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Abstract

Acoustic echosounding systems are increasingly used to image water-column backscatter in addition to map-
ping the seafloor. We have imaged an acoustic flare generated by methane bubbles emanating from a vent
sourced at 1840 m water depth offshore northern California using a shipboard Kongsberg EM122. Data include
five transits over the flare and approximately 11 h of continuous observation when the ship held station. Ship-
board observations showed a strong flare splitting into multiple smaller, intermittent flares at a water depth of
800–1200 m and pronounced temporal variability. We introduce a new approach to processing the data in which
we correct the backscatter data for ship motion and bin the data into voxels with dimensions of 20 m in X and Y
and 40 m in Z for a transit over the flare and into vertical slices with dimensions of 15 m in X and Z and 4 min in
time when the ship was stationary. The processed data indicate that the signal is dominated by bubbles ema-
nating from a source region with a diameter of approximately 40 m located on the southern edge of what is likely
a ring of sources with a diameter of approximately 600 m. When the ship was stationary, we were able to track
an individual pulse rising at a rate of 8–10 m/min. Our results illustrate the limitations of monitoring temporal
variation in gas flux using multibeam echosounders because of the trade-off between imaging the entire flare by
averaging over tens of minutes to hours and observing a slice through the flare to capture short-lived pulses of
gas expulsion. Nevertheless, because echosounders are widely available, they can continue to provide valuable
data on the spatial and temporal distribution of gas emissions on continental margins that can be used to frame
hypotheses and plan more comprehensive follow-up experiments.

Introduction
Many observations of seafloor vent systems indicate

that gas bubbles are released from the seafloor into the
ocean. Determining whether these bubbles are dissolved
in the ocean or whether they can traverse the ocean to
enter the atmosphere is important for evaluating the im-
pact of this gas source on climate (e.g., Dickens, 2011;
Ruppel and Kessler, 2017). Acoustic backscatter from
within the ocean measured with single or multibeam
echosounding (MBES) systems is widely used for map-
ping and imaging streams of bubbles rising from the
seafloor on continental margins and from submarine vol-
canoes worldwide (e.g., Merewether et al., 1985; Horna-
fius et al., 1999; Leifer and Patro, 2002; Heeschen et al.,
2003; Westbrook et al., 2009; Kannberg et al., 2013;
Berndt et al., 2014; Chadwick et al., 2014; Veloso et al.,

2015; Philip et al., 2016; Römer et al., 2016; Biggs et al.,
2019; Razaz et al., 2020; Merle et al., 2021). The acoustic
backscatter images are generally referred to as “flares” in
recognition of their flame-like appearance. Because
these tools are widely available on research vessels,
much of the acoustic backscatter data to image flares
has been obtained as a “bonus” during cruises designed
primarily to address other objectives. Where the gas
composition has been verified through analysis of sam-
ples, the primary gas on continental margin vents has
been methane (e.g., Hovland et al., 1995; Heeschen et al.,
2005; Baumberger et al., 2018), whereas it is dominantly
carbon dioxide in volcanic environments (Chadwick
et al., 2014).

In most studies, flares have been observed as a ship
passes over them. Although seafloor observations indi-

1Oregon State University, College of Earth, Ocean, and Atmospheric Sciences, Corvallis, Oregon 97331-5503, USA. E-mail: anne.trehu@
oregonstate.edu.

2Cooperative Institute for Marine Ecosystem and Resources Studies — Oregon State University, and NOAA PMEL Earth Ocean Interactions
Program, Newport, Oregon 97365, USA. E-mail: jeff.beeson@noaa.gov (corresponding author); susan.merle@noaa.gov.

Manuscript received by the Editor 2 October 2021; published online 24 February 2022. This paper appears in Interpretation, Vol. 10, No. 1
(February 2022); p. SB93–SB106, 10 FIGS.

http://dx.doi.org/10.1190/INT-2021-0195.1. © 2022 The Authors. Published by the Society of Exploration Geophysicists and the American Association of Petroleum
Geologists. All article content, except where otherwise noted (including republished material), is licensed under a Creative Commons Attribution 4.0 Unported License
(CC BY). See http://creativecommons.org/licenses/by/4.0/. Distribution or reproduction of this work in whole or in part commercially or noncommercially requires full
attribution of the original publication, including its digital object identifier (DOI).

t

Special section: Hydrocarbon migration, near-surface seepage, and petroleum system assessment

Interpretation / February 2022 SB93Interpretation / February 2022 SB93

D
ow

nl
oa

de
d 

07
/1

2/
23

 to
 1

37
.7

5.
80

.2
4.

 R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
S

E
G

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 T
er

m
s 

of
 U

se
 a

t h
ttp

://
lib

ra
ry

.s
eg

.o
rg

/p
ag

e/
po

lic
ie

s/
te

rm
s

D
O

I:1
0.

11
90

/IN
T

-2
02

1-
01

95
.1

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1190%2FINT-2021-0195.1&domain=pdf&date_stamp=2022-01-26


cate that individual bubbling vents are ephemeral
(e.g., Tryon et al., 1999), repeat surveys have suggested
that the general locations where flares are observed may
remain stable on a decadal time scale (e.g., Kannberg
et al., 2013), and geochemical analyses of carbonates
associated with methane vents suggest stability on a
millennial time scale (e.g., Teichert et al., 2003; Berndt
et al., 2014; Gwiazda et al., 2016; Prouty et al., 2016).
A few acoustic studies have used shipboard echosound-
ers to image temporal variation in methane flux on times
scales of minutes to months and show considerable tem-
poral variation in acoustic flare intensity (e.g., Salmi
et al., 2011; Kannberg et al., 2013; Philip et al., 2016).

To obtain quantitative estimates of variations in meth-
ane flux and the factors that drive the variation requires
long observation time (months to years) and rapid sam-
pling rates using a variety of optical and multifrequency
acoustic sensors. For example, Römer et al. (2016) re-
port results from a year of acoustic backscatter observa-
tions at 250 kHz of an active bubbling vent at hourly
intervals on the Cascadia margin at 1250 m depth off-

shore Vancouver Island and correlate those observations
with observations of seafloor pressure, temperature, and
other parameters. They observe strong temporal variabil-
ity in gas emission rate, with periods of nearly continu-
ous activity and periods of relative quiet punctuated
by occasional bursts of activity. They also note a strong
correlation with tides, with the onset of gas emission
generally occurring with a falling tide and longer period
variability corresponding to changes in oceanographic
conditions. They do not see any correlation with bottom
pressure signals indicative of regional and teleseismic
earthquakes. When they transit over the site with a split
beam echosounder with five frequencies ranging from
18 to 200 kHz, they note that the flares are brightest
at 18 kHz, reflecting the dominant size of bubbles. Razaz
et al. (2020) report on seafloor optical observations made
at 6 h intervals for 153 days at a vent at 1080 m depth in
the Gulf of Mexico and integrated with various acoustic
and satellite observations and models to quantify the re-
lationship between bubble extrusion at the seafloor and
satellite observations of oil slicks on the sea surface.

In this paper, we discuss data from a
cruise during which the shipboard Kongs-
berg EM122 12 kHz MBES system was
used as a tool of opportunity to acquire
time-series observations of water column
backscatter over a previously identified
flare (Gardner et al., 2009) located in
the accretionary complex of the Cascadia
subduction zone in 1840 m water depth
near the base of the slope at the southern
end of the Cascadia subduction zone (Fig-
ure 1 inset). The opportunity arose when
weather conditions during cruise AT26-02
(AT26-02 Science Party, 2013) were too
rough for the primary cruise objective
of recovering ocean-bottom seismome-
ters (OBSs) that had been deployed
nearby. Once the presence of an acoustic
flare at the previously reported site was
confirmed, we imaged changes in its
character and intensity for several hours
by holding a station near its source. This
provided snapshots of approximately the
same slab through the flare at 12 s in-
tervals.

Figure 2a shows an example of the
flare discussed in this paper as seen in
the real-time shipboard display, and
Figure 2b and 2c schematically shows
some of the factors that must be consid-
ered when interpreting such images of
acoustic backscatter. These include the
limited volume illuminated by the acous-
tic beams, which can lead to truncation of
the image from above or below as the
flare is deflected by ocean currents and
internal waves and bubbles move in
and out of the imaged slice. To prevent

Figure 1. Bathymetric map of the continental margin in the vicinity of the Eel
Canyon flare. Track lines from cruise AT26-02 that were used for this study are
shown. Lower right inset shows the tectonic setting (MTF, Mendocino transform
fault; JDF, Juan de Fuca). Circles show emergence points of flares projected to
the seafloor and color coded to correspond to the lines on which they were ob-
served. All but one of the flares observed originated on a mound in the middle of
a heart-shaped slide scar at a depth of approximately 1840 m. Line labeling cor-
responds to file numbers. Lines 163–166 were acquired on 2 July 2013, when we
surveyed the site to determine whether the flare reported by Gardner et al. (2009)
was still active. Lines 190–196 were acquired on 3 July 2013, when we returned to
the site to observe it from a stationary and offset position, as discussed in the
text. Line 197 was acquired as we transited over the site. The yellow star shows
where bubbles, abundant vent-related fauna, and massive hydrate were observed
during dive H1668 (NA095 cruise report, 2018). Green stars show locations of
XBT casts during transit 197 shown in Figure 10b. The track line for the period
of time when the ship was approximately stationary is in white and is shown in
detail in the upper right inset. Bathymetric contours are at 250 m intervals.
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bubbles from dissolving rapidly as they enter the ocean,
which is undersaturated in methane, they must be ar-
mored to isolate the gas from the ocean, either by a
gas hydrate shell that forms on contact with the ocean
or by a coating of the bubbles by liquid hydrocarbons
or a biofilm. It is also important to consider that a nar-
row-band acoustic source will be sensitive to a narrow
range of bubble sizes (e.g., Clay and Medwin, 1977; Leifer
and Patro, 2002; Rehder et al., 2009; Veloso et al., 2015;
Biggs et al., 2019), that bubble size will increase as the
bubbles rise and pressure decreases (thus affecting the
backscatter intensity), and that gas exsolution in response
to depressurization can form bubbles as aqueous vent flu-
ids rise through the ocean. Other scattering sources, such
as plankton and schools of fish, must also be distin-
guished from acoustic flares resulting from bubbles ema-
nating from the seafloor. Here, we focus on the challenge
of separating rapid (minutes to hours) temporal changes
in bubble flux from changes due to motion of the ship or
ocean currents to obtain insights into the temporal and
spatial characteristics of a particularly bright flare. We
do not attempt to quantify absolute fluxes because of
the many confounding factors mentioned previously.

Background
The thickly sedimented Juan de Fuca

(JDF) plate is subducted beneath North
America at the Cascadia subduction
zone. These sediments, which are pri-
marily of terrestrial origin, contain a rel-
atively high concentration of organic
matter, which decomposes to formmeth-
ane. In response to subduction, some of
the sediment is accreted to the North
American plate at the deformation front,
forming an accretionary wedge along the
edge of the plate; some is subducted sev-
eral kilometers beneath this wedge be-
fore being underplated to the base of
the wedge; and some is subducted to
greater depth (e.g., Hyndman et al.,
1993; Tréhu et al., 1995, 1999; Gulick
et al., 1998; Adam et al., 2004; Fisher et al.,
2005). The complex fluid flow pathways
for methane-rich pore fluids created by
these processes result in focusing of flu-
ids, exsolution of methane in response to
decreasing pressure, widespread pres-
ence of gas hydrate in the subsurface,
and generation of localized vents in
which free gas is expelled from the sea-
floor into the ocean (e.g., Suess et al.,
2001; Torres et al., 2002, 2004, 2009; Hee-
schen et al., 2003, 2005; Tréhu et al., 2004,
2006; Phrampus et al., 2017). Such vents
are widespread along Cascadia (Riedel
et al., 2018); most originate in water
depth shallower than 1000 m, although
they have been observed to originate

as deep as 2043 m below the sea surface (Merle
et al., 2021).

For water depths greater than approximately 500 m in
Cascadia, pressure and temperature conditions are
within the stability field for methane hydrate formation
within the shallow sediments and near-bottom ocean
waters. Gas hydrate formation in the subsurface is a
mechanism for trapping and storing methane in the sedi-
ments, which will be released if temperature or pressure
conditions move outside the range necessary for hydrate
stability. The presence of methane bubbles emanating
from the seafloor within the methane hydrate stability
field (MHSF) indicates that methane is present in the
pore waters in a concentration that exceeds the solubil-
ity of methane at ambient temperature and pressure and
either that the free gas thus released is mechanically iso-
lated from water or that the stability field has been per-
turbed by changes in pore-water chemistry (e.g., Leifer
and Patro, 2002; Tréhu et al., 2004; Rehder et al., 2009).

The number of flares observed on the Cascadia mar-
gin decreases rapidly as water depth increases (Riedel
et al., 2018; Merle et al., 2021). This is likely due to the
pressure dependence of the solubility of methane in
water. The abundance of methane at this site is likely
due to the extremely high sedimentation rate on the

Figure 2. (a) Example of the Eel Canyon flare as observed on the shipboard
display. The signal from a single ping recorded on 288 beams is shown. Reflec-
tions are recorded from a swath of seafloor perpendicular to the ship track with a
maximum aperture of approximately 8 km. Water depth increases from east to
west with a depth of 1840 m beneath the ship in this image. Backscatter from
within the water column within a radius that is approximately equal to the water
depth beneath the ship is also recorded with a good S/N. The white box outlines
the part of the backscatter signal that is processed to generate the images dis-
cussed here. (b) Schematic illustration of some of the factors that affect the ap-
pearance of a flare or flare cluster in a swath view. Aperture increases, but
resolution decreases with increasing water depth and distance from the center
beam. This changing geometry must be considered when interpreting the data.
The narrow frequency band of the transmitted MBES energy also affects the ap-
pearance of the flare. (c) Schematic illustration of a side view of a swath showing
how a flare may enter and exit from the ensonified volume.
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abyssal plain seaward of the deformation front as evi-
denced by seismic reflection and refraction data, which
indicate that the 7-million-year-old lithosphere of the
southeast corner of the JDF plate adjacent to the Men-
docino transform fault (MTF) is flexed down under the
load of approximately 8 km of terrigenous sediment
(Godfrey et al., 1998; Henstock and Levander, 2003).
This is several times thicker than the sediment ap-
proaching the deformation front elsewhere in Cascadia,
which ranges from approximately 1.2 to 4 km (Wang
and Tréhu, 2016). The very high sedimentation rate off-
shore Cape Mendocino results in transport of a consid-
erable amount of organic material to the lower slope
and abyssal plain, providing abundant source material
for gas generation.

Methane is a powerful greenhouse gas, and whether
the methane expelled from the seafloor reaches the
sea surface and enters the atmosphere is important
for evaluating the impact of this methane source on cli-
mate change. In the Gulf of Mexico, oil slicks observed
on the sea surface where acoustic flares rise from the
seafloor to the sea surface indicate that a film of oil ar-
mors the bubbles (MacDonald et al., 2002, 2015). In Cas-
cadia, nearly all flares reported to date that originate
where the seafloor is deeper than approximately
600 m fade rapidly greater than 500 m water depth (Hee-
schen et al., 2003; Kannberg et al., 2013; Philip et al.,
2016; Riedel et al., 2018; Merle et al., 2021), although
some vigorous flares remain detectable above the back-
ground noise for several hundred meters above the
MHSF. This has been interpreted to indicate that bubbles
are armored by hydrate as they emerge from the seafloor
and dissolve as this armor dissociates when the bubble
rises above the MHSF. Given the depth at which the Eel
River Basin flare discussed in this paper originates, it is
likely that very little, if any, of the methane released here
reaches the atmosphere (Ruppel and Kessler, 2017).

An energetic and complex acoustic flare caused by
methane emissions emanating from the seafloor at a
depth of 1840 m on the southern Cascadia margin
was discovered in 2009 (Gardner et al., 2009). It was
vigorous when we returned to the site in 2013 to image
it acoustically and when it was visited in 2011 and 2018
with an autonomous underwater vehicle or remotely
operated vehicle (ROV), seafloor cameras, and seafloor
sediment and fluid samplers (Gwiazda et al., 2016;
NA095 cruise report, 2018), suggesting that these sys-
tems remain active over time periods of years. Gwiazda
et al. (2016) find up to 50 m of sediment drape covering
much of the floor of the slump scar and do not find any
fresh outcrops along its headwall, leading them to con-
clude that the slide was old and currently inactive. How-
ever, no subsurface reflections were observed in Chirp
profiles beneath an approximately 60 m high, 350 m
wide, and 650 m long mound on the floor of the slump,
which has the rough topography characteristic of other
methane seeps in which methane-derived authigenic
carbonates and massive gas hydrate deposits have been
found (e.g., Suess et al., 2001; Kannberg et al., 2013;

Paull et al., 2015). Thermogenic gas containing methane
and up to 5% higher order hydrocarbons with no recent
biogenic contribution was sampled from the mound
(Gwiazda et al., 2016). Liquid hydrocarbon droplets
were also observed. The site was revisited in 2018 by
ROV dive H1668 during cruise NA095-002 (NA095
cruise report, 2018). Bubbles, abundant vent-related
fauna, and massive hydrate were observed at the sea-
floor at the location shown by a yellow star in Figure 1,
which corresponds closely to the flare origins discussed
in this paper when projected onto the seafloor. Unfortu-
nately, no deep penetration seismic reflection data
cross the Eel Canyon slump; consequently details of
the plumbing system that transports methane-rich pore
fluids to the seafloor at this location cannot be recon-
structed. This segment of the Cascadia deformation
front is characterized by a large number of slope failure
scars (Hill et al., 2020), perhaps because of frequent
strong shaking due to its proximity to the very active
transform segment of the Mendocino fracture zone as
well as to the Cascadia subduction zone (Figure 1).

Data acquisition
During cruise AT26-02, time-series observations were

acquired over several flares on the Cascadia margin
(Figure 1). Although the primary objective of the cruise
was to recover OBSs deployed for the Cascadia Initiative
(Toomey et al., 2014), we recorded approximately 20 h
(0500–1100 on 2 July and 0200–1600 on 3 July 2013) of
acoustic backscatter data over a flare originating at
1840 m below the sea surface on the southern Cascadia
margin. Both windows of data acquisition occurred while
waiting for sea state conditions to improve enough to al-
low us to continue OBS recoveries (AT26-02 Science
Party, 2013). Data were recorded using a hull-mounted
Kongsberg EM122 swath multibeam echosounder with
288 beams. Ping interval was approximately 10 s, and
useful swath width (Figure 2a) was approximately twice
the water depth. Acoustic Doppler current profiler
(ADCP) data (75 kHz) and expendable bathythermo-
graph (XBT) data were also acquired as part of the
standard shipboard measurement suite, providing infor-
mation on ocean currents, temperature, and sound veloc-
ity (AT26-02 Science Party, 2013). Although the MBES
data quality undoubtedly was also impacted by the rough
seas at this time because of bubbles trapped beneath the
hull and pitching and rolling of the ship, signal-to-noise
ratio (S/N) was adequate to find and monitor a vigorous
flare that had previously been reported by Gardner
et al. (2009).

On 2 July, four transects were acquired over the flare
at a speed of 4 knots and from different azimuths. On 3
July, the ship was positioned over the flare for approx-
imately 2 h and then moved approximately 800 m east of
the flare’s origin on the seafloor to provide an oblique
viewing angle with a direct “line of sound” to the flare
from top to bottom. This experimental geometry pro-
vided a continuous, but incomplete, view of the flare be-
cause theMBES swath is wide in the plane perpendicular
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to the ship’s axis but narrow parallel to it, providing data
for a vertical slice through the flare with potentially high-
resolution information on temporal change. The location
of the vertical slice through the ocean varied with time as
the ship’s heading changed, a factor that must be consid-
ered when interpreting temporal change in the data. This
experimental approach complements the strategy of
making multiple transits over the vent field (Kannberg
et al., 2013; Chadwick et al., 2014; Philip et al., 2016),
which provides backscatter images of flares that are spa-
tially averaged over tens of minutes. It had the benefit of
also allowing us to keep headed into the seas, minimizing
pitching and rolling of the ship, which improved the com-
fort of all aboard as well as improved the data quality. As
OBS recovery operations were resumed, we acquired a
fifth transit over the vent at 4 knots.

Data processing and description
Transects over the flare

MBES data were examined and processed using pro-
prietary quality positioning services (QPS) FMMidwater
software. The first stage of processing entails interactive
replay of the data and application of different amplitude
clipping functions to visualize the large dynamic range
present in the backscatter and identify time periods of
particular interest. On input into FMMidwater, the data
are georeferenced assuming that the speed of sound
through the ocean is constant and equal to the speed
measured at the ship’s transducer; data are not corrected
for the ship’s pitch and roll. Figure 3
shows how the appearance of the flare
changed, as displayed with FMMidwater,
during a transit over the flare at a speed
of 4 knots along a north–south track (Fig-
ure 1, line 197). Seven pings spaced 1min
apart illustrate how the intensity of the
flare varied rapidly during the transit.
All seven snapshots in Figure 3 are
shown with the same backscatter ampli-
tude scale. In addition, the snapshot at
16:20 is also shown with a lower gain
to illustrate the effect of changing the
clipping parameters and shows varia-
tions in amplitude with depth within
the flare where the intensity is greatest.
The flare was visible above background
for approximately 10 min, corresponding
to a distance of approximately 1200 m
along the ship track. The low-gain image
shows the rapid decrease in backscatter
amplitude greater than approximately
500 m, consistent with the idea that ar-
moring of bubbles by a gas hydrate shell
is an important mechanism that allows
bubbles to rise through the water col-
umn, from deep vents, and that much
of this gas is dissolved before it reaches
the atmosphere (Heeschen et al., 2003;
Ruppel and Kessler, 2017). Although

the flare is hundreds of meters wide in the depth range
of approximately 500–1400 m, it can only be tracked to
the seafloor for approximately 20 s during transit, which
corresponds to approximately 40 m on the seafloor
(Figure 3 at 16:21).

A common approach to this type of data is to gener-
ate point clusters representing high-backscatter inten-
sity that can be visualized in three dimensions
(e.g., Gardner et al., 2009; Veloso et al., 2015; Philip et al.,
2016; Razaz et al., 2020). We generated point clusters
using FMMidwater by averaging backscatter intensity
within user-specified volume elements and applying a
threshold intensity to define a point; the resultant dis-
play thus depends on subjective threshold parameters.
Figure 4 shows a 3D perspective view of the seafloor
topography and point clusters representing high-
backscatter intensity in the overlying water column
generated from five transects acquired at 4 knots with
different orientations across the Eel Canyon (Figure 1).
The point clusters derived from each transect are rep-
resented by different colors. Four of the transects (lines
163–166) were acquired between 0500 and 1100 GMT on
2 June 2013, to determine whether the flare reported by
Gardner et al. (2009) was still active. In general, the
flare occupies a similar volume of ocean during the four
transects acquired on June 2 (lines 163–166). By the
time line 190 was acquired, it had shifted slightly to
the west, and it continued to shift northwest between
lines 190 and 197, which is the time period when the

Figure 3. Snapshots of a flare displayed and processed using FMMidwater at
1 min intervals as the ship steamed over the Eel Canyon slump at 4 knots. The
numbers in the upper right of each image are the hour and minute on 3 July 2013.
All images are shown with approximately the same horizontal and vertical scales
and with the same gain with the exception of the image for 1620 labeled “low gain,”
which is included to illustrate the large dynamic range in backscatter intensity.
The red area shows the highest backscatter intensity, with intensity decreasing
to yellow, green, and blue. White areas have intensity below the threshold value
chosen to highlight the flare. The entire flare was covered in approximately 10 min
(approximately 1200 m along track). Although the flare occupies a large volume in
the depth range of approximately 600–1400m, the connection to the seafloor is only
very briefly imaged.
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flare was observed from a stationary viewpoint.
Although the backscatter amplitude used to define
the point clusters does not show the flares extending
to the seafloor, individual columns of relatively high
backscatter can be detected by manually scanning
through the data in FMMidwater to track seafloor back-
scatter anomalies to the seafloor, resulting in the appar-
ent bubble emergence sites on the seafloor indicated in
Figures 1 and 4. Most of the bubble emergence sites are
located near the southwest end of the elongate topo-
graphic mound located within the Eel Canyon slump
(Figure 1).

The next stage of processing, using QPS Qimera soft-
ware, entailed integration of the backscatter data with
the ship’s navigation data, including heading, pitch, and
roll as well as geographic position, to place the back-
scatter results in a 3D geographic reference frame.
Ray tracing based on a local sound velocity profile
(measured by XBT for this study; AT26-02 Science
Party, 2013) was also implemented to improve position-
ing of the backscattered energy in 3D. All backscatter
values from within a specified volume of interest were
saved. Georeferenced backscatter intensities were then
binned into voxels using Python, and the mean back-
scatter intensity in each voxel was determined. This
process generated an opaque data volume analogous
to a 3D seismic tomography model that can be dis-
played as arbitrarily oriented slices through the data
volume. We conducted several tests to determine the
voxel dimensions that were best for retaining resolution
while improving S/N. Figure 5 shows results for a hori-

zontal slice through the water column with its base at
1200 m for different voxel sizes. Increasing the thick-
ness from 20 to 40 m for voxels that are 20 × 20 m
in the horizontal plane fills in many of the holes in
the coverage. Increasing the thickness of the slice to
60 m did not visibly improve the coverage or S/N,
and increasing the horizontal voxel dimensions to
40 × 40 m resulted in a blurred image. We therefore de-
cided to use a voxel size of 20 × 20 × 40 m for visualizing
the backscatter observed during transit line 197.

Horizontal slices showing backscatter from the ocean
at intervals of 200 m from 1600 to 400 m below the sea
surface are shown in Figure 6; the seafloor bathymetry
and backscatter intensity are also shown. Supplemental
file S1 is an animation that shows the depth-dependent
change in backscatter in more detail. At 1600 m, the flare
appears to be a columnwith a diameter of approximately
50 m that overlies the southwestern end of the seafloor
mound. In Figure 6, we use this position of the flare at
1600m as a reference for tracking its positionwith depth.
At a water depth of 1400 m, the diameter of the central
core of the flare has grown to approximately 100 m and
its center has shifted approximately 50 m to the north.
At a water depth of 1200 m, the diameter has further
increased, the edges are irregular, and the center has
shifted approximately 50 m to the northwest. Between
1200 and 600 m, the flare appears to rise vertically. As
noted in Figure 4, the amplitude of the flare decreases
rapidly above approximately 500 m, and it is no longer
distinct in the slice at 400 m. Northeast of the primary
core of the flare, several high-amplitude streaks that
trend northwest–southeast and north–south are
observed. These streaks are brightest between 1200 and
800 m, but they are also present at 1400 and 600 m in
Figure 6 and can be seen emerging from the background
noise as deep as 1600 m in the animation. These are
likely secondary flares resulting from multiple bubble-
emitting vents that were less vigorous than the primary
vent during our observation period. Although it is diffi-
cult to identify individual flares in Figure 6, a general
northwest drift of these secondary flares is apparent
in the animation. The seafloor reflectivity derived from
theMBES data is not anomalously high beneath the flare,
and seafloor bright spots are observed elsewhere on the
floor of the canyon, suggesting that the locus of venting
moves over long time periods.

Continuous monitoring while holding station
The character of the flare changed dramatically during

the time period when the ship held station, as shown
in snapshots from single pings taken at 1 h intervals (Fig-
ure 7a). Because each individual ping illuminates only a
slice through the flare and not the entire volume (Fig-
ure 2b), these images contain the effects of spatial change
in the volume imaged due to changes in the ship’s heading
(the blue line in Figure 7b) as well as temporal change in
flare intensity. During the entire time period shown in Fig-
ure 7, the ship’s position was stationary within a 50 m ra-
dius (Figure 1). During the first 6 h of observation, the

Figure 4. Point clusters from five different crossings of the
Eel Canyon slump flare. The ship tracks for each of these
crossings are shown in Figure 1. Because only the strongest
backscatter is used to define points, this image does not show
the flares extending to the seafloor. The flare origins on the
seafloor were traced by scanning through the data as dis-
cussed in the text and illustrated in Figure 3. Most of the flares
can be traced to a distinct mound on the floor of the slump and
may include several different vents where bubbles and liquid
hydrocarbons have been observed and sampled (Gwiazda
et al., 2016; NA9502 cruise report, 2018).
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ship was intentionally allowed to rotate from 15° to 0°
three times to sweep across the flare. The “bowtie” shown
by dashed red lines on the backscatter slice at a depth of
1000 m in Figure 6 shows the approximate area ensoni-
fied by this rotation. During the last 2.5 h, a stationary
heading was maintained, ensonifying a more limited sec-
tor of the flare (the solid red bowtie in Figure 6) but pro-
viding finer-scale temporal resolution. We also show the
tide during this time period (the black line in Figure 7b)
because others have noted an increase in flare intensity
during a falling tide. At this site during this time period,
which encompassed nearly one tidal cycle, flare intensity
appeared minimum at 0630, approximately one-fourth
cycle after high tide and then began to increase, although
we note that the tidal height was smaller than the wave
height during this time period and that our total observa-
tion period was much too short to resolve any potential
tidal modulation overprinted by other effects.

To lookmore closely at the temporal variation during
a 2.5 h period during which the vessel heading was
nearly constant (Figure 7b), the data were processed
in a manner analogous to that used to generate Figure 6
and supplemental animation S1. Instead of binning the
data into bins in three spatial dimensions, however, the
backscatter intensity values were binned into voxels
with dimensions of horizontal and verti-
cal distance within the swath of 15 m
and a time period of 4 min to provide
a high-resolution time series. The results
are shown in Figure 8 as a series of
vertical slices corresponding to supple-
mental animation S2. To illustrate the
position of the MBES swath and the in-
ternal structure of each slice, horizontal
slices at different depths are shown as a
function of time and depth in Figure 9
with an X:Y scale ratio of 1:5. This time
period provides an opportunity to look
for events with short duration, although
we must first evaluate whether changes
represent true temporal changes or
changes due to bubbles moving into
or out of the plane of ensonification. It
is likely that the abrupt appearance or
disappearance of signals such as those
marked by horizontal white arrows in
Figure 8 represents secondary flares en-
tering and exiting the swath of ensonifi-
cation from the side.

We note a distinct pulse, labeled P1 in
Figure 8, that can be tracked as it rises
through the water column at a rate of
8–10 m/min (approximately 13–16 cm/s),
which corresponds closely to the “dirty”
(i.e., isolated from the ocean by a coast-
ing of either hydrate or oil) bubble rise
rate for bubbles of a size excited by
the frequency of the EM122 (e.g., Leifer
and Patro, 2002; Veloso et al., 2015; Biggs

et al., 2019). We interpret the brightening and widening of
the primary flare at 13:32 (supplemental animation S2) to
represent a change in bubble flux. Figure 9 indicates that
the MBES swath was stationary and sampling through
the main part of the flare from 12:10 to 14:00 before drift-
ing northeast between 14:00 and 14:30, supporting our in-
terpretation of a change in flux, although we cannot rule
out the possible contribution of plume drift relative to the
MBES swath. The consistent appearance and indistinct
upper and lower limits of the bright pulse outlined by
the dotted line at 13:45 and 14:00 suggest upward trans-
lation of the pulse at a rate of 4–5 m/min, approximately
half the rate of P1. These observations suggest that there
are pulses of bubble release that last for tens of minutes
as well as much shorter bursts.

Our results, as well as direct short-term visual obser-
vations of bubbles exiting the seafloor (e.g., Torres et al.,
2002; Rehder et al., 2009; Fu et al., 2021), indicate that the
approximately 1 h repeat time for previous acoustic sur-
veys of temporal change in venting from deepwater
(>500 m) methane vents in the Cascadia forearc (Kann-
berg et al., 2013; Philip et al., 2016; Römer et al., 2016)
was not adequate to measure the rise rate of individual
pulses. Our results also illustrate the complementary
value of our two contrasting strategies for acoustic map-

Figure 5. Example showing the empirical analysis used to determine the pre-
ferred voxel size for binning backscatter data acquired during transect 197. Back-
scatter data have been corrected for changes in the ship’s heading, pitch, and
roll. Binning in 20 × 20 × 20 m bins resulted in many holes in coverage. Increasing
the vertical dimension of the bins to 40 m filled most of the holes, and increasing
it further to 60 m did not significantly increase coverage compared to 40 m. In-
creasing the voxel size in the horizontal plane to 40 × 40 m resulted in some
blurring of the images. Based on this analysis, we selected 20 × 20 × 40 m as
the voxel size for Figure 6 and supplemental animation S1. The X and Y axes
are in meters (UTM zone 10).
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ping of flares using swath multibeam echosounder sys-
tems and the difficulty of capturing the large range of
temporal variability of these dynamic systems.

ADCP and XBT observations
ADCP and XBT data acquired during the stationary ob-

servations and transect line 197 were examined to see if
they could provide insights into flare behavior. At the be-
ginning of the stationary observations, the current mea-
sured by the ADCP (Figure 10a) was to the west in the
upper 50 m, to the south from 50 to 630 m, and to the east

below 630 m. The current in the upper 280 m rotated to
the southwest and the boundary between the current to
the south and the underlying east-directed current shal-
lowed from 630 to 400 m during the time period of our
observations. This change in the current direction may be
responsible for the apparent curvature of the secondary
flares at approximately 600 m in Figure 8. Similar deflec-
tion of plumes by currents has been documented else-
where (e.g., Philip et al., 2016).

The XBT data taken during acquisition of transect
197 (see Figure 1 for locations) are compared to more

Figure 6. Maps of seafloor bathymetry, seafloor backscatter, and horizontal slices of acoustic backscatter summed more than 40 m
thick layers as indicated in the title of each map for transect 197 (Figure 1) over the flare. The X and Y axes in meters (UTM zone 10).
Voxel dimensions are 20 m in the X and Y directions and 40 m in depth. Color bars are amplitude scales for the bathymetry, seafloor
reflectivity, and water column backscatter maps. All water column backscatter maps are shown with the same amplitude scale. Sub-
horizontal blue streaks on the backscatter maps are due to low-energy pings. The circle on each panel is the location of the flare at
1500–1600m and is shown on each panel for reference. The solid white line indicates the vessel track. The red dashed lines on the 960–
1000 m water-column backscatter map schematically show the sector that was imaged as the vessel (shown at approximately twice
actual size) rotated while holding station during the time period shown in Figure 7. The solid red lines show the sector covered during
the time period shown in Figure 8. See supplemental file S1 for an animation of this figure with 40 m intervals.
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typical XBTs from the deepwater abys-
sal plain northwest of the Eel Canyon
slump in Figure 10b and show an
unusual profile of temperature as a func-
tion of depth beneath the sea surface in
which the temperature decrease that
defines the sound fixing and ranging
(SOFAR) channel is muted and temper-
ature shows relatively large oscillations
with a wavelength of approximately
100 m. This may be due to turbulence
generated by interaction of diurnal
and semidiurnal tides with local seafloor
topography in this region as observed
and modeled by Musgrave et al. (2017),
which may in turn contribute to the ob-
served complex spatial and temporal
variations in flare intensity.

Discussion
We introduce a new approach to

processing MBES water column back-
scatter data in which the backscatter
data are corrected for ship motion, in-
cluding heading, pitch, and roll, and
binned into voxels for interpretation as
a 3D volume, analogous to a 3D seismic
reflection or tomographic volume. Data
are binned into voxels with three spatial
dimensions when the ship is stationary.
When the ship is transiting, one voxel di-
mension is time and the other two are

Figure 8. Vertical slices of backscatter binned into voxels with dimensions of 15m inX and Z and 4min in the direction perpendicular
to the slice. Horizontal scale in meters (UTM zone 10). Slices are shown at approximately 15 min intervals from 1210 to 1420 on 3 July
2013. A backscatter “pulse” (labeled P1) can be traced from 12:45 to 13:30, when it rises out of the field of view. Horizontal white
arrows show examples of abrupt vertical changes in backscatter intensity that likely result from bubble streams entering (at 12:10) or
exiting (at 13:15) the ensonified swath. See A2 for an animation of this figure with one minute intervals from 12:00 to 14:10.

Figure 7. (a) Snapshots of the Eel Canyon flare at 1 h intervals when the ship was
approximately stationary on 3 July 2013, displayed using QPS FMMidwater. The
thick red line at the base of each snapshot is the seafloor return showing the position
of the flare relative to the mound on the floor of the Eel Canyon slump. As for Fig-
ure 3, vertical and horizontal scales are similar, the red area indicates high intensity
backscatter, and the white area represents an empirical threshold chosen to isolate
the flare. Horizontal and amplitude scales are the same for each image. (b) Vessel
heading and tidal height during this time period. Tidal height predicted by the model
of Egbert and Erofeeva (2002). Horizontal bar above the graph shows the time
period shown in Figures 8 and 9.
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spatial. Horizontal backscatter slices (Figure 6 and sup-
plemental animation S1) from a transect across the flare
represent a static 3D view smoothed over the approxi-
mately 10 min it took to transit over the site. This view
of the flare suggests the presence of a primary seafloor
source with a diameter of approximately 40 m on the
southwest edge of a circular region with a diameter of
approximately 600 m from which several secondary
flares emerge. Alternatively, secondary flares may de-
velop from the primary flare in response to changing
oceanographic conditions with decreasing depth.
Although both processes may occur, and initial viewing
of the data from the transect as a time series suggested
the latter interpretation, the flare structure revealed
through binning, averaging, and animation of the data
from the transit across the flare leads us to prefer the
explanation of a flare cluster with one primary and multi-
ple secondary flares. The absence of a bright spot in the
seafloor backscatter associated with this flare and the
presence of bright spots elsewhere on the floor of the

slump (Figure 6) support the inference from the high-res-
olution seafloor mapping of Gwiazda et al. (2016) that
the locus of venting within the slump scar has changed
on a millennial time scale.

The data show that the primary flare became wider
and shifted in position as it rose from 1600 to 1200 m
water depth. We speculate that this deflection is due
to local turbulent flow induced by topography (Mus-
grave et al., 2017). Although we have no direct con-
straint on currents at that depth, anomalous XBT data
taken at the same time as the MBES data show anoma-
lous temperature structure inferred to result from
topographically induced turbulence. Widening of the
primary flare as it shallows may reflect an increased
number of bubbles with decreasing depth in the size
range that resonates when excited by acoustic energy
at 12 kHz. Whether this increased number of bubbles is
due to exsolution of gas from aqueous vent fluid en-
trained with the bubbles, expansion of bubbles due
to decreasing pressure, or to a change in the flux of bub-

Figure 9. Horizontal slices at different depths corresponding to some of the times shown in Figure 8 to illustrate the width of the
ensonified swath that was summed to generate the vertical slices shown in Figure 8 and supplemental animation S2. Data are
binned into voxels with dimensions of 5 m in X and Y and 4 min in time. The X and Y axes in meters (UTM zone 10). Amplitude scale
the same as in Figure 8. The swath is narrow compared to the dimensions of the flare.
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bles exiting the seafloor cannot be resolved by a transit
over the site and would require in situ time-series mea-
surements at a range of frequencies. Secondary flares
show deflection above 600–700 m consistent with the
current direction measured by the ADCP.

Observations made while holding the ship stationary
and offset from the flare complex reveal changes in
the flare intensity over time scales of several minutes
(Figure 8 and supplemental animation S2) within an ap-
proximately 50 m thick vertical slice through the flare.
Although some of the changes we observe likely result
frommotion of the bubbles into and out of the slice, these
can likely be identified by abrupt subhorizontal changes
in intensity in the images. Some of the temporal variations
appear to be due to pulses of bubbles that rise toward the
surface. In particular, we can track a distinct high-ampli-
tude backscatter pulse north of the primary flare that is
observed from 12:26 to 13:20 with a rise rate of 8–10 m/
min (13–16 cm/s). This rate is consistent with the rise rate
of bubbles coated with a hydrate shell or oil film (Leifer
and Patro, 2002; Veloso et al., 2015; Biggs et al., 2019).
Because of changes in the size and shape of the pulse,
we did not attempt to resolve a change in rise rate with
depth and report only an approximate average rise rate. A
larger pulse that appears in the primary flare near the sea-
floor at 13:32 seems to rise at a slower rate of 4–5 m/min.

Conclusions
Our results highlight the trade-off between temporal

and spatial resolution when using shipboard multibeam
soundings to image acoustic flares generated by methane

bubbles. Imaging the entire affected vol-
ume containing bubbles with a narrow-
band MBES requires transiting at a slow
speed (<5 knots) for several kilometers
over the flare (or acquiring a grid when
mapping with a single beam). Each image
of the flare therefore represents a “snap-
shot” of the flare averaged over tens of
minutes, which can be repeated to pro-
duce a time series suitable for monitoring
changes with a period of an hour or more.
Short pulses of bubble release from the
seafloor cannot be quantified with this ap-
proach. Imaging a flare from a stationary
vantage point, on the other hand, can pro-
vide information on short-duration events
(time scale of minutes), but provides only
a narrow slice through a large, complex
flare. Although it is difficult to distinguish
changes in bubble flux from temporal
changes due to motion of the flare rela-
tive to the slice, we argue that we were
able to measure rise rates for at least
one (and possibly two) distinct pulses
from a stationary vantage point. A station-
ary vantage point thus complements a re-
peated transect strategy if the source of

the flare has previously been identified.
Because a narrow-band MBES is sensitive to a limited

range of bubble sizes and does not provide any ground-
truth sampling of fluid composition, both data acquisition
approaches provide a view of a bubble plume that is
biased toward the bubble size that resonates at the
system frequency, limiting the ability to resolve the flux
of methane contained in bubbles that may have a range
of sizes andwhose size changes in response to decreasing
pressure and loss of gas to diffusion as they rise through
the water column. A comprehensive study of gas flux and
the dynamics of seafloor gas venting requires a dedicated,
multidisciplinary approach that includes acoustic, optical,
and chemical observations that cover time scales of mi-
nutes to months or years with high spatial resolution
within a volume large enough to encompass an entire vent
system. Experiments of opportunity usingMBES systems,
however, can contribute new knowledge about seafloor
gas vent dynamics and provide background information
for planning more comprehensive efforts. Moreover, as
more ships are equipped with sophisticated acoustic im-
aging systems, including those with multifrequency and
3D scanning (e.g., the Simrad StructureScan3D) capabil-
ity, such opportunities should become more frequent.
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Figure 10. (a) ADCP data while the ship was acquiring data from a stationary
position showing a change in current direction southwest greater than 300 m to
east below 600–500 m. (b) Water temperature from XBT data acquired during
AT2602. The profile shown by the purple line was acquired in the flare and
the profile shown in red was acquired approximately 1 km to the south during
transit 197 (locations shown by green stars in Figure 1). Also shown are data
from the shelf northeast of the flare (green) and from the ocean basin northwest
of the flare (two sites with nearly identical profiles shown in black). Dashed lines
show the corresponding sound velocity profiles for the XBTs shown in purple
and black, respectively, to illustrate the impact of the unusual temperature pro-
file through the flare on the SOFAR channel.
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that inspired us to modify our processing approach and
interpretations. All acoustic multibeam and ADCP data
used for this analysis have been archived at rvdata.org
and are freely available. Multibeam data are also freely
available from the Marine Geoscience Data System
(www.marine-geo.org). Cruise AT26-02 was funded by
the U.S. National Science Foundation as part of the
Cascadia Initiative. This is PMEL contribution 5199.
Tidal prediction from https://tpxows.azurewebsites.net.

Data and materials availability
Data associated with this research are available and

can be accessed via the following URL: www.marine-
geo.org.
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