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A B S T R A C T

We analyse an area of high density submarine methane gas seeps situated on the shelf to slope transition
(130–420m water depth) on the northern region of New Zealand's Hikurangi margin, off Poverty Bay.
Multibeam and singlebeam echo sounder data collected in 2014 and 2015 revealed> 600 seeps, at much greater
density than any previously mapped areas of seepage on the Hikurangi margin. To broadly constrain the output
of methane from these seeps, we have estimated the flow of methane at individual seeps, utilising perspective-
measurements applied to still frames from a deep towed camera system to measure the dimensions of rising
bubbles. We combine bubble size and rise-rate distributions with singlebeam acoustic data to estimate gas flow
rates at six selected seeps sites. Our results predict a wide range (3.0–2249mL/min) of methane release into the
water column. If we assume that the six seeps we analysed are representative of the entire seep population, and
that gas flow is constant, we can extrapolate across the seep field and infer a gas release of 30 to 2415 t of
methane per year into the ocean.

1. Introduction

Submarine methane seepage is a widespread natural phenomenon
occurring in many different areas of the world's seafloor (e.g. Clark
et al., 2000; Judd et al., 1997; Naudts et al., 2006; Shakhova et al.,
2014). The methane emitted from seeps may originate from relatively
shallow microbial activity (Colwell et al., 2008) or deeper thermogenic
sources (typically> 750m below the seafloor (mbsf) (Ritger et al.,
1987). Submarine seeps can either be characterized by bubble release
(Greinert and Nützel, 2004) or the discharge of dissolved fluids
(Mazzini et al., 2004) into the water column. Bubble release can be
identified using sonar echosounders or underwater camera footage
(Heeschen et al., 2003; Naudts et al., 2010), while seepage in general
can be identified by high concentrations of methane in the water
column, unique chemosynthetic communities on the seafloor, and
precipitates of authigenic carbonates at and in the seafloor (Greinert
et al., 2010).

As methane bubbles are transported upwards through the water
column, the majority of the methane is dissolved in the water column
(Guinasso and Schink, 1973), which makes it accessible for aerobic
oxidation by bacteria (Valentine et al., 2001). In some cases, anom-
alously high atmospheric methane concentrations have even been re-
corded directly above submarine gas seeps (e.g. Römer et al., 2017).
Pohlman et al. (2017) provide evidence that upwelling from oceano-
graphic processes, independent of gas seepage, is likely responsible for
methane from ~90m water depth being transported towards the sea
surface. In general, the input of methane into the oceans has important
implications for local marine biogeochemistry and biodiversity (Gibson
et al., 2005; Sibuet and Olu, 1998; Torres et al., 2002).

In this study, we report on a previously unknown field of methane
seeps on the upper slope and shelf of the northern Hikurangi margin, off
the coast of Poverty Bay in northeastern New Zealand (Fig. 1). We have
identified> 600 individual gas seeps in an area of 90 km2, that we
collectively refer to as the Tuaheni seep field. The seeps represent by far
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the densest distribution of methane seepage yet recognized in New
Zealand's exclusive economic zone. To constrain the flow rate of me-
thane from the seafloor, we use computational techniques for char-
acterizing and quantifying bubble release. We determine statistical
distributions of gas bubble sizes and rise rates using perspective mea-
surement techniques applied to video imagery; we estimate gas flow
rates by combining these results with the hydroacoustic backscatter of
gas bubbles in the water column measured in singlebeam echo sounder
data. We use these techniques to assess the gas flow rate of selected
seeps in the Tuaheni seep field and then make estimations of total
methane release into the water column.

1.1. Geologic setting

The Hikurangi Margin, New Zealand, (Fig. 1) has formed in re-
sponse to the westward subduction of the bathymetrically elevated
Hikurangi Plateau (Pacific Plate) beneath the overriding Australian
Plate (Barnes et al., 2010). The Pacific Plate subducts beneath the
Australian Plate at a rate of 40–50mm/yr (Barnes et al., 2010; Beavan
et al., 2002; Davey et al., 1986). The margin exhibits significant along-
strike variation in tectonic style, as well as sediment thickness and
geomorphology of the subducting plate, and has formed a highly
variable accretionary wedge along the toe of the overriding Australian
Plate as a result (Barnes et al., 2002; Collot et al., 1996; Field and

Fig. 1. Map displaying the surveyed bathymetry coverage of the research area. The yellow line shows the approximate upper limit of the gas hydrate stability zone.
The red line shows the position of the deformation front at the Pacific-Australian plate boundary. The inset map shows the location of the study area with respect to
the Hikurangi Margin. The multibeam surveyed area for the surveys TAN1404 and TAN1505 used in this study are divided into six areas, indicated by dashed boxes
labelled TAN1404-1 to TAN1404-5 and TAN1505-1.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Uruski, 1997; Lewis and Pettinga, 1993). The wedge consists of eroded
Plio-Pleistocene trench sediments from the Hikurangi Trough, while the
inner margin is a deforming backstop of late Cretaceous and Palaeogene
passive margin sediments that predate subduction (Barnes et al., 2010).

Fluid generation and transportation in the subduction wedge is at-
tributed to the dewatering of the lower subducting plateau (Lewis and
Marshall, 1996). Fluids contained in saturated trench sediments en-
tering the accretionary wedge are expelled from the Pacific Plate in
response to the compressional stress regime (e.g. Davey et al., 1986). Of
the order of 24 m3 of fluid per meter of strike length per year is expelled
into the margin from the Pacific Plate (Townend, 1997). More than
80% of this has been attributed to compaction, with an additional 3 m3

per meter of strike length per annum released by smectite dehydration
(Townend, 1997).

Clear spatial relationships between seeps and major seaward-ver-
gent thrust faults on the middle continental slope suggests that trans-
portation of fluids, including free gas, to the near-surface occurs via
permeable thrust faults and fractures and that deep fluids are trans-
ported towards the outer (eastern) edge of the deforming Cretaceous
and Paleogene foundation rocks (Barnes et al., 2010). Buoyant free gas
is also able to migrate through the gas hydrate stability zone towards
the seafloor, sometimes taking advantage of structural conduits formed
by tectonic deformation, and sometimes by generating its own sub-
vertical conduits (e.g. Barnes et al., 2010; Crutchley et al., 2010; Koch
et al., 2015; Krabbenhöft et al., 2010; Netzeband et al., 2010). To date,
published geochemical analyses of gases escaping at seep sites have
indicated a biogenic source (Koch et al., 2016; Luo et al., 2016).

Our study site is at the northern end of the Hikurangi Margin in an
area where repeated slow slip is occurring on the plate interface
(Wallace et al., 2016). Slow slip behaviour has been linked to sub-
ducting seamounts and fluids (Bell et al., 2010). Gas hydrates occur
throughout the northern Hikurangi Margin in water depths greater than
~650m. Immediately downslope of our study area the gas hydrate
system exhibits a double bottom simulating reflection (BSR). The
double BSR is inferred to be a result of uplift and related to fluid pulses
over the subducting seamount (Pecher et al., 2017). Prior to this current
study, gas seepage was not identified in this area and so, as well as
calculating methane flow rate for this high-density seepage site, our
results provide the first evidence for widespread, focused seafloor fluid
flow on the northern Hikurangi Margin.

2. Data

This study uses datasets collected by the RV Tangaroa during the
TAN1404 survey in June 2014 and the TAN1505 survey in July 2015.
Multibeam EM302 data collected during the TAN1404 survey first re-
vealed the shallow Tuaheni seep field. The TAN1505 survey was then
undertaken to target areas of interest across the seep field, which were
surveyed acoustically using EM302 multibeam and EK60 singlebeam
sonar systems. A subset of seeps was also imaged using towed video
transects.

2.1. Singlebeam data

Split-beam data were acquired over the study area based on exiting
multibeam coverage, using five frequencies of a Simrad EK60s echo-
sounder (18, 38, 70, 120 and 200 kHz), with a beam-width of 12° for
the 18 kHz and 7° for the other frequencies (Fig. 2). Data recorded for
specific gas flares were extracted and saved using ESP3, an open-source
software package for processing acoustic data sets (Ladroit et al., 2018).
This package is conventionally used for fisheries research, so we made
modifications to enable viewing and saving of acoustic flare profiles.

2.2. Multibeam data

Multibeam data were collected over seeps using a Kongsberg Simrad

EM302 multibeam echosounder (MBES), mounted on the hull of the
vessel. The echosounder operates at a frequency of 30 kHz. We used a
swath coverage sector of 55°, in equi angle mode with a pulse length of
5ms. The sampling rate was determined by a Kongsberg K-Synch unit
so we could simultaneously operate the multibeam, sub-bottom profiler
and ADCP without interference. The EM302 system applies beam fo-
cusing to both transmitted and received beams in order to obtain
maximum resolution. Dynamic focusing was applied to all received
beams. The transmitted beams are electronically stabilised for roll,
pitch and yaw, while the received beams are stabilised for roll move-
ments. Seafloor Information System (SIS) (Bikonis et al., 2006) was the
real-time software application used on board for multibeam data ac-
quisition. Bathymetric information from multibeam data was processed
using Teledyne CARIS software and binned to 5m grid size.

2.3. DTIS footage

Bubble release at seeps was video recorded using NIWA's deep-
towed imaging system (DTIS). The DTIS was operated at 2m above the
seafloor for both video tows at 0.6 knots tow-speed as well as stationary
video recordings (Fig. 2). A Canon 10 MP digital SLR camera with a
24mm lens was used to capture still images every 15 s; a Sony 1080P
camcorder captured high-definition colour video. A pair of lasers at-
tached 200mm apart enable scaling of footage.

3. Methods

The sections below outline the methods we have used to estimate
flow rates of methane from seeps in the Tuaheni seep field. We esti-
mated these flow rates using the inverse hydroacoustic method de-
scribed by Veloso et al. (2015), which incorporates a seep bubble size
distribution (BSD), bubble rise-rate distribution (BRD), singlebeam
acoustic flare profiles, as well as chemical and physical parameters as
input factors. The total number of seeps was derived visually, by
counting individual flare signatures in echograms of multibeam data.

3.1. Bubble-dimension measurements

To quantify gas release we used Canadian Grid-based perspective
measurement techniques described by McGovern (2012) and applied
them to DTIS footage of seep bubbles to measure their size and height
above the seafloor. We automated these measurement techniques in
Matlab codes (Mathworks, MA) that can be obtained from the Pangaea
data publishing service (see Acknowledgements). As the method is not
accessibly published, it is summarized in the supplemental materials
(supplement S1). When applying these techniques to video-recorded
seep bubbles, we assume the seafloor is a horizontal plane following the
methods of McGovern (2012). The refractive indices of air and water
were set to 1.000 and 1.334 respectively (Bashkatov and Genina, 2003).

3.2. Bubble rise rate

Our video data only allowed us to clearly observe rising bubbles at
one location. We obtained velocity values for individual bubbles at seep
site 1 (Figs. 2 and 4) by measuring the elevation of bubbles above the
seafloor every five frames from the time the bubble emanated from the
seafloor until it left the video frame. We ensured that the same bubble
was tracked across the frame intervals by also recording and plotting
the (equivalent) radius of the bubble. The rise rate of each bubble was
calculated by dividing the determined bubble rise height by the elapsed
time (frame rate multiplied by the number of frames).

3.3. Uncertainties in video measurements

The degree of uncertainty in the size and elevation of bubbles de-
pends most significantly on the location of the bubble in relation to the
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camera. The techniques used in this study were designed for measuring
bubbles that are rising vertically. The DTIS footage in this study showed
that in practice, bubbles often do not rise vertically as they are subject
to ocean currents and turbulence. Any deviation of a bubble towards or
away from the camera will make the observed bubble appear smaller
and higher, or larger and lower, respectively, as illustrated in Fig. 3A.
We apply a deviation uncertainty factor to our bubble measurements as
defined in the following paragraph as there is no way of directly
measuring the depth of field in the DTIS footage.

To estimate a reasonable uncertainty factor that accounts for the
horizontal deviation of a rising bubble in and out of the camera view,
we use DTIS footage of the horizontal deviation of bubble sizes across

the camera's field of view (Fig. 3B–D). We use the DTIS-recorded seeps
to measure bubble size ranges at increasing/different bubble heights for
the three seeps used in this study. A maximum likely bubble deviation
for increasing height above the seafloor can be obtained from these
seeps, allowing us to fit an equation to derive an elevation-dependent
uncertainty.

3.4. Combining size, rise rates and intensity to estimate flow rates

We calculate the flow rate of methane bubbles using the inverse
hydroacoustic method, automated in the Matlab ‘FlareFlow’ module
(Veloso et al., 2015). We analysed six flares that we surveyed with

A

B

C

Fig. 2. Enlarged map from Fig. 1, displaying the distribution of data collected during TAN1404 and TAN1505. The navigation of collected singlebeam data and DTIS
footage is shown as black lines and blue lines respectively. Grey hillshade underlying the figure indicates the distribution of 30 kHz multibeam echosounder data.
Brown dots indicate all the gas seeps mapped from integrated multibeam acoustic water column data. Pink dots labelled 1–6 display the locations of seeps that were
surveyed using the singlebeam echosounder. The three white boxes A-C show the locations where bubble size measurements were made. Bubble rise rate mea-
surements were made at Seep 1. The inset panel shows details of the bathymetry as a shaded relief map, located by the red square on the main figure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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single beam echosounder (Fig. 2). The acoustic signatures of these flares
are shown in Fig. 4. Flare point data are vertically cropped to a speci-
fied depth window for estimating flow rates. In this study, we have
chosen a window 5–10m above the seafloor to be as close as possible to
the source, while avoiding reverberation effects of the signals at the
seafloor (Veloso et al., 2015).

Our derived bubble rise rates are loaded into the FlareFlow module
for the bubble sizes present and used in addition to the published in-
built bubble rise rates. Water temperature, salinity and density were
acquired from local conductivity-temperature-depth profiles for esti-
mating the gas density at the respective water depth (ρG). Sound speed
was acquired using a velocity profiler. Surface tension and viscosity
were correlated with environmental information using the relationship
of Miyake and Koizumi (1948). Gaseous methane constants including
specific heat capacity (Din, 1961; Rueff et al., 1988), specific heat ratio
(Din, 1961), thermal conductivity (Prasad et al., 1984) and gas density
at atmospheric pressure were entered into the module. Pressure acting
on the bubble is derived from the depth of the bubble measured by the
echosounder.

It is known that the presence of contaminants on bubble surfaces
(termed ‘dirty bubble’ as opposed to a ‘clean bubble’) suppresses
bubble-surface oscillations, and slows down bubble ascent (Datta et al.,
1950). To determine whether the measured bubbles have a con-
taminant cover, we compare the obtained BRDs with published BRDs
from both dirty and clean bubbles.

All the above mentioned parameters are used to calculate the mass
bubble flow rate (ØM; full methodology detailed in Veloso et al.
(2015)).

3.5. Seep identification

We used MBES water column processing tools available in
SonarScope (c.f. Dupré et al., 2015) to identify seep locations over the
entire survey area. Potential gas seepage sites are identified by anom-
alously high acoustic backscatter values in vertically-summed intensity
maps of the MBES water column data. High acoustic backscatter values
can indicate gas seep plumes but may also represent artefacts or bio-
logical features, e.g. fish or the deep scattering layer. What we identify
as a gas seep from vertically summed-intensity maps of the MBES water
column data is likely to reflect an aggregate of gas bubble seepage
points. As the vertically-summed intensity maps integrate high water-
column backscatter signal to the seafloor, any gas seep imaged multiple
times by separate survey passes would plot in the same place. This
removes the potential to map the same site more than once.

Typically, side-lobe artefacts are created by later-arriving echoes
from outer regions of the acoustically surveyed seafloor (Chadwick
et al., 2014; Urban et al., 2017) and these have been filtered from the
data using the side-lobe compensation tool in SonarScope. Nadir re-
flections are apparent as high-amplitude zones that run along the centre
of sonar lines, created from the near-direct reflections of acoustic en-
ergy (Tang et al., 2005). To remove the central noise spike across the
entire survey area, we acquire the series of across-track summed echo
intensity values for a succession of pings that recorded no observable
seep activity. The across-track summed intensity values are averaged
across the pings to produce a curve of intensity values that represents
the expected signal return for an area of seafloor without seeps. The
high-amplitude nadir reflection energy is well represented in the
averaged curve, which is subtracted from each ping in the survey area.
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B. Higgs, et al. Marine Geology 417 (2019) 105985

5



Following the subtraction, the summed echo intensity mosaic should be
approximately zero in all areas except those where there are acoustic
anomalies, for example those produced by seep bubbles or biological
features.

In addition, summed amplitude mosaics also contain speckled noise
with individual high amplitude values being too small to constitute a
bubble seep (Fig. 5). To remove the speckled noise, we applied Gaussian
filtering to each high amplitude zone. The standard deviation of the
Gaussian function for filtering is based on our own judgment, with the
aim of selecting values that remove more of the speckled noise, but
leave visible smaller zones that potentially indicate seepage.

For each identified flare/seep we also apply a threshold filter to
remove low amplitude ambient water column noise. In the process of

vertically summing the water column signals, deeper sections generally
produce areas of higher summed intensities. Because of this, the
thresholding value was adjusted for areas of different depth regions.
Based on our judgment of appropriate values, we define the threshold
values for each depth region/cruise section (-78 dB for TAN1505-1, -78
dB for TAN1404-1, -57 dB for TAN1404-2, -57 dB for TAN1404-3, and
-68 for TAN1404-5).

Intensity maps (Fig. 5) provide excellent information on seepage
distribution for the wider area. In detail, they can be affected by current
induced bending of flares resulting in a weaker and spread-out (elon-
gated) acoustic signature displayed in the intensity maps. We did not
identify this as a significant issue in our data set. After counting the seep
sites we calculated the seep density across the study area at 100m by

Fig. 4. Echograms of seeps 1–6 showing frequency response in decibels. Seep 6 has been surveyed three times and Seep 1 twice. Seep 1 was used to measure bubble
rise rates from video images.
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100m resolution using a 1 km search radius.

4. Results

Using the intensity maps of the survey area, we count 623 seep sites
within the Tuaheni seep field. The seeps occur in 130–420m water
depth on the outer shelf–slope break transition, well upslope of the gas
hydrate stability field (Pecher et al., 2017). Fig. 6a shows a histogram of
the water depth distribution of seeps. We analysed six of the seep sites
in more detail for bubble size and bubble rise rate.

4.1. Bubble size measurements

We made bubble-size measurements for six seeps at three different

areas (Fig. 2) using multiple frames of video-recorded bubble release at
the seafloor.

Bubble sizes have been grouped into 1mm-radius bins and nor-
malized so that the most-common bubble-size occurrence frequency is
equal to 1 (as is required for input into the FlareFlow module). For
extrapolating bubble sizes between the binned BSD data in the
FlareFlow calculations, we fit polynomials functions to the lower, mean
and upper BSDs (Fig. 7). The order of each polynomial was selected
based on the visual fit and R2 values.

4.2. Bubble rise-rate measurements

The height above the seafloor of three easily distinguishable bubbles
from seep site 1 (Fig. 2) were recorded over a series of video frames

Fig. 5. A summed-intensity surface produced for part of the survey region displaying high-amplitude zones, indicating the location of seeps. This surface has been
produced by vertically summing amplitude values from multibeam echograms. The summed surface can be filtered below a chosen amplitude to highlight flares,
which are validated by comparing to flares visible in vertical echograms (displayed in the upright-triangular segment).
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(Bubbles 1, 2 and 3 in Fig. 8). The elevations of these bubbles above the
seafloor are plotted in Fig. 8 with associated uncertainty estimates.
Linear least-squares fits provide a good representation of the bubble
height data and associated errors (R2 values 0.999, 0.993, 0.998 for
bubble 1, 2 and 3 respectively), which implies that these bubbles rose at
a constant speed over the period of observation. The equivalent sphe-
rical radii of Bubble 1, 2 and 3 are 5.3mm, 4.2mm and 5.4 mm, re-
spectively. We take the slope of each least-squares fit equation to derive
rise-rates of 18.3 ± 1.8 cm/s (Bubble 1), 14.9 ± 2.2 cm/s (Bubble 2),

Fig. 7. Minimum, mean and maximum bubble-size distribution measurements, normalized to a maximum occurrence frequency of 1 (as required for calculating flow
rate in FlareFlow). Polynomial fits used for flow calculations are plotted, annotated with order and R2 values.

2 3 4 5 6 7 8 9
Time (s)

20

40

60

80

100

120

140

160

H
ei

gh
t A

bo
ve

 S
ea

flo
or

 (c
m

)

Bubble 1
Bubble 2
Bubble 3

Fig. 8. Elevation distances above the seafloor have been acquired for bubbles 1 (red), 2 (black) and 3 (blue) with maximum and minimum uncertainty values. Linear
trends have been fitted to all of the data series, except for early measurements of bubble 3, where the curved trend shows where the bubble is yet to reach its terminal
rise velocity. The line equations and Weighted Correlation Coefficient of each linear trend is given in Table 2. (For interpretation of the references to colour in this
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Table 1
Weighted least-squares fit equations to bubble rise-rate measurements. WCC is
Weighted Correlation Coefficient. ESR is Equivalent Spherical Radii.

Least squares fit WCC St. Dev. Slope St. Dev. y-intercept ESR

Bubble 1 18.3x – 6.2 0.999 1.8 8.3 5.3
Bubble 2 14.9x + 23.1 0.993 2.2 12.1 4.2
Bubble 3 18.5x – 0.6 0.998 0.5 1.6 5.4
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and 18.5 ± 0.5 cm/s (Bubble 3) (Table 1).

4.3. Methane flow rate calculations

Singlebeam derived flare profiles of Seeps 1 to 6 were used to cal-
culate flow rate ranges using maximum and minimum BSD (Table 2).
We modified the original FlareFlow module so that the BSD is calcu-
lated for a second-order Gaussian fitted function rather than a poly-
nomial fit, in agreement with Leifer and Culling (2010) for BSDs of
minor seeps. As our calculated BRDs are at the low end of published
values we incorporate published data to make flow rate calculations for
all seeps in FlareFlow. We take an average of these calculations to es-
timate gas flow rates. For seeps 1 to 5 we get gas flow rates between 3.0
and 187.6mL/min (Table 2). Seep 6 produces higher flow rates than
the other 5 seeps. This seep was resurveyed three times to provide low-
noise profiles that we used to calculate gas flow rates between 198.2
and 2249.0 mL/min. Combining all the calculated flow rates from the
six seeps produces a positively skewed distribution on account of the
higher flow rates from Seep 6. As such, we use quartiles (first quartile,
median and third quartile) to represent the statistical distribution of
values (Table 2).

4.4. Seep density

We have calculated the density of seeps in MBES summed intensity
maps over the main area of the Tuaheni seep field (Fig. 9). We define a
“seep” in this sense as a single distinct acoustic anomaly in the stacked
water column data and note that each of these acoustic anomalies may
well comprise more than one single bubble escape point at the seafloor.
The broader seep field covers an area of approximately 90 km2. Within
the centre of this region (37 km2) the seep density is> 2 seeps per km2.
Additionally, six regions between 1 and 2.5 km2 show seeps con-
centrated>20 seeps/km2 (Fig. 9). While we acknowledge difficulties
associated with mapping discrete seeps (i.e. individual bubble vents vs
clusters of vents), these results highlight the high density of seepage
over a relatively small area of seafloor.

5. Discussion

This study focuses on estimating the gas flow from a very dense gas
seepage area on the outer shelf to upper slope of the northern Hikurangi
Margin. It significantly increases the number of mapped seeps on the
margin previously reported by Greinert et al. (2010) and makes a first
attempt of estimating gas flow rates from such a seepage area. To do
this we have integrated visual observations of bubbles with hydro-
acoustic single beam echosounder data.

5.1. Bubble sizes

Quantified bubble sizes are essential for robust gas flow rate cal-
culations based on hydroacoustic data as they define how to interpret
and model/quantify the receiver integrated acoustic signal (Artemov
et al., 2007; Muyakshin and Sauter, 2010; Veloso et al., 2015; Weber
et al., 2014). Other hydroacoustic studies primarily in shallow water
(i.e. lakes) use only acoustic data to determine bubble size and rise rate
to extrapolate flow and finally fluxes from single bubble observations
(DelSontro et al., 2015; Ostrovsky et al., 2008). Acquiring accurate BSD
field measurements has often been done using cameras utilising ROVs
with back illuminated panels (Rehder et al., 2009; Römer et al., 2012)
or small landers that are deployed on the seafloor (Greinert and Nützel,
2004; Römer et al., 2016; Schneider von Deimling et al., 2011). Camera
observations are often influenced from motion blur, not enough light
and, bubbles moving in and out of focus/changing distance to the
camera lens in an unknown way, thereby preventing clear identification
of the bubble edges when too many bubbles shadow each other. These
factors may account for some of the variance apparent in the previously
published bubble size distribution measurements shown in Fig. 10. Our
bubble size distributions fall towards the upper end of published results
and between bubble measurements obtained with video measurements
in the North Pacific Ocean and the Black Sea (Fig. 10). Our size dis-
tribution shows a narrower range than other reported results as smaller
bubbles are most likely not detected in our video footage due to re-
solution and motion blur.

5.2. Bubble rise rates

Fig. 11 shows bubble-rise rate measurements obtained from the
time series of the three sampled bubbles 1, 2 and 3, and plotted against
theoretical methane-bubble rise rates constructed for clean and dirty
bubbles. Within the uncertainty limits our empirical estimates of
bubble-rise rates overlap with those of Leifer et al. (2000a) for dirty
bubbles, however our rates are consistently slower than theoretical
predictions published by others (Leifer and Patro, 2002; Leifer et al.,
2000b; Mendelson, 1967; Woolf, 1993; Woolf and Thorpe, 1991). For
calculating flow rates we have therefore taken an average of the pub-
lished dirty bubble models and our rise rate measurements.

We established that bubbles 1, 2 and 3 are each ascending at their
respective terminal velocities (Fig. 8) enabling comparison to the the-
oretical models in Fig. 11 that are also based on terminal velocities. As
the bubble size and acceleration estimates are consistent with those of
other models, we are confident there is a physical explanation (rather
than a systematic measurement error) for the disparity between the
theoretical rise rates and our observation-based rise rate estimates.

Leifer et al. (2000a) suggested that bubble-rise rates are over-
estimated in theoretical models due to assumptions made in dirty-
bubble theoretical rise-rate models that neglect the slowing effects of
bubble oscillations. Oscillations slow a bubble's ascent because energy
from its ascent is transferred into perpendicular oscillatory motions.
Surfactants on/around bubble surfaces suppress these oscillations; most
bubble rise velocity models neglect oscillations of dirty bubbles, as-
suming that they behave like solid spheres. Such an assumption may
only be valid for bubbles of r < 600 μm where oscillations are negli-
gible (Leifer et al., 2000a). This slowing effect has not been taken into
account for the models plotted in Fig. 11 and it is possible that the
differences in observed and predicted values are because of this oscil-
lation effect. By shifting the model of Leifer et al. (2000a) along the
ordinate to slower values, we estimate that oscillation may account for
an overestimation of the theoretical rise model between 1.1 and
2.1 cm/s.

Table 2
Calculated flow rates for the 6 seep sites analysed in this study. Values for each
seep pass represent an average of 5 different bubble rise rate curves, including
the one measured in this study. BSD is the Bubble Size Distribution.

Seep Water
depth (m)

Flow rate (mL/
min), min BSD

Flow rate (mL/
min), mean BSD

Flow rate (mL/
min), max BSD

1a 159 6.6 7.9 30.7
1b 41.2 49.0 180.8
2 161 40.0 47.8 187.6
3 186 7.6 9.0 35.1
4 149 3.0 3.5 13.8
5 154 8.9 10.3 40.1
6a 178 301.1 352.7 1405.0
6b 482.3 575.7 2249.0
6c 198.2 236.7 924.9
1st quartile NA 6.5 7.7 29.8
Median NA 16.4 19.4 72.9
3rd quartile NA 111.8 133 522.3
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5.3. The Tuaheni seep field in the context of the Hikurangi subduction
margin

Prior to this study, the state of knowledge of methane seepage on
the Hikurangi margin was most recently summarized by Greinert et al.
(2010). The context of methane seepage in terms of accretionary wedge
tectonics and the gas hydrate system has been described in a regional
sense by Barnes et al. (2010).

Greinert et al. (2010) documented evidence for methane seepage in
six broad areas along the length of the Hikurangi Margin, from South to
North: Opouawe Bank, Uruti Ridge, Porangahu Ridge, Omakere Ridge,
Rock Garden, Ritchie Ridge. Across these six regions, they identified a
total of 36 individual seep sites. Opouawe Bank could be characterized
as having the most-dense distribution of methane seeps, with 14 seeps
mapped over an area of ~25 km2 (i.e. an average of less than one seep
per km2).

Barnes et al. (2010) describe how the seeps sites, typically occurring
within water depths of 700–1200m, exhibit a close relation to thrust
ridges and underlying seaward-vergent thrust faults. They concluded
that the thrust faults act as preferred fluid flow conduits, and that an
inner foundation of Cretaceous to Paleogene rocks might act as a broad
permeability barrier that focusses fluid flow to its outer edge. Barnes
et al. (2010) also noted conspicuous breaks in the continuity of BSRs

beneath seeps on thrust ridges, as well as shallow fault networks within
the gas hydrate stability zone that act as fluid conduits in the shallowest
sub-seafloor section. These shallow sub-seafloor fluid migration path-
ways have been described in more detail in subsequent high-resolution
3D seismic surveys of particular thrust ridges (Plaza-Faverola et al.,
2014; Riedel et al., 2018).

The Tuaheni seep field is distinctly different from these previously
described areas. First, it is located in much shallower water depths
(130–420m, Fig. 6a) that are well above the up-dip limit of gas hydrate
stability on this margin. Second, the density of individual seeps is much
greater than previously observed on the Hikurangi margin. The Tuaheni
seep field has regions as large as 2.5 km2 that have a seep density
of> 20 seeps/km2 (Fig. 9). This is the mostly densely-populated seep
field yet documented on the Hikurangi Margin, comprising more than
an order-of-magnitude more seeps than previously known, raising the
question of why is there such a dense population of active seepage in
this small area away from the local tectonic setting where previous
seepage sites have been documented?

The Tuaheni seep field occurs on a localised section of the Hikurangi
subduction margin where several anomalous processes have been
documented. 1) historical silent or tsunami earthquakes have been
linked to seamount subduction directly beneath the region of the
Tuaheni seeps (Bell et al., 2014); 2) repeated slow slip is centred in this

Fig. 9. Mapped seep density in the Tuaheni seep field. Individual mapped seeps are shown as black dots and red dots show seeps surveyed using the singlebeam
echosounder as in Fig. 2. Seep density is shown in seeps per km2 based on a 1 km roaming window analysis. The white and red contour lines show a density of 2 and
20 seeps per km2, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

B. Higgs, et al. Marine Geology 417 (2019) 105985

10



region (Wallace et al., 2016); and 3) a prominent double BSR, in-
dicating an unstable/transient gas hydrate system, occurs immediately
downslope of the seeps area (Pecher et al., 2017); 4) a network of small
offset extensional faults occurs across the seepage area (Böttner et al.,
2018). The seeps also occur seaward of high uplift-rate outer shelf splay
faults (Mountjoy and Barnes, 2011). The processes 1–4 listed above
have been inferred to be related to a mix of anomalous fluid behaviour
in the plate interface and upper plate and localised tectonic deforma-
tion. Seamount subduction has also been invoked as playing a role in
deformation/fluid processes (Bell et al., 2014). The seeps in the Tuaheni
seep field may reflect the same localised fluid source and/or tectonic

deformation invoked as responsible for the tsunami earthquakes,
double BSR and extensional deformation. Conceptually, this high-den-
sity seepage field could be the product of focussed secondary perme-
ability due to rapid uplift and extensional deformation leading to fluid
focusing, and possibly combined with enhanced fluid production at
depth. The position at the shelf to slope transition sets it apart from
other documented seep sites on the margin where fluid seepage is
mostly focused around thrust fault propagated anticlines at the
boundary between the active accretionary wedge ad the deforming
backstop (Barnes et al., 2010). Our results provide a first step towards
understanding this fluid system in terms of the density of seeps and the

Fig. 10. Minimum, mean and maximum Bubble Size Distributions (BSDs) measured for this study plotted with published BSDs.
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Fig. 11. Bubble Rise Rates derived in this study plotted against published theoretical models for bubble-radius dependant rise speeds (Leifer et al., 2000a; Leifer and
Patro, 2002; Mendelson, 1967; Woolf and Thorpe, 1991).
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gas flow rate from them. Further work on the geology and tectonics is
required to understand the origin of the fluids and local tectonic con-
ditions that have resulted in this highly focused seepage field that will
have implications for understanding fluid systems on this margin and
other subduction margins globally.

5.4. Estimate of total methane flow into the ocean at the Tuaheni Seep Field

Although there is high uncertainty in extrapolating flow rates from
selected seep sites to a much larger population of seeps, it is worthwhile
to make first order estimates of the amount of methane being released
on a larger scale. To estimate the range of likely release, we take the
median and first and third quartile methane flow rates for Seeps 1–6,
based on a range of BSD (Table 2). In Table 3 we show how the flow
rate for each of the six seeps (assuming the mean BSD) translates to a
mass of methane expelled per year. This conversion to mass of methane
(kg/year) is made by correcting for gas compressibility at the given
water depth (pressure) and temperature (Kossel et al., 2013) (Table 3).
The water bottom temperature that we use (Fig. 6b) is based on con-
ductivity-temperature-depth (CTD) casts carried out during the surveys.

If we assume that these 6 seeps are a representative sample of the
entire seep field, we can make an estimate of the mass of methane re-
leased from the entire seep field (623 mapped seeps, Fig. 6a). To do
this, we consider the median flow rate of 19.4 mL/min as well as the
first quartile from a minimum BSD (6.5mL/min) and the third quartile
from a maximum BSD (522.3mL/min) (Table 2). These values re-
present the widest spread of first and third quartiles as they encompass
minimum to maximum BSD assumptions (Table 2). For our best esti-
mate of methane release from the entire seep field, we assume that each
of the 623 seeps produces the median flow rate. Correcting for gas
compressibility (Kossel et al., 2013), this equates to 90 t of methane per
year. To account for the uncertainty in the flow rate calculation, we use
the first and third quartile values for flow rates from these six seeps (i.e.
6.5 mL/min and 522.3 mL/min, respectively; Table 2) and extrapolate
them to the entire seep field, again correcting for gas compressibility.
This yields a range of ~30 to 2415 t of methane per year. We note that
these estimates do not account for the ephemeral nature of seepage as
we have no data to calculate this, and are therefore estimates from a
snap shot in time (they assume a constant flow rate through the year).

Our results show the Tuaheni seep field is a very productive geo-
logical source of methane into the ocean and, given the shallow water
depths, potentially into the atmosphere. The seep field occurs in a re-
latively small area and so the impact on the local ocean environment
could be significant. Further work is required to determine what the
direct impact on the ocean is, and if methane in significant amounts
reaches the ocean surface.

6. Conclusions

We have mapped 623 gas bubble seeps in the Tuaheni seep field off
New Zealand's East Coast by depth integrating multibeam acoustic
water column data. The seep field occurs at the shelf to slope transition
of the Hikurangi Margin in water depths between 130 and 420 mbsl,
away from any documented large upper plate faults. The seeps occur
within an area of ~90 km2, however the distribution of seep sites is
highly variable with most seeps concentrated in a smaller region where
seep density exceeds 20 acoustically-distinct seeps per km2 – this is by
far the highest spatial density of gas seeps currently known on the
Hikurangi margin. The presence of a double BSR has been used pre-
viously to infer rapid uplift in this region; the seep field may be related
to this uplift and an associated fluid system.

We have advanced the development of techniques for estimating the
methane outputs of submarine seeps and applied them to the Tuaheni
seep field. Bubble sizes measured by applying Canadian Grids to video
footage are in general agreement with previously published bubble-size
results. We have measured bubble rise rates at one location and find
these are at the lower end of published rise rates. We therefore include
published rise rate curves with our results to enable a robust assessment
of gas flow rates.

Our calculated bubble-size and rise-rate distributions have been
combined with the FlareFlow module developed by Veloso et al. (2015)
to obtain methane flow rates from the seep field. Flow rate calculations
reveal that most seeps in the study area release between ⁓3 and
⁓190mL/min of methane. There is also evidence for more prominent
seeps within the survey area that release methane at rates of between
⁓200 and⁓2250mL/min. We extrapolate these flow rate values to the
whole seep field and using a median flow rate estimate a total output of
⁓90 t of methane per year.

The techniques we presented here offer a means of determining
bubble size distributions without the need for expensive ROVs. We have
demonstrated that the technique can be used for calculating methane
flow rate in combination with calibrated acoustic survey data and
foresee broad application of these techniques as large numbers of gas
seeps are being discovered with the widespread availability of ship
mounted multibeam echosounder technology.
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