@JAGU PUBLICATIONS

Geochemistry, Geophysics, Geosystems "%

RESEARCH ARTICLE

10.1002/2017GC007107

Key Points:

« An ocean bottom seismometer was
deployed to record microseismicity in
marine sediments

« An automated algorithm is applied to
detect 220,000 short duration events
(<1 s) which occurrence vary over
~10 day and seasonal time scales

« We infer that two distinct types of
events originate from marine
macrofauna vocalization and from
fluid migration and natural gas
seepage

Supporting Information:
« Supporting Information S1
« Table S1

Correspondence to:
P. Franek,
peter.franek@uit.no

Citation:

Franek, P., Plaza-Faverola, A., Mienert,
J., Buenz, S, Ferré, B., & Hubbard, A.
(2017). Microseismicity linked to gas
migration and leakage on the Western
Svalbard Shelf. Geochemistry,
Geophysics, Geosystems, 18, 4623-4645.
https://doi.org/10.1002/2017GC007107

Received 7 JUL 2017

Accepted 2 DEC 2017

Accepted article online 7 DEC 2017
Published online 26 DEC 2017

©2017. The Authors.

This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and
distribution in any medium, provided
the original work is properly cited, the
use is non-commercial and no
modifications or adaptations are made.

Microseismicity Linked to Gas Migration and Leakage on the
Western Svalbard Shelf

Peter Franek? (), Andreia Plaza-Faverola? (), Jiirgen Mienert, Stefan Buenz', Bénédicte Ferré?, and

Alun Hubbard"

Centre for Arctic Gas Hydrate, Environment and Climate, Department of Geosciences, UiT The Arctic University of
Norway, Tromsg, Norway

Abstract The continental margin off Prins Karls Forland, western Svalbard, is characterized by wide-
spread natural gas seepage into the water column at and upslope of the gas hydrate stability zone. We
deployed an ocean bottom seismometer integrated into the MASOX (Monitoring Arctic Seafloor-Ocean
Exchange) automated seabed observatory at the pinch-out of this zone at 389 m water depth to investigate
passive seismicity over a continuous 297 day period from 13 October 2010. An automated triggering algo-
rithm was applied to detect over 220,000 short duration events (SDEs) defined as having a duration of less
than 1 s. The analysis reveals two different types of SDEs, each with a distinctive characteristic seismic signa-
ture. We infer that the first type consists of vocal signals generated by moving mammals, likely finback
whales. The second type corresponds to signals with a source within a few hundred meters of the seismom-
eter, either due east or west, that vary on short (~tens of days) and seasonal time scales. Based on evidence
of prevalent seafloor seepage and subseafloor gas accumulations, we hypothesize that the second type of
SDEs is related to subseafloor fluid migration and gas seepage. Furthermore, we postulate that the observed
temporal variations in microseismicity are driven by transient fluid release and due to the dynamics of ther-
mally forced, seasonal gas hydrate decomposition. Our analysis presents a novel technique for monitoring
the duration, intensity, and periodicity of fluid migration and seepage at the seabed and can help elucidate
the environmental controls on gas hydrate decomposition and release.

1. Introduction

Short impulsive signals (microseismic events) with frequencies >1-2 Hz are regularly recorded by ocean
bottom seismometers (OBS). However, such seismic events, which are common in many offshore seismic
monitoring records, have an uncertain origin. They are often attributed to biological sources when marine
animals interact with the instrument (e.g., Buskirk et al., 1981, who refer to “fish bumps”), and hence, are for
the most part disregarded as noise. Several nonbiological signature types have also been proposed though.
These include hydraulic fracturing and vibrating fluid generated by pressure pulses within hydrothermal
system (e.g., Sohn et al.,, 1995) or resonance of fluid-filled conduits excited by sudden pressure transients
(e.g., Diaz et al,, 2007). Seismic events of short duration have also been associated with bubbling when
observed at onshore settings, for example, at Dashgil mud volcano in Azerbaijan (Albarello et al,, 2012).
Moreover, fluid migration toward the seafloor and subsequent natural gas emissions—gas seepage—has
been proposed to explain observations of microseismic events at the Niger Delta (Sultan et al,, 2011), the
Sea of Marmara (Tary et al., 2012), and the Hakon Mosby mud volcano in the Barents Sea (Franek et al.,
2014). In this latter study, the interpretation of gas seepage as a source of microseismicity was inferred from
the close correlation of the microseismic events with both acoustic flares (Bayrakci et al., 2014) and abrupt
increases in dissolved methane concentration observed in the water column (Embriaco et al., 2014). Both
observations imply extensive, localized natural gas seepage from the seafloor which occurred synchro-
nously with episodes of enhanced microseismicity.

Here we present observations of microseismic events recorded at a site on the western margin of Svalbard
where natural methane is actively seeping from the seafloor of the upper continental slope between 80 and
400 m depth (e.g., Ferré et al,, 2012; Sahling et al., 2014; Westbrook et al., 2009). An OBS was integrated into
the MASOX (Monitoring Arctic Seafloor-Ocean Exchange) automated seabed observatory deployed by the
University of Tromsg for long-term measurements as part of an Arctic Ocean ESONET (European Seas
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Observatory NETwork) Mission. The main objective of the observatory was to monitor fluid release activity
from the seafloor and to determine an effect of warming shallow Arctic waters on the thermodynamic con-
ditions of the gas (methane) hydrate stability zone (Berndt et al., 2014; Person et al., 2015).

The location of MASOX observatory was carefully selected at 389 m depth to fall just inside the upper
pinch-out of the gas hydrate stability zone (Westbrook et al., 2009). Berndt et al. (2014) documented sea-
sonal bottom water temperature fluctuations in the area and hypothesized that there is a strong seasonal
control on gas hydrate formation and dissociation along with any seepage of methane from the seafloor at
this site. Investigating microseismicity potentially associated with gas leakage from the seafloor can
advance the understanding of the dynamics of these systems, particularly through assessment of the dura-
tion, intensity, and periodicity of seepage into the water column. This can provide constrains on the proper-
ties of leakage structures which is particularly important for risk assessment and monitoring strategies of
gas injections associated with CO, storage (e.g., Stork et al.,, 2015; Tanase et al., 2013). Moreover, analysis of
distinct sub-bottom microseismic signatures can help constraining the rates of methane release into the
ocean and its controlling mechanisms. Widespread methane release to the oceans can significantly alter
the global carbon cycle, having important implications as, for example, for ocean acidification, climate, and
seabed ecology (e.g., Biastoch et al., 2011; Dickens, 2003; Isaksen et al., 2011; Pohlman et al., 2011). Con-
straining processes involved with seafloor seepage is thus a fundamental requirement to advance the
understanding of these complex interactions.

2, Study Area

The study is focused on a 25 by 55 km zone of active seafloor seepage restricted to the shelf edge of the
west Svalbard passive margin (Figure 1). The MASOX observatory was deployed on the seafloor ~32 km
west of Prins Karls Forland at a depth of 389 m (Figure 1). The west Svalbard continental margin was formed
as a result of continental breakup and seafloor spreading between the Greenland and Fennoscandian
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Figure 1. (a) Bathymetry map showing location of the MASOX site (yellow triangle) at position of 78°33/16.936”N, 9°28'38.568"E on the west Svalbard continental
margin off Prins Karls Forland. Epicenters of earthquakes that were identified in the seismic record during operational period of the OBS from 13 October 2010 to
31 July 2011 are represented by red circles with size scaled to the magnitude of events. The earthquake locations are extracted from the Reviewed Bulletin of the
International Seismic Center (http://www.isc.ac.uk) and from the NORSAR regional reviewed bulletin (http://www.norsardata.no/NDC/bulletins/regional) (support-
ing information Table S1). (b) Close-up on the study area with the MASOX site. Light-green circle indicates position of an earthquake which seismic record is shown
in Figure 3 White circles are mapped seep sites (acoustic flares) (e.g., Graves et al., 2015; Sahling et al,, 2014; Veloso et al,, 2015). MR = Molloy Ridge, MTF = Molloy
Transform Fault, STF = Spitsbergen Transform Fault.
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continental blocks during the early Eocene (e.g., Eldholm et al., 1987; Faleide et al., 1993; Mosar et al., 2002).
Since the onset of the Pleistocene ~2.7 Ma ago, this continental margin has been dissected and sculpted
by numerous glacial episodes in which an extensive marine-based ice sheet advanced over the Svalbard
and the Barents Sea (e.g., Ingdlfsson & Landvik, 2013; Landvik et al.,, 2005; Ottesen et al., 2005; Patton et al.,
2015; Svendsen et al., 1992). Fast flowing ice streams draining the ice sheet caused major incision and gla-
cial erosion into the shelf creating the Kongsfjorden cross-shelf trough in the north and the Isfjorden cross-
shelf trough in the south. Ice streams also transported large volume of sediments which were deposited as
prograding glacial debris flow units at the heads of the troughs. Intertrough zones were characterized by
slow flowing ice that was frozen to its bed and hence led to the preservation of older sediment formations
(Landvik et al., 2005).

Although it is currently a passive continental margin, the shelf-break offshore western Svalbard is located
within ~40 km from the active spreading ridges and transform segments of the Fram Strait (Figure 1).
Hence, the western Svalbard margin is subject to ongoing tectonic activity from the Spitsbergen Transform
Fault, the Molloy Ridge, the Molloy Transform Fault, and the northward propagation of the Knipovich Ridge
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Figure 2. (a) Detailed bathymetry of the study area. Red and green lines are bathymetric contours at 370 and 410 m water depth and represent the upper pinch-
out of the gas hydrate stability zone at 2°C and 3°C bottom water temperature, respectively, modeled by Sarkar et al. (2012). White circles are mapped seep sites
(acoustic flares) and yellow triangle indicates location of the MASOX site. The white is the outline of a 2-D seismic profile and in brown is the part of the seismic
transect shown in Figure 2c. (b) Dip map (10 m spaced bathymetric lines) with projected RMS amplitude map from the P-cable 3-D seismic data enhancing a high
amplitude anomaly at ~50 ms beneath the seafloor. Distance (1,000 m) from the MASOX site is indicated by black circle. (c) Seismic profile showing the upslope
distribution of the high amplitude anomaly in Figure 2b indicating gas accumulation beneath the MASOX site.
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(Crane et al,, 2001; Peive & Chamov, 2008). Furthermore, the western Svalbard continental shelf has under-
gone flexural rebound and glacio-isostatic uplift associated with the ultimate episode of retreat of the
Barents Sea and Fennoscandian ice-sheets (e.g., Auriac et al., 2016; Johnston, 1989; Stewart et al., 2000).

Ongoing seismic activity in the area is—for the most part—moderate, with primary earthquake locations
predominantly aligned along the active plate boundaries interspersed with the occasional intraplate earth-
quake (Figure 1) (Dehls et al., 2000; Engen et al.,, 2003). Known focal mechanism solutions (International
Seismic Center, Reference Event Bulletin, http://www.isc.ac.uk) confirm ongoing extensional faulting at the
Knipovich Ridge and dextral strike-slip faulting at the Molloy Transform Fault (Plaza-Faverola et al., 2015).

Across the continental shelf, fluid migration and natural gas release from the seafloor have been observed
at water depths ranging between 80 and 400 m (Gentz et al., 2014; Sahling et al., 2014; Veloso et al,, 2015;
Westbrook et al., 2009). Seepage occurs at and upslope of the intersection of the present gas hydrate stabil-
ity zone with the seafloor at around 400 m water depth (Figure 2a) (e.g., Westbrook et al., 2009). Anomalous
seismic velocities provide geophysical evidence for the presence of shallow gas accumulations (Figures 2b
and 2c) underlying presumed gas hydrate bearing sediments (Chabert et al., 2011; Sarkar et al.,, 2012). Gas
migration from deep thermogenic reservoirs to the seafloor through vertical pathways is speculated to be
one of the primary mechanisms sustaining seepage (Rajan et al., 2012; Westbrook et al., 2009). Vertical
transport of the gas and fluids can also be diverted laterally by upslope rising sedimentary strata combined
with the buildup of blocking gas hydrates (Rajan et al., 2012; Sarkar et al., 2012), which form in the shallow
sediments when upward migrating gas-rich fluids attain the stability zone. Since the stability envelope for
gas hydrates is dependent on ambient temperature and pressure conditions, any warming of bottom water
temperature will result in short-term destabilization of hydrates and subsequent release and seepage of
natural gas (Berndt et al.,, 2014; Ferré et al,, 2012; Graves et al., 2015; Thatcher et al., 2013; Westbrook et al.,
2009) that may ultimately reach the atmosphere (Shakhova et al., 2010). This effect is enhanced in the Arctic
regions (Biastoch et al.,, 2011) where temperature fluctuations due to the West Spitsbergen Current that
transports warm Atlantic Water northward along the shelf edge are significant—even at shallow water
depths—and can drive enhanced gas hydrate dissociation (Ferré et al.,, 2012; Schauer et al., 2004; Spielha-
gen et al, 2011; Steinle et al., 2015).

3. Instrumentation and Data

3.1. OBS Records

The MASOX seafloor observatory includes an OBS system which consists of a three-component K/MT seis-
mometer (corner frequency 4.5 Hz) and a hydrophone (corner frequency 0.01 Hz). The entire instrument
array was deployed for 297 days from 13 October 2010 to 5 August 2011. The OBS was preset in continuous
recording mode with a sample rate of 20 ms (50 Hz) and operated seamlessly throughout the deployment
period. It provides a time series of ground acceleration at 16 bit precision in the vertical (component Z) and
two orthogonal horizontal directions (components H1 and H2) with an unknown initial orientation since the
OBS was not equipped with any directional sensor. Leveling of the OBS was accommodated during the
deployment of the MASOX observatory with the assistance of underwater video camera to position the sys-
tem on a flat part of the seafloor. Seismic records were band-pass filtered using a Butterworth filter in the
range of 1.5-24 Hz to eliminate undesirable frequency signals (e.g., ocean microseisms, instrumental noise).
The seismograms were not corrected for instrument response because of the unknown transfer function of
the seismometer. Review of the hydrophone data revealed systematic high noise level throughout the oper-
ational period, even when strong T waves due to earthquakes were registered by the seismometer. It is
hence presumed that the hydrophone malfunctioned or was not properly set up.

3.2. Earthquakes

Known earthquakes that occurred during the 10 month operational period with epicenters within the
domain bounded from 25°W to 40°E and 70°N to 90°N were collated and compiled into a catalog (support-
ing information Table S1). Parameters of the earthquakes (longitude, latitude, hypocentral depth, origin
time, and magnitude) were extracted from the Reviewed Bulletin of the International Seismic Center (http://
www.isc.ac.uk) and from the NORSAR regional reviewed bulletin (http://www.norsardata.no/NDC/bulletins/
regional). Compiled data were parsed, quality assessed, and duplicate events were removed. In a set of
duplicate events, events from the Reviewed Bulletin of the International Seismic Center were retained in
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the merged catalog. Travel-time tables of P and S waves were calculated using a standard TauP Toolkit (see
Crotwell et al.,, 1999) with an AK135 velocity model (Kennett et al., 1995) to estimate expected arrival times
at the MASOX seafloor observatory. Subsequently, the seismic record was visually inspected at these
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Figure 3. Three-component (Z—uvertical component, H1 and H2—horizontal components) seismic records of an earth-
quake, magnitude M = 3.6, at an epicenter distance of ~32 km from the MASOX site (earthquake No. 183 in supporting
information Table S1). The starting time of the records corresponds to 7 April 2011, 17:21:44.5. The seismic records are fil-
tered with band-pass Butterworth filter in the frequency range 1.5-24 Hz. Arrows indicate arrival of P wave having small
amplitudes, but being clearly visible on the vertical component, and arrival of the S wave with significantly larger ampli-
tudes on the horizontal components. Above every seismogram is shown the corresponding time-frequency representa-
tion (spectrogram) calculated by continuous wavelet transform with Morlet wavelet (e.g., Addison, 2002). Colors of
spectrograms are in log(counts?/Hz) units and represent distribution of energy of the recorded signals as a function of
time (x axis) and frequency (y axis).
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expected arrival times and 265 distinct earthquakes signatures from 286 earthquakes in the catalog were
identified in the record (Figure 1a).

All identified earthquake signatures in the seismic record included P waves, but S waves (Figure 3) were not
consistently present and only apparent for events with an epicenter distance of less than ~250 km. This is
to be expected given that S waves usually undergo greater attenuation than P waves over long distances.
Moreover, the seismic record, particularly in the horizontal components, may also be affected by weak cou-
pling of the seismometer to the seafloor (e.g., Osler & Chapman, 1998, and references therein). Despite this,
unambiguous S waves originating from local earthquakes verify that the OBS was well coupled to the sea-
floor and fully capable of registering both S and P waves. For example, a clear S wave arrival can be identi-
fied in the seismic record of a local earthquake, magnitude M = 3.6, located with an epicenter ~32 km from
the MASOX site (Figure 3; earthquake No. 183 in supporting information Table S1). For this earthquake, P
and S wave have maximum energy in the frequency range ~2-5 Hz and ~2-10 Hz, respectively, but also
contain higher-frequencies presumably due to the proximity to the source. The P and S wave arrivals are fol-
lowed by converted and scattered waves likely originating from heterogeneities in the rock and sedimen-
tary stratigraphy through which waves propagated. Surface waves supposedly follow the S wave, however,
their frequencies might be out the frequency range of seismometer and therefore are difficult to identify.

4. Analysis and Results

4.1. Orientation of Horizontal Components of the OBS

The orientation of components H1 and H2 relative to the geographic north (Figure 4a) was determined
through a polarization analysis of earthquake generated P waves (e.g., Montalbetti & Kanasewich, 1970).
Both mean value and linear trend were removed from seismic records of the earthquakes, and a 2-6 Hz But-
terworth filter was applied to isolate earthquake generated P waves from all other signals (cf. Figure 3). The
horizontal motion of P waves was then manually picked to determine the apparent back azimuth (i.e., an
angle of impinging seismic wave measured clockwise from an arbitrarily chosen horizontal component, we
opt the component H2). As the direction of the horizontal particle motion of P waves corresponds to the
propagation direction of the seismic waves, the apparent back azimuths were combined with station-to-
earthquake azimuths to calculate the angle of rotation on the horizontal axes (Figure 4a). Implicit to this
procedure is an orientation ambiguity of +180° that was resolved by accounting for the polarity of the P
wave's first motion in the vertical component Z. A supplementing description of the procedure is given in
supporting information Text S1 and Figure S1.
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Figure 4. (a) EW-NS coordinate system and H1-H2 coordinate system defined by horizontal components of the seismom-
eter. Apparent back azimuth o, which was determined by polarization analysis of P wave, and station-to-earthquake
azimuth ¢ define seismometer orientation ) = o — ¢. Arrows indicate orientation of angles, clockwise orientation means
positive angles. (b) Distribution of the seismometer orientations ¢ determined by using 40 earthquake records. Mean and
median values of the distribution are indicated by blue and red color, respectively.
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The onset of P waves for a large majority of identified earthquakes was emergent, which in these cases pre-
cludes any determination of the first motion polarity (upward or downward). However, after careful screen-
ing of all recognized events, 40 earthquakes out of 265 (supporting information Table S1) provided
sufficiently strong P waves with reliable first motion onset to adequately constrain polarization analysis. The
resulting distribution of angles of rotation has several maxima, with the largest between 70° and 100° (Fig-
ure 4b). The fragmented distribution is possibly due to the presence of noise signals overlapping the fre-
guency range of filtered seismic P wave records, resulting in weaker or distorted polarization of P waves (cf.
supporting information Figure S2). A median value of 91° corresponds with the largest maximum of distri-
bution and this rotation is applied to the horizontal components to obtain N (north-south) and E (east-west)
components of the OBS (Figure 4b).

4.2. Short Duration Events

Visual inspection of the OBS records reveals the presence of many seismic events of duration <1 s (Figure
5) that we refer to as short duration events (SDEs) following Diaz et al. (2007). An automated approach to
identifying SDEs is used by applying a short-time average/long-time average (STA/LTA) algorithm to the
seismic record. The STA/LTA algorithm is computationally efficient and widely used for automated earth-
quake identification but requires judicious parameter selection. There are several modifications of the algo-
rithm (e.g., Allen, 1978; Baer & Kradolfer, 1987; Earle & Shearer, 1994; Trnkoczy, 2012), each suited to
particular applications, but all can be prone to missing some events and the artificial generation of false
triggers. The STA/LTA approach adopted here continuously evaluates the ratio between short-term and
long-term averages of amplitudes determined from all three components. If the ratio exceeds a predefined
threshold value and its duration is shorter than 1 s, then a SDE is identified and logged. A suite of parameter
sets for the STA and LTA window duration and the trigger threshold level were tested on a randomly
selected 1 h window. Parameters of 0.2 s for the STA, 4.0 s for the LTA, and 6 for the threshold level yield
optimal results. For these values, the greatest number of SDEs (20) within the 1 h window was correctly
identified consistent with those from visual inspection without any false triggers (Figure 5).

When applied to the entire 297 day OBS seismic record, over 220,000 SDEs were detected by the STA/LTA
algorithm yielding a mean rate of 32 events per hour. The strongest SDEs (several hundreds) were visually
inspected and six distinct yet typical examples of the vertical component of these SDEs together with their
spectrograms are presented (Figure 6). The SDEs presented in Figure 6 have durations of 0.2-1.0 s with vari-
able amplitudes and frequencies higher than ~3 Hz with one or several distinctive peaks. The first SDE pre-
sented appears to be composed of a single wavelet (Figure 6a) which has a broad frequency content from
~3 to ~20 Hz. Other SDEs (Figures 6b and 6e) show more complex waveforms likely resulting from the
combined effect of wave reflections, conversions, and complexity of source mechanism. Some of the SDEs
(Figures 6¢ and 6e) have well-separated frequency peaks at ~3-5 and ~10-17 Hz, possibly due to a reso-
nance in the upper seafloor sediments caused by incoming seismic waves. However, since such separated
frequency peaks are not present in all SDEs, a specific source dependent mechanism cannot be discounted.
In several cases, small amplitude wave follows the SDE (indicated in Figures 6a and 6¢ as reflected wave).
Differences in arrival times between larger and smaller waves (the cases shown in Figures 6a and 6c and
others not shown here) were systematically from ~0.5 up to ~2 s. For a seismic source located at the OBS
at 389 m water depth, the shortest difference of direct and reflected wave arrivals is ~0.5 s assuming a
sound speed in water of 1500 m/s. Therefore, we interpret these small amplitude waves as reflections from
the sea surface. The SDE presented in Figure 6f is characterized by a strong and relatively narrow frequency
peak between 17 and 23 Hz, and is separately analyzed in the following section 4.3.

In all cases of SDEs, separate arrivals of P and S waves are not recognized. This is either due to both of them
overlapping, amplitudes of P waves being at the level of noise and thus SDEs are S waves, or S waves being
entirely absent. In detail, irregular particle motion (supporting information Figure S3) of the representative
examples of SDEs from Figure 6 confirms complexity of the SDEs waveforms, though, in most cases it is
highly rectilinear (rectilinearity as defined by Jurkevics, 1988 is for shown examples >0.85 except in one
case when ~0.73) meaning that either P or S waves are present. Comparing S wave of the presented earth-
quake with some of the strongest SDEs (Figure 3 versus Figures 6a-6d) demonstrates that magnitudes of
their amplitudes are similar. Then P waves are likely to be recognized in several cases at the assumption—
given the large number of SDEs—that the ratio between radiated energy in P and S waves is comparable
between the known earthquake and some of the visually inspected SDEs. However, this is not the case and
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Figure 5. One hour record of the vertical component Z, two horizontal components H1 and H2 and the hydrophone
showing an earthquake at ~600 s and numerous short duration events (SDEs). The starting time of the records corre-
sponds to 26 March 2011, 23:00:00. Above every record is shown its spectrogram in log(counts?/Hz) units calculated by
short-time Fourier transform (frame length 1.0 s, 50% overlap, Tukey window with 0.5 s total length of tapered section).
Blue dashed lines indicate the SDEs recognized by the STA/LTA algorithm that was adapted for identifying events with
duration less than 1 s. Most of the SDEs were identified by the STA/LTA algorithm (20 events), but the earthquake was not
recognized as an event. The hydrophone record shows only noise signal. All records were filtered with band-pass
Butterworth filter in the frequency range 1.5-24 Hz.

thus we infer for the SDEs being mostly P waves. Rather large incident angles that may be deduced from
the particle motion of presented SDEs in vertical planes (supporting information Figure S3), can be inter-
preted as due to very shallow depth of their sources in the case of only P waves impinging.

Since the MASOX station is limited to just one three-component OBS, arrival-time technique cannot be
used to triangulate the location of the events. After rotating the H1 and H2 components of the seismometer
to the NS and EW directions as described in section 4.1, in order to determine direction of events origin a
back azimuth (i.e., an angle of impinging seismic wave now measured clockwise from the geographic north)
of each SDE was determined from the horizontal particle motion. As for earthquakes, such back azimuths
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Figure 6. (a—f) Seismic records of vertical component Z of 6 SDEs identified by the STA/LTA algorithm and their spectrograms calculated by continuous wavelet
transform using the Morlet wavelet. Colors of spectrograms are in log(counts®/Hz) units. Records were filtered with band-pass Butterworth filter in the frequency
range 1.5-24 Hz. Arrows in Figures 6a and 6¢ indicate small amplitude waves, possible reflections from the sea surface, that are also clearly recognizable in the

spectrograms.

can only be identified in the range 0-180° and polarity of the SDE'’s first motion in the vertical plane is
required to account for complete reconstruction of back azimuths. Visual inspection of several SDEs indi-
cates that their onsets were equivocal in many cases and automatic identification of the first motion polarity
cannot be reliably used. Thus, a 180° ambiguity of SDE back azimuths remains, which is significant in the
assessment of the prevailing direction for the origin of sources. Nevertheless, constraining the orientation
of events to 180° range does at least constrain the potential sources to an east-west direction.

4.3. High-Frequency Short Duration Events

Linear features are clearly apparent in the distribution of back azimuths from SDEs (Figure 7). They correspond
to events with back azimuths across a wide range that changes progressively through time, as can be
observed for the first 10 days in November 2010 as representative example (Figure 7b). Inspection of the seis-
mograms of these events indicated that their waveforms, duration, and frequency content are remarkably
similar to each other. They commonly reproduce the same high-frequency signal presented in Figure 6f.

To distinguish these high-frequency signals from other SDEs, a two-step automatic recognition procedure
was applied. Since visual inspection reveals strong similarity between waveforms, a cross-correlation proce-
dure against a well-defined master event—i.e, a representative event that contains all high-frequency
SDEs—can be applied. However, minor shifts of position of the frequency peaks can cause misalignment of
waveforms resulting in low cross-correlation coefficients. Instead, in the first step of automatic recognition
we employed a cross correlation of amplitude envelopes to ensure the primary selection of events based
on similar amplitude characteristics. The representative master event was chosen based on Figure 6f and
the cross correlation was applied for each component of the seismic motion independently. Only events
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Figure 7. Distribution of back azimuths at times when the SDEs were identified by the STA/LTA algorithm. (a) Distribution of back azimuths during November
2010. (b) Distribution of back azimuths from 1 November to 10 November. Arrows indicate linear features in the distribution corresponding to HF-SDEs with
waveforms resembling the signal shown in Figure 6f.

with a cross-correlation coefficients larger than 0.7 for at least two components were selected. In the second
step, these preselected events were tested for the presence of a high-frequency peak using the following
procedure: (1) The power spectrum smoothed by modified Daniell window with a length of 5 points (i.e., fil-
tered by moving average window where the first and last points have half weight as the other points) was
calculated for each component. (2) The maximum of the smoothed power spectrum within the 16-25 Hz
frequency range (PSD,,qx) and the frequency at which this occurs (f,q,) were determined. (3) The average
value of the smoothed power spectrum, PSD,,, in the frequency range 0-16 Hz was compared to PSDqy.
A PSDpax at least 5 times larger than PSD,,, coupled with a rapid decrease of the smoothed power spec-
trum (less than 20% of PSD,,,ax Within 1 Hz), were the conditions to determine high-frequency peaks in the
record (i.e., half-width of the frequency peak is less than 1 Hz). We classify events with high-frequency peaks
on at least two components as high-frequency (HF-) SDEs.

HF-SDEs were abundant throughout the first 4 months from October 2010 to January 2011, but they are
conspicuously missing from the remaining six months of the OBS deployment up until July, 2011. The HF-
SDEs are grouped in irregularly occurring sequences lasting from tens of minutes to several hours (Figure
7). However, within every sequence their occurrence is fairly regular. The Schuster test (Ader & Avouac,
2013, and references therein) was used for a statistical analysis of the interevent times of occurrence (time
between two successive HF-SDEs). In the test time of an event occurrence (t) relative to the investigated
periodicity (T) is represented by phase angle 2xt/T of a phasor with unit amplitude. The vector sum of all
phasors is considered as a 2-D walk for which a probability (p value) is evaluated under the hypothesis of
random uniform distribution. Then value 1-p represents confidence level to discard the null hypothesis that
events occurrence for considered period T have random distribution. The test calculates probabilities for a
set of periods and thus gives a spectrum of Schuster p values—Schuster spectrum. The Schuster spectrum
calculated for the HF-SDE occurrences manifests a strong probability above 99% confidence level for ~14 s
periodic occurrence (Figure 8).

Progressive changes in source direction (e.g., on 9 November the back azimuths change from 60° to 180°
over 2 h; Figure 7b), strong periodicity, and mutual similarity suggest generation from one or several
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moving sources with similar mechanisms. An evenly distributed range of back azimuths through time
reveals that the source appeared to traverse the OBS at steady speed and was probably located in seawater.
A source located in the water column is consistent with the lack of S waves in the SDE records.

4.4. Location of SDE Sources

It is possible to estimate the location of the SDE sources if the distance as well as the direction of each event
from the MASOX site can be constrained. Localized sources will express themselves in a distinct clustering
in the distribution of back azimuths. Distinct clusters can be identified in the distribution of back azimuths
of the SDEs for the 10 month operational period of the OBS (Figures 9 and 10). For example, on 15-16
November, a distinct cluster of back azimuths is centered at ~80°, revealing a local SDE source over a rela-
tively short-time period (hours to days). It is also noteworthy that in the first 5 months (October-February)
of the OBS record many back azimuth clusters originate in the 60° to 120° (£180°) range, i.e., approximately
from an east/west direction. Though, some of less intensive clusters of SDEs fall outside this range (e.g.,
from ~160° on 6-7 November) and on other days (e.g., 27-28 February and 8-9 July) the SDEs appear to
originate from all possible directions. The latter are likely to be noise or the SDEs otherwise originating from
a close, but broad source area. Such SDEs (i.e., SDEs with the back azimuths covering a wide range) predom-
inantly occur in the latter 5 months (March—July) of the seismic record.

Due to their differing velocities and attenuation characteristics, the absence or presence of S waves as part
of SDE signal package as well the duration of each SDE may be used to provide an estimate of the approxi-
mate distance to the source. If, for example, the P wave overlaps the S wave within a <1 s, then a proximal
source of the event can be inferred. Using P and S wave seismic velocities of ~1.5-2.4 km/s and ~0.3-
0.5 km/s, respectively, for the upper 450 m of sediments nearby the MASOX site (Chabert et al., 2011), the
distance to the SDE sources would have to be less than a few hundred meters. If S waves are absent, then
SDEs from more distant sources are admissible, but under these circumstances the SDE waveforms may
have a duration larger than 1 s due to dispersion and scattering. Nevertheless, SDEs from subseafloor sour-
ces of over ~1,000 m are unlikely to be recorded by the OBS since seismic energy will be strongly attenu-
ated through marine fluid-saturated sediments (Chabert et al., 2011). Hence, we assume that the recorded
SDEs have a source located within a 1,000 m of the MASOX site (black circle in Figure 2b).

The presence or absence of S waves in seismic records considerably depends on the source mechanism. In
general, faulting sources (e.g., earthquakes) generate both P and S waves, but S waves are weak or entirely
absent from volume sources like explosions or tension cracks (e.g., Aki & Richards, 2002). S waves are also
usually absent in seismograms of long-period events and harmonic tremors that are recorded in volcanically
active zones. These long-period events and harmonic tremors are associated with a resonance of fluid-filled
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Figure 9. Distribution of back azimuths of the SDEs (station-to-SDE azimuth) for the first 5 months deployment period
(October-February) of the OBS without HF-SDEs resembling the signal shown in Figure 6f. Shaded horizontal band
indicates the back azimuth range 60-120°.

conduits or cavities when magma ascends toward the surface (e.g., Chouet, 1996). In addition, when the dis-
tance from a source is relatively small, i.e., less than or comparable to several wavelengths of radiated
waves, near-field waves with significantly large amplitudes will render separation of P and S waves difficult
(e.g., Aki & Richards, 2002).
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4.5, Variability of SDE Occurrence
The daily occurrence of identified SDEs is not uniformly distributed over time and varies considerably (black
dashed line in Figure 11a). Smoothing the temporal distribution by a 10 day moving average filter (black
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Figure 11. (a) Daily occurrence of the SDEs during the whole operational period of the OBS deployment (black dashed line) and bottom water temperature
recorded 1.15 m above the seafloor at the MASOX location (blue dashed line) (Berndt et al., 2014). To highlight patterns in both distributions a 10 day moving
average filter was applied (solid lines). Dash-dotted lines are least square fits to the smoothed distributions with fitting functions consisting of linear and sinusoidal
part (see embedded relationships where x is time in days starting from 0 on 13 October 2010). For sinusoidal part periods of 211 and 225 days determined from
periodograms were imposed. (b) Lomb-Scargle periodograms determined for smoothed daily occurrence of the SDEs and bottom water temperature after
detrending by linear regression. Periodograms are normalized by their respective maximal values. (c) Residuals in daily occurrence of the SDEs and bottom water
temperature after removing fitting functions from smoothed distributions. Both residuals are positively correlated at zero lag time (R* = 0.6, supporting
information Figure S4) and manifest short-term variations in the smoothed time series.

solid line in Figure 11a) highlights general patterns in the data and suppresses fine-scale variations. A linear
regression was applied on the smoothed distribution and showed increasing linear trend in the daily SDE
occurrence from October 2010 to the end of July 2011. Subsequently, for the detrended smoothed distribu-
tion the Lomb-Scargle periodogram was determined and revealed a dominant period of 211 days in the
time series and three other less significant periods at 18, 31, and 105 days (Figure 11b). In order to eliminate
long-term variation (periodic part with period of 211 days) the smoothed distribution was fitted with a func-
tion consisting of the previously determined linear trend and a sinusoidal part with imposed period of 211
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days (black dash-dotted line in Figure 11a). The final equation found by a least square method is well corre-
lated with the smoothed signal (R> = 0.77). The fitting function is subtracted from the smoothed distribu-
tion retaining only short-term variations in the daily occurrence of SDEs (black line in Figure 11c).

Applying an analogous analysis to bottom water temperature variations (blue lines in Figure 11) recorded by a
sensor located in the MASOX observatory provides a fitting function with a correlation coefficient of R* = 0.79.
Smoothed temperature variations have a slight decreasing linear component and dominant sinusoidal part with
a period of 225 days (Figures 11a and 11b). This sinusoidal part is phase shifted ~27 days before the dominant
sinusoidal part determined for the SDE occurrence (see embedded equations for fitting functions and dash-
dotted lines in Figure 11a). Comparing short-term variations of the SDEs and temperature results in a striking
similarity (black versus blue line in Figure 11c). The residuals of each smoothed distribution have the highest
positive correlation at zero lag time (R* = 0.6, supporting information Figure S4) despite few uncorrelated epi-
sodes (mid to end of November 2010, end of December 2010, and mid of May 2011) (Figure 11c).

Short-term variations in the SDE occurrence may raise the question about the effect of tides. Although iden-
tified periods of 18 and 31 days are close to long-period tidal constituents (14 and 28 days), they corre-
spond to relatively narrow peaks in the periodograms and are therefore unlikely related. Moreover, a
supplementary periodogram determined for hourly SDE and with other choice of moving average filter
(24 h) does not indicate peaks at periods that could correspond to substantially stronger semidiurnal or
diurnal tide (supporting information Figure S5). Although some episodes of high SDE occurrence appear to
correspond to low tides (Figure 12a shows 11 days in January 2011 as an example), chi square test applied
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Figure 12. (a) Hourly number of the SDEs occurrence from 10 January to 20 January (black line) relative to tidal signal
(red line) measured by the pressure sensor installed on the MASOX observatory. (b) Distribution of number of time delays
calculated as the time difference between increased hourly number of the SDEs determined during the whole operational
period of the OBS deployment and the nearest high tide that preceded this maximum. (c) Distribution of number of time
delays calculated as the time difference between individual SDE occurrences and the nearest high tide that preceded this
occurrence. Chi square tests of the distributions in Figures 12b and 12c showed no statistically significant difference from
random distribution.
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on time delays of peaks in the SDE occurrence after high tides (Figure 12b) does not testify any statistically
significant difference from random distribution. Similarly, distribution of time delays of the individual SDE
occurrences after high tides (Figure 12c) does not show any clear effect of tides either.

5. Discussion

5.1. Biological Origin of SDE

Large marine mammals (i.e., whales) generate acoustic signals that can be recorded by an OBS (e.g., McDo-
nald et al., 1995; Rebull et al., 2006; Wilcock, 2012). Whales are abundant offshore west of Svalbard and it is
likely that our OBS record contains signals from whales that call at frequencies comparable to the frequency
range of the filtered seismograms (1.5-24 Hz). Blue whales (Mellinger & Clark, 2003) and humpback whales
(e.g., Magnusddttir et al., 2015) recorded in the North Atlantic and in the subarctic waters of Iceland, respec-
tively, can be ruled out as a source of SDEs or HF-SDEs. Their calls have either longer duration (2-5 s for
blue whales) or show higher complexity and more structured sequences (humpback whales) that is not evi-
dent in the seismic data. Finback whales also emit low-frequency acoustic signals of which the so-called “20
Hz calls” from males are the most prominent (e.g., McDonald et al., 1995; Morano et al., 2012; Sirovi¢ et al,,
2004; Thompson et al,, 1992). These calls are approximately 1 s in duration and consist of down-swept
pulses from 40 to 15 Hz that center on ~20 Hz. Source level of the calls is between ~160 and ~190 dB re
1 pPa at 1 m (e.g., Watkins et al.,, 1987; Weirathmueller et al., 2013). They have been recorded in sequences
of regular intercall intervals that vary between geographical regions (e.g., Thompson et al., 1992 reported 5,
9,and 18 s, McDonald et al., 1995, 19 s, Sirovi¢ et al., 2004, ~13 and ~30 s, Rebull et al., 2006, 12-13 s, Mor-
ano et al., 2012, from 9.6 to 15.1 s) and in sequences that may last up to several days. The key characteristics
of finback whale calls correspond very well to the HF-SDEs (supporting information Figures S6 and S7)
which are characterized by a repeating pattern of short duration (<1 s) in sequences over several hours or
days with a frequency peak that does indeed center on ~20 Hz. If considering distance of supposed moving
sources of the HF-SDEs to be <1,000 m and based on progressive change in source direction (Figure 7b),
the source speed would be <1 knot, which is consistent with reported unchanged vocalization of finback
whales while remaining almost immobile for several hours (Rebull et al., 2006). Seasonal reproductive dis-
play and known migratory timing in finbacks behavior could explain the concentration of these signals in
the seismic record during autumn and winter. Under the assumption that periodically occurring HF-SDEs do
indeed originate from macrofauna (e.g., finback whales), they are herein disregarded for further consider-
ations (Figures 9 and 10).

Characteristics of the remaining SDEs do not match those of other type of marine animals (e.g., fish). Seismic
signals interpreted as fish bumps (i.e., due to interaction of marine animals with the seismometer) can have
duration shorter than 1 s, but have a sharp, impulsive onset followed by a very regular amplitude decrease
(see Figure 1 from Buskirk et al., 1981) and a spectrum with one or two very narrow frequency peaks (Bus-
kirk et al., 1981). Their occurrence also has clear dependence on specific periods of the day (e.g., Boujard &
Leatherland, 1992; Buskirk et al., 1981), a pattern that we neither observe in the data (Figure 13). Moreover,
we have recognized in the record several cases of strong SDE that

o were detected by both the seismometer and the hydrophone at the
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same time (Figure 14). Based on (1), the presence of small amplitude
waves following some of the visually inspected SDEs after ~0.5-2 s
(Figures 6a and 6¢) that are interpreted as reflections from the sea sur-
face, and (2) the detection of several signals on two separated instru-
ments (i.e., the hydrophone and the seismometer) (Figure 14), we
propose that the remaining SDEs are attributed to natural but nonbio-
logical sources located at or below the seafloor.

12 3 456 7 8 9 1011 1213 14 15 16 17 18 19 20 21 22 23 24 5.2. Microearthquakes as a Source of the SDEs

Figure 13. Hourly occurrence of the SDEs as a function of hour of the day. A
slight increase in the SDEs occurrence at midday is noticeably, however, chi

hour of day The evolution of sedimentary basins of the western Svalbard margin

has been strongly influenced by regional tectonics (e.g., Jokat et al,
2012) and postglacial flexural rebound (e.g., Landvik et al., 1998; Stew-

square test of the distribution showed no statistically significant difference art et al,, 2000). Numerous faults associated with the mid-ocean ridge

from random distribution.

rift systems outcrop on the bathymetry <50 km westward from the
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Figure 14. (a and b) Two short duration events recorded by the hydrophone and by the seismometer at the same time
(only vertical component Z is shown). The SDE shown in Figure 14a is the same as in Figure 6¢. Above every record is
shown the corresponding spectrogram calculated by continuous wavelet transform with Morlet wavelet. Colors of
spectrograms are in log(counts?/Hz) units. Records were filtered with band-pass Butterworth filter in the frequency range
1.5-24 Hz.

MASOX site (see Figure 1 from Vanneste et al., 2005). However, earthquakes originating from these faults
can be ruled out since they have much longer duration than the observed SDEs—the closest earthquake
with epicenter distance ~27 km, which occurred on 11 June 2011 (earthquake No. 247 in supporting infor-
mation Table S1), clearly shows both P and S wave with ~8 s difference between arrival times (cf. Figure 3).

If recorded SDEs are earthquakes, they would have had to originate from faults in the vicinity of the MASOX
site (<1,000 m) in order to yield the overlapping of P and S waves. The occurrence of earthquakes implies
active faulting, but no such activity has been documented in the Prins Karls Forland region. Nevertheless,
we cannot entirely dismiss the possibility that part of SDEs are close weak earthquakes. The identified SDEs
may thus document the microseismicity caused either by unrecognized faulting in the vicinity of the
MASOX site or by other process(es) related to, for instance, fluid migration in the subsurface.

5.3. Gas Seepage and SubSeafloor Fluid Migration as a Source of the SDEs

Independent observations of thousands of acoustic gas flares offshore of Prins Karls Forland document
extensive natural gas seepage from the seafloor across this region (Figures 1, 2a, and 2b) (e.g., Portnov
et al,, 2016; Sahling et al., 2014; Westbrook et al., 2009). In the absence of other mechanisms, and since the
OBS is located within a well-known flare cluster (Figure 2b), it follows that the second—nonbiological—
source of SDEs is related to processes of natural gas flow and release. We herein discuss the potential rela-
tionship between the nonbiological SDEs identified in the OBS record and fluid migration and associated
seafloor gas seepage.

Opening and closing of subvertical cracks that are progressively in-filled by natural gas may lead to the gen-
eration of SDEs in a porous and saturated medium (Tary et al., 2012). Upward propagating gas filled cracks
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Figure 15. (a, left) Distribution of the station-to-flare azimuths determined from mapped locations of acoustic flares
within 1,000 m distance range from the OBS site, recalculated for the azimuths 0-180°. (right) The same distribution of
the station-to-flare azimuths shown in rose diagram for the azimuths 0-360°. (b) Distribution of the station-to-SDE
azimuths.

can eventually attain the seafloor and trigger the release of gas to the water column. An SDE will be gener-
ated from the cracking itself or in conjunction with the ballistic expulsion of gas from the seafloor (e.g.,
Bons & van Milligen, 2001). Numerical modeling reveals that this mechanism yields seismic signals with a
dominant frequency ~15 Hz (Tary et al,, 2012) which is consistent with observations of SDEs related to fluid
migration (e.g., Bayrakci et al.,, 2014; Sultan et al., 2011; Tary et al,, 2012) and is within the frequency range
(1.5-24 Hz) of the filtered seismograms recorded at the MASOX site.

Mapped locations of actual seepage sites (Figure 2b) can be compared with the origin directions of the
SDEs (Figures 9 and 10). The maximum orientation of station-to-SDE azimuths (Figure 15b) falls between
70° and 85° indicating dominant east-west direction of SDE sources. However, the dominant orientation of
the station-to-flare azimuths is ~170° (Figure 15a), i.e., the majority of mapped seep sites are located north-
south within a 1,000 m radial zone centered at the MASOX site (Figure 2b). Thus, there is no clear agree-
ment between the dominant azimuths of seep locations and the azimuths of the recorded SDEs. It may
though indicate that the locations of seep sites varies both in time and space, and/or that there is additional
seepage not recognized by conventional acoustic echo sounding techniques used to map gas flares. Recent
measurements of dissolved methane in the water column west off Prins Karls Forland support the latter (J.
Triest, personal communication, 2016).

High-resolution 2-D and 3-D seismic observations in the region document subseafloor fluid migration
through vertical as well as lateral pathways (Rajan et al., 2012; Sarkar et al., 2012). This complex near-surface
earth system involving fluid migration, seafloor seepage, and gas hydrate dynamics may suggest involving
of several mechanisms generating SDEs. The interpretation of multiple mechanisms supports also the analy-
sis of ocean tides on the SDE occurrence. Tidal modulation of gas discharge from gas reservoirs is well docu-
mented in a variety of environments (e.g., Algar et al., 2011; Berges et al.,, 2015; Boles et al., 2001; Torres
et al., 2002) where intensified gas release was observed during periods of low tide. Thus, missing clear effect
of tides on the SDEs occurrence at the MASOX site (Figures 12b and 12c¢) indicate that besides gas seepage-
related source mechanism of the SDEs another mechanism that is weakly influenced by tides is involved
and perhaps more efficient in generating SDEs.

We hypothesize that the additional source of SDEs is an excitation of fluid-filled conduits as proposed by
Diaz et al. (2007). The suggested mechanism is analogous to generating long-period events observed in vol-
canic areas (e.g., Chouet, 1996) based on the theoretical model of Chouet (1988). Long-period events with
several distinct frequency peaks in the range 0.2-5 Hz are generated as resonance of fluid-filled cavities or
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conduits excited by impulsive pressure transients (Chouet, 1988, 1996). Such long-period events have a sim-
ilar seismic signature to the SDEs with a comparable frequency content and distinct lack of S wave arrivals.
Successive occurrence of long-period events can eventually merge and form harmonic tremors as often
recorded in volcanic provinces (e.g., Chouet & Matoza, 2013). We do not observe such tremors in the seismic
record, however, their absence may result from different structural setting of the area as it is in volcanic
areas. To confirm this presumption as well as generation of the SDE by a mechanism involving excitation of
fluid-filled conduits requires further theoretical research and data from multiple instruments deployed at a
test site.

5.4. Correlation of the SDE Occurrence With Temperature Variations

The analysis of temporal variations of the SDE occurrence (Figure 11) reveals short-term (~tens of days) as
well as long-term (~211 days) variation. On short-term scale these variations are positively correlated and
having zero lag time with temperature fluctuations (supporting information Figure S4). Since the diffusion
of temperature variations into the subseafloor is not immediate (e.g., Carslaw & Jaeger, 1959), bottom water
temperature fluctuations as a controlling mechanism for short-term variations of the SDE occurrence can be
ruled out.

Instead, we infer that fluid release fluctuations might affect bottom water temperature locally at the MASOX
site and presumably be accompanied by changes in the number of SDE occurrences (Figure 11c) that are
generated partially by gas seepage-related mechanism and partially by mechanism involving excitation of
fluid-filled pathways. In the region of the western Svalbard margin, data from active seismic experiments
are collected yearly by the University of Tromsg on board R/V Helmer Hanssen using the P-Cable streamers
(e.g., Petersen et al., 2010; Planke et al., 2009) that can be configured for 2-D or 3-D high-resolution seismic
acquisition (ca. 6 and 5 m lateral and vertical resolution, respectively). A NE-SW oriented 2-D seismic tran-
sect collected over the MASOX site shows patchy high amplitude, reverse polarity areas that suggest accu-
mulation of fluids up-dip along a reflector (i.e., perhaps stratigraphic or possibly a gas hydrate-related
bottom simulating reflector) that extends toward the active seafloor seepage region (Figure 2c). Localized
high RMS amplitudes on high-resolution 3-D seismic data provide another supporting evidence for the
presence of shallow fluid accumulations nearby the MASOX site (Figure 2b). From these shallow accumula-
tions fluids may be episodically released and subsequently increase bottom water temperatures. Transient
fluctuations in intensity of fluid flux from the seafloor have also been shown in other margins to alter bot-
tom water temperatures locally (e.g., Momma et al., 1998). Thus, we postulate that the short-term variations
may reflect transient fluctuation in the flux of warmer fluids released from the seafloor. However, additional
data on fluid release and temperature measurements in sediments and bottom water are needed to con-
firm this hypothesis. If the coupling of short-term variations between temperature and the SDE occurrence
is real, our observation may have important implications for understanding the mechanisms controlling the
release of gas from the seafloor. Variations in the regional stresses or the pore fluid pressure controlling
fluid dynamics would be constrained to periods of tens of days.

Long-term variation of the SDE occurrence and bottom water temperature is more difficult to reconcile (Fig-
ures 11a and 11b). Identification of linear trends and periods of 211 and 225 days of the SDE occurrence
and bottom water temperature, respectively, might not be sufficiently constrained by the 10 month (297
days) long time series. Rather, they may be a part of seasonal oscillation as documented by Berndt et al.
(2014) for 2 years measurement of bottom water temperature at the MASOX site. We speculate that the
long-term variation in the number of recorded SDEs may be related to the dynamics of the gas hydrate sys-
tem. Since the MASOX site falls just within the upper pinch-out of the gas hydrate stability zone (Figure 2)
(Westbrook et al., 2009), here the stability of shallow gas hydrates is assumed to be highly sensitive to
regional changes in bottom water temperature (Berndt et al., 2014; Westbrook et al., 2009) as determined
by bottom currents (Cottier et al.,, 2007). Seasonal bottom water temperature changes affect the tempera-
ture of the upper few meters of sediments with time delay (e.g., Carslaw & Jaeger, 1959) and eventually
may dissociate gas hydrates, if present. The delay of ~27 days between dominant sinusoidal parts in the
SDE occurrence and bottom water temperature (Figure 11a) might therefore be caused by a feedback of
gas hydrate and associated seepage system to seasonal temperature change. However, shallow gas
hydrates have not yet been retrieved in the area at the same water depth as the MASOX observatory,
thought they are commonly assumed to be present in the region off Prins Karls Forland (e.g., Berndt et al.,
2014; Chabert et al.,, 2011; Rajan et al.,, 2012; Sarkar et al.,, 2012; Westbrook et al., 2009). Therefore, we cannot
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Figure 16. Schematic model illustrating vertical and lateral fluid migration and gas release at the MASOX site. Dashed
black line represents inferred detectability range of the OBS. (a) At large extent of assumed gas hydrate stability zone
(GHSZ) lateral migration below the OBS is enhanced and SDEs originating from numerous sources (mainly lateral migra-
tion pathways) and from a wide azimuth range can be detected. (b) When shallow gas hydrates have smaller extent,
more significant source of SDEs within detectability range of the OBS is gas seepage through vertical veins and fractures
that are projected within more discrete and narrow zones.

firmly conclude with an explanation for the delay between long-term variation of the SDE occurrence and
bottom water temperature.

Conceptually, we envision that the zone of maximum concentration of seepage sites might be controlled by the
seasonal variation of the extent of gas hydrate stability zone (Berndt et al., 2014; Westbrook et al.,, 2009), which
experiences a spatial shift in the east-west direction (Figure 16). The SDEs have a larger spatial distribution when
they are caused by excitation in lateral fluid migration pathways. When projected to the surface, multiple SDE
sources occur inside these lateral migration paths and appear horizontally distributed (Figure 16a). On the other
hand, focused seafloor seepage through vertical veins and fractures would project within more discrete and nar-
row zones (Figure 16b). However, the occurrence of seepage-related SDEs overlap with the occurrence of SDEs
related to vibration of fluid migration pathways throughout the OBS operational period and it is hence difficult
to separate them reliably, which is even more complicated given the data from one seismometer.

6. Conclusions

From October 2010 to August 2011, an OBS was deployed as part of the MASOX observatory at 389 m water
depth on the upper continental slope offshore western Svalbard. The vicinity is characterized by abundant
natural gas present in subseafloor sediments and numerous gas flares observed in the water column. The
OBS successfully recorded continuous microseismic activity over a 297 day operational period. The analysis
leads to the following key findings and hypotheses:

1. Almost 300 earthquakes are identified in the OBS record that are associated with known earthquakes
located by the International Seismic Center and NORSAR. Polarization analysis of earthquake generated P
waves enables the reliable and unambiguous determination of the correct orientation of horizontal com-
ponents of the seismometer.

2. In addition to the earthquakes recorded by the OBS, we identified 220,000 SDEs which have a duration
of less than 1 s. While part of these events have signatures clearly corresponding to finback whale calls, a
large number of events are natural but nonbiological. We hypothesize two main source mechanisms for
this second type of SDEs—fracturing processes related to seafloor gas seepage and vibration of subsea-
floor fluid migration pathways. Fault-related microseismicity in close proximity to the MASOX observa-
tory cannot be completely discounted.

3. The occurrence of the second type of SDEs varies on both short-term (~tens of days) and seasonal (on
the order of several months) time scales. The short-term variations are positively correlated with transient
variations in bottom water temperature. We presume a relation to the local gas hydrate dynamics driven
by changes in bottom water temperature controlled by regional currents.

The analysis of SDEs documents for the first time microseismic activity associated with fluid migration and
seafloor seepage offshore the western Svalbard continental margin. Our study validates a new approach
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based on microseismic monitoring for constraining the mechanisms that control fluid dynamics in the near-
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