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Abstract Ocean-bottom seismometers (OBSs) commonly record short-duration events (SDEs) that could
be described by all of these characteristics: (i) duration <1 s, (ii) one single-wave train with no identified
P nor S wave arrivals, and (iii) a dominant frequency usually between 4 and 30 Hz. In many areas, SDEs have
been associated with gas- or fluid-related processes near cold seeps or hydrothermal vents, although fish
bumps, instrumental, or current-generated noise have been proposed as possible sources. In order to address
some remaining issues, this study presents results from in situ and laboratory experiments combined with
observations from two contrasting areas, the Sea of Marmara (Turkey) and the Chilean subduction zone.
The in situ experiment was conducted at the European Multidisciplinary Seafloor and water column
Observatory-Moléne submarine observatory (near Brest, France) and consisted in continuously monitoring
two OBSs with a camera. The images revealed that no fish regularly bumped into the instruments.
Laboratory experiments aimed at reproducing SDEs' waveforms by injecting air or water in a tank filled by
sand and seawater and monitored with an OBS. Injecting air in the sediments produced waveforms very
similar to the observed SDEs, while injecting air in the water column did not, constraining the source of
SDEs in the seafloor sediments. Finally, the systematic analysis of two real data sets revealed that it is
possible to discriminate gas-related SDEs from biological or sea state-related noise from simple source
parameters, such as the temporal mode of occurrence, the back azimuth, and the dominant frequency.

Plain Language Summary Ocean-bottom seismometers are instruments deployed on the ocean
floor to study earthquakes and other sources of noise. They can record large teleseismic earthquakes, like all
seismometers, and more specifically smaller submarine earthquakes. However, they also record noise
generated by volcanoes, anthropogenic, or biological activity (whale calls). In particular, short events,
lasting less than a second, have been reported worldwide with similar characteristics but their origin is still
debated. They have been interpreted as fish hitting the instrument, signals generated by hydrothermal
activity or by gas expelled out of the sediments. Here, we continuously monitored ocean-bottom
seismometers with a camera and show that no fish accidentally stroke the instruments. Then, during
laboratory experiments we demonstrate that gas expelled out of the marine sediments into the water can
produce short signals very similar to those recorded by the seismometers in real conditions. Finally, we
analyzed data from two experiments, one in the Sea of Marmara and the other offshore Chile. We show that
short events are generated by gas expelled into the water. This study thus demonstrates the use of marine
seismometers to monitor processes related to gas in the sea, which has direct impacts for better quantifying
natural risks.

1. Introduction

1.1. Short-Duration Events

Short-period ocean-bottom seismometers (OBSs) traditionally record earthquakes and tectonic or volcanic
signals from the seafloor but commonly record numerous nonseismic signals as well. In particular, the
occurrence of short-duration events (SDEs) has been reported worldwide and with different types of
instruments. Compiling the observations from several studies all over the world (e.g., Buskirk et al., 1981;
Diaz et al., 2007; Franek et al., 2017; Hsu et al., 2013; Ostrovsky, 1989; Tary et al., 2012; Tsang-Hin-Sun
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Figure 1. Spectrogram (top panels) and seismogram (bottom panels) of (a) a local earthquake recorded in the Sea of Marmara (Turkey); (b) a short-duration event
from the Sea of Marmara; (c) a short-duration event from offshore Chile. Time is given in seconds, with respect to the reference date on top of each spectrogram
(yyyy-mm-dd hh:mm:ss). All examples are from the vertical component of the geophones.

et al., 2019 and references hereafter), SDEs can mostly be described by all of these characteristics: (i) short
duration (<1 s), (ii) a high-frequency content (usually in the 4- to 30-Hz frequency range), (iii) amplitudes
well above the noise level, and (iv) a single impulsive wave train, that is, no P and S arrivals (Figure 1).
Moreover, they are recorded on one OBS at a time, suggesting a local source in the vicinity of the
instrument. SDEs were first reported as fish bumps (Buskirk et al., 1981) since they were recorded on
shallow instruments only and their temporal distribution showed a 24 hr periodicity. Ostrovsky (1989)
then interpreted SDEs as mechanical noise produced when the instrument settles on the soft sediments
bottom. In that case, large-amplitude SDEs were mostly recorded at the beginning of the experiment and
unexpectedly triggered the OBS recording. Since then, SDEs have been broadly observed during many
OBS experiments, yet poorly understood, although several source mechanisms have been proposed.

Sohn et al. (1995) recorded thousands of SDEs, described as microearthquakes, on the Cleft segment of the
Juan de Fuca Ridge. The signals, occurring as long-lasting swarms, were associated with pressure transients
in the hydrothermal system and hydraulic fracturing. A similar hypothesis was proposed in the Galicia
Margin (Diaz et al., 2007), where numerous SDEs and swarms of SDEs were explained by transient and sus-
tained pressure fluctuations, following the fluid-filled crack model usually applied to volcanic long-period
events and tremors (Chouet, 1988; Chouet, 1996). More recently, Bowman and Wilcock (2014) recorded
thousands of SDEs in the caldera of the Deception Island volcano, Antarctica. Although the average rate
of SDEs was in good agreement with the presence of active hydrothermal vents, a diurnal pattern in the tem-
poral distribution of SDEs lead the authors to consider two possible sources: hydrothermal activity from the
seafloor and biological activity (e.g., fish bumps). In the absence of hydrophones nor video recordings, these
two source mechanisms could not be distinguished.

Alternatively, Pontoise and Hello (2002) interpreted a sustained rate of monochromatic (6-7 Hz) SDEs as
oscillating clouds of methane bubbles in the water column in the northern Ecuador subduction zone.
From the frequency content and the number of events, they estimated the size and number of the bubbles
and proposed that networks of OBS could help constrain the methane flux escaping from large areas of
the seafloor. Several recent studies then suggested that SDEs originate from gas-related processes, although
a correlation with the gas flux has never been established. Off southwest Taiwan, SDEs were observed
together with long-lasting tremors, and based on similar frequency content (7-40 Hz) and polarization prop-
erties, both types of signals were associated to the same source mechanism (Hsu et al., 2013). Tremors and
SDEs were then associated with gas emissions out of the seabed, as they both occur during the same tidal
phase and with comparable amplitudes. On the other hand, long-lasting tremors were also attributed to bot-
tom currents induced by internal tides off southeast Taiwan (Chang et al., 2016). Similarly, in the Canary
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Figure 2. Seafloor bathymetry of western Brittany (Le Gall et al., 2014). The position of the EMSO-Molene observatory
and the OBS is marked by a red star; insets show the localization of the study region and images of the EMSO-Moléne
observatory during a biannual maintenance visit and a LotOBS during deployment. EMSO = European Multidisciplinary
Seafloor and water column Observatory. OBS = ocean-bottom seismometer.

Channel, harmonic tremors and SDEs were preferentially explained by environmental factors, such as sea
life or transporting currents (Ugalde et al., 2019). In the Niger Delta, peaks in the number of SDEs were fol-
lowed by an increase in the pore pressure and thus associated with the release of gas that accumulated in
excess in the subsurface sediments (Sultan et al., 2011). In the Sea of Marmara (SoM; Turkey), multidisci-
plinary studies related SDEs to acoustic gas flares [Bayrakci et al., 2014], peaks in the methane concentration
(Embriaco et al., 2014), conduits collapse as gas migrate (Tary et al., 2012), or conduits opening in the sedi-
ments triggered by locally large earthquakes (Tsang-Hin-Sun et al., 2019). Finally, many SDEs were asso-
ciated with gas migration and seepage on the Svalbard Margin, as they occur near cold seeps and together
with bottom temperature anomalies and could be easily distinguished from whale calls (Franek et al., 2017).

Considering the diversity of noise sources in the ocean, the processes involved in the generation of a SDE are
numerous and possibly interacting with one another. Thus, the main limit in the analysis of SDEs is the reli-
able discrimination between the different sources. Due to the large number of SDEs, classification techni-
ques, for example, using cross correlation, are hardly suitable and the use of simple discriminant
parameters must be preferred. On the basis of previous studies, several questions still remain unanswered:

1. Isit possible to distinguish biological from nonbiological sources?
2. Is the source of SDEs located in the water column or in the soft sediments?
3. Are SDEs related to fluid/seafloor interactions?

In an attempt to address these issues, this paper presents observations from laboratory and in situ experi-
ments. All data analyzed in this study were acquired by marine seismometers developed by Ifremer, called
LotOBS or MicrOBS, consisting of three short-period (4.5 Hz) components of a three-channel geophone and
a hydrophone, with sample frequency between 125 and 1000 Hz and a battery life of 3 weeks (MicrOBS;
(Auffret et al., 2004)) to 4 months (LotOBS). While the geophones are hosted together with the acquisition
system, batteries, and electrical components inside a glass sphere for the MicrOBS, geophones are deployed
directly on the seafloor, outside the acquisition system for the LotOBS (Figure 2). Otherwise, both types of
OBS are identical in their design. During the first experiment, two OBSs were deployed and continuously
monitored by video recording for two months, taking advantage of the European Multidisciplinary
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Seafloor and water column Observatory (EMSO) station north of Moléne island (Brest, France; Figure 2).
This unique facility permitted the direct comparison between macroscopic sources (e.g., marine fauna) near
the seafloor and the seismic recordings in a coastal environment. In the laboratory, a second experiment con-
sisted in reproducing and recording SDEs in a tank filled by sand and water to constrain the location of the
source, either in the sediments or in the water column. Then, in order to investigate the deeper and more
realistic oceanic conditions, SDEs were extracted and analyzed for two networks of OBS, in the SoM
(Figure 3), where SDEs were mainly associated with gas emission (Embriaco et al., 2014; Tary et al., 2012;
Tsang-Hin-Sun et al., 2019) and offshore Central Chile (Figure 4), where little is known about SDEs.

1.2. Geological Context of the OBS Network Regions

The SoM represents the submerged section of the North Anatolian Fault Zone, a 1,500-km-long dextral
strike-slip fault separating the Eurasian and Anatolian plates (Figure 3). During the twentieth century a
unique sequence of M > 7 earthquakes propagated westward along the North Anatolian Fault but the
SoM section is the only part of the fault that has not been activated since 1766 (Stein et al., 1997) and thus
poses a significant seismic hazard in the years to come. Meanwhile, the geometry of the fault system is clo-
sely related to gas-related processes as multiple hydrocarbon sources, mainly thermogenic and biogenic
methane (Bourry et al., 2009; Ruffine et al.,, 2012), lie at shallow depth (1-6 km; Géli et al., 2018).
Widespread emissions of gas from the seafloor seem to be controlled by a combination of factors such as
the tectonic regime, the sedimentary cover, and the connections with the gas source (e.g., Géli et al., 2008;
Dupré et al., 2015; Kuscu et al., 2005). Acoustic techniques and submersible dives demonstrated that most
of these gas emissions occur near the surface expression of known active faults [Bayrakci et al., 2014;
Dupré et al., 2015], supporting a correlation between microseismicity and gas emissions (Dupré et al.,
2015; Géli et al., 2018; Tsang-Hin-Sun et al., 2019).

Offshore Central Chile, the Nazca plate subducts beneath the South American plate at a rate of 6-7 cm/year,
producing large earthquakes, like the 1960 Valdivia earthquake (Mw 9.5, 22 May 1960; the strongest earth-
quake ever recorded) and more recently the 2010 Maule earthquake (Mw 8.8, 27 February 2010). At the same
time, gas hydrates are found along about one third of the Chilean accretionary wedge [eg. Grevemeyer &
Villinger, 2001; Grevemeyer et al., 2003; Vargas-Cordero et al., 2017; Villar-Mufioz et al., 2014; Villar-
Mufioz et al., 2018]. The analysis of seismic data revealed high concentrations of gas hydrates (17%) and free
gas (0.6%), and a low-velocity zone was associated with free gas underneath the bottom-simulating reflectors
(BSR; (Vargas-Cordero et al., 2017)). Systematic mapping of the BSR from a reflection seismic profile near
our study area suggests that the gas hydrate layer is about 290 m thick on average, which might represent
a methane budget of about 3 x 10** m? at standard pressure-temperature conditions (Villar-Mufioz et al.,
2014; Figure 4). The authors concluded that a sudden or slow release of this amount of methane, in the event
of gas hydrate dissociation, might represent a sizable geological hazard, destabilizing marine sediments and
potentially triggering earthquakes and tsunami waves.

This study aims at characterizing the nature of the SDEs in different marine environments and at under-
standing their relationship with the seafloor and water column processes (e.g., seismic activity, biological
activity, tides and currents, and fluid-related processes).

2. Data Acquisition and Processing
2.1. Description of the OBS Experiments

All data analyzed in this study were acquired by marine seismometers developed by Ifremer. Technical
details on each experiment are given in Table S1 in the supporting information.

2.1.1. Marmara Data Set

A submarine network of 10 OBSs was deployed by Ifremer from 15 April to 31 July 2011 in the western SoM
(Figure 3) in order to study and better characterize the microseismicity in an area where gas is likely present
in the upper sediment layers (Figure 3). The instruments consisted of LotOBS, recording at a rate of 8 ms
(125 Hz). The central station of the network, OBS02, did not function properly and stopped recording on
30 June 2011. Note that OBS03 was excluded from the analysis since the recordings were corrupted by a per-
iodic glitch producing an impulse signal quite similar to SDEs.
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2.1.2. Chile Data Set

A temporary offshore seismic network of 17 OBSs was installed after the 2010 Maule earthquake (Mw8.8; 27
February 2010) off Central Chile, in order to better constrain the geometry of the rupture zone and its lateral
extent (Figure 4). The instruments were micrOBS from the National Taiwan Ocean University and the
Central Taiwan University, deployed within the central portion of the rupture zone from roughly 36°S to
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34.5°S and recorded earthquakes during three weeks in July-August 2010 (Figure 4). Out of the 17 OBSs, 2
did not function properly and were thus excluded from the analysis.

2.2. Detection of the SDEs

For every in situ data sets, SDEs were automatically detected by applying a recursive short-term
average/long-term average algorithm, provided by the Python-based ObsPy toolbox (Beyreuther et al.,
2010) to the whole detrended, unfiltered time series. The processing was applied to all vertical components,
but similar results were obtained for the horizontal components. However, as horizontal components are
highly sensitive to the horizontal orientation of the instrument, we chose to use the vertical components only
for our analysis. Adequate detection parameters, such as the length of the short and long windows (0.35 and
7 s, respectively), trigger/detrigger threshold levels (8/2) and time buffer added before the trigger time (0.075
s) were selected after a careful analysis of different sets of values and tested on a randomly chosen 1-hr data
sample; triggers from automatic detection were then visually checked and compared to the manually picked
events (Figure S3). To further discriminate SDEs from earthquakes, only triggers lasting less than 1.1 s were
considered. The optimal parameters are those giving the maximum number of SDEs at the same time as
none false trigger, earthquake, or electronic noise.

2.3. Source Characterization

SDEs are usually not recorded on several instruments at a time. Therefore, classical location techniques are
not applicable. As the signals are recorded on three-component sensors, it is possible to determine the direc-
tion of the source, by computing the back azimuth, that is, the angle between the station and the source. The
back azimuth is estimated from the particle motion in the horizontal plane (Figure S3). Prior to the back azi-
muth estimation, the misorientation of the horizontal components of the OBS deployed in the SoM was
determined as in Tsang-Hin-Sun et al. (2019), using the technique of Niu and Li (2011). The horizontal com-
ponents of the OBS deployed in Chile are not oriented with respect to the geographic north, so the estimated
back azimuth does not represent the true direction of the source. Since the experiment lasted only 3 weeks, it
was not possible to determine the OBS misorientation. Nonetheless, this uncertainty does not affect the pos-
sible temporal trends in the back azimuth.

Additionally, the dominant frequency of each SDE was extracted from the 256-point spectrum for each indi-
vidual event. The dominant frequency is the one carrying the most energy in the spectrum and is usually a
good proxy for source identification in the oceanic soundscape (Figure S3). An individual SDE can finally be
described by three source parameters: the arrival time, the dominant frequency, and the relative/real back
azimuth for misoriented/oriented components.

3. Field and Laboratory Experiments
3.1. Test 1: Can the Interaction of the Marine Fauna and the OBS Produce a SDE?

The EMSO-Moléne station is a multidisciplinary cabled observatory operated by Ifremer since June 2012, in
the scope of the EMSO project, and serves as a pilot for industrial applications of surveillance in marine
regions. The platform, composed of several connected instruments, including a video camera, is sheltered
by currents and swells by a rocky frame. The water depth at the EMSO-Moléne observatory ranges from
12 to 18 m and is thus in the photic zone. Two LotOBS from Ifremer were installed in the field of vision
of the observatory between 27 April and 13 June 2016, separated by ~1 m. Images of a resolution of 1,280
X 720 pixels were taken every 2-3 s during the daylight hours.

The Moléne archipelago, offshore Brittany (Figure 2), is located in a marine protected area hosting a large
seaweed field, a wide range of benthic organisms and marine mammals like bottlenose dolphins and seals.
Tides are important, up to 8 m, and strong currents fashioned submarine canyons as revealed by the high-
resolution bathymetric data available in the region (Klingelhoefer et al., 2017, MeDON survey, 2011;
Figure 2).

The visual inspection of the snapshots reveals an active fauna in the vicinity of the observatory, including
several species of fish, mollusks, and crustaceans. However, direct interactions between the animals and
the instruments rarely occurred, even when their presence was dense and the recorded signals on the geo-
phones were easily distinguishable from a typical SDE. For example, a spider crab moving on the
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Figure 5. Top panels: Image of a crab moving around the geophone of LotOBSO01 (a), associated waveform (b), and spectogram (c). Bottom panels: image of an
octopus on the geophone of LotOBS01 (d), associated waveform (e), and spectrogram (f).

geophone, produced a long (>10 s) wave train in the 40- to 60-Hz range (Figures 5a and 5b); an octopus
created some low-amplitude noise as the animal is approaching and a high amplitude but irregular event
(1-2 s), while the animal is crossing over the geophone (Figures 5c and 5d). It is worth noting that the
maximum amplitude during the crossing is 6 x 10°V/m/s, which is a similar value as a typical earthquake
of magnitude 3-4 some tens of kilometers from the instrument.

Bottom currents and back-washing waters are clearly visible during the whole experiment, transporting
sand and plant particles. Indeed, a large number of seaweed strands flowed in the vicinity of the OBS, some-
times without any interaction but often brushing against them. Fragments of seaweed sometimes got
trapped in the cables or in the OBS frame, yielding long-lasting tremor-like signals on the seismograms.
From time to time, a fragment of seaweed hit a single OBS and produced a short impulsive signal on the
geophones, but this rarely occurred. The temporal distribution of SDEs shows a clear 24-hr periodicity
and a possible second-order 12-hr periodicity (Figures 6a and 6d), suggesting that tidal currents are
involved in the generation of SDEs. From the end of May 2016, the number of SDEs falls on both OBSs.
At the same time, the video recordings show that seaweeds have progressively accumulated on and around
the instruments. In June, the video recordings were no longer usable since the instruments were completely
covered with seaweed. The dominant frequencies span a broad range, from 50 to 90 Hz, 50% of the time and
a median value around 75 Hz (Figure 6e). Outliers, however, are distributed over the whole spectrum,
suggesting random source of noise. The back azimuth analysis shows that most of the SDEs originate from
a preferential direction that does not change much during the experiment (between 60° and 90°; Figure 6b).
All of these observations suggest that SDEs are mainly related to transporting currents, with a dominant 24-
hr periodicity, and that the accumulated seaweeds then acted like a shield from the end of May 2016. The
geological setting (e.g., coarse, shell sand covering Paleozoic rock) excludes gas seepages as the source of the
Molene's SDEs.
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3.2. Test 2: Can a SDE Be Reproduced in a Laboratory Experiment?

The second experiment was conducted in the laboratory in order to verify that SDESs could be linked to fluid-
related processes, as proposed by many authors in different contexts (SoM, Tary et al., 2012; Tsang-Hin-Sun
etal., 2019; Taiwan, Hsu et al., 2013; Svalbard Shelf, Franek et al., 2017; Galicia Margin, Diaz et al., 2007; and
Antarctica, Bowman & Wilcock, 2014) and to compare the location of the source in the water column or in
the sediments. The experimental setup is composed of an OBS deployed in a tank filled by 12 cm of sand
superimposed with 20 cm of water (Figure 7). Next to the OBS, an air supply regulated by a pressure gauge
was installed, so a fluid could be injected in the sand layer or in the water column. Three series of tests
were performed:

3.2.1. Case 1: Injection of Air Within the Sand Layer

The first series of tests consisted in injecting air in the sediments, so it can eventually reach the surface.
Before the air bubble leaves the sand layer, an updoming of the surface can be observed, which then bursts
as the volume of air increases. We also observed that an air bubble tends to follow the path of earlier ones, as
previously proposed by Algar et al. (2011a) based on numerical modeling. On the geophones, each bubble

12cm
Water 30am
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60cm View from side
6cm 16cm
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b ) 30cm
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View from above

Figure 7. Experimental setup for the laboratory experiment from side (a) and top view (b) and (c) photography of the setup.
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Figure 8. Comparison between short-duration events obtained during the Case 1 of the laboratory experiments and short-duration events recorded in the Sea of
Marmara on OBSO01. All plots show the vertical component. The signal from the laboratory experiment was band-pass filtered in the 70- to 200-Hz range. The
time scale is different for both data sets, reflecting the differences in the frequency content.

injected in the sand layer produces a signal of short duration (<1 s). Because the experiment was conducted
in the laboratory, the conditions and scales are drastically different from those of the real OBS deployments.
A high level of persistent noise contaminates the OBS recordings at a frequency ~50 Hz (due to the power
supply) and below (due to urban noise), making a frequency analysis of the signal difficult. After filtering
the time series in the 70- to 200-Hz frequency range, the waveforms of the SDEs appear with a satisfying sig-
nal to noise ratio (Figure 8).

3.2.2. Case 2: Injection of Water in the Sand Layer

Releasing water into the sand layer does create very similar results. As a matter of fact, in these experiments
it is not possible to discriminate between gas and fluid expulsions from the sand layer.

3.2.3. Case 3: Injection of Air in the Water Layer

Tests consisting in releasing the gas directly into water resulted in no or only very weak signals on the geo-
phones and therefore suggest that SDEs are not likely to be generated by the acoustic resonance or fluid bub-
bles in the water column.

Although not fully quantitative, these simple experiments suggest that gas-related processes, such as gas or
fluid seepage out of soft sediments, might produce nonseismic signals similar to SDEs (Figure 8). In our ana-
log experiments, the frequency of the signal is much higher than for real SDEs and thus not directly compar-
able. Nonetheless, there is a similar diversity of waveforms (e.g., sharp or emergent onset, lower-frequency
coda, and very short or longer events). It is expected that at much smaller scale (here the fish tank), smaller
wavelengths would be at play, thus yielding higher frequencies. Moreover, the dominant frequency of vibra-
tion of the system might also be controlled by the gas pressure, the size of the fluid conduit, the nature of the
sediments (density, water content, and compaction), or the depth of the source. Many other sources are,
however, able to produce similar waveforms and the main difficulty lies in their discrimination in real
data sets.

4. SDE Analysis in the SoM
4.1. Previous Observations
In the SoM, the occurrence of numerous SDEs has been widely reported (e.g., Embriaco et al., 2014; Tary

etal., 2012; Tsang-Hin-Sun et al., 2019) and related to the presence of free gas in the sediments and cold seeps
(Dupré et al., 2015; Géli et al., 2008). Indeed, there is a direct relationship between gas-rich structures and the
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Figure 9. (a) Temporal distribution of the hourly rate of short-duration events; (b) temporal distribution of the associated
back azimuths and (c) dominant frequencies for OBS01 in the Sea of Marmara. The first vertical dotted line marks a clear
change in the orientation of individual short-duration events, while the second dotted line mark the occurrence of the Mw
5.1 earthquake that triggered gas emission. Adapted from Tsang-Hin-Sun et al. (2019).

distribution of SDEs. For instance, in 2011, OBS04 and OBS01 detected the highest number of events and are
located on the top of the Central High, a gas-rich anticline and near a buried mud volcano, respectively
(Figure 3; see also Bayrakci et al., 2014, and Tsang-Hin-Sun et al., 2019, for a complete review). On the
contrary, areas with a low to moderate SDEs activity match the regions where no or little gas was reported.

On 25 July 2011, a Mw 5.1 earthquake occurred just 10 km southeast of OBSO01, triggering a long-lasting tre-
mor and a large crisis of SDEs, lasting several days, interpreted as fracturing in the sediments and consecu-
tive gas migration in the opened conduit near OBS01 (Tsang-Hin-Sun et al., 2019). Interestingly, few days
before the mainshock, the back azimuth of the SDEs spontaneously changed from randomly scattered orien-
tations to ~N150° (or N300°), in the direction of the epicenter (or the opposite direction due to the 180° ambi-
guity; Figure 9). The SDEs then originated from the same direction, suggesting a common source location.
However, aside from this spatial reorganization, neither the temporal variations in the rate of SDEs nor
the dominant frequency of the events departed from the previous trend, suggesting a common source
mechanism, that is, related to gas, for all the events. Within this study we aim at better characterizing these
gas-related SDEs depending on their source parameters defined as their temporal mode of occurrence, their
spatial distribution (back azimuth), and their dominant frequency.

4.2. Source Parameters of Gas-Related SDEs

Gas-related SDEs in the SoM can be classified into two families, based on their temporal mode of occurrence
and their spatial clustering: background and swarmed SDEs.

4.2.1. Background SDEs

In most cases the SDEs occur individually, at a rate of a few tens of SDESs per hour, on a nonregular basis.
Their amplitudes are highly variable, and they are scattered in all directions. Background SDEs are observed
over the whole network and not correlated between stations. They are also observed in areas where no gas
activity has been reported, suggesting unrelated and local sources. The dominant frequency of background
SDEs ranges from 4 to 30 Hz but mostly focus in the 14- to 18-Hz range.

4.2.2. Swarmed SDEs

From time to time, SDEs cluster in both time and space as sequences of hundreds of events per hour, lasting
up to several hours and even several days (Figure 10). Swarmed SDESs originate from preferential directions
that can be recurrently activated in time (e.g., Tsang-Hin-Sun et al., 2019). The dominant frequency of
swarmed SDEs is generally within the same range as background SDEs, although during the largest swarms
it can reach higher values.
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Figure 10. Example of a swarm of short-duration events recorded on the vertical component of OBS01 in the Sea of
Marmara. (a) Normalized spectrogram, computed for 128-sample segments and 50% overlap, representing the distribu-
tion of the power in time and frequency; (b) seismogram of the vertical component, detrended, unfiltered; the detected
short-duration events are indicated by red triangles. (c) A close-up of the data samples included in the red box. Time is
given in hh:mm:ss, and the initial time is given above the top panel.

Across the whole study area, the distributions of background and swarmed SDEs are very similar. More spe-
cifically, the distribution of the dominant frequency is remarkably steady, with median values in the 14- to
17-Hz range (Figure 11). Moreover, 50% of the time, frequencies range from 12-15 to 21-22 Hz, gathering in
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Figure 11. Distribution of the dominant frequency of short-duration events
at each ocean-bottom seismometer in the Sea of Marmara. The distributions
are represented as boxplots; the thicker orange line is the median value, the
box contains 50% of the distribution (between the 25th and the 75th per-
centiles), and whiskers represent the 10th and 90th percentiles. The ocean-
bottom seismometers are sorted according to increasing depth.

a narrow band around the median values, whereas extreme values reach 4
to 30 Hz. We note that this similarity in the frequency distribution does
not depend on the depth, nor the event rate. The experiments [this manu-
script] conducted by Ifremer in the lab and at sea revealed that SDEs could
be produced by any kind of small perturbation affecting the seafloor sedi-
ments (e.g., sediment motion driven by bottom currents and fluid transfer
at the sea bottom). The uniformity in the frequency clearly suggests simi-
lar sources, even a unique type of source, all over the SoM, consistent with
a gas-related origin.

Since both background and swarmed SDEs have similar waveforms,
amplitude, dominant frequency, and eventually back azimuth (Figures 9
and 10), they are most probably generated by the same source mechanism:
By analogy with volcano-tectonics events (e.g., Chouet, 1988) or hydro-
thermal events (e.g., Diaz et al., 2007), background SDEs are proposed
to be generated by transient pressure perturbations in the fluid-filled
cracks, whereas swarmed SDEs reflect a sustained excitation of the med-
ium, for example, due to fluid migration within the cracks.

5. SDE Analysis Offshore Central Chile
5.1. Observations

In comparison to the SoM, the average daily rate of SDE is moderate over
the Chilean study area. There is no linear relationship between water
depth and the number of SDEs recorded. Instead, the number of SDEs is
generally higher at very shallow (>500 m) and intermediate depth
(~1,500-3,000 m) and lowest at the deepest sites (>4,000 m). OBS08
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Figure 12. Same as Figure 11 for the ocean-bottom seismometers offshore Chile. The depth range of the ocean-bottom
seismometers is indicated on top.

appears as an outlier, recording 3 times more events than the neighbor OBSs at intermediate depth. This
regional trend is enhanced when considering the distribution of the dominant frequencies of the events
(Figure 12). Shallow (<1,000 m) and deep (>2,500 m) sites have a median dominant frequency above 12
Hz, with outliers reaching 50 Hz and a broad range of frequencies, possibly indicating multiple sources.
On the contrary, at intermediate depth, the distributions gather around a low median value (<12 Hz). We
note that this trend does not depend on the number of events and is thus not a bias from the
detection method.

The joint analysis of the temporal variations in the event rate, back azimuth and dominant frequency, might
point to the source discrimination for shallow, intermediate, and deep sites. At the shallow OBS16, for
instance (Figure 13), SDEs occurred regularly in time and are generally scattered in all directions, except
at the end of the experiment where they cluster in time and space (around 40°). The dominant frequency
does not vary in time, although it falls into two distinct frequency ranges, around 12 Hz and in the 22- to
35-Hz range, respectively.

At the intermediate depth site OBS12, SDEs occur irregularly in time and are generally scattered in all direc-
tions. The dominant frequencies are mostly clustered in the 8- to 13-Hz frequency band, with some excep-
tions. There are several peaks in the temporal rate of SDEs that can also be clearly identified in the
temporal distribution of back azimuth and dominant frequency. The first peak is clustered in frequency
around 20 Hz and shows a fast change in the temporal variation of the back azimuth, indicating a moving
source. This spatiotemporal pattern is repeated several times during the experiment and was observed at dif-
ferent sites, from intermediate to deep sites, indicating a moving source of SDEs. The visual inspection of
such features indicate pulse series of short signals (~1 s) with a dominant frequency around 20 Hz. On the
other hand, the second peak, although similar in the number of events, exhibits a nonlinear spatiotemporal
pattern and has dominant frequencies in the same range as the background SDEs (Figure 13). The visual
inspection of the data revealed a signal very similar to the tremors or swarmed SDEs previously identified
in the SoM.

Finally, at the deep OBS19, SDEs occurred regularly with a low rate, except for the two large peaks on 20 and
30 July 2010. As observed on OBS12, the events have a constant dominant frequency in the 18- to 25-Hz
range and exhibit linear spatiotemporal features. Otherwise, the rare SDEs are scattered in all directions
and have dominant frequencies in the 4- to 25-Hz frequency range.

5.2. Possible Sources of SDEs in Chile

5.2.1. Biological Activity

Short-duration signals with similar features than our pulse series, that is, frequency around 20 Hz and mov-
ing source, were observed by Franek et al. (2017) and attributed to fin whales offshore Svalbard. In the
Southeast Pacific, blue and fin whales are known to produce acoustic signals in the same frequency range

BATSI ET AL.

3894



~1
AGU

100 Geochemistry, Geophysics, Geosystems 10.1029/2019GC008349

ADVANCING EARTH
AN SPACE SCIENCE

-73.8 -73.6 -73.4 ] 20
a) High slope : ~ |Bathy [m] 3 d) OBS 16
Bl-2800  Z,
B Ay BN 2634 &
354 v 2469 @
L 37 -2303 o

'
N
=
w
[ee]

-1972
-1806
-1641
-1475
-1309
-1144
-978.1
-812.5
-646.9
-481.2
-315.6 B . ERI . CoL. . L c .

-150 2010-07-17 2010-07-21 2010-07-25 2010-07-29 2010-08-01 2010-08-05 2010-08-09

-35.6

Back-azimuth (°)
=
(=3
o

-35.8

N
o

N
o

U it = b S g e A St ey st

Frequency (Hz)

RN T SN

-36.0
-73.8 -73.6 -73.4
b) Middle slope

e) OBS 12

#Events/hour
N
o o

Back-azimuth (°)

B
o

N
o
S

4 ,.
2010-07-21 2010-07-25 2010-07-29 2010-08-01 2010-08-05 2010-08-09

R T

2010-07-17

Frequency (Hz)

-74.2 -74.0
c) Trench ; % |Bathy [m]

g P o | 5188

f) OBS 19

100

#Events/hour

Back-azimuth (°)

N
o

ot

2010-07-17 2010-07-21 2010-07-25 2010-07-29 2010-08-01 2010-08-05 2010-08-09

N
o
[y

o)

~

N

(8]
Frequency (Hz)

Figure 13. Bathymetry and source parameters of SDEs for shallow (a, d), intermediate (b, e), and deep conditions (c, f). (a) Bathymetry around OBS 16 on the high
slope; (b) bathymetry around OBS 12 on the middle slope; (c) bathymetry of OBS 19 in the deep sea. (d) Number of events per hour (upper subpanel), back azimuth
of SDE (middle subpanel), and frequency of SDE (lower subpanel) for OBS 16; () as (d) but for OBS 12 and (f) as (d) but for OBS 19. On the bathymetry maps (a)-(c),
the number of SDEs recorded at each OBS is indicated and represented with the same color scale as in Figure 4. OBS = ocean-bottom seismometer; SDE = short-
duration event.

[e.g., McDonald et al., 1995]. Chilean blue whales, however, have longer characteristic call units (37 s;
McDonald et al., 2006) and a repeating pattern that does not match the observed pulse series. Fin whales
are observed all year-round in the North and South Pacific [McDonald et al., 1995; Soule & Wilcock,
2013] and offshore South Chile (Acevedo et al., 2012). Fin whales typically produce characteristic and short
calls termed “20-Hz pulses” (Watkins, 1981), similar to the observed pulse series. We thus propose that the
pulse series observed at intermediate and deep sites are produced by fin whales. During the three weeks of
the experiment, fin whales were mostly recorded to the west, far from the coast and at deep sea, which is
consistent with previous observations (Acevedo et al., 2012).
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SDEs due to fish bumps have a diurnal pattern of occurrence that is not observed in our data (Buskirk et al.,
1981). It is also unlikely to explain the regional pattern in the distribution of SDE with marine animals inter-
acting with the instruments. Moreover, most of the events (disregarding the identified whale calls) are not
visible on the hydrophone, indicating that the source is not located in the water column. Biological sources
other than marine mammals are thus not likely to be the main source of the observed SDEs.

5.2.2. Tides and Currents

Tides and currents are able to generate SDEs and tremors resembling ours by agitating the sensors in their
natural frequency of oscillation (Chang et al., 2016). Local turbulent flows might also be responsible for
some background SDEs, as observed in Moléne or in the Canary Channel (Ugalde et al., 2019). Strong sea-
sonal currents have been described offshore Chile, with a vertical structure depending on several factors
(Shaffer et al., 1995). Currents are, however, more powerful in austral spring and summer and exhibit a diur-
nal periodicity, which is not retrieved in the temporal distribution of SDEs, even if the duration of the experi-
ment is not suitable to infer a robust temporal pattern in the distribution of SDEs. Moreover, currents are
expected to be stronger at shallow depth, which is not consistent with the pattern in the spatial distribution
of SDEs. Nevertheless, transient and local currents, induced by bathymetric features such as canyons and
corridors, might also produce noise at a smaller scale. Offshore Chile, as it was the case in the SoM, no direct
relationship was established between the bathymetry and the rate of SDEs.

5.2.3. Gas-Related Activity

In the intermediate depth range (1,500-3,000 m), corresponding to the accretionary wedge of the subduction
zone, the distribution of the dominant frequency points to a main unique source of SDEs. As for the SoM,
background SDEs and swarms of SDEs were observed, sharing similar characteristics in term of frequency
and spatiotemporal features.

Comparing the number of SDEs recorded for each instrument with the extension of the BSR along the accre-
tionary wedge [Villar-Mufioz et al., 2014] shows a good correlation between the intermediate domain iden-
tified for SDEs and the region of the BSR (Figure 4b). We therefore propose that SDEs observed at
intermediate depth, that is, having a similar dominant frequency ~12 Hz and occurring as individual events
or swarms, could be related to free gas migration in the sediment layers.

6. Discussion and Conclusion

6.1. From Experiments to Real Conditions

The main objective of this study was to test different hypotheses for the origin of short-duration signals fre-
quently recorded by OBSs, in different contexts. For that purpose, we combined laboratory and in situ obser-
vations to explore different sources and to rule out some of them.

The first test of this study consisted in continuously monitoring two OBSs using a submarine video camera
and show that no fish accidentally bumped into the instruments. Although some animals, such as crabs or
octopus might cross the OBSs or move nearby, the associated waveforms are substantially different from the
SDE waveforms. Fish, even when numerous, are not detected by either the geophones or the hydrophone.
Seaweed or lithic particles transported by the tidal currents produce, however, short-duration signals of high
frequency distributed with a clear temporal periodicity. Even if the water depth at the EMSO platform is only
a few meters, some of these observations can be extrapolated to the deep sea. If the various macroscopic
fauna from Moléne do not interact with the OBSs, it is unlikely that this would occur at deep sea. Thus, fish
bumps should be ruled out as a systematic source of SDE. Many SDEs resembling ours in the SoM were
recorded in the caldera of Deception Island volcano (Antarctica; Bowman & Wilcock, 2014); the authors,
however, were unable to conclude whether they were caused by marine animals striking the instruments
or hydrothermal activity. In the light of our observations, it is much more probable that an intense hydro-
thermal activity is the cause of the observed SDEs.

During the second test, qualitative analog experiments showed that SDE waveforms can be reproduced, to
some extent, by expelling a fluid from a sand layer. In comparison with the real SDEs, they have a much
higher-frequency content, which could be explained by smaller wavelengths, controlled by the size of the
system (60 cm * 30 cm * 30 cm). Moreover, in real conditions, the dominant frequency of vibration might
also be controlled by the nature of the sediments, the diameter of the conduits and the average pressure
fields of gas and sediments. Expelling a fluid directly into the water column did not produce any signal
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on the geophones, suggesting that the source of the observed SDEs, even more in the deep sea conditions, is
located at or below the seafloor rather than in the water column. Quantitative experiments demonstrated
that the initial rise of a bubble in sediments is performed by fracturing of soft and cohesive sediments
(Boudreau, 2012; Boudreau et al., 2005). In our simple experiment, it was possible to infer gas exchanges
by measuring the number and the size of bubbles. In more realistic conditions, the volume of a bubble
depends on its shape, which can differ from an ideal sphere, and is thus conditioned by several physical
factors, such as softness or cohesion of the sediments [e. g. Johnson et al., 2002]. However, assessing the
amount of gas released in the water column with SDEs, although a seductive idea, is beyond the scope of
the study.

In the SoM and offshore Chile, a good relationship between the location of cold seeps (Tsang-Hin-Sun et al.,
2019) and BSR (this study) is found, respectively, and the distribution of SDEs, suggesting that gas-related
processes generate the observed signals on the OBSs. In the SoM, SDEs have been related to free gas migra-
tion through multidisciplinary approaches, including modeling (Tary et al., 2012), acoustics [Bayrakci et al.,
2014], or methane flux measurements (Embriaco et al., 2014). More recently, SDEs were directly associated
with a conduit opening in the soft sediments triggered by a Mw 5.1 local earthquake (Tsang-Hin-Sun et al.,
2019). The SDEs in the SoM are characterized by

1. two temporal modes of occurrence, individual events, and swarms of events,
2. alimited range of dominant frequency with few variations with respect to the median value, and
3. punctual temporal and spatial clustering of individual or swarmed events.

Laboratory experiments have shown that a bubble injected into sediments tends to follow the same path as
previous bubbles (Algar et al., 2011b). Depending on the gas injection rate, Varas et al. (2009) also described
two modes of fluid emission: a bubbling regime where large, individual bubbles are formed and an open-
channel regime, where small bubbles are continuously growing. In time, a cold seep can also change from
a mode of intense emission to a more quiet mode (Romer et al., 2017), under the influence of an earthquake
(Tsang-Hin-Sun et al., 2019) or tides (Hsu et al., 2013; Romer et al., 2017). This temporal pattern in the mode
of occurrence of SDEs was also reported offshore Taiwan (Hsu et al., 2013), in Svalbard (Franek et al., 2017),
or in the Galicia Margin (Diaz et al., 2007). In all these cases, background and swarmed SDEs were asso-
ciated with the same type of source, as they had similar waveforms, dominant frequencies or back azimuths.
In Chile, the SDEs recorded on the accretionary wedge and associated with the BSR have comparable source
parameters, suggesting that this combination of parameters is well calibrated for discriminating gas-related
SDEs. The same source parameters also allowed the identification of biological signals produced by fin
whales in Chile or by tidal currents in Moléne.

6.2. Implications for Geohazard

This study demonstrates that gas-related processes can be monitored with OBSs as suggested by several stu-
dies (e.g., Franek et al., 2017; Tary et al., 2012; Tsang-Hin-Sun et al., 2019). Although the current state of the
art does not allow the quantification of the emitted flow rate nor the precise location of the cold seep, OBSs
provide convenient means to continuously monitor large areas of seafloor. Indeed, gas fluxes are highly vari-
able in time (Sultan et al., 2011), and acoustic techniques, although valuable, mostly give snapshots, which
might not represent the long-term behavior of the seeps. Networks of OBSs could thus be used as a comple-
mentary tool to estimate the amount and variability of gas released from the seafloor over wide areas and
longer periods.

Monitoring methane or other gas flux is crucial for geohazard assessment in different contexts. In the seismic
gap of the SoM, thermogenic and biogenic methane is widespread and the relationship between seismicity
and gas has been broadly surveyed since the devastating 1999 Izmit earthquake (e.g., Dupré et al., 2015;
Embriaco et al., 2014; Gasperini et al., 2012; Géli et al., 2008). Indeed, areas of gas seepage in the SoM are
closely linked to the tectonic regime; in tectonically active sections of the SoM gas migration is driven by
the faults and fractures network whereas aseismic segments lack gas emissions (Dupré et al., 2015).
Locally strong earthquakes are able to destabilize the gas-rich shallow sediments, as shown by the very shal-
low aftershocks (Géli et al., 2018) and trigger gas release (Kuscu et al., 2005) and conduit opening (Tsang-
Hin-Sun et al., 2019). In this context, understanding the distribution and evolution of gas-related processes
in close relationship with ground motion is crucial for geohazard assessment in the SoM.
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Large subduction earthquakes have been proposed to trigger hydrate destabilization and gas discharged into
Acknowledgments the water column even decades after the earthquake (Fischer et al., 2013). In the case of the 2010 Maule
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earthquake offshore Chile, high methane concentrations were observed after the mainshock in the water
column (Geersen et al., 2016), indicating that the ground motion triggered gas migration. The network of
OBSs was installed 5 months after the earthquake, which might be too long to fully characterize the possible
relationship between ground motion and gas migration in the marine sediments. During the 3 weeks of the
experiments, although many earthquakes occurred, none could be associated with a significant increase in
the number of SDEs (see supporting information figure). The relationship between seismicity and gas
released is not systematic and depends on many factors, including the seismic energy received, the connec-
tion to the source of gas, and local azimuthal effects (e.g., Romer et al., 2017; Figure 9).

Methane constitutes a large part of gas hydrates and free gas found in the SoM or offshore Chile but is also a
powerful greenhouse gas with a warming potential that is about 30 times greater than that of carbon dioxide
(Intergovernmental Panel on Climate Change, 2014). Therefore, monitoring fluxes of free methane, and
more generally gas hydrates, in the marine environment remains important to estimate a global gas budget.
On the other hand, the characterization of gas hydrate reservoirs will play a key role in the energy resources
landscape in the years to come.
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