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Abstract The Hakon Mosby mud volcano (HMMV) at 1270 m water depth on the SW Barents Sea slope
has been intensively studied since its discovery in 1989. A variety of sensors monitored morphological,
hydrological, geochemical, and biological parameters in the HMMV area. An ocean bottom seismometer
deployment allowed us to register seismic motion for 2 years, from October 2008 to October 2010.

The analysis of seismic records documents two types of seismic signals. The first type are harmonic tremors
with frequency peaks around 4-5 and 8-10 Hz that occur in swarms. Their origin could be from fluid flow
circulation or resonant vibrations of gas bubbles or from delayed movement of fluid-rich sediments in the
conduit or in a deeper pseudo-mud chamber of the HMMV. Because swarms occur with a periodicity of ~6 h,
tide-related effects are suspected to influence the mechanism originating the tremors. The second type of
signals are regional earthquakes that were in 15 cases recognized in seismic records. The activity of harmonic
tremors was not significantly affected by earthquakes.

1. Introduction

One of the Earth’s phenomena, still not fully understood in detail, is mud volcanism [Kopf, 2002]. Mud volcanos
most often form positive surface expressions, so-called mounds, with geometries varying from few meters to
kilometers in diameter and from 1 m to hundred meters in height and can be found onshore and offshore

in many tectonic and sedimentary settings on Earth [e.g., Niemann and Boetius, 2010; Tinivella and Giustiniani,
2012]. Processes that govern mud volcanism often differ from one case to another, and there is a great diversity
of mechanisms proposed to build mud volcanos. In contrast to magmatic or “hot” volcanos, mud volcanos
are formed by mud discharge that is usually accompanied by fluid and gas transfer originating from deep
subsurface geological layers. As such, mud volcanoes often extend to great subsurface depths forming focused
fluid flow structures through deep sedimentary basins [e.g., Hjelstuen et al., 1999].

Mud volcanos are usually related to regional compressive stresses. Compression may be caused by folding,
faulting, or high lithostatic loads caused by fast burial of sediments due to slope failures or high sedimentation
rates [e.g., Milkov, 2000; Deville et al., 2003; Huguen et al., 2004]. All of these conditions can lead to the
development of abnormally high pore fluid pressure in sediments when pore fluid pressure exceeds the
hydrostatic pressure [Dimitrov, 2002; Kopf, 2002]. Buried sediments can ascend when their density is lower than
the density of surrounding and overlaying material. Buoyancy contrasts in materials can result from grain
density contrast with a lower density in deeper deposits or from lateral influx of fluids. The overpressurized
sediment material can become fluidized and remobilizes. The remobilized sediment may rise upward through
weakness zones such as faults or create vertical conduits by natural hydraulic fracturing. During the ascent,
gas effervesces due to the decrease of pressure [Manga et al.,, 2009; Tinivella and Giustiniani, 2012]. Mud
volcanos are thus emitters of mud, fluids, and gases either continuously or in regular or irregular time intervals.

Stochastic processes like earthquakes can influence fluid pressure enough to result in the triggering of mud
volcano eruptions [Manga et al., 2009]. Earthquakes can also affect gas reservoirs beneath impermeable,
usually gas hydrate-bearing sediments, by opening new pathways for gas and fluids making the overlaying
sediments susceptible to mechanical failure [Halbach et al., 2004; Fischer et al., 2013]. Enhanced gas seepage
can occur after earthquakes [Field and Jennings, 1987; Rudolph and Manga, 2012], although the effects of
earthquakes on temporal variability of intensity of gas fluxes is still unclear [Lapham et al., 2013]. In addition
to dynamic loading of geological layers due to earthquakes, gas pressure may also build up over time,
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independent of earthquakes, resulting in fracturing of the overburden causing fluids to migrate vertically
[Flemings et al., 2003; Hornbach et al., 2004].

The study of submarine mud volcanos received increased interest in the last decades as their presence might
be linked to deep-seated petroleum systems [Milkov, 2000; Dimitrov, 2002; Albarello et al., 2012]. Thus, they
may indicate potential windows to deeper hydrocarbon resources [e.g., Planke et al., 2003; Milkov, 2005].

The Hakon Mosby Mud Volcano (HMMV) is a prominent seafloor feature off northern Norway. Situated on the
Barents Sea continental slope, a passive margin setting, it was discovered in 1989 as a feature on side scan
sonar data [Vogt et al., 19971. Since its discovery, it was the target of numerous research cruises focusing on
the study of its morphology, geological setting, geochemical characteristics, and chemosynthetic ecosystem.
Data from acoustic profiles, in situ temperature measurements, gravity, and piston cores were collected,
samples of hydrates were recovered, and video and photo surveys of the seafloor were performed [Vogt et al.,
1997; Hjelstuen et al., 1999; Milkov et al., 2004; Beyer et al., 2005; Niemann et al., 2006; Sauter et al., 2006; Jerosch
et al., 2007; Feseker et al., 2008; Foucher et al., 2009; Pape et al., 2011].

The LOOME project (long-term observations on mud volcano eruptions), a European Seas Observatory
Network demonstration mission, performed long-term observations and measurements of a range of
parameters at the location of the HMMV. In addition to other instruments, an ocean bottom seismometer
(OBS) was deployed on the HMMV to monitor seismic activity [Mienert et al., 2009]. Seismic motion over a
period of 2 years (October 2008 to October 2010) was recorded in order to identify seismic signals resulting
from the expulsion of mud, fluids, and gas from the HMMV and to better understand the duration, frequency,
and recurrence of expulsion events and their geological controls.

2. Structural Setting

The HMMV is located at the Norwegian-Barents-Svalbard continental margin [Vogt et al., 1997; Hjelstuen et al.,
1999; Perez-Garcia et al., 2009] between Norway and Svalbard (Figure 1a). It is a circular structure about 1 km
wide and 10 m high and lies at 1270 m water depth (Figure 1b). It is situated at the center of the Bear Island Slide
scar on the SW Barents Sea slope. Based on high-resolution microbathymetric data, Jerosch et al. [2007]
identified and quantified three morphological units of the HMMV on the seafloor. A flat area with very low relief
in the central part of the mud volcano, which is denoted as Unit |, was formed by recent mud flows. A
hummocky peripheral rim, Unit Il, encloses the central part. A 2 m deep moat area includes a circular outcrop
that constitutes Unit lll, which is surrounding the mud volcano. Units | and Il are considered to be the most active
regions of the HMMV where chemosynthetic communities, bacterial mats, mud flows, enhanced geothermal
gradients, high methane concentration in sediments, seepage bubbles, and gas hydrates were observed [Vogt
et al, 1997; Hjelstuen et al., 1999; Niemann et al., 2006; Jerosch et al., 2007; Feseker et al., 2008; Pape et al., 2011].

The HMMV is underlain by a more than 6 km thick sequence of Cenozoic sediments [Hjelstuen et al,, 1999]. A 3 km
thick glacial unit overlays preglacial sediments formed during a period of glaciations with high sedimentation
rates, over 1000 m/Myr, [Vogt et al., 1997]. Hjelstuen et al. [1999] relate the presence of disturbed zones in
subhorizontal reflections within the glacigenic sediments to the presence of free gas. Perez-Garcia et al. [2009]
interpreted the internal structure and proposed the following conceptual model for the evolution of the HMMV.
During an initial period, development of overpressure in gas-rich hemipelagic sediments in the preglacial units
caused hydrofracturing at the base of the glacial unit. Then rapid upward migration, mainly of gas, created a 3 km
long conduit. It caused uplifting of the paleoseafloor followed by a collapse that formed the crater. The extruded
mud and material from sidewalls filled the crater. The deposition of several glacigenic debris flows sealed the
original crater and created a pseudo-mud chamber. The pseudo-mud chamber is localized approximately 300 m
below the present seafloor, and its existence is evident from reflection seismic data [Perez-Garcia et al., 2009].
Continuous inflow of gas into the dynamic chamber during the inactive phase decreases the density inside the
pseudo-mud chamber. The decrease of the density increases the buoyancy reactivating the HMMV and creates
continuation of the conduit which is terminated by a crater on the seafloor (Figure 1c).

3. Data Acquisition and Processing

The operational period of the OBS deployed at the HMMV location (Figure 1b) spans from October 2008 to
October 2010. In July 2009, after 9 months of operation, the recovered OBS showed continuous data
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Figure 1. (@) The HMMV location on the Barents Sea slope between Norway and Svalbard. (b) Microbathymetry of the HMMV compiled by IFREMER (French Research
Institute for Exploitation of the Sea) in 2003 [Edy et al., 2004, modified]. Positions of our two deployments of the ocean bottom seismometer (OBS) station are
indicated by black dots. (c) NNW-SSE oriented sediment echosounder profiles across the HMMV [from Perez-Garcia et al., 2009], which locations are indicated in
Figure 1b by black lines.
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recording. The system was then redeployed and recovered at the end of the 2 years monitoring period in
October 2010.

The OBS system consists of a titanium frame with floatation units made of syntactic foam, an acoustic release
system, and a separate titanium pressure cylinder (KUM, http://www.kum-kiel.de/eng/index_eng.html).
Inside the cylinder, a data logger powered by lithium battery packs continuously recorded data

(SEND, http://www.send.de). The OBS system was further equipped with a hydrophone fixed to the
frame approximately 0.5 m above the seafloor and a three-component seismometer with a 4.5 Hz corner
frequency. The seismometer measures ground acceleration and is mechanically decoupled from the
frame in order to achieve better coupling to the seafloor and to minimize seismic noise generated by
the frame. The OBS operated in continuous recording mode with a rate of 50 samples per second
producing 16 bits signed digital data. Due to unknown transfer function of the seismometer, seismic
records are not corrected for the instrument response. The actual orientations of horizontal components
of seismic motion are not determined; hereafter, they are referred as horizontal components 1 and 2.
The hydrophone records exhibit very high level of noise and often are clipped.

Data analysis includes visual examination of all three seismometer components and the hydrophone record
and identification of waveforms with a signal-to-noise ratio of at least 3. We determined the Fourier
amplitude spectra and spectrograms of the records. To calculate spectrograms we use a short-time Fourier
transform, which allows to interpret a Fourier spectrum of a signal cut out by a sliding time window [e.g.,
Bartosch and Seidl, 1999].

For the purpose of investigating daily fluctuations of signal-to-noise ratio, records are divided into two
groups, the first one with background noise and the second one with identified waveforms. For each group
we have chosen 1 h part corresponding to the hour of the day, and on this segment of the seismic record we
used a sliding time window with 50% overlap. Afterward, we removed from the records in every time window
the mean value and slope, a Hanning taper is applied, and Fourier amplitude spectrum is calculated. The
obtained spectra ensemble is used to determine the median spectrum for the chosen hour of the day.

The amplitudes of tides are modeled by MATLAB-based version of TPX07.1, a global model of ocean tides
[Egbert and Erofeeva, 2002].

A Schuster test and Schuster spectra are used to statistically analyze interevent times in the occurrence of
swarm tremors. A detailed description of the method can be found in Ader and Avouac [2013, and in
references therein]. For the investigated period (interevent time) we evaluate the Shuster p value, which
represents the significance level to reject the null hypothesis that the occurrences of swarms are distributed
randomly. The lower the p value, the higher the probability that the distribution shows periodicity.

An earthquake catalogue was compiled from a broader area from 30°W to 45°E and from 55°N to 86°N
containing earthquake events that occurred during the operational period of the OBS station. Parameters of
the earthquakes (location, hypodepth, origin time, and magnitude) are extracted from online available
bulletins—from the International Seismic Center (Reference Event Bulletin, http://www.isc.ac.uk), the
Incorporated Research Institutions for Seismology (http://www.iris.ed), the European-Mediterranean
Seismological Centre (http://www.emsc-csem.org), and from the NORSAR regional reviewed bulletin (http://
www.norsardata.no/NDC/bulletins/regional). The compiled data were reviewed and duplicate events
removed. To estimate the expected arrival times of seismic waves of earthquakes to the HMMV location, we
use tables of traveltimes of P and S waves from the iasp91 model [Kennett and Engdahl, 1991], and for the
speed of T waves we use 1.5 km/s.

4, Results

After the overall visual inspection of 2 year records, we identified several characteristic signals. The records
are dominated by a very large number of waveforms with harmonic content (Figure 2a). Similar harmonic
waveforms appear in the seismic records of tremors of magmatic volcanos [Konstantinou and Schlindwein,
2002; Ripepe et al., 2010]. Those seismic signals are generated in various parts of a magma-filled conduit and
create interference patterns [e.g., Neuberg, 2000]. Hence, for the harmonic waveforms in our seismic records
we use the term harmonic tremors or tremors.
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Figure 2. (a) Record of vertical and horizontal components 1 and 2 of harmonic tremor, their spectrograms, and Fourier amplitude spectra. Starting time of records
correspond to 19 April 2009, 07:33:25.0. Spectrograms are logarithmically scaled from minimum value of logarithm of amplitude (0.8) to maximum value (4.2), where
blue color corresponds to minimum and red to maximum. Spectrograms were calculated by sliding time windows of 1.0 s duration and 0.5 s overlap. Note the
frequency peaks at ~ 4.5 Hz and 9 Hz for all components of seismic motion and their variation during tremor. (b) Particle motion of harmonic tremor from Figure 2a
that was filtered with band-pass Butterworth filter in the frequency range 2-10 Hz. Shown is particle motion in two vertical planes (vertical versus horizontal comp. 1,
vertical versus horizontal comp. 2) and in a horizontal plane (horizontal comp. 2 versus horizontal comp. 1).
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Figure 3. Hydrophone record and record of vertical component and their spectrograms. Starting time of records correspond to 9 May 2009, 10:20:00.0. Spectrograms of
hydrophone record and vertical component are logarithmically scaled from minimum value of logarithm of amplitude (1.9 for hydrophone record and 0.6 for vertical
component) to maximum value (5.3 for hydrophone record and 4.1 for vertical component), where blue color corresponds to minimum and red to maximum.
Spectrograms were calculated by sliding time windows of 3.0 s duration and 1.5 s overlap.

Among the signals associated with the tremor swarms, we also noticed in the records signals that most
probably correspond to earthquakes. Their analysis is summarized in Appendix A.

4.1. Harmonic Tremors

We identified harmonic tremors by visual inspection of all three components of seismic motion and their
spectrograms. Their amplitudes have a wide range of values and are well above the level of noise. Frequency
peaks are consistently occurring at ~4-5 Hz and 8-10 Hz, with slight variation toward higher and lower
frequencies during the tremor duration. Low-frequency peaks are usually more dominant in the case of
vertical motion; peaks at higher frequencies are more pronounced on horizontal components. In some cases
we observe frequency peaks occurring in the range of 11-13 Hz. It may suggest that frequency peaks are the
multiples of basic resonant mode with frequency 4-5 Hz.

Polarization analysis of all harmonic tremors is quite challenging, given their very frequent occurrence. To
have some insight we have randomly picked up one harmonic tremor per every week of the recording
period, and for these tremors we performed polarization analysis. Particle motion diagrams of the tremors
from the first OBS deployment reveal stable linear movement in the horizontal and in both vertical planes
(Figure 2b). Tremors from the second deployment display also linear movement in all three planes; however,
the orientation varies with time, and irregular movements occur. This change in polarization can be
attributed to different location of the OBS in the first and the second OBS deployment.
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Harmonic tremors are clearly recorded on all three components of seismic motion (Figure 2a) but do not
appear in the hydrophone records. However, in several cases we observe weak frequency peaks in the same
frequency range as in the case of vertical component, but the high level of noise limits the potential for
interpretation (Figure 3).

The duration of tremors is from several seconds to tens of seconds. Occurrence of tremors is not uniform, and
they usually occur in swarms. Tremor swarms last from few minutes up to several hours, and in some cases
they lasted days (Figure 4a). Their average duration is 6.7 h. Overview of the tremor swarms activity is
provided in Figure 4¢, where the total number of hours of tremors per day during the whole period of the OBS
deployment is shown. Tremor swarms occur almost everyday, and the more active days are alternated by the
intervals of relative quiescence. From the occurrences of tremor swarms we determined the interevent times,
which we calculated as the difference between onset times of two successive swarms. The average of
interevent times is 13.7 h. A histogram shows the distribution of the number of swarms relative to the
interevent times (Figure 5a). It documents two local maxima, a high peak at ~12 and much smaller peak
at~25h.

Figure 5b shows the median spectrum of background noise and tremor swarms as a function of hour of the
day. Spectra are calculated by applying 1 min sliding time window. We computed median spectra for various
lengths of sliding time windows, and in all cases the level of noise and tremor swarms was not changing
during the day. We note that the noise spectrum is remarkably stable. Therefore, we conclude that peaks in
the distribution of swarms are not related to daily fluctuations of the signal-to-noise ratio.

To reveal if the occurrence of tremor swarms is actually periodic, we computed a Schuster spectrum (Figure 5¢).
Ader and Avouac [2013] estimated a threshold for p values below which it is possible to consider with
confidence periodicity in the data. The p value that is below 5% of this expected value corresponds to the
detection of periodicity with more than 95% confidence. In our case there is only one such p value and it
occurs at 6.2 h. It is also possible to notice a group of p values around a period of 12 h; however, none of them
is below the expected threshold value.

Two peaks in the histogram (Figure 5a) and an approximate 6 h period of the occurrence of tremor swarms
(Figure 5¢) may suggest a correlation with tides. We calculated the time difference between the onset of
tremor swarms and the nearest amplitude maximum of the modeled tide that preceded the swarm. Figure 6a
shows the time differences (time delays) for the whole 2 year period of the OBS deployment. If the swarm
occurrence is governed mainly by tides, the distribution of time delays would be clustered along a horizontal
line. Apparently, the distribution in Figure 6a does not exhibit any clustering. Nevertheless, the histogram for
time delays (Figure 6b) indicates a presence of two small maxima at about 4 and 11 h, and the sinusoidal
function fits the distribution of a period of 6.4 h.

4.2, Short-Duration Events

The seismic records also show a large number of events of very short duration less than 1 s (Figure 7).
A STA/LTA (short-time average/long-time average) algorithm was applied for automatic recognition of
these events, but the method did not detect numerous short-duration events and detected a considerable
number of non-short-duration events. The large number of missed or false triggers is probably due to
the presence of harmonic tremors. They frequently overlap short-duration events, thus making visual
identification difficult and erroneous. For this reason we did not systematically analyze them. However,
based on the analysis of several short-duration events, it appears that they have the frequency content in
a range from 3 to 20 Hz with one or several frequency peaks, variable amplitudes, and do not show
secondary arrivals that could be identified as S waves.

4.3. Sediment Movement

During the second deployment of the OBS (July 2009 to October 2010) on 27 September 2009, a massive
uplift of the seafloor followed by deflation took place, disturbing the mud volcano surface (T. Feseker,
personal communication, 2013). Noteworthy, at the time of this event we did not recognize any increased
activity in the seismometer or hydrophone records when compared to other days with tremor swarms
(Figure 4). However, the number and amplitudes of tremors decreased several days before and after this
event. It is not evident how fast the event occurred. Since there is no obvious activity in our seismic data, we

FRANEK ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6165



@AG U Journal of Geophysical Research: Solid Earth 10.1002/2014JB010990

() s

28 Pt S S TR [T S T T SR AN S S TR S N SR T SR S N S SR S

counts
o
1

L e B e e
2009/01/18 2009/01/19 2009/01/20 2009/01/21 2009/01/22 2009/01/23 2009/01/24

counts
o
1

28t+r———————7 T T T 1 T T T T T T T T T T T T T T
2009/09/24 2009/09/25 2009/09/26 2009/09/27 2009/09/28 2009/09/29 2009/09/30

(©)

hour of tremors per day

11/08 12/08 01/09 02/09 03/09 04/09 05/09 06/09 07/09

hour of tremors per day

08/09 09/09 10/09 11/09 12/09 01/10 02/10 03/10 04/10 05/10 06/10 07/10 08/10 09/10 10/10

Figure 4. Seven days record of vertical component of (a) seismic motion with “regular” tremor swarms from January 2009 and
(b) seismic motion with the disturbance of the mud volcano surface that occurred on 27 September 2009. (c) Total number of
hours of tremors per day during the 2 year period of the OBS deployment. Red dotted line corresponds to 27 September 2009.

assume that the mud flow event was a relatively slow movement of sediments. Thus, only very low frequency
vibrations were generated, and those would have been out of the frequency range of the seismometer.

5. Discussion
5.1. Origin of Harmonic Tremors
The harmonic character of the tremors recorded in 2 years of our OBS deployment suggests that this type of

signal is due to seismic noise. In the following, we discuss several sources that generate harmonic signals that
could explain tremors recorded at the HMMYV location.
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two small maxima at about 4 and 11 h. Solid curve is sinusoidal function fitted to the distribution and has period of 6.4 h.

Signals from seismic surveys. Tremors in the records of this study occur during the whole 2 year period of the
OBS deployment. Tremors do not exhibit the repeating burst-like pattern from shots associated with seismic
surveys, and their frequencies are atypical for seismic surveys.

Signals from ship propellers (fishing boats, tankers, etc.). These signals usually have distinct narrow frequency
peaks that shift from higher to lower frequencies over time indicating moving objects (Doppler shift; at

10 knots speed of source this shift is about 0.3%). Time-frequency character of tremors recorded at the
HMMV location does not exhibit such features.

Faunal signals (whales). Lowest frequency of documented acoustic signal of the blue whale has dominant
frequency of 12 Hz [Pontoise and Hello, 2002], which is above the frequency peaks for the majority of tremors
in our records. Time distribution of faunal signals would be also irregular and should not be periodic. Signals
of biological origin do not fit the signature of recorded signals.

Ocean gravity waves. This is seismic noise that affects a broad range of very low frequencies and at the seafloor
dominates up to 4 Hz [Olofsson, 2010], which is at the lower limit of observed frequency peaks of tremors and
does not explain peaks at higher frequencies. Therefore, this type of source can be also disregarded.

T waves. These are waterborne seismic phases from earthquakes. When an earthquake occurs under the
seafloor, part of radiated seismic energy can be transferred into the ocean and propagates as acoustic signal
in the SOFAR channel (Sound Fixing and Ranging), a layer of minimum sound speed that acts as a wave guide
[Okal, 2008]. T waves may exhibit monochromatic character [Talandier and Okal, 1996] very similar to our
records. Earthquakes could be considered as a source, but comparison of predicted arrival times of T waves of
compiled earthquakes with the occurrence of tremors did not show any significant correlation. Since the
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Figure 7. Example of short-duration event recorded on vertical and horizontal components 1 and 2 and corresponding Fourier amplitude spectra. Starting time of
records is 26 September 2009, 05:39:11.0.

HMMV is not situated in a tectonically active region, the only source could be the mud volcano itself.
However, T waves as signals propagating in water should be recorded by hydrophones on the seafloor
seismic station. The inspection of our hydrophone records at the times of the occurrence of tremors did not
show the presence of any notable signals except the background noise. Therefore, we do not consider

T waves as a source for the harmonic tremors.

Olofsson [2010] reviews several types of marine ambient noise recognizable in the OBS records, including
some of those we have already mentioned. Noise signals that the author denotes as noise type 6 and noise
type 7 have the most similar characteristics to our seismic records of tremors. Olofsson assumes that the noise
type 6 is due to imperfect design of recording units he had used. His recording units were equipped with a
flagpole pinned to a tube with leaving small space between pole and tube. So water currents could trigger
flagpole resonant vibrations that could couple into the ground as shear modes and were registered by a
nearby seismic sensor. This type of noise was present in all of his three seismometer components but not in
hydrophone records. When the noise occurred, it lasted from several hours to days. It had a narrow frequency
band with peak frequency around 6-7 Hz. It often started at low frequency then settled at some upper value
and dropped off to a low frequency before disappearing. In the records from the HMMV there is no obvious
pattern of such seismic signals—our tremors have more than only one frequency peak, and we observed the
occurrence of harmonic signals in hydrophone records. Therefore, Olofsson’s noise type 6 most probably
does not correspond to the tremors from the HMMYV location.

Noise type 7 has many similar characteristics with noise type 6, but it is more similar to our records of tremors.
The noise is present in all three seismometer components. Frequency peaks are not narrow and, rather,
span a wider frequency range with several peaks. Olofsson attributes this type of noise to water currents
which can be modulated by tides. Water currents push against the OBS unit and seafloor topography, and

in this way they excite the resonances of the instrument—seafloor system.

From all previously mentioned sources of seismic noise only Olofsson’s noise type 7 seems to be the best
candidate corresponding to the observed tremors at the HMMV location. However, it does not provide the
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Figure 8. Gas plume above the HMMV (October 2008) as seen proposed to e)'(plaln the 0‘r|g||'1 of such tremors.
in the 18 kHz echolot. Note that the plume has a height of These models include oscillations of large
about 450 m but no horizontal deviations indicating weak magma bodies, cracking processes, excitation
currents during the time of the recording [from Mienert et al., and resonance of fluid-filled cracks, fluid flow-
2009, modified]. induced oscillations of conduits, and bubble
oscillation due to hydrothermal boiling. The
bubbling processes are also an important behavior of the mud volcanism [Albarello et al., 2012]. Occurrence
of harmonic tremors is reported in areas without any volcanic activity and can be linked to gas venting
[Pontoise and Hello, 2002] or to the resonant excitation in fluid-filled cracks due to hydrothermal circulation
[Diaz et al., 2007].

In the framework of the mechanisms mentioned above we may speculate about the possible source of
harmonic tremors identified in this study. According to the model of Perez-Garcia et al. [2009], gas-rich muds
and fluids ascend in the conduit of the mud volcano, gas effervesces, and bubbles are formed. As they ascend,
they may be trapped beneath an impermeable layer of shaly mud that plugs the conduit temporarily at shallow
depth or deeper in the pseudo-mud chamber. This impermeable layer might open existing fracture for gas
release once pressure buildup is high enough in the trapped gas. The accumulated gas bubbles are then
released and potentially gas flares observed (Figure 8). During the venting of gas bubbles resonant vibrations of
their surfaces are excited [Pontoise and Hello, 2002; Albarello et al., 2012]. Small distances between bubbles and
their large number create bubble clouds that enable them to behave as coupled oscillators, where coupling is
provided by mutual hydrodynamic and acoustic interaction [Pontoise and Hello, 2002]. Resonant vibrations of
the coupled oscillators are transmitted into the seafloor as tremor swarms that are periodically occurring.
Excitation of harmonic tremors from opening and closing fractures can also contribute.

A possible impermeable layer is the shaly mud or hydrate-bearing sediments. At the HMMV location shallow
subbottom gas hydrates exist [Vogt et al., 1997; Jerosch et al., 2007]. Pape et al. [2011] estimated their
distribution and thickness across the entire mud volcano. The thickness ranges between less than 1T m in the
center and more than 45 m at the outer limit. For a hydrate lid we could consider the cracking due to
accumulated gas that establishes pressure on the hydrate lid from below until its resistance is overcome.
However, this idea of accumulated gas below a solid gas hydrate lid might be doubted because it would
require relatively fast formation of hydrates to heal fractures. Further, since the thickness of hydrate layer is
very small, so would the stress for cracking [Hornbach et al., 2004], and small amounts of trapped free gas
below hydrate lid might be not enough for formation of coupled resonant vibrations after release of gas
bubbles. Moreover, a very thin or lacking gas hydrate layer in the central zone was also reported by previous
studies [Vogt et al., 1997; Ginsburg et al., 1999; Hjelstuen et al., 1999; Jerosch et al., 2007]. Thus, the
accumulation and release of gas bubbles from below the hydrate lid that covers top of the mud volcano
seems not to be likely, and impermeable sedimentary layer is more plausible.
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In this context it is also possible to understand sediment movement that took place on 27 September 2009.
Accumulation of mud in the conduit was probably initiated several days before this event, and it suppressed
gas migration along fractures resulting also in suppression of the associated excitation of harmonic tremors.
After mobilization and relatively slow extrusion of material that was not registered by seismometer, the
impermeable layer was absent. Several days were necessary for formation of the layer and to establish the
conditions for exciting harmonic tremors again. Similar periods of decreased activity occur throughout

2 years of the OBS deployment (see Figure 4c) and may thus indicate episodes of sediment movement or
mud eruption.

As suggested previously, gas bubbles may not be sufficient for coupled oscillations that lead to harmonic
tremors. If not, then resonant excitation due to circulation of fluids in the pseudo-mud chamber and in the
conduit would be the source of harmonic tremors. The 6.2 h period of occurrences of swarms and two weak
maxima at 4 and 11 h in the distribution of time delays supports such a possibility (see Figures 5c and 6b).
These maxima may suggest that the occurrences of tremor swarms are delayed by 4-5 h after the maximum
and the minimum of the tide. Maxima and minima may drive changes in the circulation of fluids.

In either case we suppose that the sources of tremor swarms relate to the processes in the mud volcano that
are affected by tides. However, it may not be the only factor that governs the occurrence of tremor swarms.
Indeed, tidal changes of water level and so the pressure variations on the seabed can induce pore pressure
variation in the sediments [Sultan et al., 2011] that attenuates with depth and is phase shifted depending on
the depth [Wang, 2000]. Compressibility of pore fluids is affected also by the gas effervescence and
dissolution processes, gas accumulation, and fluid migration [Sultan et al., 2011]. Coupled with the effect of
tides, these processes form nonuniform variations of pore pressure at different depths resulting in varying
delays of swarm occurrences to the maximum of tides. This may explain rather uniform distribution of time
delays between tremor swarms and the amplitude maximum of tides.

This is in contrast with traditional gas reservoirs where tides clearly caused a change in the amount of gas
released [e.g., Boles et al., 2001; Torres et al., 2002; Leifer and Wilson, 2007]. This contrast is also strengthened
by the lack of response of the mud volcano to earthquakes. We did not notice any significant change in
activity of harmonic tremors during and shortly after the recorded earthquakes. The link between
earthquakes and increased gas release has been indicated for gas reservoirs [e.g., Lapham et al., 2008; Fischer
et al.,, 2013], and if harmonic tremors are related to gas release or fluid circulation in the case of the HMMYV,
then an increase in activity might be expected.

5.2. Origin of Short-Duration Events

Short-duration events of the same character as short-duration events in our records were observed in areas
of various tectonic and sedimentary settings (Galicia Margin—Diaz et al. [2007], Niger Delta—Sultan et al.
[2011], North Anatolian Fault—Tary et al. [2012] and Embriaco et al. [2013]). In general, all these events have
duration up to 1 or 2 s in the frequency range from 4 to 30 Hz with eventually one or two frequency peaks,
highly variable amplitudes, and impulsive onset. They also do not show clear secondary arrivals that could be
identified as S waves. The events are rarely correlated from one OBS to another with the exception of closest
ones that suggests superficial or very shallow sources located in very close vicinity of the OBS in the
sediments with high attenuation of seismic waves. Origin of the short-duration events was attributed to the
fracturing processes as the gas migrates in the porous and saturated media at the seafloor or near subsurface
[Sultan et al., 2011; Tary et al., 2012]. A correlation to an abrupt increase of dissolved methane concentration in
the sea water was shown as well [Embriaco et al., 2013].

6. Conclusions

In this study we analyzed seismic events recorded during a 2 year period at the location of the HMMV
at~1300 m water depth on the Barents Sea continental slope offshore Norway. The majority of the events are
harmonic tremors with frequency peaks ~4-5 and 8-10 Hz. Tremors occur in swarms with a periodicity of
about 6 h; however, their occurrence is not primarily controlled by tides. We suggest that the main mechanism
responsible for these harmonic tremors is the fluid flow circulation in the conduit and/or pseudo-mud
chamber or, alternatively, the resonant vibrations of gas bubbles that behave as coupled oscillators during
the release of fluids and gases from the mud volcano.
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The HMMV mud slide event on 27 September 2009 was probably a very slow movement of sediments. This
movement was not accompanied by any significant tremor activity.

We recognized events of very short duration up to 1 s in the seismic records, but due to the difficulties with
automatic detection, we were unable to systematically analyze this type of signal. Based on the similarity with
short-duration events that were presented and analyzed in previous studies, we attributed short-duration
events to the fracturing processes as the gas migrates in the porous and saturated media within the seafloor
or near subsurface.

We compiled a list of earthquakes from the broader area that were likely to be registered by the OBS station.
From almost 4500 events only 15 were recognized in the OBS records, either because the frequency content
of seismic waves was out of the detectable range of the seismometer or because the amplitudes of seismic
waves were concealed by the mud volcano activity or seismic noise. The occurrence of harmonic tremors was
not significantly affected by the earthquakes.

Limited monitoring of the HMMV activity by one seismometer did not allow us to accurately localize sources
but does provide the seismic information to define the characteristics of harmonic tremors. An array of
several broadband seismometers could enable future studies to better identify and localize close or more
distant earthquake sources and slow mud flows. Such array of seismometers in cooperation with methane
sensors and bubble detectors may allow to better identify the origin of harmonic tremors, short-duration
events, and/or discriminate between resonant oscillation of gas bubbles and resonant excitation due to
circulation of fluids as a suggested source of harmonic tremors at the HMMYV location.

Appendix A: Analysis of Recorded Earthquakes at the HMMV Location

At the HMMV location we installed only one seismometer; thus, it was not possible to identify and localize
earthquakes and/or microearthquakes reliably. Therefore, we concentrated on stronger events identified and
localized by multiple networks of seismic stations as well. Figure Ala shows locations of epicenters of all
compiled events consisting of 4495 earthquakes. Most of seismic activity concentrates, as anticipated, along
the mid-ocean ridge-spreading systems; however, some seismic activity occurred in the region near the
mud volcano.

We visually checked seismic records at the expected arrival times of P and S waves of earthquakes and were
able to identify 15 earthquakes (Figure A1b). Parameters of identified earthquakes are listed in Table A1. Since
most of the earthquakes compiled are either weak events or had large epicentral distance, higher-frequency
content of seismic signals was quickly attenuated and only seismic waves with lower frequency content
arrived at the location of the HMMV. We assume that the frequency content of these seismic waves was at
least partly out of the detectability range of the seismometer. Also, seismic noise had significantly higher

Table A1. Parameters of Earthquakes Identified in Seismic Records of the OBS at the HMMV Location®

No. Dateb Origin Time Latitude Longitude Depth (km) M Distance (km) T Wave
1 2008-11-4 02:13:00.60 7341 14.72 0 3.0 157 yes
2 2008-11-7 21:40:57.52 71.69 —11.69 2 5.1 9208 no
3 2008-12-15 20:35:32.90 70.24 22.77 0 1.2 349 no
4 2008-12-20 00:06:52.49 70.95 —7.15 10 4.2 777 yes
5 2008-12-20 19:21:21.40 71.26 13.65 0 25 20 yes
6 2008-12-24 16:57:09.00 67.82 20.44 2 1.0 513 no
7 2009-1-5 00:42:12.80 67.76 20.40 0 1.0 519 no
8 2009-1-12 21:08:34.00 67.70 33.76 0 1.6 866 no
9 2009-1-16 15:42:57.70 71.35 14.16 10 2.2 75 no
10 2009-1-25 15:21:01.70 71.78 15.61 10 2.0 40 yes
11 2009-1-31 15:36:24.30 72.23 15.95 10 2.5 49 no
12 2009-3-18 04:36:08.95 71.02 15.95 0 2.6 117 yes
13 2009-8-20 06:35:05.24 72.21 00.93 9.5 6.0 471 yes
14 2010-5-16 13:08:17.65 73.32 07.45 0 34 282 yes
15 2010-6-15 19:14:42.70 70.27 12.96 2 4.2 202 yes

3Last column indicates the record of observed earthquakes with arrival of late wave train corresponding to T phase of
seismic waves.
Dates are formatted as year-month-day.
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Figure A1. (a) Earthquake epicenters listed in the compiled events for the operational period of the OBS from November 2008
to October 2010 (red circles with size scaled to the magnitude of events). The HMMV location is indicated by yellow triangle. (b)
Earthquake epicenters that were identified in the seismic records of the OBS.
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For eight of the identified earthquakes on all three components of seismic motion we have observed
particular wave trains after surface waves from earthquakes. The onset of these wave trains is very unclear
because they show a gradual and very gentle amplitude increase and long duration. Their frequency content
is in the same range as S waves and surface waves from earthquakes (see Figure A2a). Particle motion
diagrams show that the wave trains are polarized mainly in the horizontal plane (Figure A2b), but due to
unknown orientations of the horizontal components of the seismometer, their arrival azimuth was not
determined. The wave trains occur 35-160 s after arrival of S waves. The difference between the arrival times
of wave trains and the origin times of earthquakes is linearly increasing with epicentral distance (Figure A3).
The least squares method at the assumption of zero interception of linear fit provides the speed of
propagation of wave trains (1.55 km/s), which is very close to the speed of sound in water. Water depth of the
HMMYV (about 1300 m) falls into the depth range of the SOFAR channel, which is from 600 to 1800 m

[Okal, 2001]. Thus, sources of late wave trains are most probably earthquakes, where late wave trains
correspond to a T phase of seismic waves. Polarization and frequency content suggest a conversion of T
waves to S waves in most cases of the identified earthquakes.
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