges with the BSR1. Therefore changes in BWT
and sea level are not sufficient or necessary to explain our obser-
vation of double BSRs from the NZ3D data.

In the following sections we analyze sedimentation, tectonic,
and fluid processes related to subduction along the northern Hiku-
rangi margin and assess their roles in changing the P-T conditions
that facilitate double BSRs formation (Figs. 6-9).

5.1. Double BSRs beneath the Tuaheni Basin

The Tuaheni Basin lies at the base of the upper slope and has
been filled in with periodic landslide deposits (Mountjoy et al.,
2009). The rapidly deposited sediments depress the near surface
thermal gradient and induce heat to flow upward. As the thermal
gradient is restored, the BGHSZ migrates upward and a new BSR
forms at shallower depth (Fig. 9a).

If rapid sedimentation has caused the BGHSZ to shift from BSR2
to a shallower depth, we expect BSR2 to be in a position in equilib-
rium with pre-deposition P-T conditions. We can therefore model
the paleo-seafloor (paleoSF) when BSR2 formed from the observed
BSR2 depth. This inverse approach does not require any a priori in-
formation about paleoSF. For simplification, we assume a uniform
thermal gradient (‘:,—2) beneath paleoSF and a uniform BWT at
paleoSF (Tpaleosr)- With hydrostatic pressure and a pure methane
stability curve, we can obtain the temperature at BSR2 level (Tgsg2)
when it is in equilibrium. We can then calculate the depth of pa-
1e0SF Zpateosk = Zpsrz — (Tesrz-Tpaleosr)/ ‘:TZ- We tested different

combinations of % and Tpaeosp. Our results show that the mod-
eled paleoSFs do not follow the current flat seafloor but plunge
from SW to NE. The paleoSF modeled with ‘:,—Z of 24.3°C/km and
Tpaleosr Of 4 °C lies remarkably close to the unconformity between
the basin deposit and the underlying old thrust ridges, mapped
in three dimensions (Fig. 3a) - the ratio between Zp,jeosr and the
depth of unconformity (Zynconformity) i 1 & 0.04 for most of the
surface (Fig. 6). This close match of the two surfaces leads us to
conclude that the BSR2 formed when this unconformity was the
paleo-seafloor, before rapid filling of the basin. It is noteworthy
that ‘(',—Z of 24.3°C/km is the value obtained from APCT measure-
ments at IODP Site U1519 (Pecher et al., 2019), suggesting that
the background thermal gradient when BSR2 formed may be sim-
ilar to the current value. We recognize that ‘;—I and TpaleosF May
vary spatially and future models that take into account these spa-
tial variations could further improve the geometry of the modeled
paleo-seafloor.

If our inference that BSR2 existed before the deposition in the
Tuaheni Basin is correct, the age of basin deposit can be used to
constrain the age of the BSR2. IODP Site U1519 is located at the
landward edge of the Tuaheni Basin (Fig. 1). Biostratigraphy at this
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Fig. 6. Comparison of paleo-seafloor modeled from BSR2 and the unconformity at
the base of the Tuaheni Basin. (a) Depths of paleo-seafloor modeled from BSR2,
depth of the unconformity (cropped to the portion overlaps with the modeled
paleo-seafloor), and their ratio, with contours at 0.96 to 1.04 at 0.02 intervals. (b-c)
Example inlines showing comparison of the unconformity and the modeled paleo-
seafloor. Yellow dashed line: interpreted BSR1; Magenta dashed line: interpreted
BSR2; Magenta dotted line: paleo-seafloor modeled from BSR2; Green dashed line:
interpreted unconformity at the base of the Tuaheni Basin.

site only provides crude age estimate due to large coring gaps. Be-
neath the top Holocene section (0-14 m), the section between 14
and 536 mbsf, which includes the basin-fill deposit, the seaward
dipping upper slope deposit, and the uppermost part of the un-
derlying thrust ridge, is dated Late to Middle Pleistocene (Wallace
et al.,, 2019). More detailed age models are not available yet. Very
weak reflections of BSR2 suggest that they are likely caused by
small amount of residual gas beneath the paleo-BGHSZ. The low
concentration of free gas inhibits it to form a buoyant phase and
migrate upward, thus the gas can be trapped at the paleo-BGHSZ
level for many kyrs, preserving the BSR2.

BSR1 beneath the Tuaheni Basin also deepens towards the NE,
and does not follow the current flat seafloor (Figs. 2a, 3). As with
BSR2, BSR1 is also significantly deeper than the modeled BGHSZ,
which suggests that it is also out of equilibrium with current P-
T conditions (Figs. 3, S3). The 3D shape of the BSR1 mimics the
major unconformity in some parts of the basin (Fig. 3c), but not
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Table 1
Summary of abbreviations and symbols in Section 5.
paleoSF  Pre-deposition seafloor Zgsr2 Depth of BSR2 Ry Slip rate along the splay fault
‘,’,—Z Thermal gradient Zynconformity Depth of unconformity at the base of the Tuaheni Basin Ry Uplift rate
Tpaleosk Water bottom temperature at paleoSF o Dip of plate interface megathrust Ppyaro  Hydrostatic pressure
Tasr2 Temperature at BSR2 level B Dip of upper plate thrust fault Plitho Lithostatic pressure
ZpaleoSF Depth of paleoSF R1 Full convergence rate along the plate interface 2* Overpressure ratio
everywhere, suggesting that the BSR1 may have formed when the (a) Peak 3B (Patch B) Model Misfit

basin was partially filled (Fig. 9a). It is possible that the basin was
filled by two episodes of rapid deposition and the BSR1 was in
equilibrium with the seafloor after the 1st episode. After the basin
was fully filled by a 2nd episode of deposition, the BSR1 has been
in transient state moving upward to the current BGHSZ. The ap-
parent depth discrepancy between BSR1 and the modeled BGHSZ
is subject of an ongoing study.

5.2. Double BSRs beneath thrust ridges

Aside from the BSR2 patch beneath the Tuaheni Basin, all
other BSR2 patches are located beneath thrust ridges. These thrust
ridges are underlain by thrust faults that stem from the subduc-
tion megathrust. During subduction, convergence can be accom-
modated by slip along these upper plate thrust faults, which would
uplift the ridges and reduce pressure of the water column. Thrust
faults or highly dipping strata can also facilitate upward fluid mi-
gration from the megathrust to shallow sediments at thrust ridges,
modulating the P-T conditions there. Here we consider the effects
of these subduction-related processes on the formation of double
BSRs at the thrust ridges.

5.2.1. Tectonic uplift

During tectonic uplift, pressure reduction at the seafloor shifts
the BGHSZ upwards. As gas hydrate dissociates between the old
BGHSZ and the new BGHSZ, two nearly parallel BSRs may co-exist
temporarily during this transition (Fig. 9b). In our NZ3D volume,
we observe BSR2 that is sub-parallel to BSR1 beneath three thrust
ridges (Patches B, C, D) (Fig. 4). We thus consider the hypothesis
that these double BSRs are formed by tectonic uplift.

To test this hypothesis, we first estimate the magnitude of up-
lift needed to produce the observed double BSRs. We model 3D
steady-state BGHSZs with paleo-seafloor prior to different amount
of uplift and compared the models with the observed BSR2 (Sup-
plementary Information). BSR2 Patches B, C, and D1 can be best
modeled with uplift of 45 m, 70 m, and 70 m respectively (Figs. 7,
S7). These estimates are similar to the 70 m uplift estimated from
2D seismic images of double BSRs north of our study area (Pecher
et al.,, 2017).

We then estimate the time over which the uplift occurred to
determine the uplift rates. For a relic BSR to be seismically imaged,
free gas beneath the paleo-BGHSZ is required to produce a nega-
tive impedance contrast. We follow the approach of Foucher et al.
(2002) and estimated the gas diffusion time to be ~14 kyr (Sup-
plementary Information). If hydrate was present above the paleo-
BGHSZ, hydrate dissociation can be significantly slowed down with
buffering by latent heat during tectonic uplift (Goto et al., 2016),
thus helping to preserve BSR2 for longer time. Yet we cannot esti-
mate hydrate dissociation time due to lack of information about
the thickness and hydrate saturation of the paleo-hydrate layer.
We therefore consider that BSR2 can be seismically recognizable
for at least 14 kyr. For 45-70 m of uplift at thrust ridges to happen
during this time, the uplift rates are 3-5 mm/yr, higher than the
Quaternary uplift estimated from shortening along the east coast
of the North Island (<3 mm/yr) (Nicol et al., 2017).

Although the high uplift rate is difficult to achieve with normal
subduction scenario, uplift rates can be temporarily substantially
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Fig. 7. Analysis of tectonic uplift at thrust ridges the Peak 3B, the 4th Ridge, and the
Tuaheni Ridge. (a-c) Depth of observed BSR2, best-fit modeled paleo-BSR prior to
tectonic uplift, and the misfit between observation and models for the three ridges
(d) Geometry of accretionary wedge with splay fault for calculation of uplift rate.
See Table 1 for description of symbols.

larger during localized tectonic events such as seamount subduc-
tion, as proposed by Foucher et al. (2002) and Pecher et al. (2017).
Along this part of the Hikurangi margin, modeling of magnetic
anomaly data suggests the presence of a SW-NE striking, lozenge-
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Fig. 8. Modeled overpressure ratio A* at the BSR2 depth for (a) Peak 3B (Patch B), (b) The 4th Ridge (Patch C), and (c) the Tuaheni Ridge (Patches D1 & D2).

shaped subducted ridge ~40 km long and 15 km wide, with re-
lief up to 2.5 km beneath the eastern part of the Tuaheni Basin
(Figs. 1-2) (Barker et al., 2018). A seamount may serve as a barrier
for slip propagation along the plate interface and divert slip into
the thrust faults in the upper plate (Fig. 7d). During an offshore
SSE in September and October 2014, Wallace et al. (2016) observe
a gap of large (>10-cm) slip where the subducted ridge is inferred.
Apparently, the plate interface updip of the ridge did not slip. Fol-
lowing this SSE, repeating small earthquakes and tremors were
detected in the upper plate above the subducted ridge, suggest-
ing slip has been redirected from the plate interface to multiple
faults within the upper plate (Shaddox and Schwartz, 2019).

We can estimate uplift rate for this slip scenario by assuming a
simple geometry (Fig. 7d). With a subducting plate of dip & and an
upper plate thrust fault (splay fault) of dip B, the angle between
the plate interface and the splay fault is (8-«). We assume that
during a short period of time, full convergence rate along the plate
interface (Rq) is diverted to a single splay fault. The slip rate along
the splay fault is then Ry = Ry/cos(B8-a). The uplift rate associ-
ated with the splay fault is R, = Ry* sin 8 =Ry /cos(8-a)* sin 8. At
this part of the Hikurangi margin, the plate dip is « ~ 6°, and the
dip of upper plate thrust faults is g ~ 15°-30°. With full conver-
gence rate Ry =45 mmy/yr, the uplift rate R, = 12-25 mm)/yr. If the
convergence is distributed over three upper plate faults beneath
Peak 3B, the 4th Ridge, and the Tuaheni Ridge where we observe
double BSRs, the average uplift rate would be 4-8 mm/yr for each
ridge. These calculated rates are similar to the high uplift rates
due to subducted ridges/seamounts observed at southern Central
America (3-8.5 mm/yr) (Morell, 2016) and the Solomon Island (8
mm/yr) (Taylor et al., 2005). The uplift rate that we estimated from
the double BSRs (3-5 mm/yr) is within the range of the calculated
and observed uplift rate related to seamount subduction, therefore
we consider double BSRs beneath the thrust ridges can form by
tectonic uplift. The 45-70 m uplift that we inferred from double
BSRs is likely achieved through multiple uplift events. Only when
the quiescence between uplift events is long enough for the hy-
drate above the old BGHSZ to dissociate and the gas to migrate
upwards and accumulate beneath the new BGHSZ, a new BSR can
form. That we only observe BSRs at two depths, not at other inter-
mediate depths, may indicate that the quiescence of uplift at these
intermediate depths was short compared to the BSR establishment
time.

5.2.2. Overpressure caused by fluid migration

Our analysis above has assumed that the BSR2 for Patches B-
D is relic BSR. Alternatively, BSR1 and BSR2 may be both modern
BSRs formed at different pressure conditions. Fluid overpressure is
common at compressional margins. With enhanced pore pressure,
the BGHSZ is deeper than with hydrostatic pressure (Fig. 9¢). Here
we test the hypothesis that the BSR2 for Patches B-D is related to

overpressure caused by fluid migration and investigate its potential
link to SSEs along the northern Hikurangi margin.

We first follow the approach of Zander et al. (2017) to calculate
overpressure at the BSR2. We assume that BSR1 is at the BGHSZ
with hydrostatic pressure to obtain the local thermal gradient and
calculate the temperature at BSR2. We then use a methane hydrate
stability curve to find the pressure (P) required at this temperature.
This pressure lies between hydrostatic (Phydro) and lithostatic pres-

sure (Pjitho), and we calculate overpressure ratio A* = %’m.
We find that if BSR2 is at the BGHSZ with overpressure, the pres-
sures at the BSR2 for Patches B, C, D are higher than Ppyqr by 1.6
MPa, 2.8 MPa, and 1.7 MPa respectively and their A* are ~0.4-0.5
(Fig. 8).

For BSR1 and BSR2 to co-exist, we consider the possibility
of pressure cycling between hydrostatic pressure, which produces
conditions favorable for BSR1, and overpressure A* ~ 0.4-0.5, which
would support BSR2. Such pressure cycling could result from the
megathrust earthquake cycle; however, the duration of the cycle
may be too long to sustain the overpressure that would support
BSR2. SSEs occur every 1-2 years (Wallace et al., 2004), and could
also induce pore pressure changes in the overriding plate but on a
much shorter time frame, thus allow both pressure conditions to
exist for a substantial portion of the slip cycle (Fig. 9c). The SSEs
tend to occur in regions with high, near-lithostatic pore fluid pres-
sure along the megathrust (Saffer and Wallace, 2015). Drainage of
these highly over-pressured fluids through fracture networks in the
overriding plate following SSEs has been inferred from observa-
tions of micro-earthquakes and seismic attenuation (Nakajima and
Uchida, 2018; Shaddox and Schwartz, 2019; Warren-Smith et al.,
2019). We speculate that shortly after an SSE, upward fluid mi-
gration increases the pore pressure beneath the thrust ridge and
the BGHSZ is at BSR2. Later in the SSE cycle, as the fluid dif-
fuses and pore pressure drops back to hydrostatic, BGHSZ shifts
to BSR1 (Fig. 9c). This mechanism requires pressure changes that
extend over the 2-3 km wide BSR2 patches. Over-pressured fluid
along splay faults could potentially be distributed into the broader
region surrounding the BSR2s along secondary faults and highly
permeable sand layers (Bense et al., 2013). Although we have no
information on whether this is the case, we consider this mecha-
nism as a speculative, yet intriguing link between the double BSRs
and SSEs that could be pursued in future studies.

5.2.3. Heat advection caused by fluid migration

The converging geometry of the double BSRs beneath the Peak
3A is curious. We are not aware of any previously reported double
BSRs with similar geometry. The polarity of both BSRs is negative,
suggesting that free gas is the primary cause of the BSRs (Fig. 5c-f).
The waveforms of the double BSRs are more complex than that of
BSR1 on the landward side of the ridge, likely reflecting the com-
plex impedance structure within the double BSRs zone as well as
interference with reflections from background sedimentary strata.
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We suggest that the BSR2 is a younger BSR than the BSR1 and
the BGHSZ is moving upwards in this area. Several lines of evi-
dence suggest that this upward shift of BGHSZ is possible and is
related to heat advection by fluid migration. (1) Both BSRs beneath
the Peak 3A are shallower than the modeled steady state BGHSZ
by up to 200 m; yet the BSR1 lies close to the BGHSZ where it
is outside of the double BSRs area (Fig. 5a). This distribution is
consistent with locally higher heat flow in the double BSRs area.
(2) The two BSRs are located within the landward side of a thrust
fold that is bounded by a thrust faults to the west (Fig. 5). The
~1.4 km thick steeply dipping sediment section that hosts the
double BSRs provides ideal conduits for fluid migration. In con-
trast, landward of the thrust faults where the strata have gentler
dips, double BSRs are not observed. (3) The separation of the dou-
ble BSRs is larger near the apex of the fold, but is smaller away
from the apex, consistent with higher fluid flux towards the anti-
cline. Our observations suggest that the double BSRs beneath the
Peak 3A are formed by enhanced heat advection associated with
fluid migration. Fluid migration due to compaction and mineral de-
hydration is common at subduction zone margins. When warmer
fluid is provided, hydrate dissociates and releases gas that can mi-
grate upwards to form a new BSR at shallower depth. Thus, BSR2
may be a nascent BSR that is forming in response to a new episode
of warm fluid migration (Fig. 9d).

6. Causes for widespread double BSRs across the northern
Hikurangi margin

Double or multiple BSRs are not commonly observed in marine
sediments; however, we imaged multiple patches of double BSRs
in our 14 x 60 km? survey area. Why are there so many double
BSRs along this part of the northern Hikurangi margin?

The abundance of double BSRs may be more apparent from 3D
seismic imaging than from 2D profiles. Although multiple patches
of double BSRs are observed in our 3D box, they are in general
quite limited in spatial extent (a few km across) and cover only 6%
of the total area between 650 m and 2750 m water depth. Thus,
it is unlikely that sparsely spaced 2D seismic lines will cross dou-
ble BSRs patches, often leaving them unseen. Furthermore, with 3D
data, energy from BSR2 can be better focused through 3D migra-
tion and BSR2 can be traced laterally, giving more fidelity in the
interpretation of these typically weak reflections. It is possible that
double BSRs are widely distributed in other continental margins
but are not detected due to lack of 3D seismic data coverage.

Besides the seismic imaging factor, dynamic tectonic processes
at the northern Hikurangi margin likely play a major role in the
formation of double BSRs. Although the convergence rate at this
part of the margin is intermediate among subduction zones, the
northern Hikurangi margin may host more vertical tectonic pro-
cesses due to the many subducting seamounts and ridges. These
bathymetric anomalies can impact the accretionary wedge and
cause rapid tectonic uplift, and they may also contribute to slope
failure and the associated landslide deposit in the forearc basins.
These processes all affect the P-T conditions in the shallow sedi-
ments, which are key controls for gas hydrate stability.

Furthermore, the abundant fluid of the northern Hikurangi mar-
gin may also provide favorable conditions for double BSRs for-
mation. The northern Hikurangi margin has been suggested to
be fluid-rich based on its low seismic velocity, high seismic at-
tenuation, and high electrical conductivity (Bassett et al., 2014;
Eberhart-Phillips et al., 2017; Heise et al., 2013). A major fluid
source is inferred to be subducting sediments (Bell et al., 2010).
Frequent SSEs may help maintain high permeability along upper
plate faults and thus facilitate episodes of enhanced fluid flow that
not only transport deep gas upward, but also modify the thermal
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structure and pressure regime at shallow sub-seafloor depth, con-
tributing to the formation of double BSRs.

7. Conclusion

Double BSRs are in general not commonly observed along con-
tinental margins. Prior to our study, several causes for double
BSRs have been proposed, but they were not well constrained.
Now using new 3D seismic data along the northern Hikurangi
margin combined with BGHSZ modeling and ocean drilling data,
we are able to image multiple patches of double BSRs within a
14 x 60 km? survey area (Figs. 2-5) and provide better constraints
and new insights into their formation processes. Specifically, we
identify three different formation mechanisms (Fig. 9).

(1) Rapid sedimentation: Beneath the Tuaheni Basin, the 3D ge-
ometry of BSR2 Patch A closely matches that of an unconformity at
the base of the basin. Modeling of paleo-seafloor suggests that the
BSR2 formed prior to rapid sedimentation in the basin (Fig. 9a).

(2) Tectonic uplift: sub-parallel double BSRs (Patches B, C, D)
are imaged beneath three thrust ridges in vicinity of a subducted
seamount and their formation can be explained by sustained tec-
tonic uplift at 3-5 mm/yr. This high uplift rate may be achieved
when a subducted seamount temporarily diverts all the slip along
the plate interface to upper plate thrust faults (Fig. 9b).

(3) Overpressure/heat advection caused by fluid migration: an alter-
native formation mechanism for BSR2 Patches B, C, and D involves
pore pressure oscillation in the shallow sediments associated with
SSEs cycles. The deeper BSR2 is in equilibrium with the high pore
pressure (1* ~ 0.4-0.5) shortly after an SSE when over-pressured
fluids at the plate interface migrate upwards through upper plate
fracture network and highly dipping strata. The shallower BSR1 is
in equilibrium with hydrostatic pressure after the overpressure dis-
sipates later in the SSE cycle (Fig. 9c).

The double BSRs for Patch E converge towards the peak of a
thrust ridge and both BSRs are shallower than the modeled steady
state BGHSZ. We propose that the shallow BSR may be a nascent
BSR forming to adjust to heat advection associated with a new
episode of fluid migration (Fig. 9d).

Our study demonstrates that the formation of double BSRs
along the northern Hikurangi margin is closely linked to broader-
scale subduction processes, not simply local phenomena. Rapid
sedimentation in the forearc basins, tectonic uplift caused by
seamount subduction, pore pressure fluctuation associated with
SSEs, and fluid migration through fault/fracture system in the up-
per plate all contribute to modulate the P-T conditions in the
shallow sediments near the seafloor, providing favorable conditions
for double BSRs formation. Our study also shows that double BSRs
are manifestation of the dynamics of gas hydrate systems and may
be used as indicators for areas with recent sedimentation, tectonic
and/or fluid activities at other subduction margins.
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Fig. 9. Summary of double BSRs formation mechanisms along the northern Hikurangi margin determined from NZ3D dataset. (a) Rapid sedimentation; (b) tectonic uplift;
(c) pressure cycling caused by fluid migration associated with SSEs; and (d) heat advection caused by fluid migration. Solid red lines of BSR indicate that the BSR is in
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