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Key Points:

¢ Fluctuations of methane emissions from the Southern Hydrate Ridge summit are
modulated by the barotropic tide

e Permeability changes in shallow hydrate-bearing sediments cause local pressure buildups
that produce strong short-term venting variability

¢ Distinct vents have different ebullition behaviors and monitoring a single vent would give
an incomplete picture of the venting dynamics
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Abstract

Current estimations of seabed methane release into the ocean (0.4 to 48 Tg yr'!) are based on
short-term observations and implicitly assume that fluxes are constant over time. However, the
intensity of gas seepage varies significantly throughout a seep lifetime. We used instruments
operated by the Ocean Observatories Initiative's Regional Cabled Array to monitor variations of
gas emissions over the entire Southern Hydrate Ridge summit. We show that bubble plumes
emanate from distinct and persistent vents. Multiple plumes can occur within each vent and the
location of their outlets may shift progressively. Active bubble plumes vary temporally in
number and intensity, even within single vents. Gas emission fluctuations are partly periodic and
linked to the local tide. However, short-term variability and high ebullition events unrelated to
tidal cycles are also commonly observed. Our data indicate that small-scale processes beneath or
at the sediment surface are responsible for the short-term variability of the venting activity that is
otherwise modulated by tides. Furthermore, a decrease of venting at one vent may coincide with
an increase in plume activity at other vents. Our results depict a spatially and temporally
dynamic seep environment, the variability of which cannot be fully characterized without
systematic and comprehensive monitoring of the entire area. These results indicate that flux
estimations may be largely overestimated or underestimated depending on the time, duration, and
place of observation. Although sudden ebullition bursts are hardly predictable, we argue that
tidal cycles must be taken into consideration when estimating gas fluxes.

Plain Language Summary

Methane emission from the seabed into the ocean occurs naturally along continental margins.
Methane release in the form of bubbles commonly escapes the seabed and rise through the water
column forming bubble plumes. Since methane is a potent greenhouse gas, understanding which
factors influence the methane release rate from submarine sources is important. This study
focuses on one submarine source, Southern Hydrate Ridge, located in the Northeast Pacific 85
km offshore Oregon at a 780 m water depth. We used instruments installed at the seafloor and
operated through an underwater cabled observatory to monitor bubble plumes and to study why
their intensity varies over time. We confirmed that pressure variations caused by tides affect
methane release rate and that bubble plumes are more intense during decreasing tides than rising
tides. However, we found that not all fluctuations could be accounted for by tides and that
distinct bubble plumes could have decoupled behavior. The data suggest local and temporary
permeability changes near the sediment-water interface as the most likely cause of the short-term
gas emission variability. These findings are significant because they show that methane flux
estimations from submarine sources may be largely inaccurate if based on short-term or small-
scale measurements.

1 Introduction

Natural release of methane gas from the seabed occurs at cold seeps along most
continental margins (Kvenvolden and Lorenson, 2001). The released methane gas can be either
dissolved in seawater or gaseous in the form of bubbles. Unlike dissolved gases, gas bubbles can
rise several hundreds of meters through the water column in a relatively short time, as was
observed at natural seeps in the Guaymas Basin (Merewether et al., 1985), on the Carolina
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continental rise (Paull et al., 1995), along the Cascadia Margin (Suess et al., 2001; Heeschen et
al., 2003; Philip et al., 2016a), in the Okinawa Trough (Shitashima et al., 2008), in the Black Sea
(Greinert et al., 2006; Korber et al., 2014), in the northern and southern Gulf of Mexico
(MacDonald et al., 2002; Romer et al., 2019), and at experimental gas plumes in Monterey Bay
(Rehder et al., 2002). Gas bubbles in shallow (< 100 m) water areas may sometimes reach the
ocean surface and release the gas into the atmosphere (McGinnis et al., 2006; Myhre et al., 2016;
Silyakova et al., 2020). In deep water areas, the bubble methane content is believed to be rapidly
lost within the water column through dissolution, oxidation and bacterial degradation (Leifer and
Patro, 2002; Holzner et al., 2008; Philip et al., 2016a; Leonte et al., 2017). At depths where gas
hydrates are stable, however, a hydrate coating may slow down the bubble dissolution, allowing
the bubble to reach shallower depths (Rehder et al., 2009). Overall, the contribution of deep-sea
methane to the global carbon budget, and especially to the atmospheric carbon is believed to be
small in comparison to other carbon sources (Kvenvolden and Rogers, 2005; IPCC, 2013; Weber
et al., 2019; Saunois et al., 2020).

To date, the spatial variability and temporal fluctuations of methane gas fluxes from
seabed sources are scarcely investigated, leaving global estimates poorly constrained (Ferré et
al., 2020). Although the causes of temporal variations likely vary from seep to seep due to site-
specific differences (e.g. source of methane, subsurface structure), some common external
parameters are known to influence bubble fluxes across sites. Hydrostatic pressure variations,
caused by the action of tides, swell, or storms can modulate gas ebullition in both shallow (Boles
et al., 2001; Leifer and Boles, 2005; Schneider von Deimling et al., 2010; Mau et al., 2017) and
deep seep areas (Torres et al., 2002; Romer et al., 2016; Sultan et al., 2020). Sultan et al. (2020),
further suggested that sea level rise and resultant rise in hydrostatic pressure, could durably
reduce the rates of methane release from the seafloor. Additionally, increased hydrate
dissociation linked to seasonal temperature variations (Berndt et al., 2014), ocean warming
(Hautala et al., 2014) and even to isostatic rebound (Wallmann et al., 2018) have been linked to
amplified methane gas release. Finally, increased gas released has also been observed in various
sites following seismic tremors (Field and Jennings, 1987; Hasiotis et al., 1996; Obzhirov et al.,
2004; Kuscu et al., 2005; Mau et al., 2007; Fischer et al., 2013).

Hydrate Ridge is an anticlinal ridge on the accretionary wedge of the Cascadia
subduction zone (Tryon et al., 1999) that hosts two well-studied methane seep areas along its
north-south trending summit - Northern and Southern Hydrate Ridge (NHR and SHR). It is
characterized by massive methane hydrate deposits in the shallow subsurface, authigenic
carbonates, chemosynthetic fauna, and persistent gas emissions that form bubble plumes (e.g.
Bohrmann et al., 1998; Suess et al., 2001; Heeschen et al., 2003; Boetius and Suess, 2004; Philip
et al., 2016a). Seismic profiles of SHR show that the bottom simulated reflector (BSR), marking
the base of the gas hydrate occurrence zone, is located about 125 m below seafloor (mbsf). The
base is directly above the seismic horizon A, a stratigraphic layer along which methane-rich
fluids migrate toward the summit of SHR from the accretionary complex (Tréhu et al., 2004a,
2004b). Hydrate Ridge bubble plumes are known to be highly variable, however, unlike the
northern summit, the fluctuations of gas emissions emanating from SHR have not been linked
directly to tidal cycles (Tryon et al., 1999; Torres et al., 2002; Heeschen et al., 2003; Kannberg et
al., 2013; Philip et al., 2016a). Venting at SHR is thought to alternate between active and
inactive phases caused by cycles of gas hydrate seals and buildup of pore pressure below the
BSR, each lasting several years (Bangs et al., 2011; Daigle et al., 2011). Recent work using
repeated ship-based hydroacoustic surveys, detected multiple simultaneous acoustic flares
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(indicative of bubble plumes) over the SHR summit, a ~60 m tall carbonate structure (the
Pinnacle) located west of the summit, and within the moat area between the summit and the
Pinnacle (Philip et al., 2016a). The bubble plumes were not all active during all surveys, but did
re-occur in the same locations. Active venting showed variability over hourly timescales. Philip
et al., (2016a) highlighted the need for systematic long-term monitoring to understand the
processes controlling the variability of submarine gas emissions.

Systematic acoustic monitoring of gas emissions has been done at several marine seeps,
albeit mostly for short durations from a few hours to a few days (Greinert, 2008; Schneider von
Deimling et al., 2010; Bohrmann et al., 2011; Bayrakei et al., 2014; Sahling et al., 2017). Romer
et al. (2016) is the only work, which used a rotary multibeam sonar connected to a cabled
observatory to monitor gas emissions for over a year and with a time-resolution sufficient to
analyze hourly variations. The results revealed a tidal influence on the strength of gas emissions
in the Clayoquot Slope. However, the sonar range was unable to capture all gas emissions within
the seepage area, making the data quality dependent on the direction of bottom currents.

In this study, we used the Southern Hydrate Ridge Overview Sonar (SHROS), a
multibeam sonar connected to the Ocean Observatories Initiative's (OOI) Regional Cabled Array
(RCA) (Marcon et al., 2019) to monitor all gas emissions over the entire SHR summit (Figure 1).
Here we present the results from the systematic monitoring of all vents at the summit and
analyze the temporal variability of their gas emissions and spatial variability. To support
interpretation of the sonar data, measurements from other cabled infrastructure including two
cameras, a single beam sonar, a CTD instrument, and three ocean bottom seismometers (OBS)
were utilized (Figure 1). Our results confirm that localized and shallow seafloor dynamics are
likely the main factors that imprint a stochastic component to the variability of the gas emissions
that are otherwise modulated by the tide.

2 Methods

2.1 Acoustic monitoring of gas emission

Monitoring of gas emissions was done with the Southern Hydrate Ridge Rotating Sonar
(SHROS) (Marcon et al., 2019). The SHROS consists of a multibeam echosounder (R2Sonic
2022) mounted on a rotator, with a rotating range of 360°. The echosounder swath has an
opening angle of 88° and is orientated vertically, in a fashion similar to that presented by (Romer
et al., 2016). The SHROS monitors the magnitude of the acoustic backscattering caused by
insonified gas bubble plumes in the water column. The presence of gas bubbles in the water
column generates strong, conspicuous backscatter anomalies, which can easily be discriminated
from other reflectors using a combination of point clustering and filtering methods (Marcon et
al., 2019). More detailed information about the SHROS design and data processing is available
in Marcon et al. (2019).

The echosounder operated at a sounding frequency of 350 kHz and a range setting of 200
m, allowing it to monitor the entire summit of SHR (Figure 1). At this frequency, the beamwidth
at nadir is approximately 1.3°. The time-variable gain (TVG) was computed using the two-way
spherical spreading loss coefficient (20 log r, where r is the range in meters) appropriate for
multiple distributed targets (Moszynski and Stepnowski, 2002; Stepnowski and Mitchell, 1990).
The absorption coefficient was calculated with the formula from Ainslie and McColm (1998) for
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the selected frequency and the in-situ conditions of temperature, salinity, and pressure. The
assumption that bubble plumes constitute distributed targets is a reasonable choice at close range,
but it might not accurately represent bubble plumes located farther away because the size ratio
between bubble plumes and acoustic bin in the far field is far smaller than in the near field and
approaches that of a single target. Should this caveat be true, the acoustic magnitude of a plume
located far from the sonar is expected to be lower than the magnitude of a plume of equal size
located closer to the sonar.

The SHROS collected data from 6 July 2018 to 11 November 2018 (Figures 2 and S1).
Unfortunately, several gaps interrupt the data timeseries due to downtimes of either the
instrument or the cabled array (Table S1). The sonar scanning sector was reduced from 360°
down to 245° after 10 October 2018 because of technical problems. As a result, plumes from
Einstein's Grotto and Summit-A (Figure 1) could not be monitored fully depending on the
direction of bottom currents. To prevent bias in our results, we excluded all plumes recorded at
these two vents after October 10 from our analyses. Furthermore, the sonar settings were
modified several times over the course of the monitoring period to improve the quality of gas
bubble detection, which hinders comparing magnitude data collected with different settings. The
relationship between backscattering magnitude and bubble flux is nonlinear and flux
quantification is currently not possible with this instrument. In this study, we consider the
backscattering magnitude as a qualitative indicator of the intensity of gas emissions: high (or
low) magnitudes indicate strong (or weak) gas release rates. This is reasonable because the
operating frequency is outside of the theoretical resonance frequency range for the bubble radii
expected at SHR (Heeschen et al., 2003; Rehder et al., 2002). The resonance bubble radius for a
frequency of 350 kHz and a water depth of 750 m is about 0.08 mm, i.e. well below the usual
range of bubbles issuing from seeps (0.25-0.5 to 10 mm) and we do not expect resonance effects
to cause extra noise in the SHROS data. Groundtruthing using camera observations confirmed
that such qualitative interpretation of the SHROS acoustic data is reasonable (see Results). A
video file showing all SHROS scans is provided as an electronic supplement (Movie S1).

We also used a single-beam scanning-sonar (multi-frequency Kongsberg 1171-Series)
connected to the OOI Regional Cabled Array (RCA) (instrument QNTSRA101) to provide finer
spatial and temporal resolution of the bubble release at the Einstein's Grotto vent. For this work,
the sonar operated at a frequency of 1200 kHz, corresponding to a beamwidth of 28° x 0.6°, and
with a range set to 10 m. The resonance bubble radius at this frequency and water depth is about
0.02 mm. The sonar conducted 360° scans continuously for a duration of one day (14-15
November 2019). The rotation speed was set to the slowest setting, which corresponds to a full
scan every 213 to 214 seconds. The resulting 405 scan images were compiled in a video file
(Movie S2).

2.2 Optical monitoring of bubble plumes

Two photo cameras connected to the RCA were used to provide visual groundtruthing
information about the dynamics and strength of bubble release. For each camera, the still images
were timestamped and compiled into video files to delineate temporal changes. These are
provided as electronic supplements (Movies S3 and S4).
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The CAMDSB103 camera (Kongsberg 0484-6002 Color Digital Still Camera with SMP
resolution) was deployed at the Einstein's Grotto site, one of the most active seep areas of the
SHR (Figure 1). The camera recorded an image sequence every 30 minutes from 1 July 2018 to
23 June 2019, covering the entire duration of the acoustic monitoring (Figure S1). Each image
sequence consists of a series of three RGB images taken at a 3 Hz rate.

The CAMPIA101 camera (Sub-C Imaging Rayfin camera with 4K resolution) was
deployed at the Summit-A vent area (Figure 1). The camera recorded three pictures every 30
minutes and one 30-second 4K video sequence every 2 hours from 24 July 2019 until 22 January
2020. The camera footage was used to analyze the seafloor and bubble release dynamics and to
estimate bubble rise velocities. An 80 cm-long vertical measuring scale was placed next to an
active bubble stream within the camera field of view to measure the distance travelled by the
bubbles to estimate bubble rise velocities. The rise velocities were estimated from the 30-second
4K video sequences for the bubble stream that is located directly adjacent to the measuring stick.
Other bubble streams occur within the field of view, but their rise speeds cannot be estimated
due to the absence of a scale. The 4K video sequences can be downloaded from the University of
Washington server for the PI-added instruments (direct link:
http://piweb.ooirsn.uw.edu/marum/data/ CAMPIA101/Videos/).

We used the CAMDSB103 camera to also estimate the strength of bubble release by
counting the average number of bubbles visible in each image sequence. Because of the large
number of images (144 images per day), the bubble counting was automated using the method
illustrated in Figure S2. First, all images were cropped to retain the area of bubble occurrence
and to remove all non-necessary parts of the images. This made the algorithm faster and less
prone to false detections. Next, a Gaussian blur filter (sigma = 2) was applied to the cropped
images to reduce high-frequency noise. Within each sequence of 3 images, the constant
background was removed by negating consecutive images per in the workflow described by
Johansen et al. (2017). The resulting images show the differences between the original images,
i.e. moving objects such as bubbles, marine snow, and the occasional fish or crab. Only the green
channel of the difference images was retained, which was the least noisy and the best suited
channel for bubble detection. Using intensity thresholding, the resulting images were converted
to logical black and white images, on which all moving objects appeared as white patches. All
connected components of white pixels were aggregated. Objects smaller than a set pixel size
(defined based on estimation of minimum size of bubble objects from visual image inspections)
were filtered out. To reliably differentiate bubbles from marine snow, we relied on the fact that
the bubble rising speed is too fast to be resolved by the camera. Hence, bubbles consistently
appear as conspicuously elongated objects, whereas marine snow is generally rounder. Using a
roundness index, a dimensionless value ranging from 0 (not round) to 1 (perfect circle) and
defined by

Roundness = 4m Pz
with A the surface area and P the perimeter of the 2D objects on the photo, all objects were
filtered out with a roundness above an empirically chosen threshold (0.5). The remaining objects
are considered to be bubbles. The average number of bubble per image in each sequence were
used. Visual inspection of photos with low, medium and high bubble counts showed this bubble
detection method to be dependable, with an error of about 5 bubbles per image. Images with
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bubble counts below five were commonly caused by false positive detections. All steps of the
bubble counting were done by a MATLAB script (Dataset S1).

2.3 Microbathymetry and photomosaics

The microbathymetry was acquired with the autonomous underwater vehicle (AUV)
Sentry in 2008 during a University of Washington survey cruise aboard the R/V Thomas G.
Thompson (TN221) in support of the OOI RCA installation at this site in 2014 (Figure 1).
Bathymetric data were collected using a Reson 7125 multibeam sonar with a nominal survey
height of 75 meters. A long-baseline transponder system was utilized to place survey lines (most
spaced at 225 meters) into geodetic coordinates.

Data for the 3D photomosaic were collected by the AUV AE2000f of the University of
Tokyo, equipped with the SeaXerocks 3 3D mapping system during the Schmidt Ocean Institute
FK180731 #Adaptive Robotics expedition (Yamada et al., 2021). The map generation was based
on known reconstruction methods (Johnson-Roberson et al., 2009; Thornton et al., 2016). The
3D mosaic has a square area of 118,000 m? at sub-centimeter resolution, covering the SHR
summit and the SHROS monitoring area almost entirely (Figure 3).

2.4 Physicochemical data

In-situ environmental parameters were recorded with a CTD probe (Sea-Bird Electronics
SBE16plusV2 SeaCAT) equipped with a dissolved oxygen optode sensor (Sea-Bird Electronics
SBE63) and a flushing pump (Sea-Bird Electronics SBEST). All sensors were calibrated by the
manufacturer in April 2018 and installed at SHR in June 2018 during the VISIONS'18
expedition with R/V Roger Revelle. The CTD probe was mounted on a 1-m tall tripod and the
conductivity, temperature, pressure, and dissolved oxygen concentration of the bottom water was
measured every minute (the pump inlet was located approximately 30 cm above the seabed). All
sensors were flushed for 40 seconds before every sample. Each sample is an average of 20
consecutive measurements (taken at a 4 Hz rate). The CTD probe collected nearly continuous
data until recovery in August 2020 (Figure S1). The CTD data were used to compute the in-situ
sound velocity (SBE Application Note No. 6, 2004) and sound absorption (Ainslie and McColm,
1998) used by the SHROS.

High-frequency tidal seafloor pressure was recorded at a 1 Hz sampling rate with a
tsunami pressure sensor (Sea-Bird Electronics SBE 54). For spectral analyses, the pressure data
of the tsunami pressure sensor were utilized. The SBE 54 sensor was located on the LJO1B
junction box (Figure 1) about 10 m deeper than the CTD probe, but it has a depth resolution
higher than 1 mm and is free of instrument drift. By contrast, the CTD pressure data were
affected by strong instrument drift from December 2018 onward.

2.5 Current velocities

Current velocities were provided by an upward-looking acoustic Doppler current profiler
(Teledyne RDI Workhorse Long Ranger ADCP 75 kHz) operated by the OOI RCA. The ADCP
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is located on the MJO1B junction box (Figure 1) and measures current velocities every 2.5
seconds for every 8 m-thick depth bins between about 760 m water depth and the sea surface. To
prevent acoustic interference with the SHROS (Marcon et al., 2019), the ADCP was scheduled to
stop pinging for exactly 15 minutes every two hours, when the SHROS was operating.

Northward, eastward and upward velocity constituents were plotted from 01 June 2018
until 29 February 2020 using 15-minute averages for the lowest 500 m of the water column to
facilitate the visualization of bottom currents. The plots are provided as an electronic supplement
(Dataset S2).

2.6 Seismic data

Seismic data were recorded by an array of three ocean bottom seismometers (OBS)
operated by the OOI RCA and connected to the LJO1B junction box (Figure 1). All OBS data
were downloaded from the IRIS Data Management Center (www.iris.edu). We used timeseries
data from two short-period OBS (Guralp CMG-6TF) and one broadband OBS (Guralp
1T/5T/DM24). The buried broadband OBS is located close to the LJO1B junction box, about 120
m southwest of the center of the SHR summit area (Figure 1) and is suitable to detect regional
seismicity and earthquake activity. The short-period seismometers are located about 450 m to the
northeast and 360 m to the southeast of the summit. They can detect smaller vibrations caused by
local phenomena.

For all OBS measurements, we used the 1 Hz timeseries for East, North and vertical
directions (LHE, LHN, LHZ seismic channels) to visualize times when amplitudes of bottom
movements exceeded the background noise, as well as to determine the dominant frequency
constituents of the signals. The 8 Hz timeseries (MH seismic channels) were used to detect short-
duration seismic events (SDE) by applying a applying a short-time average/long-time average
algorithm (STA/LTA) as described by Tsang-Hin-Sun et al. (2019). The parameters used were
0.3 second and 7 seconds for the STA and LTA window, with a trigger threshold of 5, in order to
restrict the detection to the high-amplitude SDEs of the seismic record. Additionally, for the
highest amplitude non-SDE tremor detected with the short-period seismometers during the
SHROS monitoring, the 200 Hz timeseries (EH seismic channels) were used to identify the
timing of the first-arrival of P-waves and S-waves with greater accuracy, to estimate the distance
of the source of the seismic vibrations.

2.7 Wave height

To test whether wave-induced pressure variations influence the seabed gas release wave
height data were downloaded from the National Data Buoy Center of the National
Oceanographic and Atmospheric Administration (NOAA) for the surface buoy that is closest to
the SHR. The OOI-operated Buoy #46098 "OOI Waldport Offshore" is located 25 km southeast
of SHR. The water depth at this location is about 575 m according to the GEBCO gridded
bathymetry data (www.gebco.net). The significant wave height was used, which corresponds to
the average of the highest one-third of the wave heights measured in a 20-minute window.
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321 2.8 Spectral analyses

322 Discrete Fourier spectra were computed to identify the main constituent frequencies in
323 each timeseries of data. The DC component was removed and Hamming windows (of the same
324 length as the timeseries) were applied to each timeseries. Because of large gaps in the acoustic
325  data, the Fourier analyses were only computed for selected segments of the timeseries. For all
326  other datasets, the discrete Fourier transforms (DFT) were applied to the longest gapless

327  segments that encompass the selected acoustic data segments.

328 In terms of quality and length, the acoustic data segments 06.07.2018-22.07.2018 and

329 19.10.2018-08.11.2018 are the best suited to conduct frequency analysis (Table S1). The second
330  segment comprises one 8-hour gap, which was zero padded for the purpose of the spectral

331  analysis. Based on the duration of the segments (16 and 20 days) and the sampling frequency (Ts
332 =2 h), they are suited to analyze constituent frequencies with periods no shorter than 4 h

333 (Nyquist frequency) and no longer to 8 and 10 days. Periodic variations of the gas release with
334 frequencies outside of this range (0.1 to 6 cycles per day, or cpd) cannot be investigated with the
335  current timeseries.

336

337 3 Results

338 Pressure data from the CTD and the tidal seafloor pressure probe show clear tidal

339 variations with amplitudes ranging from about 1.4 dbar during neap tides and up to 3.8 dbar
340  during spring tides. Spectral analysis of the pressure data (1 June 2018 to 23 March 2020)

341 reveals five strong frequency peaks, centered on periods of 12.42 h, 23.93 h, 25.82 h, 12 h and
342 12.66 h (from strongest to the weakest). These frequencies correspond to the semi-diurnal (M2,
343 S2,N2) and diurnal (K1, O1) constituents of the mixed tide regime along the Oregon coast

344  (Harmonic Constituents for 9435380, South Beach OR, NOAA Tides & Currents,

345 https://tidesandcurrents.noaa.gov/harcon.html?id=9435380) and they explain about 98% of the
346  variance for frequencies between 1/7 cpd (weekly) and 24 cpd (hourly). The power of

347  semidiurnal constituents is about 3.4 times higher than the power of the diurnal constituents.

348 The bottom water temperature at the SHR summit ranged from 3.8 °C to 4.5 °C (mean:
349 4.178 °C, std.: 0.106 °C) between June 2018 and November 2018 (monitoring period of the

350  SHROS, Figure S3), and from 3.7 °C to 4.7 °C (mean: 4.146 °C, std.: 0.116 °C) between June
351 2018 and June 2020 (Figure S4). The latter temperature timeseries, which spans 2 years, did not
352 show evidence for a long-term warming or cooling of the bottom water at the SHR. Practical
353 salinity values between June 2018 and November 2018 (Figure S3) ranged from 34.26 to 34.37
354  psu(mean: 34.31, std.: 0.02) with variations opposite of the temperature variations. The

355  dissolved oxygen levels varied between 0.24 and 0.30 ml/L (mean: 0.27 ml/L, std.: 0.01 ml/L),
356  corresponding approximately to 10.4 to 13 umole/kg (mean: 11.74 umole/kg, std.: 0.43

357  umole/kg) highlighting strong anoxic conditions at the SHR. Absolute salinity and oxygen

358  values after November 2018 are not reported because of increasing measurement drift. The

359  variations of temperature, salinity, and oxygen concentrations in background bottom water near
360  the SHR summit (Figure S3) correlate poorly with the bottom pressure data (temperature: r =
361 0.26, salinity: r =-0.30, oxygen: r = 0.06) but show semi-diurnal variations, reflecting a tidal
362  influence on these parameters. Relatively large variations occur over multiday timescales, which
363  do not appear linked to the tidal pressure and may relate to seasonal variations of the bottom
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current regimes. Spectral analyses of the temperature and practical salinity data show large peaks
at the frequencies corresponding to the semi-diurnal (M2, S2, N2) tidal constituents, and
relatively weak diurnal (K1, O1) constituents.

The SHROS conducted scans every 2 hours from 6 July to 8 November 2018, with a few
gaps in the timeseries data due to downtimes of the system (Table S1). In total, the sonar
recorded 888 scans during the monitoring period. Gas flares were detected in 99.8% of the scans
(886 out of 888 scans), suggesting that the gas bubble release was continuous. The summed
magnitude of all detected plumes show large intraday variations, with alternating peaks and
troughs, which we interpret as variations in intensity of the gas emissions. Both magnitude peaks
and troughs occurred about twice a day, reflecting a semi-diurnal periodicity. The magnitude
data also tended to show higher peaks during spring tides than during neap tides. However, due
to gaps between data segments, longer multiday trends cannot be unambiguously identified.

The distribution of bottom pressure during magnitude peaks (> 75% percentile of
magnitude data) between 6 July and 22 July and between 19 October and 8 November (i.e. the
longest uninterrupted timeseries of SHROS data) indicate that intense gas emissions can occur at
any pressure within the tidal pressure range (CTD data: 778.7 to 782.4 dbar, mean: 780.7, std.:
0.75), however, they are twice as frequent at low and decreasing bottom pressures. For each time
segment, at least two thirds of all the peaks (65-70%) coincide with pressures lower than the
average pressure. Of the remaining 30-35% of the peaks, which occurred at pressures exceeding
the mean value, 65-70% occurred during decreasing tide, 18-20% occurred at the high tide
turning point, while less than 15% occurred during rising tide. These observations suggest that
gas emissions are more intense at low tides than at high tides (Figure 2), and that decreasing and
low tidal pressures facilitate the escape of gas from the seabed. However, large peaks were also
recorded during rising and high tide. The strongest anomaly in the July timeseries occurred at
pressures above the mean value and during rising tide, an indication that large bubble release
events may also occur independent of the tide.

Spectral analyses of the two longest timeseries of SHROS data, from 6 July to 22 July
(about 16 days) and from 19 October to 8 November (about 20 days), identified dominant
constituent frequencies with periods between 11.80 h and 13 h. These frequencies coincide with
the semi-diurnal (M2, S2, N2) tidal constituents and they account for about 25% of the variance
of both timeseries for frequencies between 1/7 cpd (T = 7 days) and 6 cpd (T =4 h) (Figure 4).
Smaller frequency constituents with periods between 24-25 h corresponding to the diurnal (K1,
O1) tidal constituents may also be present, but their power is too weak to be identified clearly
from the noisy frequency spectrum.

The SHROS acoustic flare images show that the number of active bubble plumes varied
highly throughout the monitoring period and were comprised of between 1 and 8, with an
average of almost 4 plumes (standard deviation: 1.1). Five main clusters of activity were
observed based on the spatial distribution of the flare base points (Figure 3): Smokey Tavern,
Einstein's Grotto, Summit-A, Summit-B, Summit-C. These main plume clusters represent the
main vent sites at the SHR summit and with diameters of 10 m to 30 m. Bubble release at these
main vent sites is frequent, but intermittent and it can pause for several days in a row, although
hardly ever simultaneously at all sites (Figures 5 and S5). Multiple bubble streams can escape
simultaneously from the same site (up to 4 at Summit-C and up to 3 at Einstein's Grotto, Smokey
Tavern, Summit-A and Summit-B). According to flare images and camera observations,
simultaneous bubble plumes within the same vent may be of very different intensities. This
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indicates that very shallow seafloor permeability changes influence bubble release (see
Discussion). In addition to the main vent clusters, at least six smaller clusters of activity were
detected: Smokey Tavern West, Summit-D, Far NE, Far S, Summit South, and Summit SW.
These smaller venting sites are located farther away from the center of the SHR summit. Bubble
release at these periphery sites is comparatively seldom and can pause for weeks or months, but
at times generate large acoustic flares.

The microbathymetry and photomosaic (Figure 3) show that the main vents are located in
areas where the seafloor is uneven and covered by white microbial mats. These areas are
characterized by slightly up-domed mounds that extend laterally over dozens of meters each, up
to about 35 m at Smokey Tavern. Parts of the domed mounds form hummocky, jagged
depressions that appear to be eating away at the dome structures (Figure 3d), likely caused by
vigorous seepage (See results from CAMPIA101). The acoustic flare clusters appear to be
focused on the hummocky areas at the main vent sites, with the exception of Smokey Tavern,
confirming that these hummocky areas are linked to venting. At Smokey Tavern, the flare points
spread over the entire up-domed and microbial mat-covered area. The limit between Summit-B
and Summit-C is ambiguous as the two distinct plume clusters originate from a hummocky area
that stretches over two sides of the same dome. The periphery vent sites are located close to
small mounds covered with carbonate hard grounds. Plumes at the periphery vents do not seem
to originate from the mounds, but from locations near the mounds where dark sediments and
white microbial mats can be seen on the photomosaic.

Figure 5 depicts the SHROS magnitude data from 6 July to 22 July 2018 for each of the
six main clusters. Figure S5 shows the SHROS data from 19 October to 8 November 2018, for
the active vents that were located within the restricted 245° scanning sector. The vertical axis
scaling is logarithmic to discern low magnitude variations as well. The mean magnitude of the
main clusters is highest for the clusters closest to the SHROS, such as Summit-A and Summit-B
and lowest for the ones farthest from the sonar, such as Summit-D and Smokey Tavern. The sites
nearest to the sonar are also closest to the center of the SHR summit. It could be that the central
sites are more active than decentered sites or that the parameters of the time-variable gain (TVG)
curve we used during the SHROS surveys (Table S1) did not fully compensate the sound
transmission losses, which depend on the distance between the sonar and the targets. The latter
explanation is more probable given that we used the 'default' two-way spreading loss coefficient
for the sonar (see Methods) that is normally used for distributed targets such as the seabed or fish
schools. In this case, the mean acoustic intensity of clusters located at different distances from
the sonar cannot be compared. However, comparing the temporal variations is possible.

The data confirm the observations from acoustic flare images that no cluster was
continuously active during the monitoring period, although venting from the SHR summit never
fully ceased. Between 6 July and 22 July 2018 the flare clusters can be ranked from most
frequently active to least frequently active as follows: Summit-A (active 75% of the time),
Einstein's Grotto (69%), Smokey Tavern (65%), Summit-B and Summit-C (54%), Summit-D
(22%), Far NE (9%), Far S (2%), Smokey Tavern West (1%). During this period, Summit South
and Summit SW were completely inactive. The activity of the flare clusters between 19 October
and 8 November 2018 was as follows: Smokey Tavern (44%), Summit-B (30%), Summit-C
(70%), Summit-D (23%), Smokey Tavern West (6%). Commonly, a magnitude decrease at one
or more clusters coincided with an increase at other clusters, which suggests that the fluctuations
of the venting activity of the different sites are interdependent. For example, an increase in
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venting at Summit-C was coincident with a pause in venting at Summit-A around 10-12 July.
Summit-A and Summit-B became active again on 12 July, just before Summit-C stopped
venting. Between 19 October and 8 November, Summit-B was active mostly when Summit-C
was inactive (Figure S5). Several such apparent connections are supported by the data, which
indicate that these relationships may not be purely coincidental. In the frequency domain, the
magnitude data for the main clusters show peaks corresponding to the semi-diurnal tidal
constituents, indicating that the tides also influence the venting activity of individual clusters
(Figures S6 and S7).

The high-temporal resolution survey with the scanning-sonar located in the Einstein's
Grotto area showed variations of three bubble plumes for a duration of 24 h, with a time
resolution of about 3.55 minutes (213 to 214 sec/scan). Bubble release was continuously active
during the monitoring period, but the plume intensities varied significantly over time and were
punctuated by several high ebullition events that occurred either at decreasing tide or right at the
turning point between flood and ebb tides. High ebullition events were characterized by large
acoustic flares with much stronger intensity than the usual 'background' flares (Figure 6). Each
high ebullition event had a sudden onset and a slower decline. Some high ebullition events
affected the three bubble plumes sequentially each within less than 3.55 minutes (i.e. one sonar
scan) of the previous one.

Photo data from the CAMDSB103 camera from 1 July to 31 December 2018 provide
groundtruthing information about the activity of the bubble release at the Einstein's Grotto vent
site. The camera pointed towards an intense and recurrent known bubble plume at Einstein's
Grotto. From July to 18 August, the timeseries of bubble counts showed large peaks, exhibiting
when the bubble plume was active. No bubble release was observed on the camera footage after
18 August until the end of SHROS monitoring period (Figure S8). However, the SHROS
continued to detect acoustic flares in this area after 18 August, indicating that the bubble release
did not cease, but that the outlet moved away from the camera field of view. The timeseries
shows a good match with the SHROS data for that particular plume (Figure 7), indicating that
the sonar is effective at detecting large ebullition events and that peaks in magnitude represent
events of heightened bubble release. The height of the magnitude peaks is not linearly related to
the strength of the ebullition event and a few peaks have a magnitude that seems to over-
represent the bubble count. This is partly due to the fact that the sonar captures the plumes up to
a height of about 200 m, whereas the camera shows the bottom few meters (< 5 m). Despite this,
the acoustic data and the image-derived bubble count show a weak positive correlation
(correlation coefficient r = 0.53). This weak correlation is statistically significant (p-value for
correlation: 4x10715, n = 191) and indicates that the sonar data reflect the intensity of the gas
emissions and that it can be used to distinguish periods of intense ebullition from less intense
ones, as well as their frequency of occurrence. The sonar data cannot, however, be used for
quantification purposes without a prior calibration and a detailed knowledge of the sizes and rise
speeds of the bubbles within the plumes.

The CAMPIA101 camera was located at the Summit-A vent site and pointed towards a
depression that cut through a domed smooth seafloor, in which bubble release was recurring. The
series of footage over a period of 7 months (16 July 2019 to 22 January 2020) shows that the
depression progressively widened as the walls were being eroded by bubble release, bottom
currents, and possibly the loss of underlying hydrate deposits. The widening process was partly
progressive, but punctuated by a few rapid events, such as the sudden release of large amounts of
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gas and sediments into the water column, the collapse of overhanging wall sections, and the
slumping of unconsolidated sediments from the walls inside the bottom of the depression (Movie
S4). In particular, the loss of loose sediments and hydrate deposits from the base of the
depression walls appeared to cause the overlying consolidated sediments to overhang and
ultimately to collapse. These events sometimes exposed massive gas hydrate deposits (e.g.
Movie S4 on 15 October 2019 at 20:30 UTC) that were trapped under thick consolidated
sediments (about 50-100 cm) and then disappeared progressively, likely through dissolution or
through rafting up as the overlying sediments retreated. Bottom currents also contribute to the
erosion process as shown by the gradual disaggregation of the collapsed sediment blocks. Bubble
escape was intermittent but frequent throughout the monitoring period (see 4K video sequences)
and at least 4 release outlets located less than 2 m apart were identified within the field of view
of the camera (Dataset S3). Further outlets outside of the field of view existed near the feet of the
camera tripod, as evidenced by the presence of bubble streams passing in front of the lens. Over
time, the locations of some bubble outlets gradually shifted, partly due to the changes in
topography. Some outlets may have become active following the accumulation of collapsed
sediments around the measuring stick and the subsequent temporary closure of the bubble outlet
in this area. The vigor of the bubble release of each outlet was variable over time. Several bubble
release regimes were observed at each outlet: inactive, distinct single bubbles released every few
seconds, clouds of bubbles of mixed sizes released in bursts, or continuous streams of bubbles.
The number of active outlets within the field of view rarely exceeded one at a time, but could
reach up to four simultaneous bubble streams at times, each with different release regimes. The
fact that the bubble release appeared unrelated between each outlet of Summit-A indicates that
the rate of bubble release of an outlet may be controlled by very shallow temporary blockages.

Bubble rise velocities were only measured at the bubble stream that was located
immediately adjacent to the measuring scale (Dataset S3). Rise velocities are non-normally
distributed and range from 18 to 34 cm/s, with an average of about 25 cm/s (n = 93, median =
24.1 cm/s, standard deviation = 4.3 cm/s, skewness: 1.19). Unfortunately, we could not correlate
these camera observations with the acoustic data as technical failures prevented the SHROS and
the CAMPIA101 to monitor the Summit-A vent simultaneously.

Similar dynamic processes were documented at the Einstein's Grotto vent. The
CAMDSBI103 camera showed evidence of several sudden events, caused by the apparent rapid
release of gas overpressure in the subsurface during which sediments were ejected in the water
column, causing seafloor changes. The largest such event occurred on 23 July 2018 between
00:46 am and 01:16 am UTC, during a rising tide about halfway between low and high tide
(Figures 8 and S3). The camera shows that bubble release was active, but weak before and after
the blowout. The images do not indicate an increase or decrease of bubble release within the 30
minutes after the blowout compared to the 30 minutes prior. Unfortunately, the monitoring
sonars were off at this time due to technical issues and we cannot confirm whether a large bubble
release accompanied the blowout. However, scans from the scanning-sonar taken before and
after the blowout show that it affected the morphology of the seabed over an area of at least 3 m?
(Figure 8).

The ADCP data show that current velocities in the top 300 m to 500 m of the water
column are turbulent and relatively high (e.g. mean velocity > 50 cm/s, standard deviation > 100
cm/s in February 2019) compared to the deeper part of the water column. Depending on the
season, diurnal vertical oscillations of the measured velocities occur down to a depth of 300 to
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400 m, which may be linked to the diel vertical migration of zooplankton. Current velocities
below this turbulent upper section have lower amplitudes (mean velocity < 15 cm/s, standard
deviation < 10 cm/s in February 2019) and are vertically homogeneous all the way to the bottom.
Horizontal velocities in deeper waters (below 400-500 m below water surface) display a clear
semi-diurnal periodicity throughout the year as well as some seasonal variations. Near the
bottom, the north-westerly currents dominate the current regime. Vertical velocities below
depths of 450-500 m are almost never negative and alternate at a semi-diurnal frequency between
intervals of low to null velocities (approx. 0 to +0.5 cm/s) and intervals of upwelling flow
characterized by elevated upward velocities up to 20 cm/sec (Figure 9). Vertical velocities in
these upwelling flows are highest close to the bottom and decrease with decreasing depth to
become null around 500 m water depth. Most upwelling flows, with velocities exceeding 5 cm/s,
rise about 300 m into the water column, corresponding to a depth around 470 m. Some upwelling
flows could still be traced above this depth and up to depths of 400-350 m from the water
surface, although once they reached this depth, the velocities were well below 5 cm/s. These
upwelling flows are associated with velocity data gaps caused by outlier readings of the ADCP
beam data. These recurrent data gaps affect all four beams of the ADCP indicating that they are
caused by the presence of bubble plumes crossing the ADCP beams rather than by the presence
of fish. Overall, the ADCP plots show clearly that the upwelling flows are closely related to the
rise of bubbles in the water column (Figure 9). Upwelling flows are detected intermittently,
essentially when the tidally-modulated north-westerly bottom current is either weak or reversed
(Figure 9). Given the location of the ADCP in relation to the dominant bubble plumes (Figures 1
and 3), it is apparent that the dominant NW current effectively deflect bubbles plumes, and
associated upwelling flows, away from the ADCP beams at a mainly semi-diurnal frequency
(Figure S9).

Analysis of the broadband and short-period seismometer data series revealed no apparent
connection with gas emissions or camera observations (Figure S10). The timing of heightened
bubble release (sonar data) and of seabed changes (camera footage) did not coincide with ground
velocities larger than background noise of the data. The analysis of high-amplitude short-
duration events (SDE) detected several high-amplitude SDEs during the entire monitoring period
of the SHROS. Three SDEs occurred during the 6-22 July 2018 period (Figure S11) and 41
occurred between 19 October and 8 November 2018 (Figure S12), out of which 29 are false
detections that are related to the long-lasting seafloor tremor on 22 October 2018. The timing of
the SDEs did not coincide with any conspicuous change in venting activity at SHR. The tremor
with the highest amplitude that was recorded during the SHROS monitoring period occurred on
22 October 2018 at about 6:18 am UTC. Because of uncertainty on the exact arrival times of the
P-waves and S-waves, we estimate the time lag between the two body waves to be between 1.1
and 1.3 seconds for both stations (Figure S13). Considering the measured body wave velocities
for the SHR summit (Kumar et al., 2006), the epicenter of this local seismic event should be
located approximately between 300 and 500 m from each station, which is compatible with a
location near or over the summit. However, no connection with the sonar and camera
observations could be made. Apart from these high amplitude events, which contain most of the
seismic signal's power, the seismic frequency spectra for all three axes (Northward, Eastward,
upward) are dominated by the main tidal frequency constituents. Higher frequency constituents
can be found in the domain of the ambient seismic noise (Hilmo and Wilcock, 2020).

Wave height data recorded in 2018 by the monitoring NOAA buoy that is closest to SHR
show strong seasonal variations (data not shown). Waves were generally high from January to
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April and October to December, with monthly means exceeding 2 m and maximum wave heights
up to almost 10 m, and comparatively low from May to September, with monthly means under 2
m and maximum wave heights below 3.1 m. Wave heights during the monitoring period of the
SHROS rarely exceeded 3 m. In terms of wave heights, the SHROS monitoring period from 6
July to 22 July can be divided into two phases (Figure S14): a low phase with a mean wave
height of 0.85 m between 6-11 July and a higher phase with mean wave heights around 2 m
between 11-22 July. The transition between the two phases saw wave height surge of 2 m within
about 24 h. The wave height data show no correlation with the acoustic data (r = -0.06, p-value:
0.44, n = 191). Wave heights during the SHROS monitoring period from 19 October to 8
November exceeded 3 m and reached up to 4 m on three occasions (Figure S15). Each of these
three events lasted less than 36 h. No correlation between the timing of these events and the
variations of the bubble release was observed (r = -0.05, p-value: 0.45, n = 233).

4 Discussion

4.1 Gas plume distribution

Our results show that the SHR summit hosts several distinct vents. In the following
discussion, we define a vent as a distinct area of the seafloor where gas ebullition recurs. A vent
can include several bubble outlets, some of which may be active simultaneously. Simultaneous
bubble plumes within a vent can display very different acoustic strengths and bubble release
rates.

At least five recurrent "main" vents and six less active "periphery" vents (Figure 3) were
detected on the SHR summit. This amount of vents exceeds the number of vents previously
detected by ship-based echosounders over the SHR summit, which was three vents at locations
named Einstein's Grotto, Smokey Tavern and Summit-A (Philip et al., 2016a). In this work, we
identified two additional recurrent vents located between 20 m and 60 m north of Einstein's
Grotto, which we referred to as Summit-B, Summit-C, as well as several minor periphery vents.
Between 6 July and 22 July 2018, the main vents were active between 54 and 75 % of the time,
whereas the periphery vents were active between 0 (fully inactive) and 22% of the time. The
detection of these sites benefitted from the systematic sampling strategy, which allowed the
detection of rarely active vents, as well as from the high resolution, which made possible to
distinguish vents that are too close to be differentiated by ship-based hydroacoustic surveys.
Philip et al. (2016a) detected additional vents over the SHR Pinnacle, and half-way between the
Pinnacle and the summit in a location, named Central, that is peculiarly close to the Ocean
Drilling Program site 1250 (ODP Leg 204) (Tréhu et al., 2003). These sites are too far from the
SHR summit and were out of range of the SHROS. However, ship-based multibeam water
column surveys during the yearly OOI maintenance expeditions detected plumes at Central on 25
and 28 June 2018 (VISIONS'18, R/V Roger Revelle) and at Central and the Pinnacle on 26 June
2019 (VISIONS'19, R/V Atlantis). On 19 August 2020, (VISIONS'20, R/V Thomas G.
Thompson) a strong plume was detected above the Pinnacle with the ship's MBES during the ebb
of a spring tide. This confirms that intermittent seepage at these sites is still ongoing. Plumes
over the SHR summit were detected during every survey, indicating that the venting activity is
more persistent at the summit.
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The high resolution of the SHROS also revealed that vents are generally not
characterized by a single bubble plume outlet, but can be comprised of several bubble plumes.
The spatial extent of the plume clusters detected by the SHROS (Figure 3) reflects significant
variability in the locations of active outlets over time. Part of the cluster spread is explained by
limits of the method in detecting the origin of acoustic flares at the seabed. Acoustic data in the
first 5 meters above the seafloor were cropped out to improve the flare detection, and bubble
plumes in those first meters may be deflected by bottom currents. Assuming that current speeds
in the lowest 5 m of the water column are similar to those measured in the lowest ADCP bin
located between 13 and 21 meters above seafloor (masf), current-driven deflection of the bubbles
in the first 5 masf could cause an average horizontal drift (i.e. using average current speed) of 1
m to 2 m with a standard deviation between 0.5 and 1 m from the bubble outlet location (using
the fastest and slowest bubble rise velocities). The maximum horizontal deflection distance,
using the maximum current velocity and the slowest bubble rise velocity, would reach up to 12
m. This simple calculation shows that the plume deflection is not the only explanation for the
spread of the plume clusters. It is clear that bubble plumes within each of the main vent sites
originate from multiple outlets on the seabed and that the size of the plume clusters
approximately reflects the extents of the corresponding vent area.

This result is supported by the 3D mosaic and micro-bathymetry data (Figures 1 and 3),
which show that the main vents consist of up-domed and partly hummocky areas, wherefrom the
strongest plumes originate. The main vents are covered by white and orange microbial mats, an
indication of diffuse seepage (Boetius and Suess, 2004). Up-domed areas at SHR are linked to
the occurrence of massive gas hydrates in the shallow sediments (Heeschen et al., 2003; Torres
et al., 1999), the accumulation of which can cause the formation of mounds (Paull et al., 2008;
Romer et al., 2012; Serié et al., 2012).

The hummocky areas were largely shaped by venting activity. The link between
hummocky areas and venting at SHR has been pointed out previously (Kannberg et al., 2013)
and is evidenced by our time-lapse camera observations of the Summit-A and Einstein's Grotto
vents (Movies S3 and S4), which show that venting activity is very dynamic and associated with
both slow and rapid seafloor changes. The combination of pressure outbursts, vigorous bubble
release, loss of hydrates, and bottom currents drives erosion of the surrounding domed
sediments, leading to a progressive enlargement of the rugged depressions. Loosening of
sediments and loss of shallow hydrates cause the enlargement of the rugged areas and may
contribute to triggering further release of free gas that was previously trapped underneath the
shallow hydrates. According to past yearly ROV observations at SHR, the morphology of the
Einstein's Grotto and Smokey Tavern vents changed considerably from 2011 to 2014 (Philip et
al., 2016a) and until 2020 (own observations). The nature of the year-to-year changes described
by Philip et al. (2016a), e.g. the enlargement of a small depression into a large pit at Einstein's
Grotto and the collapse of depression walls at Smokey Tavern, is consistent with our findings.

The loss of the gas hydrate deposits from the shallow sediments is most likely driven by
hydrate dissolution, i.e. the release of dissolved methane caused by hydrate exposure to non-
saturated water. Because SHR lies deep within the gas hydrate stability zone (the GHSZ at SHR
is approximately between 500 and 900 m below sea level) and no temperature anomaly is known
to occur (Tréhu, 2006), hydrate dissociation (release of methane bubbles, caused by hydrate
stability conditions not being met) is unlikely to occur in the shallow sediments (Xu and
Germanovich, 2006). Furthermore, hydrate dissolution can cause depressions on the seabed
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(Sultan et al., 2010), which is in agreement with our seafloor observations. We posit that local
bottom currents may enhance the dissolution of shallow hydrates by scouring the hydrate-bearing
sediments with unsaturated water. Such influence of bottom currents on methane seepage from
outcropping hydrates have been suggested at seeps in the Barkley Canyon, off Vancouver Island
(Thomsen et al., 2012). Another process that could contribute to the loss of hydrates is the
detachment and rafting of buoyant chunks of hydrate-bearing sediments (Pape et al., 2011; Paull
et al., 2003). Although never directly witnessed at the seafloor, the release of gas hydrate pieces
at SHR has been observed at the sea surface (Suess et al., 2001) and might contribute to the
formation of the rugged depressions around the vent sites.

4.2 Temporal variations

Most studies of SHR considered bubble release at the scale of the entire SHR summit
leading to a large-scale picture of the system in which the bubble release at the SHR summit is
either active or inactive, and supplied in free gas by the Horizon A reservoir through a network
of fractures. Based on this model, the SHR venting was inferred to occur periodically with
quiescent and active phases alternating over decadal timescales (Daigle et al., 2011). However,
this model does not explain the local high frequency variability of the gas release. Indeed, this
study and that of Philip et al. (2016a) has documented that bubble release occurs simultaneously
in several places over the SHR summit, and that the activation and intensity variations of each
plume can occur at intraday timescales. This is particularly clear in our results from the
systematic monitoring, which show that individual plumes can start and cease over timescales as
short as a few hours (< 4 h). These results also show that despite local variability, the bubble
release at the scale of the SHR summit is quite persistent. Venting may have never fully ceased
over the entire monitoring period of the SHROS, and it is influenced by variations in bottom
pressure linked to the barotropic tide. The tidal influence was even detected at the scale of
individual vents. Active vents, and even single bubble plumes, displayed strong short-period
temporal variations, commonly concurrently with bottom pressure variations. However, the
alternation of vent active and inactive phases does not follow a clear pattern and is not solely
explained with tidal variations. An interplay between the vents is considered possible based on
our data (Figures 5 and S5). In this section, we further discuss that tides modulate the active
release of bubbles but that they are not the only variable controlling the onset and cessation of
bubble plumes or of high ebullition events.

4.2.1 Tidal modulation

The possibility of a tidal control over the gas emissions at SHR has been subject to
discussion, but previously could neither be established nor rejected because of the lack of
systematic observations over multiple tidal cycles (Tryon et al., 1999; Torres et al., 2002;
Heeschen et al., 2005; Bangs et al., 2011; Daigle et al., 2011; Kannberg et al., 2013; Philip et al.,
2016a). Tidal influence on methane seepage for Northern Hydrate Ridge (NHR) was inferred
from video observations of bubble discharge rates (Torres et al., 2002) and water column
methane concentration measurements (Heeschen et al., 2005). However, no tidal correlation was
observed for the SHR in the data available at the time. Additionally, repeated ship-based
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hydroacoustic surveys could not confirm the possibility of a tidal influence on the methane
seepage at SHR (Kannberg et al., 2013; Philip et al., 2016a).

Results of SHROS acoustic monitoring of bubble plume activity show clear semi-diurnal
and possibly diurnal periodicities, providing strong evidence that the total methane bubble
release at the SHR is tidally modulated. This is further supported by the timing of the peaks in
the SHROS data, which show that peaks in bubble release are twice as likely to occur at
decreasing or low tidal pressures.

The influence of the tides on gas emissions has been measured or inferred at several seep
sites before. In particular, acoustic monitoring using a rotating multibeam echosounder
connected to the Neptune observatory of Ocean Networks Canada, confirmed that bubble release
in the 1250 m-deep Clayoquot Slope is modulated by the semi-diurnal constituent of the local
mixed tide regime (Romer et al., 2016). At shallow seeps (< 70 m) near Coal Oil Point, Boles et
al. (2001) measured that the seep flow rate decreased at high tide and increased at low tide, and
that one meter increase of sea height led to a reduction of up to 2.2% in flow rate. Such
quantification of the flow rate response to tidal sea height changes is not available for deeper
seeps. Whether, and to what extent, increasing depth affects the tidal influence on bubble release
from the seabed is unclear.

The current understanding is that methane bubble fluxes tend to be higher when bottom
pressure decreases (Martens and Val Klump, 1980; Jackson et al., 1998; Tryon et al., 1999;
Boles et al., 2001; Leifer and Boles, 2005; Schneider von Deimling et al., 2010; Romer et al.,
2016). Tidal loading and unloading cycles cause sediment pore pressure and permeability
variations (Wang and Davis, 1996) that affect the rate of gas release. Decreased hydrostatic
pressure during low tides facilitates the opening, or dilatation, of fractures and makes it easier for
pore gas pressure (Py) to overcome the total stress (o), leading to rapid gas discharge (Tryon et
al., 1999, 2002; Leifer and Boles, 2005; Liu and Flemings, 2009; Scandella et al., 2011).
Recently, in-situ pore pressure measurement in gas-rich sediments on the Vestnesa Ridge (NW
Svalbard) at water depths ranging from 910 and 1330 m confirmed that tidally-driven
fluctuations of hydrostatic pressure generate local pore pressure gradients, which facilitate the
release of gas into the water column during decreasing tide (Sultan et al., 2020). These
mechanisms are generally well-supported by our results because the frequent increase of gas
emissions we observe during tidal unloading is compatible with a pressure control on active gas
emissions.

According to Scandella et al. (2011), the amount of gas released into the water column
depends on the depth from which the flow conduits dilate, which in turn depends on the
magnitude of the hydrostatic pressure drop. Given that there is evidence for free gas not only
below the BSR, but also within conduits throughout the GHSZ at SHR (Tréhu et al., 2004a,
2004b; Liu and Flemings, 2006), such a conduit dilatation model supports our observation that
gas emissions appear to be more intense during spring-tides compared to neap-tides. Spring-tides
are characterized by higher amplitudes of hydrostatic loading/unloading cycles and flow conduits
are likely to dilate deeper than during neap-tides, potentially causing higher gas release.
Although the tidal amplitude may influence the strength of gas release, the distinct vents we
monitored had different behaviors in terms of bubble release, indicating that their activity is not
solely linked to the pressure cycles.
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It is evident that other less predictable factors contribute to the variability of individual
vents. A vent that recently released many bubbles might contain a smaller amount of free gas
within the sediment (Maeck et al., 2014) and temporarily respond more weakly to following
pressure variations. Tidal cycles also affect the solubility of gas in pore water (Wang et al., 1998)
and the exsolution of gas from the pore water at decreasing bottom pressures may contribute to
increasing bubble emissions at low tide (Leifer and Boles, 2005; Romer et al., 2016). Romer et
al. (2016) suggested that methane exsolution caused by tidal pressure variations in the Clayoquot
Slope at 1250 m may contribute to plume activation, but cannot explain the long duration
increase in venting that were observed in response to hydrostatic pressure changes. Sultan et al.
(2020) found evidence that gas exsolution from pore fluids does occur during low tides, but that
this is not sufficient alone to trigger the release of gas in the water column at Arctic seeps on the
Vestnesa Ridge. Our results concur with this latter finding as we could not relate the reactivation
of quiescent vents to a particular tidal phase.

4.2.2  Non-periodic variability

Although a general tidal control is evident in our data, several gas emission peaks are not
explained by the bottom pressure variations. Sudden ebullition events occasionally start during
flood tide, although not as often as during ebb tide. The non-tidally-controlled ebullition events
observed during the monitoring period could not be related to seismic vibrations or wave height
variations. The broadband and short-period seismometers did not show any indication that the
local seismicity contributed to the bubble release during our monitoring period. Neither the few
high-amplitude short-duration bottom motion events nor the background low-amplitude ground-
velocity variations could be linked with changes in the bubble release as monitored by SHROS
and the cameras. Earthquakes are commonly cited as triggering mechanisms of gas seepage and
venting (Field and Jennings, 1987; Hasiotis et al., 1996; Kusgu et al., 2005; Mau et al., 2007;
Obzhirov et al., 2004), even in gas-hydrate-bearing sediments (Fischer et al., 2013). Earthquakes
can also be linked to pore pressure changes (Kopf et al., 2010). Our study found that the gas
venting variability may not be related to the seismicity. Acoustic monitoring of the methane
release in the Clayoquot Slope also found no relation between the gas venting activity and the
seismicity (Romer et al., 2016). However, high frequency short duration events and long-lasting
tremors have been linked to gas seepage (Tary et al., 2011; Franek et al., 2017; Tsang-Hin-Sun et
al., 2019). Although we could not relate the high-amplitude SDEs with the bubble release, the
SHROS has a bihourly sampling rate and we cannot fully exclude that SDEs or long-lasting
seafloor tremors may be linked to the rise of bubbles through the subsurface. Swell-induced
hydrostatic pressure variations could also influence the flux of bubble emissions. At shallow
seeps near Coal Oil Point, Leifer and Boles (2005) showed that swell accounts for up to 4% and
0.9% of the bubble effluxes at respective water depths of 22 m and 200 m. SHR is significantly
deeper and such influence would expectedly have much lower amplitude. In our data, the
variations of the wave height data from the closest surface buoy across the monitoring period did
not correlate with the variations of the bubble release.

As postulated by previous findings (Bangs et al., 2011; Kannberg et al., 2013; Philip et
al., 2016a), it is clear that sediment permeability variations, which are unrelated to tidal loading
and unloading cycles, also influence bubble release at SHR. Clogging caused by the formation of
gas hydrates in fractures and pore spaces can decrease sediment permeability, leading to
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increased pore pressure (Bangs et al., 2011; Daigle et al., 2011; Daigle and Dugan, 2010; Tréhu
et al., 2004a). Bangs et al. (2011) linked a temporary interruption of the venting at the SHR
summit to an increase of gas build-up along Horizon A in the subsurface. Such pressure build-
ups can open fractures through the GHSZ that propagate all the way to the surface through
hydraulic fracturing (Bangs et al., 2011; Daigle and Dugan, 2010; Liu and Flemings, 2007;
Tréhu et al., 2004a; Tryon et al., 2002). However, the timescales suggested for the gas build-up
to reach sufficient pressures to overcome the overburden load are relatively long, years to
decades (Bangs et al., 2011; Daigle et al., 2011), or even thousands of years (Daigle and Dugan,
2010). While we do not exclude that such long term venting phases occur at the scale of the
whole SHR summit, the reported timescales (years) do not match with the short-term (few hours
to few months) alternations of on/off periods that we observed at individual vents. The
reactivation of vents after short quiescent phases implies that the pressures required to reopen
pathways might be much lower than previously thought. Furthermore, the strong spatial
variability in venting activity that was observed between the different vents, as well as between
distinct bubble plumes within a same vent, is not reconcilable with a model in which fracture
openings nucleate only from pressure build-up below the GHSZ. Our observations support a
model in which the fracture nucleation is not restricted to the base of the GHSZ, but may also
occur in shallower sediments (Daigle and Dugan, 2010b).

We argue that the bubble release is regulated by localized and shallow sub-bottom
changes in hydraulic conductivity of the sediments that result in temporary accumulation of
pockets of free gas within the GHSZ. Free gas within the GHSZ can be stable at SHR due to
increased salinity and low sediment permeability, which restricts water availability in the
sediments (Haeckel et al., 2004; Lee and Collett, 2006; Liu and Flemings, 2006; Tréhu et al.,
2004a). By trapping free gas near the sediment surface, low sediment permeability or shallow
blockages could cause the pore gas pressure to increase until the pressure at the top of the gas
column reaches the necessary threshold to break the seal or open new fractures to the surface
(Hantschel and Kauerauf, 2009). High ebullition events tend to start suddenly with a gas outrush
and to taper off progressively. This is consistent with the sudden release of trapped, pressurized
gas as a trigger for the onset of plumes and high ebullition events. Following the initial outburst,
the bubble release decreases progressively over time as a result of decreasing pore gas pressure
and ensuing constriction of the flow conduits. Consequently, the passage of methane decreases
leading to a pressure increase in the gas column below the shallow bottleneck. The gas pressure
increase within the pores may be enhanced by pumping due to hydrostatic loading and unloading
cycles. One hypothesis would be that, because of the plastic behavior of gas cavities (Sills et al.,
1991; Wheeler, 1990), cavities compressed during repeated loading cycles do not expand back
during unloading phases, thus causing the gas pressure to increase gradually. The gas pressure
required to overcome the vertical stress in such a scenario is much lower than the pressure
necessary to nucleate or dilate fractures all the way from the bottom of the GHSZ. In 1999,
scientists on board the DSV Alvin observed the release of large quantities of free methane gas
that was previously trapped beneath a hydrate seal (Torres et al., 1999). Therefore, we posit that
changes at the seabed surface such as those observed at the main vents with the cameras
(sediment collapse, etc.) or shallow hydrate formation could cause blockages in the sediments
and contribute to the variability of the gas release over short timescales of hours to days. The
formation of hydrate from free gas can indeed be very rapid (Torres et al., 1999; Haeckel et al.,
2004; Sultan et al., 2020), especially in shallow sediments (Tryon et al., 2002; Santos et al.,



851
852

853
854
855
856
857
858
859
860
861
862

863
864
865
866
867
868
869
870

871

872

873
874
875

876
877
878
879
880

881
882
883
884
885
886
887
888
889
890
891

892
893

manuscript submitted to Geochemistry, Geophysics, Geosystems

2012; Sultan et al., 2014) where the salinity is lower due to better seawater circulation (Colbert
and Hammond, 2008).

Periphery sites with low activity may be supplied by lower gas fluxes from the feeder
horizon, leading to longer pressure build-up times than the main vents. Alternatively, periphery
sites might act as pressure relieving valves for the SHR summit that activate or deactivate
following fluctuations of the gas pressure below the base of the GHSZ. The vents temporal
variations showed a few conspicuous coordinated behaviors, especially between Smokey Tavern
and Summit-D. Smokey Tavern was one of the most consistently active sites on the SHR
summit. A cessation of venting at Smokey Tavern could cause a pressure increase at depths that
would trigger an increase in activity at other vents. However, our data are not sufficient to prove
whether the activity of the different sites is coordinated or merely coincidental. Longer data
timeseries showing the relative variations of the different vents are needed to test this hypothesis.

The release of trapped free gas may also be aided by the strong bottom currents that we
observed with the ADCP. The bottom currents might scour the shallow hydrates promoting their
dissolution (Thomsen et al., 2012), potentially weakening hydrate blockages. Morphological
highs on Oregon's continental shelf cause turbulent flow and enhanced form drag at the seabed
(Nash and Moum, 2001), which can cause pressure and velocity fluctuations that affect the
sediment pore system (Higashino et al., 2009). Strong bottom currents can also cause shear stress
on sediments and facilitate plume onset from the just beneath the sediment where gas buoyancy
alone would not have sufficed to trigger ebullition (Joyce and Jewell, 2003).

4.3 Bubble-induced upwelling flows

The ADCP timeseries shows that strong upwelling flows with minute-averaged upward
velocities often exceeding 10-15 cm/s periodically occur in the bottom 250-300 m of the water
column (Figure 9 and Dataset S2).

It is clear that the upwelling flows at SHR are caused by bubble venting activity. This is
shown by the frequent co-occurrence in the ADCP of upwelling flows with bubble-induced data
blanking. Gas bubbles rising in the water column can draw surrounding water into the rising
plume, forming a local upwelling flow (Josenhans et al., 1978; Leifer et al., 2000; Leifer and
Judd, 2002; Leifer and MacDonald, 2003; McGinnis et al., 2011; Milgram, 1983).

The upwelling flows recorded by the ADCP occurred at a semi-diurnal frequency and
clearly during decreasing barotropic tidal phases. However, the SHROS results show that bubble
release is reduced, but does not cease during rising tides. This indicates that upwelling flows
should also vary in intensity, but not stop throughout the tidal cycles. Furthermore, the tidal
control on bubble release rate observed with the SHROS is too weak to convey a strong semi-
diurnal component to the upwelling velocities as was recorded by the ADCP. This contradiction
results from a bias in the current velocity data caused by tidally-controlled horizontal currents
that deflect the bubble plumes out of the acoustic beams of the ADCP during rising tide. The
ADCRP is located to the south and southeast of the main venting areas. The flow velocity data
show that strong upwelling flows occur during times when the tidally-modulated dominant
north-northwesterly current is weak or reversed (Figure 9).

The ADCP results indicate that most of the upwelling flows with velocities exceeding 5
cm/s rise up to a maximum of 300 m into the water column, corresponding to a depth of about
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470 m. This is slightly above the upper limit of the gas hydrate stability zone (GHSZ), located
~490-510 m deep (Heeschen et al., 2003, 2005; Kannberg et al., 2013), which fits with the
assumption that bubbles are protected by a hydrate-skin while rising through the GHSZ and
dissolve rapidly after exiting the GHSZ (Heeschen et al., 2003; Rehder et al., 2002). Some
upwelling flows could be traced above this depth and up to depths of 400-350 m. This is
consistent with recent work using a ship echosounder that detected bubble plumes at the SHR
summit up to a depth of 350 m (Philip et al., 2016a), indicating the persistence of some bubbles
in the water column well above the top of the gas hydrate stability zone. It also supports the
conjecture that upwelling flows cease when the rising bubbles dissolve (Leifer and Judd, 2002).
The rise height of the bubble plumes may also vary seasonally because of water column
stratification. Recent preliminary work on the ADCP data at SHR concluded that bubbles
commonly rose up to the top 200 m of the water column, but this observation seems to be based
on an erroneous depth scale in the ADCP data (Philip et al., 2016b) and it is not confirmed by
our data.

5 Conclusions

Venting over the SHR summit is persistent and dynamic. It is evident that variations in
plume activity at a single vent do not reflect variations of the total bubble release at the summit
of SHR. Methane ebullition occurs in several distinct vent areas that are shaped by the
combination of slow, venting-induced erosion of the seafloor and punctuated by sudden violent
gas expulsion events. While active gas emissions are modulated by tidal loading and unloading
cycles, there is evidence that local hydraulic conductivity changes at the sediment surface or in
the shallow subsurface play a major role in controlling the short-term variability of gas release
and impart a stochastic, non-periodic component to it. This may explain why previous work,
based on less systematic sampling, could not ascertain correlations between methane release and
the barotropic tidal cycles at SHR.

Onsets of plume formation and high ebullition events are facilitated during decreasing
and low tidal pressures. However, our data showed that release of plumes with high bubble
concentration can also occur at any point of the tidal cycle, which suggests that it is controlled by
increasing gas pressure within the sediment pores rather than by decreasing hydrostatic loads.
Based on our conclusions, a static increase in hydrostatic pressure (e.g. sea level rise), would
only shift the thresholds for plume activation and deactivation, temporary delaying the pressure
outbursts, but would not lead to a long-term reduction in methane ebullition.

Our results showed a strong temporal variability of the gas emissions, where a single vent
can be found inactive, strongly active or anywhere between these two states depending on the
time of observation. At SHR, the main vents were inactive 25% to about 50% of the time, and
when these vents were active the plumes varied considerably in intensity. Hence, mean flux
measurements should ideally be conducted over monitoring intervals that span several tidal
cycles to minimize flux estimation errors due to temporal variability.

In addition, there is also a strong spatial variability between individual vents. Single
plumes within an individual vent display strikingly different ebullition behaviors, clearly
corresponding to different fluxes. In our data, it is evident that no single plume can be considered
representative of the methane release dynamics of a vent area, and that no vent area is
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representative of the bubble release at the scale of the SHR summit. Hence, flux estimations for
the SHR summit should not rely on single vent monitoring and should take spatial variability of
the bubble release into consideration by focusing on several of the main vent areas.

Because of the scarcity of flux data available and the challenges posed by measuring
methane fluxes at the seafloor, global estimates often rely on spatial and temporal extrapolation
of local, short-duration measurements (Weber et al., 2019). Although we are not able to quantify
the fluxes with our sonar data, to assume that the venting activity of a main vent is representative
of the general venting activity at the SHR summit might lead to overestimations or
underestimations potentially up to several orders of magnitudes (depending on the status of the
vent observed at the time of monitoring, and that of those not observed). Extrapolating such
estimates to even larger spatial and temporal scales (e.g. global estimates) would likely magnify
these errors even further, as SHR may not be representative of an "average seep" in terms of
venting activity. In this regard, the current global flux estimates could actually be less reliable
than previously thought.

This work shows that systematic monitoring of one plume, or a single vent, results in a
very incomplete understanding of the venting dynamics of the whole system. Furthermore, it
illustrates the value of underwater cabled observatories by providing timeseries data collected
systematically by an array of instruments and sensors, allowing detailed examination of process
linkages yielding a comprehensive understanding of the study area. The acoustic monitoring,
combined with in-situ CTD data, camera observations and 3D-photomosaic, was essential to
comprehend the short-term variability and the spatial distribution of the venting activity over the
entire summit,
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List of Figure Captions

Figure 1. Top left: Location of Southern Hydrate Ridge. Top right: Map of the primary
infrastructure of the OOI Regional Cabled Array observatory (bathymetry data from GEBCO).
Bottom: Overview map of the SHR summit with the location of the OOI Regional Cabled Array
fiber optic cables, junction boxes and monitoring instruments. Shaded areas show the location of
the main known vents. Bathymetric data were collected on an RCA survey cruise in 2008 with
the AUV Sentry.

Figure 2. Temporal variations of the SHROS backscatter magnitude and CTD bottom pressure
between July 6 and July 22, 2018 (top plots) and between October 19 and November 8, 2018
(bottom plots). The backscatter magnitude non-linearly reflects the strength of the gas bubble
emissions. The bottom pressure plot shows the local mixed tidal regime with diurnal and
semidiurnal constituents, as well as the fortnightly neap/spring tidal cycles. Bubble release is
commonly stronger during ebb tide, and possibly also during spring tidal phases. However, some
ebullition events do not correlate with the tide and may be triggered by local accumulation of
pressurized free gas in the subsurface; the prominent peak observed on July 18, 2018
corresponded to the reactivation of the Summit-A vent after a very short venting interruption of
about 4 h; it did not affect the other vents at the SHR summit and happened during flood tide
within a neap tidal phase, hinting at shallow, local changes in the sediments.

Figure 3. a) Location of flare base points recorded with the SHROS between 6 July and 8
November 2018; the base points are grouped into clusters marking the location of the different
SHR vent sites. b) Location of the main and periphery vents (see Discussion) overlain on the
photomosaic; the main vent sites are all located on areas covered with microbial mats. c¢) Close-
up view of the SHROS location and the Summit-A vent, with the 3D photomosaic in the
background; a depression on the seafloor from ODP drill site 1949 (ODP Leg 204) can be seen
in the top-left corner as well as in the bathymetric data. d) Close-up view of the 3D photomosaic
at the Smokey Tavern vent showing the distribution of the microbial mats and the domed,
collapsed and hummocky areas.

Figure 4. Power spectral density plots of the bottom pressure and SHROS data. Both datasets are
dominated by the semi-diurnal constituents of the tide. For readability, the frequency units are
shown in cycles per day (cpd), and the diurnal (O1, K1) and semi-diurnal (M2, N2, S2) harmonic
constituents of the local tide are reported at the top of each plot.

Figure 5. SHROS magnitude data from 6 July to 22 July 2018 for each plume cluster (only active
clusters are shown). The vertical axis is logarithmic to facilitate visualization of low magnitude
variations. Absolute magnitude values cannot be compared between the clusters due to a distance
bias (see text) and are not shown.
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Figure 6. Top: consecutive 360° scans of the single-beam scanning sonar showing the start of a
high-ebullition event at the Einstein's Grotto vent area. The high-ebullition event starts at three
distinct bubble plumes consecutively; scans last about 3.5 minutes and are recorded clockwise
starting from the North direction (0° azimuth angle). The timestamps correspond to the start
times of the scans and the scan radii represent 10 m. Bottom: timeseries showing the variations
over 24 h (14-15 November 2019) of the total magnitude of each full scan (continuous line) and
the bottom pressure (dashed line). The four high ebullition events (peaks) occurred either during
ebb tide or at the ebb tide turning point. Each high ebullition event is marked by a sudden onset
and a slow decay; the largest peak corresponds to the ebullition event illustrated in the top six
scan images.

Figure 7. Variations of the SHROS magnitude of the Einstein's Grotto vent (dashed black line)
and the CAMDSB103 image-based bubble counts (red line). The timing of acoustic data peaks
coincide well with bubble count peaks. Some bubble count peaks were not detected by the sonar
because it has a lower sampling frequency (Ts = 2 h) than the camera (Ts = 30 min). The height
of the peaks cannot be compared because the sonar monitors all plumes occurring within the
entire Einstein's Grotto vent area, whereas the camera focuses on the base of a single plume.
Bubble counts lower than about 5 are below the accuracy of the counting method and might be
caused by false detection of bubble objects.

Figure 8. A pressure outburst was documented by the CAMDSB103 camera on July 23, 2018.
The camera images show sediment resuspension shortly (0 to 30 minutes) after the outburst.
Images taken after visibility improved show significant seabed changes including the presence of
a large well-lithified sediment block into the collapsed area subsequent to the blow out.
Scanning-sonar scans recorded before and after the event show that the seabed morphology at the
location of the outburst changed over an area of at least 3 m?. The hummocky area east of the
sonar is part of the Einstein's Grotto vent. The range of the sonar scans is 20 m. The laser
pointers on the camera images are 10 cm apart. In the difference plot, blue and red colors show
negative and positive differences respectively.

Figure 9. Left: progressive vector diagram showing the direction of water particle movement
from Oct 5 at 18:00 (plot origin) until Oct 9 at 18:00. The red segments highlight times when
upwelling flow were recorded by the ADCP. Right: ADCP current velocities and bottom
pressure data for the same time period as in the progressive vector diagram. The white areas,
marking data gaps in the velocity plots are mainly caused by the presence of bubble plumes
across the acoustic beams of the ADCP (Philip et al., 2016b). The grey bands in the pressure plot
indicate the timing of the bubble-induced upwelling flows imaged by the ADCP. The progressive
vector diagram clearly shows that upwelling flows are only recorded by the ADCP when the
dominant northward component of the bottom currents is weak or reversed. Considering that the
ADCEP is located to the south-southwest of the main vents, the tidally-influenced northward
currents deflect bubble plumes away from the ADCP, explaining why upwelling flows are rarely
detected during flood tides.
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