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Abstract

Glaciers generate seismic waves due to calving and fracturing, meaning that
recording and following event classification can be used to monitor glacier
dynamics. Our aim with this study is to analyse seismic data acquired at the
seabed and on land in front of Nordenskidéldbreen on Svalbard during 8 days in
October 2020. The survey included 27 ocean bottom nodes, each equipped with
3 geophones and a hydrophone, and 101 land-based geophones. The result-
ing data contain numerous seismic P-, S- and Scholte wave events throughout
the study period, as well as non-seismic gravity waves. The recording quality
strongly depends on receiver type and location, especially for the latter wave
types. Our results demonstrate that hydrophones at the seabed are advanta-
geous to record gravity waves, and that Scholte waves are only recorded close
to the glacier. The Scholte waves are used to estimate the near-surface S-wave
profile of the seabed sediments, and the gravity wave amplitudes are converted
to wave heights at the surface. We further discuss possible source mechanisms
for the recorded events and present evidence that waves from earthquakes,
calving and brittle fracturing of the glacier and icebergs are all represented in the
data. The interpretation is based on frequency content, duration, seismic veloc-
ities and onset (emergent/impulsive) and is supported by source localization,
which we show is challenging for this dataset. In conclusion, our study demon-
strates the potential of using seismic observations for detecting glacier-related
events and provides valuable knowledge about the importance of survey geom-
etry, particularly the advantages of including seabed receivers in the vicinity of
the glacier.
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and the underlying ground (e.g., Hudson et al., 2020;
Podolskiy et al., 2021), the generation of fractures and

Glaciers are large, slow-moving bodies of dense ice
undergoing various deformation processes that gen-
erate seismic signals, often referred to as icequakes
(Podolskiy & Walter, 2016). In this context, seismic
waves are generated due to friction between the glacier

crevasses within or at the surface of the glacier (e.g.,
Deichmann et al., 2000; Neave & Savage, 1970), or
calving at the glacier terminus (e.g., Kéhler et al., 2019;
Qamar, 1988). These waves then travel through the ice
itself and the surrounding air, ground and water.
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SEISMIC MONITORING OF A SVALBARD GLACIER

Seismic receivers record ground vibrations (geo-
phones) or transient pressure changes in water
(hydrophones) and can therefore be used to record seis-
mic signals generated by the glacier. The type of wave,
amplitude, duration, polarization, origin location and
occurrence frequencies can provide information about
the glacier dynamics, which is valuable in a climate
change context as glaciers are sensitive to warming and
contribute significantly to eustatic sea level rise (Meier
et al., 2007; Meredith et al., 2019). Additionally, signals
from the glacier can potentially be exploited as a seismic
source to unveil the mechanical properties of the near-
surface sediments in the vicinity of the glacier (Hudson
et al., 2020). The use of such natural seismic sources
is particularly advantageous in vulnerable Arctic envi-
ronments where the use of active seismic sources is
challenging due to logistical and environmental reasons
(Stemland et al., 2019; Trupp et al., 2009).

Previous studies have shown that calving events have
a different seismic characteristic to fracturing, crevass-
ing or basal stick—slip motion, both regarding frequency
content and duration (e.g., O’Neel et al., 2007; Qamar,
1988). Further, the characteristics of the calving seismic
signal depend on whether the ice falls onto ground, ice
or water and the calving style of the glacier. Calving of
small (metre to 10s of metre-scale) ice blocks at Arc-
tic tidewater glaciers (Bartholomaus et al., 2012; Kéhler
et al., 2019) causes different seismic signals than the so-
called glacial earthquakes caused by calving, breakup
and capsizing of larger (kilometre-scale) icebergs at the
Antarctica and Greenland ice sheets (Sergeant et al.,
2019; Winberry et al., 2020). Calving into water is occa-
sionally followed by ‘mini-tsunamis’ which in reality are
non-seismic gravity waves (Minowa et al., 2019).

Bartholomaus et al. (2012) compared visual observa-
tions of the marine-terminating Yahtse glacier terminus
in Alaska with simultaneously recorded seismograms to
correlate source mechanisms with recorded icequakes.
They found that typical calving signals have emergent
onsets, dominant frequencies between 1 Hz and 3 Hz,
durations of 5-30 s and lack clear P- or S-arrivals. Simi-
larly, O’Neel et al. (2007) associated direct observations
of calving events at the marine-terminating Columbia
glacier in Alaska with emergent seismic signals with
dominant frequencies of 1-3 Hz, and Kéhler et al. (2015)
observed icequakes at frequencies of 1-8 Hz in rela-
tion to calving events using the regional seismic network
in Svalbard. As opposed to calving signals, Neave and
Savage (1970) first reported that seismic signals from
near-surface crevassing had impulsive onsets, durations
of 0.1-1.0 s and characteristic frequencies of around
100 Hz. Some decades later, Deichmann et al. (2000)
showed that icequakes may also be produced at greater
depths within the glacier due to brittle fracturing, and
that these deep icequakes typically have higher dom-
inant frequencies than their shallow counterparts due

to the lack of Rayleigh surface waves. In the literature,
near-surface crevassing is typically reported to occur
more frequently than deeper icequakes, and dominant
frequency ranges are 1-5 Hz for calving events and
10-50 Hz for near-surface crevassing events (Podolskiy
& Walter, 2016). Over the entire range of cryoseismic
sources, signals with frequencies on the order of 10~3—
10% Hz have been recorded (Glowacki, et al., 2016;
Podolskiy & Walter, 2016).

Seismic signals from Arctic tidewater glaciers have
been extensively studied in the last two decades, but
previous studies have mostly relied on a very limited
number of receivers. In this study, we describe the details
of a seismic field campaign conducted on Svalbard in
October 2020. The objectives of this paper are to review
the acquired seismic data for optimal survey design and
to analyse the data with particular focus on the clas-
sification of various events. The novelty of our case
study is the use of a total of 27 functioning ocean bot-
tom nodes (OBN), each equipped with 1 hydrophone
and 3 geophones, in combination with 101 planted land
geophones to measure the seismic signals generated
by a mixed-terminus tidewater glacier. In particular, we
are not aware of any previous studies where such a
large number of hydrophones were deployed at the
seabed in front of a glacier, which we show is favourable
in detecting seismic signals and non-seismic gravity
waves with a high signal-to-noise ratio (SNR). We finally
briefly discuss what the data reveal about the dynamics
of Nordenskidldbreen and the near-surface geology of
Adolfbukta.

STUDY AREA AND DATA ACQUISITION

The study site where we placed out seismic receivers is
in and around Adolfbukta (78°38’40” N and 16°55’'00”
E) in the inner part of Billefijorden on Svalbard, around
13 km east of the abandoned mining village of Pyra-
miden (Figure 1a,b). Adolfbukta is located in front of
Nordenskiéldbreen, an outlet glacier of the Lomonosov-
fonna ice cap with an estimated thickness of up to
600 m, but thinning towards the terminus (Van Pelt et al.,
2012). Nordenskidldbreen is a mixed-terminus (i.e.,
partly terrestrial-, partly tidewater-terminating) glacier,
and the marine-based (southern) margin (Figure 1c,d)
has historically had more active calving and extensive
crevassing than the cold-based (northern) terrestrial
margin (Figure 1e,f) (Allaart et al., 2018). The glacier
is polythermal and fast-flowing (up to 30—60 m/a; Den
Ouden et al., 2010), with no signs of current surge activ-
ity (Ewertowski et al., 2016). However, aerial images
indicate that the glacier has exhibited surge-type activity
in the past (Allaart et al., 2018; Farnsworth et al., 2016).
Studies of a time-series of aerial images from the area
by Allaart et al. (2018) indicate 2350-3550 m glacier
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FIGURE 1

(a) The study site is in Adolfbukta in the inner part of Billefjorden (grey dot). (b) Seismic receivers (red dots) were placed out at

the seabed in Adolfbukta (details from the area within the dashed box are found in Figure 2), on the northern shore and on the southern shore.
Nordenskitldbreen flows from Lomonosovfonna located northeast of Adolfbukta (outside the map) and down towards the bay, mainly in a
west/southwest direction. The northern margin of the glacier is land-based, and the southern margin is marine-terminating. (c) Close-up of the
North array (d) view towards the glacier from the North array, (e) close-up of the South array (f) view towards the glacier from the South array.
The layouts of the land lines were mainly determined by ground conditions. Source: Maps/satellite images courtesy of Norwegian Polar Institute

(toposvalbard.npolar.no)/Copernicus Sentinel data.

retreat during the years 1896-2015, and the current
retreating trend of most glaciers in Svalbard suggests
further retreat subsequently.

The reflection seismic study of Blinova et al. (2013)
in combination with numerous geological studies of
Svalbard (see, e.g., Elvevold et al., 2007) indicate that

the subsurface in Billefjorden consists of metamorphic
basement rocks, overlaid by a thick layer of low-reflective
Devonian sandstones. Above these are thinner layers of
evaporites and carbonates from the Carbaniferous and
Permian, characterized by strong, parallel and continu-
ous seismic reflections. Due to subsequent strong uplift
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A total of 27 ocean bottom nodes (OBNs) (red dots) were recording at the seabed in the southern part of Adolfbukta. Black dots

are airgun shots. The area in the figure corresponds to the dashed box in Figure 1. Previously acquired bathymetry data show that the water
depth over the OBNs varies between 30 and 60 m. The black area is unmapped area/land. The pictures show the OBNs used. Source:
Bathymetry data acquired by the Norwegian Hydrographic Survey (2009) and UNIS (2014) (see Allaart et al., 2018). The scientific colour map

'Oslo’ is retrieved from Crameri (2018).

and erosion, consolidated layers above these have been
eroded in inner Billefjorden, and they are directly over-
laid by unconsolidated glaciogenic deposits from the
Quaternary. Plassen et al. (2004) reported that the maxi-
mum thickness of the unconsolidated sediments is 65 m
proximal of the terminal moraine in Adolfbukta. Else-
wise, little is known about the seismic properties of the
near-surface sediments in the area.

We deployed 40 OBNs (Seabed Geosolutions, Trilo-
bit) at the seabed in Adolfbukta, out of which 27 were
successfully recovered with complete data at the end of
the acquisition period (11-18 October 2020) (Figure 2).
Each OBN had a hydrophone (High Tech, Inc. HTI-96-
Min, low-cut frequency of 3.6 Hz with a filter slope of
6 dB/octave) and a three-component geophone (Sensor
SM-6, 14 Hz, Galperin configuration). In addition, a total
of 20 (10 + 10) planted 3C geophones, and 81 (45 + 36)
vertical component spike four-geophone strings were
placed out on the southern and northern shore of the
bay, respectively. All land-based geophones had a nat-
ural frequency of 10 Hz and a spurious frequency of
240 Hz.

The large number and variety of receivers included in
the experiment is a novel part of this study, and there
are several reasons why increasing the receiver num-
ber is advantageous. First, the various receiver types
may record different types of waves and are differ-
ently affected by background noise. Figure 3 shows one
event recorded by (a) the OBN hydrophones, (b) the

OBN geophones and (c) the strings of vertical geo-
phones at the south array. The event is visible in all
records, and the comparison of the amplitude spectra
reveals similar dominant frequencies for all receivers.
However, the background noise in the OBN geophones
overlaps with the dominant frequencies of the glacier
signals, and the land geophone signal quality strongly
depends on ground coupling and weather conditions.
In particular, we observed decreased land node data
quality further out in the study period, probably because
temperature variations, wind and water waves flooding
the array reduced the geophones’ ground coupling and
increased their tilt throughout the week. Furthermore,
data recorded on soft sand at the south shore (like those
in Figure 3c) are of higher quality than those from the
north shore where the ground was rocky and with peb-
bles. Hence, we use data from the OBN hydrophones
to classify events as these have the overall lowest
noise level during the study period, but also use the
land geophone data for discussing the localization of
events.

Second, both geophones and hydrophones record P-
waves independently of their location, but hydrophones
only record S-waves when they are converted to P-
waves (e.g., at the seabed interface). On land, Rayleigh
surface waves can be recorded on vertical compo-
nent geophones, and Love waves can be recorded on
horizontal component geophones, whereas in water,
Scholte waves are mainly best recorded on geophones
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FIGURE 3 The event on October 11 at 1400 UTC recorded on (a) ocean bottom node (OBN) hydrophones, (b) OBN geophones and (c)
south array vertical geophone strings. The event consists of several overlapping phases arriving between approximately 26 and 32 s.
Background noise affects all data gathered but is more dominant on geophones. OBN traces are ordered from east to west, that is from closest
to the glacier to most distant from the glacier, and bandpass-filtered from 1 to 150 Hz. In the latter figure, the event starting at 32.7 s is an air
wave. Note that the data recorded furthest away from the shore (i.e. the first 15 traces in (c)) were more sheltered from wind and water waves
and are thus of the best quality, whereas traces 16—-27 are much more affected by noise.

or hydrophones located close to the seabed (Johansen
& Ruud, 2020). Third, increasing the number of receivers
can make it easier to localize the source of the seismic
wave and further help to determine the source mech-
anisms. As discussed later in this paper, the complex
source function of calving signals still makes source
localization a challenge here.

The seismic receivers that were placed out in and
around Adolfbukta were passively recording the entire
study period, and these data recordings are mainly
analysed below. Additionally, on 14 October, 141 seis-
mic shots were fired using an airgun located at 3 m
water depth. The airgun shots were used to determine
the coordinate positions, including the depth, of the
OBNSs, as well as calibrating the directivity of the 3C
geophone components. We also use the seabed reflec-
tions evident in zero offset hydrophone data to estimate
the water depths in the area to be 30—60 m (assum-
ing a water velocity of 1460 m/s), which is consistent
with the bathymetry data in Figure 2. The OBN record-
ings of the airgun shots further reveal refracted waves
travelling with an average velocity of 4940 m/s, which
indicates waves travelling in the metamorphic bedrock
(Beelum et al., 2012). Assuming a P-wave velocity of
1700 m/s in the unconsolidated sediments (Plassen
et al., 2004), simple geometric relations based on the
known travel pattern of critically refracted seismic waves
indicate an average sediment thickness of approxi-
mately 17 m here, suggesting that the glaciogenic
sediments in Adolfbukta directly overlie the metamorphic
basement.

CLASSIFICATION OF SEISMIC EVENTS

As the seismic receivers record all types of waves
that reach their position, regardless of their source,
we classify the recorded signals as (a) non-glacier-
related events (earthquakes, airgun signals, boat traffic,
ambient noise) and (b) glacier-related events.

Non-glacier-related events

Ambient noise due to wind and wave activity is con-
stantly present in the data. During the study period, the
weather conditions were relatively stable with air tem-
peratures at the Pyramiden weather station remaining
below 0°C and mean wind speeds remaining below
5 m/s, except for a 13-h period on 14 October when
both temperature and mean wind speed were slightly
higher (max. 2.1°C and 7.1 m/s, respectively) (The Nor-
wegian Meteorological Institute (MET Norway), 2022).
Temporal variations in the background noise level may
lead to a varying threshold for which glacier-related
events are detected. Additionally, previous studies in
front of glaciers (e.g., Bartholomaus, Amundson, et al.,
2015; Glowacki et al., 2016; Podolskiy et al., 2021) have
recorded continuous seismic tremors due to subglacial
discharge and basal sliding, processes which we do not
consider in detail in this study. Noise from human activ-
ity, including boat and airgun noise, occurs in clearly
defined time intervals and is therefore relatively easy to
distinguish from icequakes.
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TABLE 1 Characteristics of the main event groups.
Time domain signal Suggested source
Group Dominant frequency range characteristics mechanism
1 4-6 Hz Emergent, multiple phase Calving into water
arrivals, 3—21 s duration
(average: 7.7 s), followed
by gravity waves
2 4-6 Hz Emergent, multiple phase Calving

>90 Hz

Multiple peaks, characteristic
frequencies between 16 and
30 Hz

arrivals, 1-21 s duration
(average: 4.4 s), weaker

amplitude than group 1
Impulsive, <1 s duration Fracturing, crevassing

Resonance in water-filled
cracks?

<1 s duration

Note: See the ‘Discussion’ section for more details on the suggested source mechanisms.

Throughout the dataset, we observe events with clear
P- and S-onsets, which are also clearly recorded at the
permanent SPITS monitoring array (Schweitzer et al.,
2021; waveform data retrieved from the European Inte-
grated Data Archive, maintained by the University of
Bergen and NORSAR) located at Janssonhaugen in
Adventdalen about 53 km away. For these reasons, they
are classified as earthquakes. These events typically
have low dominant frequencies (8—-9 Hz) and long dura-
tion (average: 35 s). In addition to this, several low SNR
events with dominant frequencies of around 9—-11 Hz and
an average duration of 3 s are seen throughout the study
period. Closer inspection of the direction and apparent
velocity of these events shows that they originate from
distant sources (either earthquakes or other glaciers)
and are therefore not further investigated in this study.

Seismic signals from the glacier

The dataset includes numerous discrete seismic events
which do not fit the descriptions above. These are sig-
nals of varying duration (0.1-21.0 s) originating from an
eastern or northern direction that are assumed to be
icequakes, generated by the glacier or nearby icebergs.
We have manually picked events that were easily distin-
guishable from the ambient noise to be the focus of this
study. However, more events are most definitely present
in the data but are not emphasized due to their very low
amplitude or short duration.

By displaying the manually picked events in the time
and frequency domain, their signatures can be divided
into four main groups, see Figure 4 and Table 1. Groups
1 and 2 (Figure 4a,b) represent emergent signals with
similar frequency content, and a total of 144 of these
events were picked. As opposed to earthquake events,
they consist of multiple diffuse P- and S-phases which
are difficult to distinguish. Group 1 events (30 events)
are followed by low-velocity and long-period fluctuations,

which are gravity waves. Group 1 events generally have
higher amplitudes and longer durations than group 2
events (114 events). We also observed Scholte waves
subsequent to some events of both groups 1 and 2.
Events in groups 3 and 4 are of shorter duration (<1 s),
but the two groups have contrasting frequency char-
acteristics. Group 3 events (Figure 4c) are impulsive
and narrow-band signals of varying amplitudes with sig-
nificantly higher dominant frequencies (>90 Hz) than
in the other groups. These events are frequently seen
throughout the dataset, sometimes with several weak
events occurring every minute. Finally, group 4 events
(Figure 4d) consist of a main signal with energy dis-
tributed at peaks throughout the spectrum. Only three
events of this type have been clearly identified in the
dataset, and this group is as such only included as these
events are very distinct and clearly have a different origin
than the other events, and they also seem to originate
from the direction of the glacier. Spectral peaks at inte-
ger multiples of the characteristic frequency (harmonics)
suggest acoustic resonance. In this case, the frequency
peaks are found close to (but not exactly) integer mul-
tiples, and not at the same frequencies for all events.
Finally, Figure 4e shows an example of an earthquake
for comparison.

Although the frequency content and duration of
recorded seismic signals also depend on the travel path
between source and receiver, the distinct differences
between the groups suggest that various icequake
source mechanisms are at play at Nordenskidldbreen.
Before we further discuss the possible source mecha-
nisms suggested in Table 1, we review some character-
istics of the identified gravity and Scholte waves.

Gravity waves

Figure 5a shows one event from group 1 followed
by both gravity and Scholte waves within a record
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FIGURE 4 The various icequake events typically have characteristics that make them fit into one of the four groups listed in Table 1. The
records show a representative event from each group, as well as a tectonic earthquake for comparison. Each record is 10 s long (except the
longer earthquake record), bandpass-filtered between 1 and 150 Hz, and the averaged and normalized amplitude spectrum of each time
window is shown below. The first two groups of events have similar amplitude spectra, suggesting a similar source mechanism. The third and
fourth groups have different amplitude spectra and shorter duration. Traces are ordered from east to west, that is from closest to furthest from
the glacier. (a) 12 October, 0513 UTC, peak at 4—6 Hz, followed by gravity waves; (b) 11 October, 1400 UTC, peak at 4—6 Hz (same event as in
Figure 3); (c) 15 October, 0418 UTC, peak at >110 Hz (same event as in Figure 7b); (d) 15 October, 1424 UTC, many peaks; (e) 15 October,

1025 UTC, peak at 8-9 Hz.

length of 10 min. The event was recorded at the OBN
hydrophone located closest to the glacier. The first
arrivals, at about 07:47:45, combine a P-wave propagat-
ing in the water and an S-wave propagating below the
seabed. A monochromatic Scholte wave arrives about
10 s later, before a long train of gravity waves with
periods ranging from 10 to 30 s. This wave train is
clearly dispersive where the long-periodic waves arrive
first. Gravity waves are dispersive at water depths much
larger than the wavelength and non-dispersive in shal-
low water (Reeve et al., 2012), and the water depths
in Adolfbukta are between these extrema. Figure 5b
shows low-pass filtered data in order to enhance the
gravity waves. Finally, Figure 5c shows the correspond-
ing wave heights at the water surface calculated using
the conversion approach outlined in Appendix A. Note
that estimated wave heights of less than 10 cm are much
smaller than what we expect to be wind-generated in
this area. The observation of distinct gravity waves in
our OBN data therefore illustrates that the water layer
acts as a low-pass filter, where wind-generated waves
of relatively short wavelengths are dampened, whereas
gravity waves of long wavelength from calving events are
preserved. This demonstrates that hydrophones located
at the seabed much better reveal calving events than
hydrophones deployed at shallower depths.

Scholte waves

Hydrophones located at the seabed are also advanta-
geous for recording Scholte waves, which are the only
guided waves that may exist along the seabed in case
the S-wave velocity of the seabed sediments is lower
than the water P-wave velocity. This is likely the case
for the loose glacial sediments in Adolfbukta, similar
to nearby Sveabukta studied by Johansen and Ruud
(2020). Scholte waves can be generated either by impact
on the seabed itself or due to coupling with waves
excited by a seismic source in the water close to the
seabed. Figure 6a shows strong Scholte waves only on
receivers closest to the glacier and, like gravity waves,
only following some events. The former observation is
probably due to the strong attenuation of Scholte waves
as the distance from the source increases, and that the
thickness of the seabed sediment layer decreases away
from the glacier. We further hypothesize that Scholte
waves are trailing only some events because they are
generated when falling ice vertically impacts on the
seabed, which may depend on calving volume, fall
height and water depth. We assume this is a plausible
explanation due to the shallow water depth in the area,
but emphasize that also other processes during calving
can impact the signal.
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FIGURE 5

(a) A period of 10 min of hydrophone recording of an event on 12 October followed by Scholte and gravity waves. The ocean

bottom node (OBN) was at 43 m water depth. The raw data have been converted to pressure and low-pass filtered with high-cut of 10 Hz. In (b),
the recording has been processed by flattening the frequency response down to 0.01 Hz. Consequently, the amplitudes of the long period gravity
waves have increased considerably (note the change in scale). There are also some very long periodic (about 1 min) monochromatic waves
seen trailing the gravity waves, which are likely seiches (standing gravity waves). In (c), the data have been further compensated for the
pressure reduction factor and converted to wave height at the surface. In order to remove the seismic waves (which would otherwise have been
strongly magnified by the pressure compensation factor), the trace has been low-pass filtered below 0.15 Hz. The effect of the pressure
compensation for this example is mainly to increase the amplitude of wave periods around 10 s. See Appendix A for more details.
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(a) Traces and (b) velocity spectrum of Scholte waves. The dashed curve shows the theoretical dispersion curve for the

fundamental mode for v = 0.5 and ¢y = 76 m/s, which fits relatively well with the spectral peaks in the dispersion image in the 2.5-5 Hz
frequency range. We here assume that the sediment density is 1.5 times the water density and use v = 0.5 for simplicity.

Plots of phase velocity versus frequency (dispersion
images) (Figure 6b) generated based on the method out-
lined in Park et al. (1998) show that Scholte waves have
their main energy within a frequency band of 2.5-5 Hz.
The various frequency components of the Scholte wave

are affected by different seabed layers. Previous stud-
ies (e.g., Boiero et al., 2013; Johansen & Ruud, 2020)
show how dispersion analysis can reveal the mechan-
ical properties of the near-surface sediments through
inversion for S-wave velocity profile. In areas with active
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sedimentation of fine particles, the seabed is occurring
as a suspension with almost no shear strength. In such
cases, a simpler approach of using a power-law equa-
tion may be sufficient to approximate the upper S-wave
velocity profile (Chapman & Godin, 2001):

Vs =¢o 2%, (1)

where z is the depth below seafloor, ¢ is the velocity
at unit depth (z = 1m) and the exponent v is typi-
cally in the interval 0.2-0.8 (Chapman & Godin, 2001;
Hamilton, 1976; Williams et al., 2021). For v = 0.5,
Godin and Chapman (2001) and Chapman and Godin
(2001) showed that the phase and group velocities of
Scholte waves (both fundamental and higher modes) are
given by very simple formulas. The phase velocity of the
fundamental mode is then (Chapman & Godin, 2001)

Vo =¢c3 /af(1+R), )

where f is the frequency, and R is the ratio between
the densities of water and sediment. When v devi-
ates from 0.5, approximate formulas exist (Chapman &
Godin, 2001). By curve-fitting with the dispersion spec-
trum peaks in the relevant frequency range and applying
Equations (1) and (2), we can approximate the depth-
dependent S-wave velocity of the shallow sediments
in Adolfbukta by Vg = 76\/2 m/s, corresponding to the
dashed curve in Figure 6b. This low velocity implies that
the seabed sediments in Adolfbukta are very soft.

LOCALIZATION OF GLACIAL EVENTS

A motivation for using several receivers in seismic cam-
paigns is that this enhances the possibility of event
localization which can thereby reveal the source mech-
anism. For example, while calving occurs only at the
glacier terminus, fracturing and crevassing may happen
within the glacier or in floating icebergs.

However, source localization of calving events is
not straightforward as these seismic events are emer-
gent and with a relatively long duration (>1 s). This
is because even small calving events typically last for
more than a second and are often instantaneously fol-
lowed by additional small calving events. Hence, it is
impossible to pick accurate onset times of the differ-
ent phases which overlap in time. In the rare cases of
impulsive onsets, it is possible to locate events close
to the array based on first arrivals only, but the loca-
tion uncertainty (in particular, the distance to the event)
increases rapidly with offset. Onset times of secondary
phases could have resolved the distance based on dif-
ferential travel times (i.e., the time difference between
P- and S-phases), but this is also hampered by the emer-
gent onsets and overlapping phases. Similar difficulties
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in source localization are described by Vinogradov
et al. (2016) who used a small joint seismic-infrasound
array situated in Pyramiden to monitor icequakes from
Nordenskidldbreen.

Broadband fk-analysis can give more accurate esti-
mates of the azimuth and apparent velocity of the waves,
but again, overlapping phases and multipathing in the
water layer make the waves from calving events inco-
herent and unsuitable for such analysis. As the OBNs
also record a lot of high-frequency noise, which seems
uncorrelated across the receivers, attempts at source
localization using matched field processing (similar to
Romeyn et al., 2021) fail. For distant events, like earth-
quakes, the wavefield appears much more coherent over
the OBN array and fk-analysis works well. An alterna-
tive method for array analysis of events with incoherent
wavefields is to use envelope traces (i.e., ‘incoherent
beamforming’), but the resolution of such methods is
low and only provides the direction (azimuth) towards
the event, which we can also obtain visually from the
recordings. For example, from the traces in Figure 4, it
is obvious from the event slopes that the events in (a)
and (d) propagated in direction from east towards west,
that is from the southern glacier terminus towards the
OBN array, whereas in (b), the waves propagated more
normal to the array, that is from the northern part of the
glacier terminus. Overall, the clear majority of calving
events originate from the southern margin of the glacier,
consistent with previous studies (Allaart et al., 2018),
whereas fracturing events originate both from the glacier
and from floating icebergs.

The geophones on land record air waves in addition
to P- and S-waves. For calving events with a relatively
simple source function, such as in Figure 7a, we can
determine the travel time difference between the P- and
the air wave and then estimate the distance to the event.
As the wavefields are rather incoherent also between
land nodes, we cannot find accurate azimuths by ordi-
nary array processing, but if we assume that the calving
events occur along the glacier terminus, we can approx-
imate the event location using the distance only as
demonstrated in Figure 7c. The event in Figure 7b is
an example of an event with an impulsive onset and
short distance and thus can be located by a least-square
inversion method using first onsets only.

DISCUSSION

In our study, we deployed a large number of
hydrophones and geophones in the immediate vicinity
of the glacier, both on land and at the seabed. Kéhler
et al. (2019) compared measurements immediately in
front of a glacier with a permanent seismic station in
Ny-Alesund 15 km away and found that 10%—45% of the
calving events could also be detected at the permanent

85U80|7 SUOWLLIOD 3AIER.D 8|qedl|dde aup Aq peusenob ae sajone O sn Jo Sajn. 10} Ariq1T8ulUO AB[IAA UO (SUOTPUCD-pUR-SWBI W0 A8 1M ARe.q Ul |Uo//:Sdny) SUORIPUOD pue swie | 8u1 8ss *[£20z/60/2z] Uo ArIqiTaulluo (1M ‘1 BeloljqigsielseAun Aq 99zzT Bsu/z00T 0T/10p/wo0 A8 | im Aeiq 1 euljuo//Sdny Wo.j pepeojumod ‘G ‘€202 ‘Y090EL8T



SEISMIC MONITORING OF A SVALBARD GLACIER

Geophone trace #

(@) 1g 5 10 15

204

385

EAGE *

ENGINEERS

OBN hydrophone trace #

(b) 3 5 1[0 1[5

) ! |
ij |

I

3 i P"\:Na‘ve ;

FIGURE 7

(a) A group 1 calving event recorded at the land geophones of the south array on 12 October. We observe two distinct phases: a

refracted (direct) P-wave arrival at 22.0 s, and a stronger air wave arrival at 26.6 s. (b) A group 3 cracking event recorded at the ocean bottom
node (OBN) hydrophones on 15 October. Note the shorter time axis than in (a). We only observe one clear phase, arriving at different times at the
different hydrophones. (c) From the time difference between the arrivals and assuming a P-wave velocity of 5000 m/s and an air wave velocity of
330 m/s, we find that the event in (a) was located 1620 m away from the south array geophones. Hence, we estimate the calving location to be
at the cross-point between the black circle (r = 1620 m) and the glacier terminus (black star). For the event in (b), least-squares fitting of
observed and computed travel times for an assumed water velocity of 1455 m/s yields a source distance of 470 m (grey circle) and azimuth of
36° from the centre of the OBN array. The estimated source location is marked by the grey star, that is the event occurred in a floating iceberg.

station. Here, we cannot identify any of our recorded
events at the permanent SPITS array, which may be due
to the relatively large distance to the array and the com-
paratively small calving events at Nordenskidldbreen.
This demonstrates the advantage of having seismic
receivers close to the glacier.

We show that seismic signals from the glacier cover
the entire sampled frequency range from <1 Hz to
250 Hz, indicating the advantage of using a short
sampling interval (2 ms) in comparison with other stud-
ies analysing events from various icequake sources.
Although previous studies mostly rely on geophone
data supplemented by one or a few hydrophones, our
study emphasizes that a suite of events is easier to

distinguish on hydrophones than on geophones due
to an overall lower noise level in the relevant fre-
quency range (Figure 3). Deploying hydrophones at the
seabed rather than at shallow depths eases the detec-
tion of gravity and Scholte waves. Although the OBNs
were designed for use in seismic exploration, the gen-
tle slope of the hydrophone low-cut filter implies that
they can also record signals of much lower frequencies
(lower than geophones which always have a slope of
12 dB/octave below their natural frequency), as demon-
strated here by the clear detection of gravity waves. The
quality of the geophones onshore would be better by
burying the receivers, but this is not permitted in this
area.
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Possible source mechanisms

The strongest transient seismic signals generated by
the glacier are emergent, with dominant frequencies of
around 4-6 Hz and durations of 1-21 s (groups 1-2).
This corresponds well with signals of calving events
reported in previous studies, although the dominant
frequencies are slightly higher than in most studies (1-
5 Hz) (Podolskiy & Walter, 2016). We explain this by
less attenuation in this study compared with other stud-
ies due to the short distance from source to receiver,
and the frequency response of our receivers which may
not properly detect the lowermost frequencies. Calving
as the source of these signals is also supported by the
observation of gravity and Scholte waves following some
signals.

The varying duration of calving events is probably
linked to calving size, as previous studies have linked
icequake duration and calving volume, although a sim-
ple relation does not seem to exist (O’Neel et al., 2007;
Qamar, 1988; Bartholomaus, Larsen et al., 2015). Fur-
ther, we cannot exclude the possibility that some events
in groups 1 and 2 are due to basal stick—slip motion
or submarine events, which both can occur in a sim-
ilar frequency range as subaerial calving events, but
with weaker amplitudes (Kéhler et al., 2019; Podol-
skiy & Walter, 2016). However, submarine calving is
generally less common than subaerial calving at marine-
terminating glaciers (Glowacki, 2022) and is probably
particularly rare here as the water depth at the glacier
front is shallow. Geophones were not possible to safely
deploy on Nordenskiéldbreen due to crevassing and
polar bears frequenting the area. Polarization analysis of
such data would improve localization and classification
of icequakes from fracturing and basal motion because
shear slip leads to dilatational first arrivals up-glacier and
compressional first arrivals down-glacier from the event
(Walter et al., 2008).

The short duration, narrow-frequency-band and
impulsive nature of group 3 events correlate with previ-
ously described signals of brittle fracturing, either within
the glacier, in the crevassing zone, or in floating ice
(Podolskiy & Walter, 2016). Deichmann et al. (2000)
showed that near-surface crevassing can be distin-
guished from deeper fracturing based on the presence
of strong Rayleigh wave arrivals rather than dominant
impulsive P- and S-wave arrivals in land geophone
records. In practice, this means that as the Rayleigh
phase is of lower frequency than the P- and S-phases,
the dominant frequency can be used for discrimination
between shallow and deep icequakes. For example,
Ro66sli et al. (2014) observed near-surface crevassing
events with dominant frequencies of 10-50 Hz and deep
icequakes with dominant frequencies of 80-200 Hz.
However, this distinction is only relevant for icequakes
at depths larger than the Rayleigh wavelength (approx-
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imately 40—60 m in previous studies; Deichmann et al,
2000; Stuart et al., 2005). We observe a vast number
of events with dominant frequencies varying between
90 Hz and 220 Hz and varying amplitudes, and at
similar frequencies on both hydrophones and geo-
phones, suggesting that they represent fracturing in
different locations and of varying magnitudes. We fur-
ther observe events both where the waves arrive first at
OBNs closest to the glacier (trace 1), and where they
arrive first at OBNs in the middle of the array (e.g., trace
7 or trace 21), suggesting that we recorded fracturing
both in the glacier and in floating ice.

Group 4 is by far the smallest group, and only a
few events of this type have been identified. Due to
the scarcity and variation of these events, we cannot
draw a definite conclusion about their source mech-
anism, but they seem to originate from the southern
margin of the glacier. Acoustic resonance has previously
been observed in many geologic systems (including
glaciers) due to resonant vibrations of hydraulic fractures
(Lipovsky & Dunham, 2015). The amplitude spectra
somewhat resemble those observed and attributed to
resonance in a fluid-filled crack by Stuart et al. (2005) at
the surging Bakaninbreen glacier in Svalbard, although
covering a broader frequency range here. We therefore
propose that these events may be due to a similar mech-
anism, but resonance in the water layer may also be the
source of these events.

Temporal variations

The limited duration of our acquisition implies that the
data records are too short to reliably correlate the tim-
ing of events with tide phases and weather conditions.
Calving at Svalbard tidewater glaciers typically peaks in
August and September (Kohler et al., 2015). We observe
no pattern in the occurrence frequency of calving events
throughout the study period, although previous studies
(e.g., Bartholomaus, Larsen, et al., 2015; Minowa et al.,
2019; O’Neel et al., 2003) have correlated variations
in calving rate with both air temperature and effective
pressure variation at the terminus, and Kéhler et al.
(2019) recorded fewer calving signals on days with more
ambient noise due to rougher weather conditions.

We record a decreasing number of gravity waves fur-
ther out in the study period (correlating with increasing
tide variations) and observe a tendency of more grav-
ity waves occurring at high tide than at low tide. Minowa
et al. (2019), on the other side, recorded more gravity
waves during falling and low tide. A possible explanation
for our observation is that more ice falls into the water
as opposed to onto the ground at high tide at this mixed-
terminus glacier, but longer data records are needed to
confirm this observation. Further, we record less gravity
waves on the day with the strongest winds (14 October).
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Stronger waves due to rougher weather may disturb the
water pressure to larger depths, possibly reaching the
seabed receivers and thus preventing the detection of
gravity waves.

Limitations and future improvements

A limitation of our study compared with previous stud-
ies (e.g., Bartholomaus et al., 2012; Kéhler et al., 2019)
is that, except for a few visual observations that corre-
late well with our data analysis (e.g., a calving event
that was observed during deployment of equipment cor-
relates with a detected group 1 event), we have no
visual records of when calving occurred and thus can-
not validate that the events are correctly classified. Poor
visibility, cold air temperatures leading to rapid battery
degradation and few daylight hours in October were the
main reasons why no such monitoring was included in
this study. However, the presence of gravity waves and
Scholte waves following some events strongly indicates
that these events are calving events (although gravity
waves may in principle also be generated due to the
break-up or capsizing of preexisting icebergs; Minowa
et al., 2019), warranting the assumption that events with
similar characteristics are also related to calving. For
fracturing events, it is unlikely that these could have
been observed, although large crevasses may be visible
in satellite images (Winberry et al., 2020). Neverthe-
less, the limited temporal sampling of satellite images
makes it difficult to associate near-surface crevassing
with specific seismic events.

Several recent studies (e.g., Bartholomaus, Larsen,
et al., 2015; Kohler et al., 2019; Sergeant et al., 2019)
have attempted to extend the use of passive seis-
mic monitoring in glacier environments from simply
detection of icequakes to quantification of calving rates
and volumes. These studies demonstrate that the rela-
tion between seismic signal characteristics and calving
volume is strongly empirical, and that developing a uni-
versally applicable model to estimate calving volume
from such signals is difficult. On another side, Minowa
et al. (2019) estimated the calving rate of a marine-
terminating glacier in Greenland using the amplitude
and occurrence frequency of gravity waves. In our case,
a particular problem is that Nordenskitldbreen is partly
terrestrial- and partly tidewater-terminating. Bartholo-
maus et al. (2012) noted that the ice—sea surface
interaction rather than the actual rupture process itself
was the main source of large icequake amplitudes and
that different seismic events were recorded when ice fell
into crevasses rather than into water. Hence, developing
a model applicable to Nordenskidldbreen is likely impos-
sible without considering the calving location along the
terminus and timing relative to tide phases.

We suggest that future studies on similar datasets
focus on accurate source localization to better constrain
the various source mechanisms. The data acquisition
should also be of longer duration (ideally permanent)
and include visual monitoring (e.g., time-lapse photogra-
phy) to better understand the temporal variation in event
occurrence.

CONCLUSIONS

A seismic field campaign was conducted in front of Nor-
denskitldbreen on Svalbard in October 2020 using a
variety of seismic receivers in water and on land. In this
study, we analysed the acquired passive seismic data
with respect to various types of seismic events and data
quality. Our interpretations include events generated
by glacier calving, fracturing/crevassing in the glacier
and floating ice and possibly resonance in fluid-filled
cracks, demonstrating the potential of using seismic in
future monitoring of glacier dynamics. We also detect
strong gravity and Scholte waves on seabed receivers,
emphasizing that hydrophones at the seabed record
gravity waves with a strong SNR. Scholte waves gen-
erated by the glacier can be used to unveil information
about the strength of the seabed sediments. The most
important outcome of this case study is the advance in
knowledge about ideal survey design for seismic glacier
monitoring, in particular, the benefit of including seabed
receivers.
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A | GRAVITY WAVES

Dispersion of gravity waves

The surface elevation 7 of a gravity wave with constant
wavelength L and period T, propagating with increasing
distance x and time t, may be written as (Reeve et al.,
2012)

H x t H
U—ECOS{QW <Z_7 >} _Ecos (kx — wt),
(A1)

where H is the wave height (measured from through to

2r . 2
peak), k = Tﬂ is the angular wavenumber, and w = 7” =

27f is the angular frequency.

The propagation velocity ¢ = % =% of the wave
depends on the water depth D and can be found by
solving the dispersion equation (Reeve et al., 2012):

w? = gk tanh(kD), (A2)

where g is the gravitational acceleration. Due to the mul-
tiple unknown variables, Equation (A2) generally must
be solved numerically, except in some special cases:

* When the wavelength is much larger than the water
depth (L > 20D), we have tanh(kD) ~ kD; hence, the
waves are non-dispersive with velocity ¢ = 1/gD.

» For wavelengths less than about two times the water
depth, we have tanh(kD) ~ 1, which gives dispersive
waves with velocity ¢ =

@

In our case, the wavelength and water depth are
so that neither of these special cases applies, and
the dispersion equation must be solved numerically.
Figure A1 shows how the wavelength and phase veloc-
ity vary for the water depths and periods that apply to
our observations of gravity waves generated by calving
events.

Further, the pressure P at depth z (measured down-
ward from the still water level) under the gravity wave is
given by (Reeve et al., 2012)

P(z) = pgz + pgn K, (2), (A3)
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(a) The wavelength of gravity waves computed from the dispersion Equation (A2) for various wave periods and water depths in

the range 30—60 m. (b) The phase velocity of gravity waves computed for various wave periods and water depths.

where p is the water density and K,, the pressure
attenuation factor, is given by

cosh {k (D — z)}
Ko (2) = cosh (kD) (A4)

From Equation (A3), we see that the pressure is the
sum of a static term due to the water depth and a time-
varying term due to the gravity wave (Equation A1).

A hydrophone record will only reveal the time-varying
term as the instrument is insensitive to static pres-
sure. The pressure variations due to the gravity wave
are attenuated depending on the wavelength and water
depth. At the seabed, the pressure attenuation factor
reduces to

K, (z = D) = (cosh (kD))~". (A5)

For water depths much less than the wavelength, K,
is close to unity, whereas it decays fast with increasing
depth. Figure A2 shows how the pressure attenuation
factor for a sensor at the seabed varies with vari-
ous water depths and wave periods. In practice, the
water layer acts as a low-pass filter, removing short
wind-generated waves and passing long gravity waves
generated by calving events. Hence, this demonstrates
the advantage of using receivers at the seabed com-
pared with higher up in the water column to record
gravity waves.

Conversion of hydrophone recording to wave height
In Figure 5, the hydrophone recording (Figure 5a) was
first Fourier transformed into the frequency domain,
where a correction for the known frequency response of
the hydrophone was applied. This correction affects both
the amplitude and phase of the recording. A transform
back to time domain gave the trace shown in Figure 5b.
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FIGURE A2 The pressure attenuation factor for a sensor at the
seafloor computed for various wave periods and water depths. Note
that when the water depth is half the wavelength, the attenuation is
more than 20 dB.

To correct for the pressure reduction factor, the disper-
sion relation (Equation A2) was used to convert between
frequency and the wavenumber in Equation (A5) for the
given depth of the node. As the pressure reduction fac-
tor is a real number, this correction was applied only to
the amplitude of the Fourier transformed recording. An
inverse Fourier transform back to time domain gave the
result shown in Figure 5c.

Although the wave height in Figure 5c is only about
16 cm (from trough to peak), the actual wave height
when the wave hits the shore is considerably larger.
When a wave approaches the shore, its velocity (and
wavelength) will decrease with the square root of depth,
and for the wave to preserve its energy, the ampli-
tude must increase. Eventually, the wave will become
so steep that it breaks. Exactly when this occurs is
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difficult to predict, but a conservative estimate is that
the wave height increases by approximately 300% rel-
ative to the wave height estimated at the node before
the wave breaks at the shore. As an example, a different
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calving event which happened late on 15 October (close
to spring tide) had wave amplitudes nearly twice that of
the event in Figure 5 and was probably responsible for
flooding several of our land geophones.

95UB01 SUOWIWOD 9AE81D 3|qeot|dde 8y} Ag peussnob ake saolie YO 9SN Jo S9N Joj AXeIgiT 8UlUQ AS]IA UO (SUONIPUCO-PUE-SWLRILIOO™ A8 | 1M Aleq 1 jBul [UO//:SANL) SUONIPUOD Pue SWie | 8u1 89S *[£202/60/22] U0 AkeiqiTauljuo A8|im ‘| Be101qigsiels AN AQ 9922T BsU/Z00T 0T/I0p/woo" A8 1w AeIqipuljuo//:sdny Wouy pepeojumod ‘S ‘€202 ‘Y090E.8T



	Case study of combined marine- and land-based passive seismic surveying in front of Nordenskiöldbreen outlet glacier, Adolfbukta, Svalbard
	Abstract
	INTRODUCTION
	STUDY AREA AND DATA ACQUISITION
	CLASSIFICATION OF SEISMIC EVENTS
	Non-glacier-related events
	Seismic signals from the glacier
	Gravity waves
	Scholte waves

	LOCALIZATION OF GLACIAL EVENTS
	DISCUSSION
	Possible source mechanisms
	Temporal variations
	Limitations and future improvements

	CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	A | GRAVITY WAVES
	Dispersion of gravity waves
	Conversion of hydrophone recording to wave height




