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Two lander-based devices, the Bubble-Box and GasQuant-II, were used to investigate the
spatial and temporal variability and total gas flow rates of a seep area offshore Oregon,
UnitedStates. TheBubble-Box is a stereo camera–equipped lander that recordsbubbles inside
a rising corridor with 80Hz, allowing for automated image analyses of bubble size distributions
and rising speeds. GasQuant is a hydroacoustic lander using a horizontally oriented multibeam
swath to record the backscatter intensity of bubble streams passing the swath plain. The
experimental set up at the Astoria Canyon site at a water depth of about 500m aimed at
calibrating the hydroacoustic GasQuant data with the visual Bubble-Box data for a spatial and
temporal flow rate quantification of the site. For about 90 h in total, both systemswere deployed
simultaneously and pressure and temperature data were recorded using a CTD as well.
Detailed image analyses show a Gaussian-like bubble size distribution of bubbles with a radius
of 0.6–6mm (mean 2.5mm, std. dev. 0.25mm); this is very similar to other measurements
reported in the literature. Rising speeds ranged from 15 to 37 cm/s between 1- and 5-mm
bubble sizes and are thus, in parts, slightly faster than reported elsewhere. Bubble sizes and
calculated flow rates are rather constant over time at the two monitored bubble streams. Flow
rates of these individual bubble streams are in the range of 544–1,278mm3/s. OneBubble-Box
data set was used to calibrate the acoustic backscatter response of the GasQuant data,
enabling us to calculate a flow rate of the ensonified seep area (~1,700m2) that ranged from
4.98 to 8.33 L/min (5.38 × 106 to 9.01 × 106 CH4mol/year). Such flow rates are common for
seep areas of similar size, and as such, this location is classified as a normally active seep area.
For deriving these acoustically based flow rates, the detailed data pre-processing considered
echogram gridding methods of the swath data and bubble responses at the respective water
depth. The described method uses the inverse gas flow quantification approach and gives an
in-depth example of the benefits of using acoustic and optical methods in tandem.
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1 INTRODUCTION

1.1 Methane Seepage
For almost 40 years, scientists have studied the global phenomena
of natural methane release from underwater seepage areas at
different geological settings (see overview in Suess, 2014). This
research has covered different aspects of methane seepage,
including their ability to sustain chemoautotrophic ecosystems
and microbial communities (Boetius et al., 2000; Sahling et al.,
2002; Levin et al., 2016), their geological past and their
manifestation in methane derived carbonates (Greinert et al.,
2001; Campbell, 2006; Liebetrau et al., 2010), their link to gas
hydrates and hydrocarbon reservoirs (Westbrook et al., 2008;
Smith et al., 2014; Ruppel and Kessler, 2017), or the potential
transport of methane into the atmosphere and its relevance to
global atmospheric methane concentrations (Etiope, 2009;
Shakhova et al., 2010; Kirschke et al., 2013; Pohlman et al.,
2017; Römer et al., 2017; Weber et al., 2019). To answer these
questions, scientists have tried to elucidate in detail the
mechanism of bubble seepage and its triggers including
internal forcing (source depletion and refilling and clogging of
pathways) or external forcing (pressure changes, e.g., due to tides,
tectonic activity, or sea-level changes) (Westbrook et al., 2009;
Berndt et al., 2014; Shakhova et al., 2014; Wallmann et al., 2018).

In all these studies, the key aspects for properly interpreting
the spatio-temporal modulations of a bubble seepage area are
their quantitative assessment and their accurate geo-reference.
For more than a decade, the quantification and positioning of
seepage occurrences have been performed using independent or
combinations of optical and remote hydroacoustic methods as
well as direct sampling techniques (Sauter et al., 2006; Nikolovska
et al., 2008; Sahling et al., 2009; Weber et al., 2014). In most cases,
only local measurements could be undertaken when, for example,
ROVs performed the direct measurement. Others allowed for
longer, lander-based, studies at a single release location, seep area
(e.g., Leifer and Boles, 2005; Greinert, 2008; Schneider von
Deimling et al., 2011; Kannberg et al., 2013), or entire margins
(Skarke et al., 2014; Leifer et al., 2017; Riedel et al., 2018); yet
another set of studies revisited the same area several times to
investigate seep activity and location changes over days (Jerram
et al., 2015) to years (Römer et al., 2017; Urban et al., 2017;
Veloso-Alarcón et al., 2019). Only few studies allowed for a quasi-
continuous evaluation of temporal variability, for example, at the
monitoring site Barkley Canyon of the Ocean Networks Canada
cable observatory for seep-related biological activity or gas
hydrate and seepage dynamics (Römer et al., 2016; Doya et al.,
2017; De Leo et al., 2018).

1.2 Investigation Methodologies
Optical observatories employing simple (only a camera and scale)
or more sophisticated devices (back-illuminated bubble chambers
with high-speed cameras) are commonly deployed and

positioned by ROV or divers (Leifer et al., 2000; Rehder et al.,
2002; Rehder et al., 2009; Leifer and Culling 2010). These
techniques are rather straightforward in theory and very
precise in determining bubble sizes and rising speeds, once the
hurdle of fast enough acquisition of high-resolution images and
subsequent processing of high amounts of data is overcome.
Recent improvements include stereoscopic imaging techniques
for characterizing bubble release that have been successfully
tested under controlled conditions (Wang and Socolofsky,
2015; She et al., 2022) as well as in situ (Wang et al., 2016;
Razaz et al., 2020; Wang et al., 2020). These are, however, limited
(by the range of visual observation) to a distance of a few meters,
making active acoustic approaches in combination with optical
observatories the method of choice for the quantification of
bubble emissions of large areas. Alternatively, passive acoustics
has emerged as a new supporting technique for quantitative
monitoring of seep areas, including CO2 CCS areas (Bergès
et al., 2015; Li et al., 2020a; Longo et al., 2021; Caudron et al.,
2022). Moreover, the combination of hydroacoustics and optical
techniques has also been used for studying the dissolution of
bubbles within the water column, including the validation of
models for mass transfer and bubble transport for natural bubble
seepage (Wang et al., 2020).

In contrast to optics, active and passive hydroacoustic systems
do not provide direct measurements of the bubble amount and
sizes, and quantification is achieved by the sonar signal inversion.
Subsequently, a robust method for quantitative assessment of
bubble flow rates relies on a very good understanding of the used
hydroacoustic technology and the theoretical background of the
acoustical backscattering response of bubbles. Particularly, over
the last decade, active hydroacoustic systems have been employed
during research cruises for mapping bubbling seep areas and
quantitative assessments using single beam echosounder systems
(SBES; Kannberg et al., 2013; Weber et al., 2014; Veloso et al.,
2015; Turco et al., 2022) or multibeam echosounder systems
(MBES; Römer et al., 2017; Higgs et al., 2019). Most published
quantification methods used hydroacoustic inversion techniques
of calibrated SBES parameters as target strength and volume
backscattering strength, including the input of optically or
acoustically derived bubble size distributions; fewer attempts
have been made only using MBES data (e.g., Scandella et al.,
2016). The inversion of the MBES signal is still challenging since
most of the commercially available echosounder systems, with a
few exceptions (e.g., Kongsberg ME70 and iXblue SeapiX), are
un-calibrated systems. Compared to the calibration effort for
SBESs, calibrating MBESs is more complicated and not yet a
standard procedure. Additionally, a very good knowledge about
the internal processing steps from signal detection to data
recording is important for correctly processing MBES data for
gas flow quantifications. As the knowledge about the exact
processing is often proprietary information, it is sometimes
difficult to get.
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FIGURE 1 | (A) Bathymetric map of the Astoria Canyon area, with the Study Site AC500 on the ridge crest as part of the southern canyon flank. White circles
indicate active seep sites detected during MBES surveys from several cruises. Small black spots indicate the cruise track of RV FALKOR. Previously sample seep
locations by Baumberger et al. (2018) are given (bathymetric data courtesy of the USGS). (B)Detailed map of the AC500 site; bathymetric data have been acquired using
the GasQuant Imagenex MBES mounted on the ROV during a mapping survey (Dive 272). All BBM sites are indicated; BBM-11 and BBM-17 locations were close
to each other in the middle of the Bubble-Alley. (A,B)White dots indicate bubble locations that were annotated during the dives (not all locations are shown), and small
black dots are ship (A) and ROV tracks (B).
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1.3 Data and Scope of the Article
This article describes and analyzes optical and hydroacoustic data
from an active seep site offshore Oregon well above the methane
hydrate stability zone. The systems used were the lander-based
hydroacoustic multibeam system GasQuant-II and the stereo
camera–equipped system Bubble-Box (BBox; She et al., 2022),
both developed at GEOMAR. The deployments of the systems
took place as part of cruise FK190612 with RV FALKOR from the
Schmidt-Ocean Institute in June 2019. The cruise was led by the
USGS with the aim of investigating gas release above and below
the hydrate stability zone at known and new seep sites along the
Cascadia continental margin. During the cruise, several sites were
investigated during ROV dives and also with GasQuant and BBox
deployments, but the data set presented here is only from the
Astoria Canyon site AC500 at a water depth of about 500 m
(Figure 1). Both systems were simultaneously deployed to
measure bubble release activity of individual streams (BBox
and GasQuant) and an entire seepage area (GasQuant). The
measurements were planned as an in situ experiment to 1)
monitor and quantify gas bubble release at the site for several
days and identify potential internal and external forcing on the
release; 2) test and verify an approach for parallel deployment of
optical and acoustic systems in which bubble parameters are
derived from optical information and then used in the inverse
hydroacoustic method for temporally and spatially high-
resolution quantifications; and 3) highlight system-dependent
and general pitfalls of the acoustic quantification caused by
the intricacies during acoustic bubble observations.

In detail, we report on the undertaken processing steps to
measure bubble size distributions and flow rates over time from
both systems. We highlight the difficulties of acquiring good data
and particularly of understanding what the received multibeam
signals actually represent. In a final step, we merge bubble size
distributions, rising speeds, and backscatter intensity to derive
bubble flow rates and the variability from the ~1,700-m2 large
seep area. We further discuss bubble flow changes with respect to
pressure/tidal, small bubble size variations, and shifts of the
bubble location when crossing the acoustic MBES swath. The
presented work thus not only presents “another” high-resolution
data set about flow rate and temporal variability of gas bubbles at
a seep site but also highlights a number of methodological
processes that greatly influence the analyses, but are rarely or
not considered in many other publications. Furthermore, the
presented work provides new insightful information regarding in
situMBES calibration using simultaneous optical information, as
well as indicating the challenges, the problems, and their possible
solutions toward advancing the technique.

1.4 Study Area
The study area lies in a gully-like depression on a ridge crest
belonging to the southern slope of the Astoria Canyon system
(Figure 1A). As such, the area is part of the accretionary prism of
the Cascadia margin formed due to the subduction of the Juan de
Fuca plate beneath North America. Due to this accretion and the
proximity to land and therefore high organic and terrestrial
sediment input, the entire region of Cascadia is characterized
by the widespread occurrence of active and past methane seepage

that make this region one of the most renowned methane seep
areas in the world. Locations like Hydrate Ridge (Suess et al.,
1999; Torres et al., 2002; Kannberg et al., 2013) or Coil Oil Point
(Leifer and Culling, 2010; Schmale et al., 2015) further to the
south or Barkley Canyon to the north (Römer et al., 2016; Doya
et al., 2017) are part of this larger seep region. Figure 1B shows
the detailed location of our study and seep site AC500. During
cruise FK190612, the wider area of the canyon was studied during
several ROV dives and hydroacoustic surveys, showing that a
number of already known seep sites were still active whereas new
sites, for example, at the edge of the flat canyon infill to the
northern canyon slope, were newly discovered. The AC500 sites
was known before the cruise through investigations in
2016 during expedition NA072 with E/VNautilus where visual
inspections and gas sampling indicated several seep locations
with secondarily oxidized biogenic methane being expelled
(Baumberger et al., 2018). To repeat gas analyses at site
AC494 from the study by Baumberger et al. (2018), the area
was revisited with ROV SuBastian during dive 262 and the
“Bubble-Alley” within an ENE striking gully-like valley about
150 m east of site AC494 was discovered and inspected more
closely (Figure 1B). Over a distance of about 150 m, many bubble
release sites occur in the sandy seafloor, and more than
100 isolated bubble streams or clusters of them were
encountered during live annotation of bubble occurrences as
well as during subsequent re-annotation of the video footage. A
total of seven ROV dives, including dive 262, were performed at
site AC500 (other SuBastian dives were 263, 264, 266, 272, 273,
and 276), during which the Bubble-Alley was sampled repeatedly
with the BBox and visually inspected for seep-related features
such as bubble release, chemoautotrophic fauna, and methane-
derived authigenic carbonates.

2 DATA, EQUIPMENT, AND METHODS

2.1 Data Sets
Of the seven ROV dives at the AC500 site, three were used to
deploy GasQuant and the BBox in parallel for several days; a total
of seven BBox measurements (BBM) and three GasQuant
measurements (GQM) were undertaken. In this study, we only
present and discuss data from BBM-11 and GQM-3 (dives
264–266) and BBM-17 and GQM-4 (dives 272–276) as these
have the needed spatial and temporal overlap for reaching our
measurements goals (details see Table 1). Both systems were
placed accurately by the ROV on the ground, and the transducer
head of the GasQuant system was oriented toward the direction
of the bubble source, using the compass and manipulator of the
ROV to rotate and tilt the transducer head accordingly. The
general system parts and functions are briefly described below,
followed by a more detailed data processing section.

2.2 Bubble-Box System
The Bubble-Box System (BBox, Figure 2A–C) is a compact,
ROV-deployable photogrammetric system designed to acquire
black and white images for an automatic analysis of bubbles larger
than 0.5 mm in diameter. The purpose of the system is to derive
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bubble size distributions (BSD), bubble rising speeds (BRS), and
the shape and number of the bubbles per time (Figure 2; She
et al., 2022). This can be used to directly quantify free gas flow
rates and get important input parameters such as size and rising
speed for hydroacoustic gas flow quantifications. Two
synchronized and photogrammetrically calibrated machine
vision cameras take images with a back-illuminated setting
(bright-field), where each bubble is photographed from two
perspectives of 90° difference. With each image pair, individual
bubble positions and shapes can be measured precisely (1%
diameter uncertainty) and bubble rising speeds can be
determined over time. The upward installed cameras in their

6,000-m pressure-resistant housings look through a 45° tilted
mirror at a bubble rise corridor to keep a compact size of the
instrument. The lenses are carefully centered within the dome
ports to minimize refraction at the air–glass–water interfaces (She
et al., 2019). To maximize bubble contrast, a set of four green
LEDs (550 nm) is mounted behind acrylic diffusor plates opposite
to each camera. The LEDs flash at 80 or 100 Hz to save energy,
and a microcontroller triggers the camera at each flash to acquire
two synchronized images exposed for 1 ms. Power for the
complete system is provided by a container for exchangeable
batteries (Figure 2B). An additional pressure housing contains
the electronics for distributing the power and synchronizing

TABLE 1 | Deployment details of the BBox and GasQuant measurements at the AC500 site.

Deployment ROV
dive

Start (2019;
UTC)

Stop (2019;
UTC)

Depth
(m)

Latitude and
longitude

System settings

BBM-11 264 19 June,
16:35

21 June,
09:44

490 46.22291153 N 1 min recording, 14 min off, 80 images per second
124.65430253 W

GQM-3 264 19 June,
15:13

21 June,
21:13

482 46.22261273 N 120° swath, 80 m range, 480 µs pulse length, 500 samples for entire range,
view direction toward ~320°124.65422939 W

BBM-17 272 27 June,
16:21

29 June,
19:34

490 46.22290054 N 1 min recording, 14 min off, 80 images per second
124.65429503 W

GQM-4 273 28 June,
13:40

30 June,
06:40

482 46.2226344 N 120° swath, 60 m range, 360 µs pulse length, 500 samples for entire range,
view direction toward ~325°124.65410701 W

FIGURE 2 | BBox on deck (A), on the seafloor (B), and turned on with flushing LEDs (C). Shown are the different components. In (B,C), bubbles can be seen
escaping the BBox on the top; C also shows bubble within the BBox. GasQuant II lander system before deployment on the ROV (D) and located on the seafloor (E)with
main parts of the system indicated.
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signals. It further contains the driver circuits for the LEDs. The
BBox has a mechanic switch which allows for turning the system
on and off by the ROV when in the water.

ROV SuBastian deployed the BBox by placing it as straightly as
possible onto the selected bubble release source (e.g., youtube-
video-FK-Dive264, video time: ~min 37). The open structure on
one side of the box allows for monitoring the rising bubbles
through the box and their escape through an opening at the top. A
funnel at the bottom of the box ensures that bubbles enter the
8 cm by 8 cm wide rise corridor in the center of the box, where
they are recorded by the two cameras. Once the BBox was in
position, the measurement was started, using the switch to turn
power on. A much more detailed description of the BBox, its
technical specifications, and processing steps are given in the
study by She et al. (2022).

Prior to deployment, the computer times were synchronized to
UTC time and the setting parameters were set (Table 1). Upon
recovery of the system, data were downloaded and visually inspected
to check data quality. In general, bubbles were successfully captured
by the two cameras with the exception of some time-intervals when
the camera dome ports were blocked by sediment and/or animals (sea
urchins) or when the observed bubble stream moved out of the
camera field of view. The latter happened in two deployments when
the BBox sank into the sediment and lost its upright orientation.
Example images are provided as Supplementary Figure S4. Prior to
and after the cruise, the two cameras were photogrammetrically
calibrated in the laboratory (She et al., 2022), but re-calibration was
necessary for the in situ acquired images because slightmovements of
the mirrors and camera housings occurred due to the increased
pressure and lower temperature at depth. Thus, slight adjustments of
the in situ calibration were derived by manually selecting a subset of
images from the entire observation time; it was verified that the same
re-calibration parameters can be used for all deployments. The BBox
data were processed as discussed in the study by She et al. (2022) and
results include individual bubble sizes (mm radius of the volume
equivalent sphere) and rising speeds (cm/s), the number of bubbles
per time (n/s), and the respective volume flow rates (ml/s). Three data
sets could be derived, one for each camera individually (camera 1 and
2) as well as the stereomatching result. The automated recording was
set to one minute of recording every 15min which results in about
3,600–4,000 images per interval used for bubble analyses. The data of
the two BBox deployments are published on PANGAEA (Veloso-
Alarcón et al., all BBox related post-processed data will be submitted
soon; the DOI will be added in the final article).

2.3 GasQuant II System
The GasQuant II system is a hydroacoustic lander with a horizontally
oriented multibeam swath for performing long-term observations of
bubble release activity of an entire seep area. In contrast to a vertically
oriented swath, which needs to be mechanically rotated (e.g., Römer
et al., 2017), a vertically oriented swath enables us to monitor the
target area continuously without spatial or temporal gaps for the
entire 120°-wide swath. GasQuant II (Figures 2D,E) was built as the
successor of the original, much larger GasQuant system (Greinert,
2008), which has been successfully used for tempo-spatial variability
measurements of gas releases in the Black Sea and North Sea
(Greinert, 2008; Schneider von Deimling et al., 2011). GasQuant

II uses an Imagenex 837B Delta T multibeam as its primary sensor
(similar to the work of Scandella et al., 2016 and Römer et al., 2017).
The transducer has a maximum opening angle of 120°, comprises
120 beams, and transmits at 260 kHz. The beam opening angles as
given by the manufacturer are 3° by 3°; no details are given about the
suppression level of the side lobes. The measurement range extends
from 5 to 100m and can be set at nine different discrete levels of the
maximum recording range. The Imagenex provides 500 data values
(independent of the range) for each beam that represents voltage
levels proportional to the backscattered acoustic pressure, the applied
time-varying gain, and a constant gain (the start and display gains of
the system). The time-varying gain compensates the propagation loss
for volume backscattering (named extended target by the
manufacturer). These values can be converted to un-calibrated
amplitudes proportional to backscatter volume strength values as
described in Supplementary Section 1. It needs to be noted that these
un-calibrated amplitudes are possibly angle dependent (where in the
swath, the backscatter target exists) as shown by Scandella et al.
(2016). Thus, an angular correction of the backscatter amplitudes of
the echogrammight be required. Themultibeam is installed on top of
a tripod at a height of 1.25m (Figures 2D,E). A Sea and Sun CTD is
attached to the tripod to record pressure, temperature, and
conductivity, used for investigating pressure changes over time
and to derive the ambient sound velocity in real time and feed it
into the Imagenex for sound velocity adaptations. A magnetic
compass provides information about the orientation of the lander
general view direction of the transducer. Electric power of 3 kWh is
provided by lithium battery cells installed in a housing for
exchangeable batteries. The power is distributed to the different
sensors through the additional electronics housing that holds the
control computer and logging unit for the multibeam and CTD. The
system is preprogrammed to start at a certain time, and it is stopped
manually upon recovery. The system was deployed with the ROV
and placed on the seafloor using its manipulator (e.g., youtube-video-
FK-Dive264, video time ~min 16). In total, five deployments were
conducted during FK190612, but only GQM-3 and GQM-4 are used
in this study. Table 1 summarizes settings, date–time information,
and position of the GasQuant deployments. The data of the two
GasQuant deployments presented here are published on PANGAEA
(Veloso-Alarcón et al., all BBox related post-processed data will be
submitted soon; the DOI will be added in the final article). A detailed
description about data quality is given in Supplementary Section 2.
Because the processing of the acoustic data is essential for correct
interpretation of the data, the different processing steps are explained
in more detail here.

2.4 GasQuant Data Processing
2.4.1 MBES Data Correction
The first step in processing was correcting the Imagenex MBES
data for transmission loss due to sound absorption. The original
absorption of 0.1 dB/km was replaced by new values calculated
using the recorded CTD data and applying the empirical relation
of Francois and Garrison (1982). Absorption values and ambient
parameters used for the deployments GQM-3 and GQM-4 are
presented in Supplementary Table S1. Un-calibrated volume
backscattering values (AV) along each beam were calculated
using the recorded amplitude/voltage values Arec of the system
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(Supplementary Equation S.1). Due to lack of our own
experimental calibration, the angular correction of AV was not
applied.

2.4.2 MBES Data Gridding and Interpolation
For quantitative analysis of MBES water column imaging data
(WCI), it must be acknowledged that volumes of neighboring
acoustic samples from adjacent beams physically
overlap. Summing up measurements of neighboring beams to
a combined value would therefore lead to an overestimation of
the measured gas flow depending on the exact beam overlap. To
overcome this problem, we applied the gridding method
presented by Urban et al. (2022), in which un-calibrated
volume backscattering values AV (proportional to volume
backscattering) of the ping-based WCI data were gridded onto
a two-dimensional voxel grid by calculating an average acoustic
value from all samples in the vicinity of each voxel (voxel
weighted mean method from the study by Urban et al., 2022).
Voxel volumes were set to 0.7 m by 0.7 m horizontal and 1 m
vertical (Δx, Δy, and Δz). A horizontal size of 0.7 m was
determined as a lower limit before the voxel-grid started to
have empty voxels because of the sample spacing between
beams at a larger range. Temporarily, pings were averaged
over 60 s although the ping rate was set to 6.3 and 7.6 pings
per second for GQM-3 and -4, respectively. The gridded un-
calibrated volume backscattering values AV(i,j) are multiplied by
their voxel volume to obtain un-calibrated acoustical cross-
section values Abs(i,j) that are proportional to the total
backscattering cross-section within each voxel (Eq. 1):

Abs(i,j) � AV(i,j)ΔxΔyΔz (1)

Due to the limited acoustic resolution (wide beam opening
angle of 3°), gridded amplitudes may include backscatter signals
from other targets in the water column which are physically not
located in the respective grid voxels. Urban et al. (2022) showed
that the summation of the gridded voxels Abs(i,j) (Figure 3)
approximates to a value proportional to the total
backscattering cross-section of the targets within the
ensonified volumetric section of the total backscattering cross-
section σbsT. In this case, σbsT can be written as follows:

σbsT � kAbsT (2)
where k is a constant representing the proportionality between
the real and the un-calibrated total backscattering cross-section.
The value kwas approximated through theoretical considerations
as indicated in Supplementary Section 1 (Supplementary
Eq. S.6).

2.4.3 Seep-Anomalies Tracking and Amplitude
Determination
The interactive display of consecutive echogram voxel grids
allowed for visual identification of acoustic anomalies
potentially related to gas seepage in the monitored area (e.g.,
Supplementary Figure S5; Supplementary Videos 1 and 2).
Since bubbles move laterally with currents, their acoustic signals
change position within the echogram. Two algorithms were

applied for tracking these locations over time (Supplementary
Section 3). None of the algorithms always worked successfully,
especially in areas where acoustic artifacts, noise, and
reverberation occasionally masked the bubble seepage signal.
In such cases, an interactive method implemented in
MATLAB was used which allows for a 3D visualization of the
data around the potential seep location with time as the z-axis
(Supplementary Figure S5). Signals outside of a continuous
signal trend can be interactively deleted before the cell with
the maximum backscatter value for each ping is detected and
determines the central position of the seep spot. This interactive
approach was performed when the automated tracking failed
(about 30% of the seep spot locations neededmanual interaction).

A representative (un-calibrated) backscatter amplitude of the
respective seep-anomaly AbsT was calculated by the exponential
summation of all Abs(i,j) values within a 5 by 5 voxel area around
the tracked central seep-anomaly voxel
(i.e., 10 log∑5x5Area10

Absi/10). Alternatively, the overall
amplitude of the entire echogram fan (OVA) was calculated
by integrating the gridded-voxels (i.e., 10 log∑FAN10

Absi/10).
This was done for performing activity analysis assuming that
the total amplitude modulation was only affected by mobile
targets (e.g., bubbles) and backscatter from static reflectors
such as the seafloor remained constant. Additionally, the fan
was spatially masked where the seafloor was clearly identified.
Subsequently, the overall amplitude of the echogram fan
excluding the masked region (OVA-masked) was calculated in
the same way as explained for the OVA time-series. Both OVA
and OVA-masked time series were obtained for GQM-3 and
GQM-4 deployments.

2.5 Acoustic Bubble-Flow Rate
Quantification
2.5.1 Calibrating GasQuant Acoustic Data With BBox
Measurements
The approach of our trials is to use verified bubble-flow rates from
the BBox to derive a scaling factor for correlating the acoustic
seep-anomaly signals seen in the GasQuant MBES echogram
data. Thus, at least one BBox-observed bubble stream needs to be
matched with one of the acoustic anomalies within the echogram
of the corresponding GQM. To find the BBox location in the
MBES-echogram, first, the navigational data of the GasQuant and
BBox locations were used and the echograms corresponding to
the time when the BBox was placed on the seep-spot were
investigated (youtube-video-FK-Dive264, video time ~16 min).
As GasQuant was deployed before, the BBox placement
reflections of the ROV itself pinpointed the approximated
BBox position in the MBES-echogram.

The selection criteria for the BBox bubble stream include that
it should be rather isolated (no other bubble stream in the direct
proximity) and that it should consist of one vent that could be
completely covered with the BBox funnel. As such, the selected
bubble stream was not very strong, and finding an isolated bubble
stream was difficult in the Bubble-Alley. Two acoustic anomalies
(control acoustic anomalies) were identified and used separately
to derive the scaling factor value. Only one set of deployments
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(GQM-3 and BBM-11) reached the selection criteria and was
used for deriving the MBES scaling factor for all GasQuant-based
flow-rate quantifications.

2.5.2 Scaling Factor
Within a horizontal-oriented MBES ensonifying a bubble stream
with separation between bubbles comparable to the wavelength,
the summation of the acoustic backscatter cross-section of
gridded voxels σbsT (Eq. 2) can be approximated by the
summation of the theoretical backscatter of the single bubbles
(incoherent backscattering; e.g., see Sarkar and Prosperetti, 1993)
located within the ensonified parcel of water (Eq. 3).

σbsT � Δz∑
rf

ri

Nr

ΔtUr
σbs(r) (3)

where

σbs(r): Theoretical backscattering cross-section of a single
bubble in the function of bubble radius r [m2]
Nr: Number of bubbles of radius rmeasured in a Δt interval of
time [n.° bubbles]
Ur: Average bubble rising speed of bubbles of radius r [m/s]
Δt: Time interval of measurement [s]
ri, rf: Initial and final radius size of the bubble size
distribution [m]
Δz: Voxel depth [m]

Equation 3 allows us to calculate the total acoustical cross-section
per unit of vertical distance (in this case the voxel depth), based on
bubble numbers (Nr) per unit of time (Δt) and binned according to

their size, their associated bubble rising speeds (Ur) and the
theoretical response of single bubbles. If Nr/Δt and Ur are
obtained from the ground-truthed BBox measurement and the
associated total amplitude AbsTG from the gridded echogram data
is known the value of proportionality k fromEq. 2 can be obtained by
replacing σbsT in Eq. 3 with Eq. 2:

k � Δz∑rf
ri

Nr
ΔtUr

σbs(r)
AbsTG

(4)
where

AbsTG � ∑
i,jϵDG

Abs(i,j) (5)

DG is the spatial domain (grid cells) containing the voxels of the
control acoustic anomaly. If a probability density function of fr

not changing in time is assumed, Eq. 4 can be expressed as
follows:

k � k0Δz∑
rf

ri

fr

Ur
σbs(r) (6)

Where

k0 � N0

ΔtAbsTG
(7)

fr � Nr

NTOT
(8)

and

∑
rf

ri

fr � 1 (9)

FIGURE 3 | Schematic of experimental setup for parallel GasQuant and BBox measurements at the study area. The image includes the idealized gridded-
interpolated echo-fan used for the calculation of the representative un-calibrated amplitudes AbsT of a single bubble-stream. The graph indicates that each voxel has its
specific un-calibrated backscatter value Abs(i,j).
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Nr: Total number of bubbles of radius r in the entire data
series (binned data).
NTOT: Total number of bubbles counted in the entire data
series.
N0: Number of bubbles counted at each 1-min data-package
analysis.

The value k0 is defined as the scaling factor which is a constant
value used to calibrate the MBES echosounder under the
assumption that fr does not change in time.

2.5.3 Frequency-Dependent Hydroacoustic Bubble
Response
We derived the acoustic response of the ensonified section of the
bubble stream under the specific ambient pressure conditions by
using the theoretical model of Thuraisingham, (1997) with
improvements for the damping (Ainslie and Leighton, 2009;
Ainslie and Leighton, 2011) as considered by Li et al. (2020b).
Values for the ambient conditions and other constants used to
perform the model calculations are listed in Supplementary
Table S2. The resulting acoustical response of single spherical
bubbles ranging from 0.05 to 20 mm in radius and ensonified by a
monochromatic acoustic signal of 260 kHz is shown in
Supplementary Figure S6. From this response, it can be seen
that the backscatter cross-section TS significantly varies
repeatedly for small-size changes. This highlights that bubble
size changes of only 0.5 mm could theoretically increase/decrease
the backscatter response by up to 40 dB.

2.5.4 Flow Rate Quantification Using the Inverse
Method
For deriving the inverse mathematical expression, the flow rate
calculation is defined as in Eq. 10:

Φ � N0

Δt ∑
rf

ri

frVr (10)

This expression is multiplied by the ratio (~1) between the
measured backscatter (Eq. 2) and the theoretically predicted
backscatter (Eq. 3). Considering that the probability density
function fr is non-variant in time and each bubble size has an
associated bubble volume Vr and rising velocity Ur), Eq. 10 can
be written as follows:

Φ � kAbsT

1
Δt∑

rf
ri
frVr

Δz
Δt∑

rf
ri

fr

Ur
σbs(r)

(11)

Replacing k with Eq. 6 in Eq. 11 results in the simplified flow
rate of Eq 12:

Φ � k0AbsT ∑
rf

ri

frVr (12)

Note that Eq. 12 is independent of the backscattering acoustic
response when fr, Ur, and Vr are considered constant
through time.

3 RESULTS

3.1 Bubble Sizes and Rising Speeds in BBox
Data
The two BBox deployments, BBM-11 and BBM-17, are analyzed in
this study. As previously mentioned, the data were occasionally
affected by view obstructions (BBM-17) through sediment or sea
urchins or the incomplete coverage of the bubble stream (BBM-11)
in both cameras, preventing a stereo evaluation. Bubbles could still
be counted “manually” assuming the bubble position and 3D shape
(monocular approximation). However, we experienced some
discrepancies in monocular evaluation when compared to the
stereo evaluation, and due to the lower confidence of these
intervals, they were excluded from later analysis. In summary,
the presented bubble-size–related time series only contain those
times where bubble numbers varied by less than 100 between
camera 1 and camera 2 and where a stereo matching could be
achieved. The final results for the two BBox data sets are shown in
Figure 4 and Supplementary Table S3.

In general, the results show no significant variability in bubble
sizes within one and between the two measurements. Similarly,
the amount of bubbles per time does not vary significantly within
each measurement, but they are about twice as high in BBM-17,
with ~19 bubbles/s compared to only ~9 bubbles/s in BBM-11.
Thus, the calculated flow rate of BBM-17 is approximately double
the one from BBM-11 (6.55 cm3/s compared to 12.28 cm3/s). This
indicates that the initial bubble size at release is not changing
between different seep spots, but the number of bubbles changes
and therefore modulates the flow rate.

For bubble number analyses of any individual 1-min data sets,
we considered results from the individual camera observations
and excluded the ones from the stereo matching. This is because
the number of bubbles analyzed through the stereo matching is
lower due to the difficulties in the actual matching. Single bubbles
can be measured better using the stereo matching method, but
when many bubbles form a bubble stream, some bubbles are
occluded by others and leave the observation corridor unnoticed.
Conversely, bubble size and rising speed analyses were performed
using results from the stereo matching approach since they
provide higher confidence. For deriving an average bubble size
distribution (BSD), bubbles were binned according to their size in
0.25-mm intervals between 0.5 and 15 mm for both BBM data
sets. Figure 5A shows the average normalized BSDs from the
stereo matching and their combination of both BBM data sets.
Similarly, bubble rising speeds (BRSs) from the stereo matching
results were binned according to their size. Figure 5B shows BRSs
for the two deployments together with their combination.

The BSDs of both deployments are roughly Gaussian
distributed with a center at about 2.6 mm in radius for similar
bubble sizes (BSD BBM-11: ~2.6 mm and BSD BBM-17:
~2.4 mm). Most of the bubble sizes range from 1 to 4 mm in
radii and BRSs vary from 10 to 47 cm/s and are slightly faster for
BBM-17 than for BBM-11 (Figure 5B). BRS distributions for the
two deployments have a local maximum radius around ~1 mm,
after which the rising speed decreases slightly with increasing
bubble size until a bubble radius of 3.5 mm. BRSs of bubbles
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larger than 4 mm in radius scatter wider than the rising speeds of
bubbles smaller than 4 mm. Rising speeds between 25 cm/s and
40 cm/s are rather rapid compared to data presented, for example,
in the study by McGinnis et al. (2006), but the size distribution is
very similar to many other observations from different seep
locations (see discussion).

3.2 GasQuant Results
Tracking of potential seep-related acoustic anomalies in the
MBES swath data resulted in eight locations for GQM-3 and

10 locations for GQM-4 (Figure 6; Supplementary Excel file F1;
Supplementary Videos 3, 4). The time-series of the tracked
position for each acoustic anomaly were created using the
difference to the transducer position in UTM coordinates
(UTM zone 11; x = easting, y = northing). The tracked seep
anomaly positions were later geo-referenced using the absolute
coordinate of each GasQuant deployment (Table 1) to link them
accurately to the bathymetry of the study area and to each other
(Figure 6). Amplitudes of each single acoustic anomaly were
calculated as described in Section 2.4 (Supplementary Figures

FIGURE 4 | Bubble-Box results versus time including BSD, average sizes, number per time, overall volume, time period of bubble analyses, and flow rates. (A–F)
Results for BBM-11. (G–L) Results for BBM-17.

FIGURE 5 | (A) Normalized bubble size distributions (BSDs) obtained from results of the stereo-matching approach at each BBM deployment (ST BBM-11 and ST
BBM-17) and the average between them (ST Combined). (B) Bubble rising speeds in function of the radius generated from the results of the stereo-matching approach
(ST BBM-11 and ST BBM-17) and the average between them (ST Combined).
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S7, S8; Supplementary Excel file F1). Additional strong
anomalies were identified but associated to seafloor returns
since they perfectly matched with the geomorphology and did
not show any spatial modulation (Figure 6). Our observations
indicate that GQM-3 echograms were more contaminated by
seafloor backscattering than GQM-4 echograms. OVA and OVA-
masked time series were calculated as indicated in Section 2.4.
Masked regions containing seafloor backscattering that were
excluded for the calculation of OVA-masked time series are
indicated in Figure 6. Finally, the overall contribution of
single anomalies was also derived for both deployments using
their exponential summation (i.e., ASA � 10 log∑i10

AbsTi/10).
Figure 7 shows ASA, OVA, and OVA-masked time series
(Figures 7B,E) together with hydrostatic pressure and ambient
temperature (Figures 7A,D), and BBox results (Figures 7C,F; i.e.,
bubble sizes and number of bubbles per time) for comparison. For
evaluating any angular dependency of the recorded
backscattering, we calculated time-series of the weighted
arithmetic mean of angles from the nadir of single acoustic

anomalies (WAN) as indicated in Eq. 13. WAN time-series
are included in Figure 7.

WAN(t) � ∑N
i�1
∣∣∣∣φi(t)

∣∣∣∣AbsSi(t)
∑N

i�1AbsSi(t)
(13)

|φi(t)|: Absolute angle from the nadir of each acoustic anomaly
(degrees);AbsSi: un-calibrated acoustical cross-section single acoustic
anomaly (m2).

3.3 Variability of Seep-Related Acoustic
Anomalies
For qualitatively analyzing the bubble release variation, data were
processed in the time and frequency domain. First, amplitude and
position time-series were plotted jointly with the pressure time-
series to visually inspect potential relationships to the tidal
regimes (Figure 7; Supplementary Figures S7, S8). Seep
anomaly data show a clear tide-induced lateral shift in easting

FIGURE 6 | Bathymetric maps of the study area including GQM echogram-fan at different times for the two deplyments. The maps include the average position at
different times of the tracked anomalies related to gas seepage, the position of the Bubble-Box lander from the different BBM deployments, the upper view of the areal
coverage of each GQM deployment, and the eliminated masked regions for calculating the OVA-masked amplitude time-series. Additionally, (A,B) echograms related to
times when anomalies were at their maximum displacement to the east and west, respectively, are shown for deployments GQM-3 (A,B) and GQM-4 (C,D). The
image also indicates the acoustic anomalies related to seafloor-backscattering.
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and northing of sometimes several meters with changes of the
same period for most of the tracked anomalies in both
deployments (from An2-An8 in GQM-3 and all the anomalies
in GQM-4). Similarly, time-series from amplitudes of the total
contribution of single anomalies (ASA) as well as the total
amplitudes from the gridded-echogram of GQM-4 (OVA and
OVA-masked) vary with a similar period as the pressure data.

For quantitatively evaluating the correlation between the
acoustic amplitudes (i.e., ASA, OVA, and OVA-masked time
series) and the gradient of pressure (derivative), a lagged Pearson

correlation (LPC) was performed for time legs ranging from −6 to
6 h (Figures 8A,B,D,E). Additionally, a simple Pearson
correlation was applied between the acoustic amplitudes and
the angle from the anomaly to the nadir to detect any correlation
with theMBES angular response (Figures 8C,F). Results from the
LPC show that for GQM-3 (Figure 8A), ASA and OVA-masked
time-series have a moderate negative correlation with the
pressure gradient (i.e., coefficients ≤ −0.5) whereas OVA time-
series have a low negative correlation (≥ −0.5) with a small lag
applied (~ −40 min for ASA and OVA-masked and ~90 min for

FIGURE 7 | (A–C) from BBM-11 & GQM-3; (E,F) from BBM-17 & GQM-4. Time series of (A,D) static pressure and water temperature; (B,E) show the overall
acoustic amplitudes of the gridded-echogram sub-regions (OVA andOVAmasked), the sum of all single seep spot anomalies (ASA), and theWAN time-series for GQM-3
(B) and GQM-4 (E). Mean values of each amplitude time series were subtracted to be display time-series together (median OVA: 57.77 [dB], median OVA-masked:
48.02 [dB] and median ASA: 45.88 [dB] for deployment GQM-3; median OVA: 49.05 [dB], median OVA-masked: 47.15 [dB] and median ASA: 45.80 [dB] for
deployment GQM-4). Figures (C,F) show average bubble radius and number of bubbles per time from BBox data BBM-11 and BBM-17, respectively.
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OVA). Assuming that flow rates are proportional to amplitudes,
this can be interpreted as evidence of maximum flow rates
increasing with the strong hydrostatic pressure decay for most
of the ensonified seeps during the GQM-3 deployment. The latter
has been explained in other studies to be the result of the pressure
release on the fluid conduit network and surface near gas
reservoirs/pockets in the sediment (e.g., Schneider von Deimlig
et al., 2010; Scandella et al., 2011; Römer et al., 2016).
Furthermore, the low negative correlation between the OVA-
time series and the pressure gradient can be attributed to a
stronger influence of seafloor backscatter on its calculation.

LPC results for GQM-4 (Figure 9) show that the time-series
amplitudes have a moderate positive correlation with pressure
changes when the time lag is between ~−3 to −2 h. This suggests
that the flow rate of the overall seepage site, assuming flow rate is
proportional to the amplitude, modulates in a similar way to the
hydrostatic pressure. Differently than GQM-3, these results are in
contradiction to the π/2 phase lag between maximum pressure
and flow rate rising regimes commonly observed in other studies
(Schneider von Deimlig et al., 2010).

An alternative explanation of the amplitude modulation is
indicated when calculating the Pearson correlation between
amplitudes of single anomalies and their relative nadir angle

(C and F in Figure 8). Results show a moderate-to-strong
correlation for most of the seepage-related anomalies detected
in GQM-3 (7 of 8) and GQM-4 (8 of 10). This good correlation
can be interpreted as an effect of the MBES angular response or
influences of additional backscattering (e.g., seafloor backscatter)
captured by the main or side lobes. The latter is supported by the
strong positive correlation between amplitudes (ASA, OVA, and
OVA-masked) and WAN time-series observed in Figure 7E.

A Fast Fourier Transform (FFT) was applied to all amplitude
and tracked position time-series to identify the main periodic
components in the frequency domain (Supplementary Figure
S9). Results show that for both GasQuant deployments, tracked
position and amplitude time-series contain a dominant
component at ~0,023 mHz (~12 h) as well as at 0,046 (~6 h)
and 0,015 (~18.5 h). The latter two are recognized as harmonics;
no important spectral components are recognized at higher
frequencies.

3.4 Bubble-Flow Rate Strength and
Variability
To obtain bubble flow rates, the scaling factor k0, as derived
through Eq. 7, was calculated for the total contribution of

FIGURE 8 | Correlation analyses for overall amplitudes and acoustic anomalies detected in GQM-3 and GQM-4. (A,D) are results from the lagged Pearson
correlation (LPC) between time-series of the gradient of the static pressure and overall amplitudes (OVA, OVA-masked, and ASA) associated with bubble release for
GQM-3 and GQM-4, respectively. (B,E) are examples of the negative and positive lagged correlation maxima for ASA time-series for GQM-3 and GQM-4, respectively.
(C,F) is the Pearson correlation between each single anomaly related to gas seepage and their angle from the MBES-nadir for GQM-3 and GQM-4, respectively.
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acoustic anomalies An7 and An7′ of the GQM-3 deployment
(Supplementary Figure S7), as these were identified to jointly
represent the bubble stream observed during BBM-11. This was
concluded since both anomalies spatially oscillated around the
reported BBox position (Figure 6) and it was hypothesized that
these anomalies were formed by common-source bubbles
horizontally separated by their sizes due to near-bottom
currents when rising (see Discussion). As such, the k0 value
was calculated using theAbsTG time-series represented by the sum
of both anomalies and therefore calculated as the decibel value of
their exponential summation (AbsTG � 10 log[10AbsAN7/10 +
10AbsAN7′/10]).

The k0 value was calculated using the optically measured
numbers of bubbles N0 per unit of time Δt for each 1-min BBox
data sub-set. Subsequently, an amplitude value AbsTG from the
data series closest in time to each BBox observation was used for
each k0 calculation. A total of 65 data pairs could be achieved
(Figure 9A). For finally calculating flow rates, a mean �K0 value of
-16.27 dB ( �K0 � 10 log�k0) was considered. Since bubble size
variations were not significant (Figures 4, 5), a constant, non-
modulating probability density function fr and its associated
bubble volume distribution Vr were used for deriving flow rates.
A comparison between the BBox determined real flow rate (F.
rate real BB) and the hydroacoustically derived ones (FCK0; Eq. 12
and Figure 9B) indicates a root mean square error (RMSE)
of 14.65 ml/min. For this comparison, real flow rates were
calculated using the discrete functions fr and Vr derived from
results of BBM-11 deployment (mean flow rate: ~39 ml/min;
Figure 4).

Flow rates of the entire ensonified area for each deployment
were calculated using the total backscatter contribution (ASA and
OVA-masked time-series). OVA time-series was not used for
flow rate estimates due to the strong influence of seafloor

backscatter. Flow rates were calculated using one discrete
function of fr and Vr derived as the average from the two
BBox deployments (Figure 4). Since the pulse length of the
GasQuant was different between GQM-3 and GQM-4, it is
expected that the constant of proportionality k and the scaling
factor k0 values also change. According to the definition of k in
Supplementary Eq. S.6, the scaling factor should be theoretically
multiplied by the reciprocal value of the ratio between the
different pulse lengths for correction. To obtain flow rates
using hydroacoustic data from GQM-4, the k0 value was thus
multiplied by 480 μs/360 μs (pulse length GQM-3/pulse length
GQM-4). It is uncertain if other effects occur when changing the
pulse-length values of the Imagenex system. Final flow rate results
are presented in Figure 10 and average values are summarized in
Table 2. Flow rates of the single bubble streams measured at the
two different BBox deployments are included in Figure 10 for
comparison.

Since flow rates derived from the hydroacoustic data are
proportional to the total acoustical backscattering cross-
sections (Eq. 12), the flow rate variation over time is similar
to the one visualized in the direct hydroacoustic information
(Figures 7B,E). Thus, flow rates vary with the static pressures for
all results in the same way as the backscattering amplitudes do. In
general, we observed that flow rates derived from the OVA-
masked time-series are stronger than the ones obtained from the
summed contribution of the single anomalies (ASA flow
rates). Mean flow results and standard deviations are
similar for both deployments, including the pulse length
correction. It should be noted that applying the pulse
length correction amplifies the standard deviation of GQM-
4 flow rate results. Small differences between flow rates of both
deployments can be attributed to several possibilities that are
discussed in the next section.

FIGURE 9 | (A) Calculated K0 value using the contribution of representative amplitudes of the two acoustic anomalies (i.e., An7 & A7′). The image includes the
average value (dotted lines) of the calculation of K0.value (i.e., �K0). (B) Flow rates of control acoustic sample derived by their hydroacoustic information and its respective
�K0 value compared to flow rate optically obtained with the BBox system.
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4 DISCUSSION

4.1 Technological Challenges and
Recommendations
4.1.1 Optical Data and Processing
The described BBox lander qualifies among the accurately
measuring optical lander systems for observing submarine
bubble seepage as of today, due to its high sampling rate and
its stereo matching approach. Its deployment imposes challenges
with regard to a proper positioning of the box over the observed
bubble stream (well centered and upright). If the BBox is used to
provide ground-truth information for calibrating a hydroacoustic

system, the challenge increases even more because the optical
bubble measurements must be linked to an identifiable acoustic
location in the sonar echogram. Unlike an optical system, sonar
systems are not able to differentiate bubble streams too close to
each other due to the fixed beam angle and side lobes
(i.e., Imagenex Delta-T system ~3° beam aperture), and
therefore, an acoustic anomaly could be produced by the
backscatter contribution of several bubble streams in the beam
footprint (youtube-video-FK-Dive273; time video ~3:56:30;
Supplementary Figure S10).

BBox measurements will not be ideal ground-truth
information for an acoustic anomaly if the system is placed at

FIGURE 10 | (A,B) Flow rates as derived from ASA and OVA-masked amplitude data-series and �K0 value for the two deployments. Results also show flow rates for
deployment GQM-4 using the pulse length correction (B). Flow rate of bubble streams optically measured by each camera in the two BBox deployments are shown
(C,D) for visually comparing their behavior with total flow rates. No similarities were found.

TABLE 2 | Average flow rates for deployments GQM-3 and -4 using ASA and OVA-masked time-series. The table includes flow rate values for deployment GQM-4
considering pulse length correction. Values are given in l/min, CH4 T/yr, and CH4 mol/yr. Standard deviation of each flow rate estimate is included.

GQM-3 GQM-4 GQM-4 corr

l/min CH4

T/yr
(*)

×
106

CH4

mol/yr
(*)

l/min CH4

T/yr
(*)

×
106

CH4

mol/yr
(*)

l/min CH4

T/yr
(*)

×
106

CH4

mol/yr
(*)

ASA M. flow rate 5.04 87.46 5.45 4.982 86.41 5.39 6.642 115.21 7.18
Std. dev. 1.44 24.90 1.55 0.799 13.85 0.86 1.065 18.47 1.15

OVA-masked M. flow rate 8.33 144.56 9.01 7.055 122.37 7.63 9.406 163.15 10.17
Std. dev. 1.18 20.46 1.28 1.334 23.13 1.44 1.778 30.84 1.92

(*) CH4 density ρ490: ~33 kg/m3 at 490 m water depth, considering CH4 atmospheric density ρ0: ~0.66 kg/m3; Equation 17, from Veloso et al. (2015).

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 85899215

Veloso-Alarcón et al. Bubble-Seepage Measurements Offshore Oregon

https://www.youtube.com/watch?v=MfcAy2WABc4&t=14235s
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


a location where too many bubble streams are close to each other.
For calibration purposes, the BBox, or similar systems, should be
deployed on isolated bubble streams. This is not always possible
and a very good knowledge of the area prior the deployment is
necessary. The repeated deployments of the BBox during
FK190612 showed that the camera calibration must be
adapted to the in situ conditions since the physical
configuration of the BBox components did change under
different temperature and pressure conditions causing slight
frame deformation (see She et al., 2021). A limitation of the
current BBox version is the confinement of the bubble stream
within a narrow corridor and the consequences of eliminating the
action of currents on bubbles in comparison to normal release. As
tested by Wang and Socolofsky (2015), eliminating the
interaction between bubbles and currents enhances bubble
rising velocities as a result of bubble wake. Another difficulty
is that the field of view can be obstructed, for example, by settling
sediment or animal activity, which causes loss of information.
Both difficulties are hard to prevent because the top sediment in
the deep sea is typically muddy and will be stirred up when the
BBox is placed on the sediment, and motile fauna will use the
elevated spot of the BBox as hiding or feeding ground. Future
system improvements may consider a periodical cleaning of the
glass domes with a water jet to prevent sediment and animals
from settling.

Observations showed that even with optimal placement of the
BBox, a bubble stream drifted out of the field of view for one of the
cameras. Reasons are that either the BBox tilts by slowly sinking
into the sediment on one side or that the vent location below the
BBox funnel changed. Future system improvements should
consider increasing the field of view, adding a third camera
for measurements. Additionally, the design needs to prevent
the size distribution of bubbles exiting the BBox from
changing due to bubble coalescence. Evidence of such
coalescence was witnessed in some of the other BBox
deployments, where bubbles accumulated at the top part of
the box before finally leaving the box (Supplementary Figure
S4). This will change the bubble size distribution significantly and
makes the use of such data unfit for hydroacoustic calibration
purposes, as these strongly depend on correct bubble size
information.

4.1.2 Hydroacoustic Data and Processing
Through our hydroacoustic studies, we gained additional insight
for using horizontal-looking MBESs and the Imagenex Delta-T
system in particular for bubble monitoring. Since GasQuant uses
a horizontal-looking MBES placed rather close to the seafloor,
part of the backscattering received can be a result of the main
beam and/or vertical side lobes interacting with the seafloor
(Figure 6 and Supplementary Figure S3), particularly if the
seafloor is not flat. In the present work, a time-stacked echogram
of the sonar swath was compared with the bathymetry to detect
potential anomalies related to seafloor backscattering and
differentiate them from seep-related anomalies that change
position due to tide-dependent current changes. Results from
this comparison show perfect matching between geomorphology
and strong static anomalies indicating that echograms were partly

contaminated by unwanted backscattering (Figure 6).
Researchers of future surveys might also consider vertically
mapping the water column for bubble locations as, for
example, Urban et al. (2022) did, using a ship-based system
and then placing the GasQuant system on the seafloor to map a
well-defined seep area.

As mentioned in the data quality section given in
Supplementary Section 2, the acoustic long-term time-series
relied on the *.83b files (output file Imagenex Delta-T) that
contain fixed gain settings with a limited dynamic range for
the amplitude. The dynamic range limitation could cause clipping
of strong backscatter signals which therefore result in non-
representative values of the real backscatter produced by
targets (i.e., strong bubble stream). Since our approach
associates acoustic backscatter with flow rates (Eq. 12), signal
clipping would result in underestimating these flow rates. Future
long-term measurements must consider storing raw data (output
file from Imagenex Delta-T with extension *.837) even during
long deployments to enable re-processing these data and increase
the dynamic range. However, flow rate results presented here are
considered to not be affected by amplitude clipping since only few
percentages of the total voxel cells in gridded echograms were
found to reach a common maximum (e.g., Supplementary
Figure S2).

Finally, the two GQM deployments presented here used
different pulse lengths. Theoretically, a change in pulse lengths
will modify the sample volume and therefore change the
amplitudes obtained from the Imagenex Delta-T since they are
proportional to volume backscattering. As stated above, a
theoretical correction was applied by multiplying k0 values
(scaling factor used for calculating flow rates) by the ratio
between different pulse lengths. Results show that flow rates
from different deployments are in agreement, including the pulse
length correction (Table 2). However, a further investigation is
needed to prove that our pulse length correction is valid to
exclude additional effects when changing the pulse length
parameter in the sonar settings.

4.2 Seepage-Related Results
4.2.1 Bubble Observations
Our data of 91 h of BBox observation time show, in general, no
strong fluctuations in average bubble radius, the BSDs, or the
amount of bubbles per time of the two individual seep spots
measured. Small variation in bubble size occurs for BBM-17
(1.96 mm–3.11 mm, std. dev.: 0.23 mm), but no clear correlation
to pressure changes is observed. We are convinced that the 15-
min observation interval with each 1-min measuring time is
sufficient to detect tide-dependent bubble size and bubble
amount variations. This also holds true for the complete data
set in which post-processing–related data gaps occur. In general,
the 15-min measurement interval potentially can miss short-term
bursts as described, for example, by Greinert (2008).
Nevertheless, we think that based on the BBox data and the
ROV-based observations during FK190612 that irregular and
burst-like bubble release is not common in the Bubble-Alley. We
are confident that the very homogenous individual observations
of BBM-11 and -17 (Figure 4) and their almost identical bubble
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size distribution (Figure 5) allow for deriving a general BSD
probability density function, although the flow rate of the BBM-
17 bubble stream is almost twice as high as that for BBM-11.
Based on the rather similar and homogenous bubble size
distribution (also seen during ROV-based bubble size
measurements), we assume that the observed BSD can be
extrapolated to calculate realistic total flow rates of the
hydroacoustically investigated areas during GQM-3 and -4.
For comparison, Supplementary Figure S11 shows our BSD
data together with other experimental and observational data.
Even compared to other data, our measurements are rather
similar (with the exception to Muyakshin and Sauter, 2010)
pointing at the fact that the sediment properties and fluid
pressure conditions at seep sites are rather similar, creating a
more or less common BSD.

Bubble rising speeds show similar behavior between the two
BBM deployments, although values are slightly higher in BBM-17
than BBM-11. Rising speeds between 25 cm/s and 40 cm/s
(bubble radii from 1 to 5 mm; Figure 5) are slightly higher
compared to data and models presented in other studies (e.g.,
McGinnis et al., 2006; Park et al., 2017). These results may be
realistic for this seep site, although they might as well suffer from
the rising speed enhancement related to bubble wake as a result of
the bubble stream confinement within the BBox (Wang and
Socolofsky, 2015). Since BRSs are directly related to our flow
rate estimation, rising speed enhancement must be considered as
a possible source of error in our estimates. Above a bubble radius
of 4 mm, BRSs scatter wider in our measurements. This might be
explainable because larger bubbles can vary more in shape and,
therefore, can have different rising speeds (e.g., Park et al., 2017).
Future analysis of BBox data could thus include shape
classification (e.g., sphericity and curvature) to determine the
impact of these characteristics on the bubble rising speed.

4.2.3 Spatial Distribution and Spatio-Temporal
Variation of Seepage
The integration of bathymetry with geo-referenced positions of
seepage occurrences identified in ROV videos (Figure 1B) and
anomalies identified in echograms (Figure 6) reveals that bubble
venting is concentrated along a topographic depression. The
latter may be indicative of gas venting using faults as
pathways before reaching the water column as suggested in
other studies (e.g., Riedel et al., 2021). Currently, little is
known about the sediment-column characteristics of the study
area. Future surveys may include equipment to perform sub-
bottom and seismic profiling for scanning the sediment-column
and proving this hypothesis.

Acoustic results from GasQuant deployments show that
spatial shifts of tracked acoustic anomalies are correlated with
tide-dependent current variations (Supplementary Figures S7,
S8), as also seen by Crone et al. (2010) and Tsai et al. (2019).
Spatial changes during GQM-4 cover larger distances which we
explain by the higher swath altitude in which the GasQuant
system recorded the bubbles when deployed relatively higher
above the Bubble-Alley floor (see profile in Figure 6). The latter is
strongly supported by seafloor-related anomalies in echograms
that are less present in GQM-4 but also detected further upslope

when comparing their position in echograms (Figure 6). The
absolute shift of the bubbles in 8 (GQM-3) and 11 m (GQM-4)
above the seafloor is following the ENE-orientation direction of
the gully, highlighting the influence of the seafloor morphology
on near-bottom currents.

As suggested in Section 3.3 (LPC analysis), the correlation
between hydrostatic pressure and overall amplitude modulation
(ASA and OVA-masked) provides different results for the two
deployments, and the amplitude rise related to bubble flow as a
result of hydrostatic pressure drops (falling tides) can only be
associated to GQM-3 results. An interesting finding was that
amplitudes of single acoustic anomalies and their overall
contribution (ASA and OVA-masked) modulated parallel with
their relative position within the echogram (Figure 7;
Supplementary Figures S7, S8), which could be indicative of
sensitivity changes of the system related to the direction (relative
to the nadir) of the target. The latter is supported by the WAN
time series, which can be interpreted as the relative shift from the
nadir of the overall contribution of tracked single anomalies
associated to bubble seepage. Figure 7 shows that strongest
fluctuations of WAN time-series are found in deployment
GQM-4, and they are correlated with the overall amplitudes.
From this, it is assumed that the influence of target spatial
modulation is stronger in data from deployment GQM-4 than
for deployment GQM-3. The angular dependency is confirmed
by the experiments of Scandella et al. (2016) using a calibration
sphere of a known acoustical backscatter cross-section, where a
directional pattern was found for the Imagenex Delta-T system.
This observation suggests that amplitudes collected by the sonar
must be corrected by this angular dependency in order to make
information from different parts of the swath comparable. Our
MBES lacks proper calibration, and therefore, no angular
correction was applied. Thus, the latter can be considered as a
potential error in the final flux calculations.

An alternative explanation for the correlation between
amplitude and anomalies’ relative positions could be attributed
to side-lobe effects. Because of the irregular geomorphology of the
seafloor, the spatially modulated anomalies may have been
differently affected by side-lobe backscatter coming from the
seafloor as they move within the echogram. Unfortunately, this
hypothesis cannot be tested with the data of the presented work.
Future research related to quantification of bubble emissions
using MBES must consider the study of MBES angular sensitivity
and the overlapping of side-lobe backscattering of multiple
targets in controlled environments for answering these
questions. In general, our results show that amplitude
correlation with hydrostatic pressure, relative position of
targets, or their combination is possible. Although the reason
for the amplitude variations is still not completely clear, we
suggest that average values do provide a reasonable level of
confidence for calculating the overall amount of gas expelled
into the water column.

4.2.3 Flow Rate Quantification
One reason why stationary multibeam systems are not used
regularly for quantifying gas flow rates is the difficulty of
proper calibration. One approach is the experimental
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calibration in a tank or ship dock as undertaken by Greinert and
Nützel (2004) or Shakhova et al. (2014). Problems here lie in the
generation of bubbles, the layout of the experiment, and finding
the needed space to artificially generate bubbles and perform
measurements without disturbing acoustic backscatter from walls
and the bottom. To overcome these problems, we decided on an
in situ calibration using a natural bubble vent, facing the
challenge of finding an isolated bubble stream in the chosen
AC500 seep area.

As outlined above, the two anomalies, An7 and An7′, in the
GQM-3 data set are most likely correlating with the bubble
stream measured during BBM-11. Our best explanation is that
anomalies An7 and An7′ are produced by ensonifying differently
sized bubbles (the BSD of BBM-11 shows more small bubbles)
that come from the same vent outlet but are horizontally
separated by the near-bottom currents because of their
different bubble rising speeds (Figure 11A). Considering that
the optically calculated average flow rate in BBM-11 is 0.037 L/
min, a number ranging from ~135 to ~243 of such bubble streams
would be needed to generate the flow rate as calculated from �K0

(i.e., between ~5 to ~9 L/min, Table 2). From ROV video
observations and the number of anomalies detected on the
echogram, it is suggested that this scenario is plausible.

For evaluating our hypothesis, we considered common near-
bottom current speeds ranging from 5 to 40 cm/s (Korgen et al.,
1970), a BRS ranging from 15 to 37 cm/s (Figure 5B), and an
observation/rise height of 8 m above the seafloor
(Figures 11A,B). The horizontal displacement of fast and slow
bubbles can be up to ~10 m (Figure 11C). Compared to the
distance between anomalies An7 and An7′ of 3–6 m
(Figure 11D), the hypothesis of bubble separation while rising
seems feasible. Alternatively, the BBM-11 measurement, if
associated with a single anomaly, could only be related to
An7 which is the strongest anomaly that spatially oscillates in
the neighborhood of the BBox position. Mean flow rates derived
from An7 are rather similar to the derived by the contribution of
An7 and An7′ with differences up to ~2 L/min (Supplementary
Table S4). The rejection of An7′ to be the only anomaly related to
the BBox measurements is because its use for calibration would
imply the obtaining of considerable large mean flow rates (up to
~63 L/min; Supplementary Table S4) which is something not
supported by the ROV visual observations. As expected, results of
the flow rates calculated from OVA-masked time-series are
higher than the ones calculated from the ASA time-series
since the calculation accounts for the amplitude signals of all
voxels within the gridded-echogram (Figure 10; Table 2). Based
on a simulation approach, Urban et al. (2022) suggested that the
correct way of deriving the total backscatter from MBES
ensonified bubbles in the water column is to use a voxel
weighted mean method of all voxels in the grid area, rather
than adding only the backscatter from seep-related acoustic
anomalies delimited by a specific spatial domain/threshold.
The latter is related to the backscattering spreading around a
target voxel-neighborhood when the gridding/interpolation is
applied. As such, differences between OVA-masked and ASA
flow rates could be related to the use of the complete and more
correct voxel-information when the OVA-masked flow rate is

calculated. On the other hand, applying this approach in real
measurements with a horizontal swath close to the seafloor
involves including the contribution of unwanted targets (e.g.,
seafloor backscatter) and noise that will influence the final flow
rate result. In order to eliminate the seafloor backscatter and
therefore avoid flow rate overestimation, the echogram was
masked where we clearly found anomalies associated with
the seafloor. Although the elimination of the main part of
the unwanted backscattering is reflected in the final flow rate
estimates, it is not possible to evaluate whether this effect was
totally removed. Thus, the latter is an alternative explanation
for the differences, although not significant (up to ~3 L/min;
Table 2), between OVA-masked and ASA flow rates. Here, we
assume that seafloor backscatter may still have an influence on
the OVA-masked–based flow rate calculation, though to what
extent we cannot say.

The comparison between average flow rate estimates of different
deployments shows that they are similar (Table 2), indicating no
significant release changes in time between them. Small differences,
mostly reflected in OVA-masked, can be attributed to 1) a truly
different flow rate fluctuation at the different times of
measurements, 2) small differences of MBES areal coverage
between deployments, 3) small bubble size differences between
the deployments that change the backscatter response of bubbles
even though real flow rates do not considerably change (Figure 12;
Supplementary Figure S6), 4) a different deployment (i.e., GQM-
3) was more affected by unwanted seafloor backscatter, or 5) the
same seepage area captured by different sectors of a MBES with
angular sensitivity variations. Answering which of these
possibilities or a combination of some caused backscatter
differences is still not possible in this study.

Using one constant BSD for obtaining flow rates over longer
time from an area might always introduce an error on acoustically
derived flow rate estimates as small bubble size variations over
time and between bubble-vents need to be assumed. Figure 12
illustrates how sensitive the used hydroacoustic inversion method
(Eq. 11) is to BSD shifts. Flow rate changes considerably even for
small shifts of the mode of the BSD (flow rate increases almost
10 times when the BSD mode shifts from a radius of 2 mm to
3 mm). For a more stable acoustical response associated with
bubble sizes, a system that operates at a lower frequency (e.g.,
38 kHz) would have been the better choice for the observed
bubble size distribution and water depth. However, using a
lower frequency demands a larger transducer to keep the same
beam resolution which increases the weight and power
consumption of the system, making it harder to be deployed
by an ROV in the undertaken agile and simple way.

In general, flow rate results of the Bubble-Alley of the
AC500 site (in l/min and CH4 tones/year) are similar to
others reported in the literature, for example, from the Black
Sea, the Cascadia Margin, or the North Sea (Supplementary
Table S5) and stands for a well active, natural seep area. The
remaining uncertainties of our quantification are well within the
range of other uncertainties, particularly when considering spatial
assumptions and the extrapolation of a few directly measured
seep vents, which are then extrapolated to entire areas (e.g.,
Römer et al., 2012).
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5 SUMMARY AND CONCLUSION

In this study, we evaluated an in situ experimental setup which
consisted of an acoustic multibeam system (GasQuant-II) and a
stereo camera system (Bubble-Box) deployed in tandem. This
sensor configuration was chosen for 1) calibrating the
hydroacoustic system using optical information for estimating
bubble flow-rates and 2) quantitatively assessing the temporal
and spatial release activity of the seepage site. To achieve 1) and
2), we first proposed a method for bubble flow rate quantification
using echo-grid integration of seepage-related MBES backscatter
and simultaneous optical information of bubble release. This
method was applied on a dataset acquired during the cruise
FK190612 with RV FALKOR at the Astoria Canyon site AC500
(Bubble-Alley).

From a technical perspective, we concluded that using BBox
measurements for in situ calibration of a horizontal-looking
MBES is possible but imposes challenges regarding the box
positioning over an isolated bubble-stream that at the same
time can be individually detected in acoustic images. The
selected bubble stream used for calibration in this experiment
was partially influenced by acoustic returns from close-by bubble
streams. Future surveys that attempt to use a similar sensor setup
are advised to gain prior knowledge regarding the spatial
distribution of the seeps, for example, using AUV-based high-
resolution down-looking MBES surveys. These surveys could
help with identifying and eliminating seafloor-related
backscatter which was surprisingly difficult to differentiate
from bubble-related backscattering in this experiment. Our

results show that eliminating strong seafloor-related
backscatter is crucial to avoid flow rate overestimation using
the presented inverse method.

Our evaluation exposes a number of limitations of the current
measurement design, therefore providing directions for future
improvements of this system. One of them is the dynamic range
limitation associated with the recorded 0.83b files. Future
improvement of the system must take care that the 0.837 raw
data files are also properly stored even when data acquisition is
performed during longer periods of time. Additionally, our
results suggest a possible relationship between backscatter
amplitudes and relative positions of acoustic anomalies. A
calibration experiment is necessary to equalize the sensitivity
for the different beam angles (relative calibration). Additionally,
we hypothesize that correlation of amplitude with anomalies’
relative position could also be caused by seafloor-backscatter
(from main and side lobes) that overlaps differently with the
tracked-acoustic anomaly as it moves within the echogram-fan.
Furthermore, we cannot exclude that the measured acoustic
backscattering strength was influenced by modifying the
MBES range setting between dives which influenced the
acoustic pulse length of our measurements. Future
investigations using the GasQuant II system should either take
more care to use the same setup or calibrate different settings
against each other using the exact same target.

From a scientific point of view, our BBox results do not show
strong fluctuations of bubble size, BRSs, and flow rates, suggesting
that emissions are relatively stable and constant at the study area.
BSDs are similar between the two observed bubble streams, and

FIGURE 11 | (A) Schematic of hypothesis of separation of ascending bubbles by different sizes under the effect of near-bottom currents. The image includes the
MBES-swath (yellow rectangle) ensonifying two bubble streams with differently sized bubbles coming from the same bubble outlet at the seafloor. (B) Horizontal
displacement of bubbles with different rising speeds (between 15 and 37 cm/s) The calculation is done for near-bottom currents (HS) ranging from 0.05 to 0.35 m/s and
a rise height of 8 m. (C) Linear relationship between horizontal current speeds and maximum displacement (slowest bubbles) at a height of 8 m above the seafloor.
(D) Distance between the acoustic anomalies An7 and An7′ over time (mean value ~4.4 m).
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therefore, we assume a general BSD for the entire area.
Additionally, BSD is similar to published data from other
areas pointing out that the sediment properties and fluid
pressure conditions at seep sites are rather similar. The
measured BRSs for the study area are slightly higher compared
to values from published data and models. BRS values might be
realistic for the study area but could alternatively be explained to
be the result of the elimination of the interaction between
currents and bubbles, which is produced by the bubble stream
confinement within the BBox. This thus represents a possible
source of error in our flow rate estimates.

The analysis of the spatial seep distribution shows that seeps
are clustered along a topographic depression, which may suggest
that faults are used as gas-migrating pathways. Sediment-column
profiles are required to prove this hypothesis.

The spatiotemporal analysis of acoustic anomalies tracked in
the echograms of the two deployments reveal that bubble streams
are spatially modulated by near-bottom currents associated with
the tidal regime. On the other hand, only overall backscattering
amplitudes from GQM-3 can be associated with the rise in
bubble-flow resulting from falling tides as observed in other
studies. Due to the uncertainty caused by the MBES angular
sensitivity, it was not possible to establish a precise
amplitude–tide relationship. Despite this relative calibration
error, the average flow rate results can be used to represent a
realistic amount of gas expelled into the water column. In
comparison with other studies, our results indicate that the

flow rates presented in this work ranging from 5.38 × 106 to
9.01 × 106 CH4 mol/year can be categorized as a well active
natural seep area.

It has to be noted that the presented work is one of the few
existing attempts of calibrating MBES using simultaneous optical
measurements. We believe that the results presented here provide
insightful information regarding the method for calibrating
MBES with simultaneous optical information in situ, as well as
indicating the challenges, the problems, and their possible
solutions. Future studies related to MBES-optical sensor
configuration using the presented method must address the
issues and consider the recommendations presented in this
work for improving the precision of gas flow evaluations.
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