
For Peer Review
THIS MANUSCRIPT HAS BEEN SUBMITTED TO THE JOURNAL OF 
GLACIOLOGY AND HAS NOT BEEN PEER-REVIEWED.

Glacier processes from seismic recordings on Sørsdal 
Glacier, East Antarctica

Journal: Journal of Glaciology

Manuscript ID Draft

Manuscript Type: Article

Date Submitted by the 
Author: n/a

Complete List of Authors: Magyar, Jared; University of Tasmania College of Sciences and 
Engineering, School of Natural Sciences (Physics); Australian Centre for 
Excellence in Antarctic Science, University of Tasmania
Reading, Anya; University of Tasmania College of Sciences and 
Engineering, School of Natural Sciences (Physics); Australian Centre for 
Excellence in Antarctic Science, University of Tasmania
Turner, Ross; University of Tasmania College of Sciences and 
Engineering, School of Natural Sciences (Physics)
Cook, Sue; Australian Antarctic Program Partnership, Institute for Marine 
and Antarctic Studies, University of Tasmania
Kulessa, Bernd; Swansea University, Department of Geography, Faculty 
of Science and Engineering; Australian Centre of Excellence in Antarctic 
Science, University of Tasmania; University of Tasmania, School of 
Natural Sciences (Physics)
Thompson, Sarah; Australian Antarctic Program Partnership, Institute for 
Marine and Antarctic Studies, University of Tasmania
Schoof, Christian; The University of British Columbia, Department of 
Earth and Ocean Sciences

Keywords: Seismology, Crevasses, Glacier geophysics, Snow/ice surface processes, 
Ice shelves

Abstract:
A catalogue of seismic events is produced and analysed for Sørsdal 
Glacier, East Antarctica. Recordings were made using an irregular array 
of three broadband and eight short-period seismometers, with 

Cambridge University Press

Journal of Glaciology



For Peer Review

approximately 3 km aperture, deployed slightly upstream of the expected 
grounding line during the 2017-18 austral summer. The broadband 
sensors were used to construct the event catalogue, and the short-period 
instruments used to aid constraints on source directionality relative to the 
array. We observe a diurnal cycle of seismicity, which is characterised by 
Rayleigh waves with peak activity corresponding to low surface 
temperature, indicating surface crevassing enhanced by thermal stress as 
the  dominant source mechanism. Event groups were formed using 
manual analysis, followed by template matching. These groups revealed 
spatial and temporal clusters with distinct crevassing zones operating in 
diurnal cycles, and other near-surface sources with weaker periodicity; 
potentially originating from firn or hydrological processes. These cycles 
and source variability show the evolution of the surface on daily and 
season timescales, so may provide useful insights on hydrofracture and 
ice shelf stability. The analysis techniques and workflows employed are 
transferrable to other polar ice sheet outlet glaciers where seismicity is 
generated largely outside the aperture of the array.
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Abstract
A catalogue of seismic events is produced and analysed for Sørsdal Glacier, East Antarctica. Record-
ings were made using an irregular array of three broadband and eight short-period seismometers,
with approximately 3 km aperture, deployed slightly upstream of the expected grounding line during
the 2017-18 austral summer. The broadband sensors were used to construct the event catalogue,
and the short-period instruments used to aid constraints on source directionality relative to the
array. We observe a diurnal cycle of seismicity, which is characterised by Rayleigh waves with
peak activity corresponding to low surface temperature, indicating surface crevassing enhanced
by thermal stress as the dominant source mechanism. Event groups were formed using manual
analysis, followed by template matching. These groups revealed spatial and temporal clusters with
distinct crevassing zones operating in diurnal cycles, and other near-surface sources with weaker
periodicity potentially originating from firn or hydrological processes. These cycles and source
variability show the evolution of the surface on daily and season timescales, so may provide useful
insights on hydrofracture and ice shelf stability. The analysis techniques and workflows employed
are transferrable to other polar ice sheet outlet glaciers where seismicity is generated largely outside
the aperture of the array.

1. Introduction
Glaciers are often noisy seismic environments, with a plethora of dynamic processes
releasing seismic energy. Many of these source processes are of glaciological interest, so
detection and subsequent interpretation of seismic recordings offers a valuable analysis
toolbox. Such analysis is particularly pertinent for transient or subsurface processes, which
often elude remote sensing techniques. Given the diversity of glaciated environments,
relevant seismological methods differ according to the nature of the glacier or ice stream,
and practicalities such as the size of the deployed seismic network relative to the glaciated
area under investigation. Mountain glaciers provide a frequent focus of cryoseismic studies,
due both to accessibility for methodology development (e.g. Walter and others, 2009;
Nanni and others, 2024), and for the livelihood and safety of surrounding communities
(e.g. Eibl and others, 2020). Using the suite of techniques developed across all glaciated
environments, further reconnaissance is necessary for polar glaciers, particularly in the
East Antarctic Ice Sheet (EAIS) where uncertainty remains on key glaciological processes
(Noble and others, 2020). In an EAIS context, apertures of arrays are often such that
station separation is small compared to the source distance with large zones of seismicity,
as opposed to mountain glacier studies, and adaptations to methods must therefore be
made.

Cryoseismic events operate over a broad range of magnitudes, frequencies, and dura-
tions (Podolskiy and Walter, 2016). For local observations of a single glacier or region
therein, seismic recordings are typically dominated by small, high frequency (>1 Hz)
events from nearby sources, sometimes termed as glacier microseismicity (West and others
2010; Fig. 1). These sources are diverse and include fracture and fault-like mechanisms,
sometimes referred to as ‘icequakes’ (purple stars in Fig. 1), as well as longer duration
tremor sources (red arrows in Fig. 1). These signals from nearby glacier processes are
superposed on other noise sources and distant events (blue arrows in Fig. 1).

The earliest observations of icequakes were low magnitude events from surface crevass-
ing (Neave and Savage, 1970), in keeping with historical sensory observations that fractur-
ing caused a sound and noticeable vibration in the ice. Surface crevassing has continued to
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be a focus of many cryoseismic studies, with mapping of
crevasse fields (Roux and others, 2008, 2010), variations in
surface conditions (MacAyeal and others, 2019; Köhler and
others, 2019), and fundamental mechanistic understanding
(Walter and others, 2009; Hudson and others, 2020) major
points of interest.

Surface sources often have environmental drivers that in-
fluence the spatial and temporal distribution of events. The
expansion and contraction of the surface ice with tempera-
ture fluctuations can induce thermal fracturing (Lombardi and
others, 2019; MacAyeal and others, 2019), and the pooling
of surface water can leave the underlying ice vulnerable to
hydrofracture (van der Veen, 2007; Hudson and others, 2020).
Due to the proximity of the source to the surface, these events
are typically characterised by dominant Rayleigh surface wave
arrivals, which can be used to estimate the epicentral direc-
tion (Cooley and others, 2019; Köhler and others, 2019), and
characterise the shallow subsurface (Lindner and others, 2019).

Englacial and subglacial sources propagate seismic body
waves through the interior of the glacier to the surface, and do
not excite surface waves at the higher frequencies targeted in
local studies due to the source depth. This distinction in seismic
phase has been used to distinguish surface sources from those
at depth (Deichmann and others, 2000; West and others, 2010;
Hudson and others, 2019). Englacial and subglacial sources are
isolated from surface environmental forcing in the absence of
an englacial hydrological system, but tidal stresses act through-
out the interior of the glacier near the grounding line causing
fracturing at the bed and surface alike with a tidal periodicity
(Minowa and others, 2019; Olinger and others, 2019; Cooley
and others, 2019). Stick-slip events over subglacial asperities
can also produce seismic signals from the glacier bed with tidal
modulation (Zoet and others, 2012).

Glacier microseismicity can contain a long-duration tremor
component. Perhaps the most widely studied of these is the
tremor produced by the movement of meltwater, with this
collection of sources sometimes referred to as glaciohydraulic
tremor. The major components of this tremor are turbulence
(Bartholomaus and others, 2015), impacts of entrained sedi-
ments (Tsai and others, 2012), and resonance of the coupled
fluid-solid system in moulins, fluid-filled cracks, and pres-
surised cavities (St. Lawrence and Qamar, 1979; Winberry and
others, 2009; Roeoesli and others, 2016).

In addition to glacier microseismicity, large calving events
can produce long-period (>30 s) signals with durations on the
scale of minutes, and can be recorded at regional and even
global scales (Ekström and others, 2003; Tsai and Ekström,
2007; Nettles and Ekström, 2010). Similarly, large stick-slip
motions at Whillans Ice Stream produce long-period signals
that can be detected at distances of over 1000 km (Winberry
and others, 2011). While these long-period events are present
in the wavefield, they are vastly outnumbered by microseismic
sources for the small aperture installations used for local studies.
As such, event catalogues are generally of high volume, with
thousands of microseismic events occurring each day.

In light of such large event counts, analysis techniques
have been proposed that contrast with those used for small

and well defined catalogues. Rather than detailed treatment of
individual events, a more statistical perspective of extracting
trends in event rates, locations, and mechanisms has proved a
more tractable approach. Some event types such as stick-slip
motion have a consistent waveform expression that can be
harnessed for detection and classification via cross-correlation
template matching (Zoet and others, 2012; Köhler and others,
2019). For other event types where the seismic expression is less
consistent due to variations in source mechanism or path effects,
classification through clustering has proven fruitful (Jenkins II
and others, 2021; Latto and others, 2024a; Hu and others,
2024). Due to this complexity, developments for handling
and extracting information from cryoseismic event catalogues,
particularly for locating and classifying events, is crucial for
advancing understanding of processes at polar outlet glaciers.

2. Data
In this work, our focus is on characterising the seismicity
of Sørsdal Glacier, East Antarctica from a deployment in the
2017-18 austral summer (Fig. 2). Located in Princess Elizabeth
Land, Sørsdal Glacier is situated next to the Vestfold Hills and
flows approximately westward to deposit ice from its calving
front into Prydz Bay and, by extension, the Southern Ocean.
A previous reflection seismic study near the site indicates an ice
thickness of approximately 1400 m (Schaap and others, 2020),
and a grounding line position likely slightly downstream from
the seismic array to give a floating ice shelf approximately 20
km long, and 8 km across at the widest points (Gwyther and
others, 2020).

Sørsdal Glacier has a dynamic surface environment with
supraglacial lakes and channels, crevassing, and calving events
at the terminus. Schaap and others (2020) identified englacial
hydrological features that indicate movement of water be-
tween the surface and shallow subsurface, giving the possi-
bility of glaciohydraulic tremor and signals associated with
surface freeze-thaw cycles and hydrofracture. Sørsdal Glacier
therefore provides an opportunity to investigate outlet glacier
processes whilst testing a suite of seismological techniques in
an EAIS setting.

The seismic installation consists of three broadband seis-
mometers and eight short-period instruments, with positions
indicated by the dark and light triangles respectively in Fig. 2,
along with the data availability. The broadband instruments
were Güralp CMG-40T seismometers with a natural frequency
of 1 Hz and approximately flat response from 30 seconds, sam-
pling at 100 Hz. The short-period instruments were OYO
Geospace GS-11D geophones with a natural frequency of
4.5 Hz, connected to RefTek 130-01 data loggers sampling at
1000 Hz. Due to dynamic surface conditions, ground coupling
was variable through the season, and data quality degraded
later in the deployment.

To supplement the seismic data and identify environmental
drivers for seismicity, surface temperature and tidal data are
incorporated into this analysis. No in situ weather data were
collected, so we instead use the automatic weather station
(AWS) situated at the nearby Davis Station (blue star in Fig. 2).
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Fig. 1. Example seismic source mechanisms in an outlet glacier. Fracture and faulting mechanisms are denoted with purple stars. Tremor sources from
flowing water are denoted with red arrows. Other external sources are indicated by black arrows.

Tidal height is modelled using the CATS2008 model (Sutterley
and others, 2024), which is consistent with nearby tide gauges.
All seismic results are reported in Coordinated Universal Time
(UTC). Local time for Davis Station is UTC+07:00 for logistic
convenience, but the longitude of the site gives a local solar
time of UTC+05:12, which we use as a preferred reference for
the AWS data.

3. Methods
We use the following workflow to extract information on cryo-
seismic event mechanisms. The methods used, summarised in
the following steps, are outlined in the sections that follow.

1. Produce a master event catalogue with the multi-STA/LTA
algorithm of Turner and others (2021).

2. Carry out spectral and temporal analysis of continuous
seismic data and event occurrence.

3. For each event in the master catalogue, calculate the back-
azimuth using matched field processing and polarisation
analysis.

4. Manually classify sections of data to form event groups,
and select template events from each group.

5. Use template matching to form secondary classified event
catalogues.

6. Calculate backazimuth and other seismic attributes (e.g.
central frequency) for these classified catalogues to deduce
potential source mechanisms and identify path effects.

Two catalogue types are therefore produced through this
methodology: the initial master catalogue for understanding
the overall seismicity of the glacier, and the classified catalogues
from template matching for understanding trends in particular
event types.

3.1 Event Detection
To characterise the seismic source mechanisms at Sørsdal Glacier,
we first produce an initial master event catalogue. This is de-
signed to capture the broad diversity of event mechanisms
with correspondingly diverse waveforms. It can be used to
discern trends in the overall seismicity of the glacier (Fig. 3),
but remains agnostic to trends in source type and location;
factors that are further considered in following sections.

A short-term-average/long-term-average (STA/LTA) trig-
gering algorithm is used to detect seismic events. The optimal
choices of sliding window lengths for the short- and long-term
averages in traditional STA/LTA triggering are dependent on
the duration and dominant period of the events of interest. We
use the multi-STA/LTA variant of Turner and others (2021)
to relax this prior knowledge constraint and allow multiple
window lengths to be used and capture events with durations
and frequencies across multiple orders of magnitude.

For consistency in instrument type, only the three broad-
band seismometers are used for the event detection step. A
bandpass filter with cosine corner frequencies of 1, 2, 45 and
50 Hz is applied to remove ocean microseism energy and iso-
late the band where microseismicity dominates (Podolskiy and
Walter, 2016). The Euclidean norm of the three components of
motion is taken at each station to give the absolute amplitude,
and the trigger detection applied to this combined component
so that events dominated by either horizontal or vertical mo-
tion can be detected. This absolute amplitude is only used for
event detection, with the original three component data used
for subsequent event analysis.

The minimum window lengths for the short- and long-
term averages are 0.2 and 2 seconds respectively. The longer
window pairs are multiplicative steps of 2 from these lengths
that are capped at maximum lengths of 10 and 100 seconds.
Triggers are then assigned based on when any of these STA/LTA
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Fig. 2. (a) Map of Sørsdal Glacier study site with Davis Station marked (blue star). (b) Position of site (red circle) in Antarctic continent. (c) Seismic array
comprising broadband seismometers (dark triangles) and short-period seismometers (light triangles). Satellite imagery of site on 25 January 2018 from
Landsat 8. (d) Data availability for each of the seismic stations, with vertical lines indicating drop outs.
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ratios exceed a threshold of 4, and detriggers when the ratio
drops back below 3. These trigger threshold values and win-
dow lengths were manually tuned for the dataset to minimise
false detections, and ensure that events were cropped at an
appropriate duration.

To further minimise false detections and only include
events captured across the array, at least two of the three broad-
band stations must have triggered within the time that the
slowest seismic wave was expected to travel across the network,
and selected to be a conservative Rayleigh wave velocity of
1.5 km s–1. This simple association algorithm was suitable
for the small aperture installation as the instruments were suf-
ficiently close together to limit overlapping of events with
different sources and thus incorrect association of triggers.

For each event, a duration, amplitude, and central fre-
quency is computed. The duration is defined as the time be-
tween the trigger-on and trigger-off of the multi-STA/LTA
algorithm. The amplitude is the maximum absolute three-
component amplitude recorded across broadband stations for
the event. The central frequency is the mean value of the
power spectrum for the vertical component at the station with
the maximum amplitude. These three attributes give a brief
summary of the waveform properties of an event.

3.2 Spectral and Temporal Analysis
To aid in the interpretation of the event catalogue and identify
continuous tremor sources, median spectrograms are com-
puted to further characterise the seismicity (Bartholomaus and
others, 2015). Power spectral densities (PSDs) are computed
at each station for 5 second sliding windows with 50% overlap
and a Blackman taper. The median of these 5 second PSD
samples is then taken at each frequency within hourly bins to
yield a single PSD for each hour of the deployment at each
station. To assess any continuous glaciohydraulic tremor, we
integrate the median spectrogram over the 3-15 Hz frequency
band with this or a similar band often used as a proxy for
subglacial water discharge (Bartholomaus and others, 2015;
Gimbert and others, 2016; Lindner and others, 2020).

We consider two candidate environmental drivers for seis-
mic activity: surface air temperature, which can alter the sur-
face seismicity through meltwater availability and thermal
stresses; and tidal height, which can influence the internal
stresses through the rise and fall of the ice shelf. To eluci-
date the effects of these cyclic drivers on seismic recordings,
periodic wrapping methods are used.

To identify diurnal patterns, a median spectrogram is pro-
duced by binning over time-of-day. The 5 second PSDs
used to construct the full spectrogram (Fig. 3) are assigned to
10 minute bins based on time since 00:00:00 UTC, with the
median again taken within each bin (Fig. 4). This is similar
to the method of McNamara and Buland (2004), but taking
the median at each frequency rather than the mode. A tidal
spectra is constructed using a similar method. The tidal phase is
estimated for each of the 5 second PSDs by assigning±180◦ to
low tide and 0◦ to high tide, and linearly interpolating between
these phases. The PSDs are then binned according to tidal

phase into 2.5◦ bins, and the median taken at each frequency
(Fig. 4). Each event in the catalogue is also assigned a time-
of-day and tidal phase using the same method, and the event
counts binned into diurnal and tidal cycles to identify trends
in impulsive event rates with respect to the environmental
drivers.

3.3 Backazimuth Estimation
Along with event timing, source locations can be used to aid in
assignment of potential mechanisms. Constraining epicentral
distance is a challenging task for seismic installations such as
this, where most events occur outside of the network. We can,
however, provide some estimates of event backazimuth relative
to the network centre as an indication of event location. Two
methods are applied: matched field processing (MFP), and a
form of polarisation analysis; the second of which is novel for
multiple strations in the glacier setting.

3.3.1 Matched Field Processing
Most events at this site lack clear body wave arrivals, so travel
time inversion is not attempted. We elected to use array pro-
cessing, which is a popular choice when working with signals
without clear phase arrivals, and when source locations are
outside of the installation. Beamforming is one such processing
method that has been successfully used in cryoseismic studies
(e.g. Winberry and others, 2009; Lindner and others, 2019;
Cooley and others, 2019). However, the aperture of the ar-
ray used here is sufficiently large that many events violate
the underlying planar wavefront assumption. We therefore
use MFP, which propagates curved wavefronts, and therefore
produces more accurate results for sources within or near the
array, whilst the method converges to the planar beamform-
ing case in the far-field. MFP is a task of maximising seismic
signal coherence across the stations over candidate source loca-
tions. The method was originally developed for locating noise
sources in ocean acoustics (Bucker, 1976), but now also widely
used in array seismology (Gal and others, 2018), and increas-
ingly in cryoseismology (Lindner and others, 2020; Nanni and
others, 2022; Köhler and others, 2022).

A six second window commencing two seconds before the
trigger time is taken for analysis of each event, with this win-
dow length representative of a typical event duration. For this
window, the frequency spectrum X(f ) is found for the vertical
component of each of the short-period stations (light trian-
gles in Fig. 2), which are exclusively used in this step due to
their greater number compared to the broadband instruments.
This spectrum is then trimmed to the 3-10 Hz frequency band
where a majority of the Rayleigh wave energy is concentrated,
and the instrument response removed. While there are events
in the catalogue with energy at higher frequencies, we choose
a low frequency band for MFP as the inclusion of shorter wave-
lengths would require a grid spacing for resolving constructive
and destructive interference that is too computationally in-
tensive. Furthermore, higher frequencies lack the necessary
coherence across the array due to attenuation, and most events
detected still contain some energy within the 3-10 Hz band,
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even if it is not the spectral peak.
For a given frequency bin of the spectra, the cross-spectral

density matrix K(f ) is defined by

K(f ) = X(f )†X(f ), (1)

where X(f )† represents the conjugate transpose of the spec-
trum. For N stations, (1) is an N ×N matrix for each discrete
frequency, and only needs to be computed once for each event.
For a homogeneous, non-dispersive medium, the steering vec-
tor, d(f ), is given by

d(f ) = exp (–2πif rs) , (2)

where r is an N element column vector that is the horizontal
distance from the source to each of the stations, and s is the
horizontal slowness. The steering vector encapsulates the ge-
ometry of the array by applying the phase shift associated with
the travel time between a proposed source location and each
of the stations. The coherence at frequency f across the array
for a particular grid-point can be measured using the Bartlett
processor:

B(f ) =
∣∣∣d(f )†K(f )d(f )

∣∣∣ . (3)

This is averaged across the 3-10 Hz frequency band to give a
coherence value for the proposed source location and slowness
value.

For each event, a grid search is performed over backaz-
imuth, epicentral distance, and horizontal slowness. The back-
azimuth grid consists of 50 linearly spaced points through all
angular directions. The radial grid is 50 log-2 spaced points
from 2–5 km (∼ 0.03 km) to 24 km (16 km), giving a similar
spatial grid geometry to Almendros and others (1999). As we
are targeting surface Rayleigh waves, the horizontal slowness
is the reciprocal of the wave velocity. To capture this range of
Rayleigh wave velocities in glacial ice, a linearly spaced grid of
50 points between 1.4 km s–1and 2.3 km s–1is used. We then
use the Nelder-Mead simplex algorithm for further refinement
with initialisation at the optimal grid search solution, however
in most cases the refinement only slightly changes the estimate.

3.3.2 Polarisation Analysis
To supplement the MFP result, we also use polarisation anal-
ysis to give an additional backazimuth estimate. Polarisation
methods are frequently used when there is a limited num-
ber of sensors as a single three-component record is sufficient
to estimate event backazimuth if a seismic phase can be iso-
lated. Many such methods use an eigenvector decomposition
to derive planes of motion from the three-component record-
ings (Jurkevics, 1988). However, at this site, the signals are
dominated by Rayleigh waves, particularly in the 3-10 Hz
frequency band analysed for MFP. At the surface, Rayleigh
waves produce retrograde elliptical particle motion in the ver-
tical source-receiver plane. As a result, the radial component
of motion is correlated with the vertical component with a
π/2 phase shift applied, termed the Hilbert transform. Baker
and Stevens (2004) harnessed this to show that backazimuth

relative to a single station can be estimated by rotating the
horizontal components through a range of backazimuth val-
ues to maximally correlate the radial motion with the phase
shifted vertical motion. That is, we seek the backazimuth that
maximises

ρj =

∑T
i=1

(
v(j)
R (ti)

)(
H[v(j)

Z ](ti)
)

√(∑T
i=1 v

(j)
R (ti)2

)(∑T
i=1H[v(j)

Z ](ti)2
) , (4)

where v(j)
R and v(j)

Z are the radial and vertical velocity compo-
nents respectively at the j-th seismometer, H represents the
Hilbert operator, and ti for i = 1, 2, ...,T are the time samples
within the window.

To make use of all three broadband stations (see dark tri-
angles in Fig. 2) in a combined estimate, we aim to find a
source location that simultaneously maximises the correlation
across all stations. This requires a search over a 2D spatial
grid, with a prospective source location yielding a different
backazimuth for each station. For consistency in the ensuing
comparison, we use the radial grid defined for MFP and the
3-10 Hz frequency band for a six second window commencing
two seconds before the trigger time.

One method for computing the combined correlation
would be to sum the correlation contribution (4) from each of
the broadband stations. However, these individual correlations
are normalised to lie in the range -1 to 1, regardless of the en-
ergy of the signal. To prioritise the stations recording higher
energy signals, we instead consider the combined correlation

ρ =

∑N
j=1
∑T

i=1

(
v(j)
R (ti)

)(
H[v(j)

Z ](ti)
)

√(∑N
j=1
∑T

i=1 v
(j)
R (ti)2

)(∑N
j=1
∑T

i=1H[v(j)
Z ](ti)2

) , (5)

which amounts to concatenating the radial and Hilbert trans-
formed vertical components from each station into single vec-
tors prior to computation of the correlation coefficient. As
with MFP, the maximised grid point is used as an initial point
for local optimisation with the Nelder-Mead algorithm.

3.4 Event Classification
Due to the range of seismogenic mechanisms in a glacier, the
events within the catalogue must be separated into groups of
similar appearance to better identify potential mechanisms.
We first manually analyse small sections of the catalogue to
characterise dominant event types, and then extend this analy-
sis to the full dataset using templates selected from the analysed
segments.

3.4.1 Manual Analysis
Three time windows, each 8 hours long, are manually anal-
ysed to identify some of the commonly recurring seismic event
types operating at this site. To cover different periods in the
season and times of day, these windows were selected to be
January 8 (00:00-08:00 UTC), January 12 (16:00-00:00 UTC),
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and January 20 (08:00-16:00 UTC). Data quality for the broad-
band instruments was seen to degrade throughout February
with increasing noise levels, so manual analysis was not at-
tempted for a later time window. We therefore do not expect
the selected templates from January to be fully applicable later
in the season.

To provide an initial basis for classification, eight groups are
formed by visual inspection and assignment. False detections
are left unassigned, as are events that do not fit well with any
of the group descriptions. As event templates are formed from
these groups, many events are left unclassified to ensure that
all events within these classified groups have an appropriate
level of self-similarity and adequate signal-to-noise ratio to be
effective templates.

Four events from each of the eight groups are then selected
to act as template events (Fig. 6). To make sure these templates
are well representative of the group, cross-correlation hierar-
chical clustering is applied within each group and templates
selected from events that are central to the dominant clusters.

3.4.2 Expansion of Classification
A template matching method is used to form secondary event
catalogues corresponding to each group, which can be used
to extract temporal and spatial trends. The cross-correlation is
computed between the template waveforms and the continuous
data belonging to the same station. That is, we do not compute
correlations between the template at one station with the data
at another. Peaks in cross-correlation correspond to lag times
that align the template with other times of similar ground mo-
tion, and when the cross-correlation exceeds a given threshold
for the template (Table 1), a detection assigned based on this
lag time with a minimum of 10 seconds between detections.
As this detection is associated with the template used, the event
is added to the corresponding secondary catalogue, and thus
the method simultaneously detects and classifies events.

4. Results
4.1 Seismicity of Sørsdal Glacier
The 69,158 events included in the master catalogue (Sec-
tion 3.1) are displayed in Fig. 3, along with the median spectro-
gram (Section 3.2), and potential environmental drivers of air
temperature and tidal height. The event rate is variable across
the duration of the deployment, and has a notably strong cyclic
nature. To determine the nature of this periodicity, wrapped
spectrograms and event rates with respect to time-of-day and
tidal phase (Section 3.2) are displayed in Fig. 4.

Similar to MacAyeal and others (2019), diurnal and tidal
cycles are difficult to disentangle across the short duration
of this study, as the period of each cycle is similar, so not all
combinations of time-of-day and tidal phase were observed or
equally sampled. However, the spectra in Fig. 4 suggest that a
diurnal cycle more strongly influenced the event occurrence
and seismic energy for this time period.

1 5

2 6

3 7

4 8

Fig. 6. Vertical component event templates for each manually assigned
group. All displayed traces are 6 seconds in length.

4.2 Spatial Distribution

The MFP method is applied to all events in the catalogue where
short-period data are available, and the polarisation analysis to
all events with broadband data to produce the backazimuth esti-
mates, along with corresponding epicentral distances, Rayleigh
wave velocities, and correlation coefficients in Fig. 5. Due to
the positioning of most events outside of the array, the epicen-
tral distances, particularly from polarisation, are subject to too
much error for any definitive interpretation.

The Rayleigh wave velocities are consistent with those
expected in ice for this frequency range (Lindner and others,
2019), and the correlation coefficients generally high. The
Rayleigh wave assumptions and selected frequency band there-
fore appear justified for these analyses, and further confirms
that near-surface sources are the major component of seismic-
ity at this site.

Both methods are in general agreement that most events
are located downstream of the deployment, with an additional
lateral peak in the South-East direction. There is no clear
systematic bias, with a roughly symmetrical angular difference
distribution in Fig. 7 and median value of –2.5◦. However, the
interquartile range of 23.4◦ indicates there is still disagreement
on many individual events. This exemplifies the difficulty
in producing accurate, or even consistent estimates of event
location for a deployment of this type. We are therefore mainly
seeking qualitative information from these computations rather
than exact locations. As such, both methods are sufficient, and
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in agreement, on qualitative backazimuth information such as
whether an event originates from upstream, downstream, or
lateral to the ice flow.
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Fig. 7. (a-b) Backazimuth estimates for (a) matched field processing and
(b) polarisation analysis, for events where both estimates are available. (c)
Bivariate distribution of the matched field processing and polarisation back-
azimuth estimates with perfect agreement indicated (red dashed line). (d)
Distribution of the di�erence between backazimuth estimates (MFP minus
polarisation), with perfect agreement indicated (red dashed line).

The event timings and backazimuth estimates can be com-
bined to provide insights on the spatio-temporal distribution of
events. Fig. 8 shows the polarisation backazimuth distribution
split into two hour bins according to time-of-day. It can be
seen that the downstream lobe operates in near-isolation from
00:00:00 - 04:00:00 UTC while it and the lateral peak are of a
similar size for 18:00:00 - 00:00:00 UTC.

4.3 Template Matching
The 32 templates representing the eight event groups selected
from the manual analysis outlined in Section 3.4.1 are shown
in Fig. 6, and provide an indication of the waveform charac-
teristics used to define each group. Note that only the vertical
component from the station with the greatest amplitude is
shown, but the vertical components from all broadband sta-
tions are used for the template matching.

A total of 29,841 events are detected and thus classified
into the eight event groups using the correlation detector. A
summary of these groups and the typical amplitude and fre-
quency are shown in Table 1. The cross-correlation threshold
for each group is also given, with this tuned according to the
expected similarity of waveforms within each group.

The central frequency of the automatically and manually
classified events are similar, as frequency is a key factor in-
fluencing the ‘shape’ of the waveform. However, we see that
the amplitude of the automatically classified events often differ

Table 1. Tabulation of manual and automated classification groups. Group
numbers correspond to template groups visualised in Fig. 6. The median of
the amplitude and frequency for each group is shown. Columns labelled M
and A refer to the manual and automated groups respectively.

Group Threshold Event Amplitude Frequency
Count (µms–1) (Hz)

M A M A M A

1 0.80 183 13061 3.40 3.09 6.64 6.39
2 0.75 129 4650 6.53 3.36 5.30 5.44
3 0.65 41 4238 2.40 3.97 23.23 20.07
4 0.75 81 1281 9.05 5.66 7.55 7.75
5 0.75 66 1298 46.29 4.06 13.01 9.41
6 0.75 69 2362 7.23 3.84 4.62 4.67
7 0.65 116 1080 6.92 5.53 3.55 3.59
8 0.65 75 1871 10.84 4.90 6.46 5.45

Total 760 29841

from the manual groups. There are two factors at play here.
Firstly, the cross-correlation is independent of amplitude, so
manual groups such as Group 5 that are classified largely on am-
plitude are not expected to be matched well with this method.
Secondly, the manual groups are formed using only events
with high signal-to-noise ratios to ensure they could be strong
candidate templates, and consequentially often have a higher
amplitude than the overall population of events.

The multi-STA/LTA catalogue contained more events than
the secondary classified catalogues, owing to the greater diver-
sity of event types allowed with an amplitude-based trigger,
with Fig. 9 overlaying the event distributions of the two cat-
alogues. We also see that fewer events were detected later in
the season with the template matching method. Recall that the
template events were only drawn from earlier in the season
due to lower data quality through February, so the combi-
nation of evolving event types and high noise levels lessens
the effectiveness of the template matching. Aside from this
lowered detection rate later in the deployment, the trends in
seismicity are consistent between the two catalogues, and we
can be confident that the two algorithms are triggering on ap-
proximately the same events. The distribution of events within
each of the template groups is shown in Fig. 10, with absolute
time, time-of-day, and tidal phase distributions shown.

The backazimuth is again estimated for the events in this
classified catalogue, with both the polarisation and MFP meth-
ods applied. The polarisation backazimuth estimates for each
of the groups are visualised in Fig. 11. MFP produced similar
spatial patterns, as was seen in Fig. 5 and Fig. 7. We therefore
include only the polarisation result here due to the broadband
data having greater availability and thus giving results for the
entire classified catalogue.

5. Discussion
There are two main facets for discussion of the results: the
glaciological implications of the seismicity at this site, and
observations of the seismological techniques that extend more
generally for cryoseismic methodology in a polar outlet glacier
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12:00:00 14:00:00 16:00:00 18:00:00 20:00:00 22:00:00

Fig. 8. Backazimuth estimates from polarisation analysis split into two hour bins according to UTC time-of-day. Plots are rotated into the same orientation
as Fig. 5 for easy comparison. Times above each plot indicate the start time of two hour bin.

Jan 01 2018 Jan 15 2018 Feb 01 2018 Feb 15 2018

BBS05
BBS06
BBS09

Fig. 9. Temporal event distribution from the multi-STA/LTA algorithm
(grey histogram) and template matching algorithm (superposed black his-
togram).

setting.

5.1 Glaciological Implications
The results show that there is structure to the temporal and
spatial distribution of events. This suggests that there are some
glaciological controls on the event occurrence, offering a win-
dow into analysing underlying processes. We now analyse the
event catalogues and attributes of the events in a glaciological
context, and aim to draw insights into the behaviour of Sørsdal
Glacier from the seismicity.

5.1.1 Periodicity of Glacier Seismicity
An immediate feature of the event catalogue in Fig. 3 is the
periodic peaks in event occurrence. Two candidate drivers of
glacier seismic processes are surface temperature varying on a
diurnal cycle, and tidal forcing. These catalogues were there-
fore wrapped into these two cycles in Fig. 4 which indicated
that the stronger driver is the diurnal cycle.

High event rates correspond to low temperatures, which
suggests a thermal stress source mechanism; an occurrence
that has been observed on ice shelves (MacAyeal and others,
2019; Olinger and others, 2019), ice sheet interiors (Lombardi
and others, 2019), and in alpine settings (Podolskiy and oth-

ers, 2018). While precise mechanisms differ in each case, the
contraction of the cooling ice induces sufficient stress to ex-
ceed the fracture toughness and allow crevassing. Other work
(e.g. Köhler and others, 2019) has also found diurnal cycles
in seismicity, but in phase with meltwater availability with
hydrofracture as the dominant mechanism in these cases. We
do not believe this is the case here due to the close alignment
between low temperature and high event rates.

Thermal crevassing as the dominant mechanism may also
offer an explanation for the varying strength of the periodicity
seen in Fig. 3. On ice shelves, MacAyeal and others (2019)
found that thermally-induced crevassing occurs when a frozen
ice lid forms over a partially melted ‘slush’ layer, and the ther-
mal bending moment in the lid with cooling temperatures
produces a characteristic Rayleigh wave upon fracture (Evans
and Untersteiner, 1971; Bažant, 1992). Importantly, MacAyeal
and others (2019) noted that this would not occur when tem-
peratures were too low and the shelf is frozen through, or
when too high and the ice lid does not form. This is consistent
with the air temperature at Davis Station, where the seismicity
cycle strengthens when the temperatures begin to drop on
approximately January 13. This observation should however
be tempered by noting that the events in this study are of lower
frequency and thus deeper or slower crevassing than seen in
MacAyeal and others (2019), so may not be a perfect analogue.
We do however propose that thermal regime shifts across the
season and thus alterations in the surface layer could explain
the varying strength of the periodicity by priming the surface
for crevassing.

Within the periodicity, Fig. 8 indicated that there was also
a spatial pattern in this cycle. The downstream event cluster
was clearly the dominant event direction from 00:00 - 04:00
UTC (recalling a local time of UTC+07:00 and solar time
of UTC+05:12). With the expected grounding line location
being downstream of the array, this cluster could be located on
the floating ice shelf, just upstream of the grounding line, or
some combination of both. Indeed, variability in waveforms
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Fig. 10. (Le� column) stacked histogram of events by group according to absolute time. (Middle column) stacked histogram of events by group according to
time-of-day. (Right column) stacked histogram of events by group according to tidal phase. Colours match with templates in Fig. 6.
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Fig. 11. Backazimuth distribution from polarisation analysis for each group.
Shade of segments correspond to the template used to match the event ac-
cording to Fig. 6.

could be due to different fracturing mechanisms on the ice
shelf and grounded ice. The lateral peak operated a few hours
before this, with significant event density for 18:00 - 00:00
UTC. If taking the thermal driver hypothesis, this indicates
that the crevassing zone lateral to flow from the seismometers
dropped below the critical temperature for fracture prior to
the downstream region.

Diurnal and tidal cycles are difficult to separate in a record-
ing period as short as this due to the similar period. Olinger
and others (2019) have shown that a combination of tempera-
ture and tidal effects can constructively affect event rate, but
not all combinations of time-of-day and tidal phase were ob-
served here to give any robust result on this. Indeed, it can be
seen that there is a slight peak in seismicity for the falling tide
in Fig. 4 (consistent with Cooley and others, 2019; Latto and
others, 2024b), but this could be the diurnal results appearing
in the tidal cycle through an oversampling of this time-tide
combination.

5.1.2 Temporal Distributions of Glacier Processes
To further dissect the temporal distributions, we can exam-
ine the occurrence of the individual event groups from the
template matching analysis. When considering the diurnal
and tidal wrappings of individual event groups, environmental
drivers for particular source mechanisms may become apparent
that are not visible in the overall catalogue.

Fig. 10 shows the distribution of events within each of the
eight groups according to the temporal parameters. As seen
before in Fig. 9, there is a drop in classified events through
February, with those that are classified mostly belonging to
the higher frequency Groups 3, 4, and 5. However, whether
these are the same source mechanism as earlier in the season is
uncertain due to this change in seismicity.
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None of the groups have a binary ‘on’ or ‘off’ state, with
each group containing events at all times of day. We see
in Fig. 10 that the diurnal cycle is only strongly present in
Groups 1, 3, 4, and 5, while the other groups display a weaker,
or absent periodicity. These Group 1, 3, 4, and 5 events all
contain impulsive waveforms dominated by Rayleigh waves.
We should note that the events assigned to Group 5 are of dif-
ferent character to the selected templates due to the amplitude
difference, but the members of this group will still consist of
impulsive waveforms of a similar shape. We associate these
event groups with different mechanisms of surface crevassing
that are encouraged by thermal stresses. The waveform dif-
ferences between groups are therefore most likely associated
with depth and mode of fracture, proximity and orientation
relative to the array, and intervening path effects between the
source and receiver.

Group 1 events have a simple waveform shape that is char-
acteristic of crevasse opening (Walter and others, 2009; Roux
and others, 2010). It notably lacks higher frequency content,
which may be due to attenuation and the shorter wavelengths
being lost when passing through crevasse fields, or a longer
duration source-time function (i.e. slower opening) than seen
in alpine settings (e.g. Roux and others, 2010).

Conversely, Group 3 events are high frequency but still
of low amplitude (Table 1) so must originate from near the
array to retain the high frequencies, and represent small surface
fractures that cannot be detected at larger epicentral distances.
These Group 3 events have a strong diurnal cycle, and may be
similar in mechanism to the thermal fractures hypothesised in
MacAyeal and others (2019).

While still containing a slight diurnal modulation, Groups
2, 6, 7, and 8 are notable for a relatively constant event rate
relative to time-of-day and tidal phase. The extended lower
frequency Group 7 signals do not contain obvious Rayleigh
wave dispersion, and mostly lack high frequency energy. As
such, they could be produced by a source of intermediate depth
to excite the lower frequency Rayleigh waves, and have a wave-
form appearance with some similar features to hypothesised
‘firnquakes’ in Köhler and others (2019), which were inter-
preted to be a small-scale version of the mechanism described
in Lough and others (2015). Details of the precise firnquake
mechanisms are uncertain, but could relate to settling (Johnson
and others, 2004; Heierli, 2005) and internal fracturing (Lough
and others, 2015) processes. The higher frequency content
(>1 Hz) makes englacial fracturing a more plausible mecha-
nism than more gradual settling. These events occur mainly
early in the season, with a rapid decline through January, with
very few detected in February. This could represent a thermal
component to this seismicity, but occurring at a depth where
diurnal fluctuations are less important than the overall tem-
perature trend due to the insulation of the overlying material.
We should also note that Schaap and others (2020) identified a
near-surface hydrological system and firn aquifer at this site, so
the movement of water in the shallow subsurface could induce
such subsurface settling or fracturing events.

A similar pattern is seen with the Group 6 events, with less
apparent diurnal or tidal modulation. These also mainly occur

earlier in the season when temperatures are warmer, so could
be related to shallow subsurface temperature as hypothesised
for Group 7, or meltwater availability. This second possibility
is of note due to the emergent harmonic arrivals that were used
for the manual classification of this group. Similar signals have
been associated with water resonance in cracks and fractures
(West and others, 2010; Röösli and others, 2014; Hammer and
others, 2015). Hydrofracture has been observed to produce a
‘hybrid’ event where an initial impulsive signal from the frac-
ture is followed by a monochromatic coda from water filling
the crack. These signals are not accompanied by an impulsive
onset, so are more likely to be this latter mechanism in isola-
tion with water filling and resonating within existing cracks
or cavities. Path effects adding complexity to the seismic wave-
forms (further discussed in Section 5.2.2) cannot be dismissed
either due to Group 6 having a unique directional cluster, so
scattering within a crevasse field in this direction possible for
yielding the observed monochromatic waveforms.

5.1.3 Spatial Clustering of Glacier Processes
Spatial clustering of surface crevassing is a common occur-
rence, with the formation of crevasse fields in regions of high
stress gradient. These are generally associated with locations of
flow acceleration for transverse crevasse opening, deceleration
for closing, and shear margins for rifting fractures (Colgan
and others, 2016). While the stress field associated with glacier
motion may play a role here, particularly for the downstream
cluster, the thermal fracturing hypothesis adds an additional
source of surface stresses.

Fig. 11 shows the estimated backazimuth for the events
in each group derived from the template matching catalogue.
Group 1 events, which are most numerous in the catalogue,
are populous in both the downstream and lateral clusters. This
indicates crevasse fields in each direction, giving the character-
istic backazimuth peaks. Group 2 crevassing is largely in this
downstream direction, with very few events from the lateral
crevassing zone. Due to the hypothesised locality of Group 3
events relative to the array centre with many events within the
array aperture, the directional distribution is less meaningful
in terms of qualitative interpretations (e.g. downstream, rock
margin). Group 4 events occur in the downstream direction,
while also having, along with Group 5, a characteristic lobe
towards the rock glacier margin. This could therefore indicate
a rifting, or shearing, style of crevasse formation as the source
of the waveform difference with Groups 1 and 2.

Group 5 was not well suited for template matching, and the
source localisation of the manually classified events suggested
that these originated from downstream towards the grounding
line and were of very high amplitude. Such amplitudes would
seem unlikely from the stress drop in shallow thermal fractur-
ing, so larger stress releases from tidal flexure in the ice shelf or
glacier motion could be a candidate source. Fractures with a
large slip displacement would be expected to produce a lower
frequency signal, so having high frequency surface waves, and
high amplitude suggests that these signals may be from long,
shallow fractures forming with the complex waveform shape
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due this extended source. The opening and closing of strand
cracks are therefore a potential mechanism for the manually
classified and template events, but not representative of the
matched events in Fig. 11 which are of a lower magnitude.

Group 6 is of particular interest as the events have a back-
azimuth distinct from other groups. As discussed above, this
could either represent a type of path effect with crevassing sig-
nals scattering in crevasse fields, or fluid-filled fractures in this
direction resonating to give a periodic source-time function.

While having two dominant lobes, Group 7 events have
a large cluster in a lateral direction pointed towards a slower
moving snow covered region (see bright regions in satellite
imagery in Fig. 11). This could support a firnquake hypothesis
with settling layers of firn undergoing internal fracturing with
thermal regime shifts. Much of the region is characterised by
blue ice, so these signals could alternatively represent other
internal fracturing processes in the absence of firn.

Group 8 mechanisms are difficult to determine from these
results, and spatially cluster similarly to Group 2 in the down-
stream direction. They do however lack the diurnal signature
and are more similar in appearance to Groups 4 and 5, so could
represent a rifting style of crevassing from stress in glacier
motion.

5.2 Seismological Observations
Along with the specific glaciological observations from this
site, we can also draw insights on cryoseismic methods more
generally and how they apply to glacier microseismicity studies
in polar regions.

5.2.1 Event Detection Methods
Both small aperture and single station deployments can pro-
vide a catalogue of glacier microseismicity, with the catalogue
in this study bearing some resemblance to single-station cases
such as Köhler and others (2019). However, having an array
proved useful, despite the similarity to single station catalogues,
as event association between the broadband seismometers min-
imised false detections, and the short-period instruments pro-
vided useful constraints on the event direction.

We found that ocean microseism energy was too inva-
sive on the local seismicity to use the raw data, and applied
a filter prior to event detection and template matching. This
also meant that large distant events operating at lower fre-
quencies were not included in the event catalogue, despite the
broadband seismometers having the capability to detect them.
Indeed, the broadband data were checked for timing errors us-
ing teleseismic earthquakes which showed the capacity of this
instrumentation for long-period events. A separate catalogue
would thus be required for inclusion of large stick-slip events
from distant glaciers, such as those detected by Winberry and
others (2011). As this study is designed to be a catalogue of
microseismicity, this is not a major issue, but local signals with
a long-period source function (e.g. fluid in cracks or cavities
of low resonant frequency) may also be filtered out.

There was a notable lack of basal events in this event cata-
logue. These are characterised by high frequency body wave

arrivals with little to no surface wave energy. When filtering
the event catalogue produced here for these characteristics, no
compelling candidate events for basal icequakes were found.
If any were present at this site, the short-period instruments
may be able to more robustly detect them than the broadband
sensors, and a frequency filter used to separate these events
from the surface sources (West and others, 2010). However,
it would be expected that these events would still contain suf-
ficient energy in the 1-50 Hz frequency band considered for
event detection, so the absence in the catalogue may indicate
the lack of ‘sticky spots’ large enough to produce events of
great enough magnitude for detection across the array.

For the template matching catalogues, due to only the
vertical component being included and the inherent normal-
isation in cross-correlation, the templates were sensitive to
waveform shape, but not to amplitude scaling or polarisation.
Other classification methods that are sensitive to such attributes
are a direction of future work (Latto and others, 2024a). This
alternative type of classification would be important for manu-
ally classified Group 5, where a defining factor was the high
amplitude recordings. However, using such unsupervised clas-
sification methods has the drawback of lacking control on the
‘types’ of groups of interest as was enforced through the man-
ual classification, and being less sensitive to waveform shape as
we have focused upon in this work.

5.2.2 Path E�ects
As discussed when considering candidate source mechanisms
and distinctions between event groups, separating source mech-
anism and path effects from the expressed waveform is a diffi-
cult task in cryoseismology. In general, if different waveforms
are originating from the same direction (e.g. the downstream
lobe of Groups 1 and 4) and are composed largely of surface
waves, the differences are more likely due to source mecha-
nism as much of the same path was traversed. However, if
an event group clusters in a unique direction (e.g. Group
6), such separation of source and path is more tenuous. For
this reason, we are tentative to assign a resonance or periodic
source-time function to these Group 6 waveforms as there are
few other events from this direction to separate source and path
effects and discount scattering as the origin of the waveform
complexity (Hudson and others, 2025).

5.2.3 Event Location Estimation
Assigning event source locations provided insights on the re-
gions where surface crevassing was most plentiful, and also
clues about potential firnquakes and fluid resonance. However,
we saw that there was some uncertainty in these location esti-
mates through the use of both matched field processing and
polarisation methods. Fig. 7 showed that while there was a
general agreement between the methods in the approximate
backazimuth, there is still a large degree of uncertainty. The
events of large disagreement often correspond to those with
high noise levels, multiple sources within the window, or in-
correct trigger timings. Due to MFP being a method based on
the timing of energy arrival, and polarisation being a method
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based on distribution of energy between components at each
station, they respond differently to errors of these types. As
such, this type of instrumentation arrangement for a polar
outlet glacier does not have the capacity for mapping crevasse
fields in the same manner as some alpine deployments have al-
lowed (Roux and others, 2008, 2010). When considering other
sites, the most relevant method will depend both on the array,
and the types of events recorded. The polarisation method can
be applied to a single three-component station, so used in a
wide range of deployments. However, it is structured around
Rayleigh waves being the dominant form of seismicity. While
this is appropriate when locating surface sources, at other sites
with events of different dominant phases, the matched field
processing result would be more widely applicable.

While backazimuth estimates could be provided, the epi-
central distance estimates were subject to large errors and not
analysed in this study due to most of the events occurring out-
side of the array. Polarisation analysis places many events at a
distance outside the grid, seen as a peak in the largest distance
bin (Fig. 5). Rather than being an indication of large epicentral
distances, this appears to be an artefact of the method, where
diverging backazimuth estimates between stations are best op-
timised with a distant source. While large uncertainties apply
to individual events, the statistical distribution of the epicentral
distances from MFP are a better indication of the approximate
range of events observed (0-5 km).

Amplitude decay between instruments has been used as
a more robust method for estimating epicentral distances for
cryoseismic events (Jones and others, 2013), but the variable
ground coupling throughout the season at individual instru-
ments, as well as between the instruments due to alterations
in surface properties makes amplitude-based analysis diffi-
cult. There are also uncertainties for this site in the atten-
uation of seismic energy which is an important factor for these
amplitude-based methods.

5.2.4 Glaciohydraulic Tremor Analysis
The spectrogram in Fig. 3 and Fig. 4 show that the peaks in
event rate were also generally accompanied by a peak in the
median ground velocity in the 3-15 Hz frequency band, par-
ticularly later in the season. We therefore note that using this
median amplitude as a proxy for subglacial discharge is not ap-
plicable in this particular setting, as these frequencies strongly
overlap with the typical band for local impulsive events. Thus,
any glaciohydraulic tremor component is hidden and difficult
to separate from the icequake activity. This is contrary to the
usage of this metric in many other studies (e.g. Bartholomaus
and others, 2015; Vore and others, 2019; Labedz and others,
2022), where icequake activity is low enough, or glaciohy-
draulic tremor great enough, that this signal can be isolated.
Based on the results of this study, we therefore recommend
exercising some caution when using such amplitude metrics,
as they do not always distinguish between increased tremor
amplitude and increased impulsive event rates if such rates are
great enough and producing signals in the same frequency
band.

6. Conclusion
In this work, we have analysed the seismicity of Sørsdal Glacier,
East Antarctica. Using the multi-STA/LTA algorithm, a mas-
ter event catalogue was generated which revealed a diurnal
pattern in the seismicity. This is likely due to increased seismic
activity during low temperatures from thermal stresses in the
surface ice. High volume event catalogues such as this require
automated processes for detecting, locating, and classifying
events. We tested two methods for estimating event back-
azimuth: matched field processing and polarisation analysis.
Matched field processing appears to be a suitable method for
estimating event source direction if events are sufficiently co-
herent across the array and contain significant energy at the
lower frequencies, although still having high uncertainty on
epicentral distances. Making use of the polarisation informa-
tion from the broadband data, we find that nearly all events are
predominantly composed of Rayleigh surface waves and use
this to yield a simple computational method for backazimuth
estimation derived from the retrograde particle motion.

Investigation of the derived source directions showed that
there were spatial clusters in the seismicity, relating to regions
of elevated crevassing where the surface was primed for ther-
mally enhanced fracturing. These spatial clusters developed
at different times of day relating to the surface conditions at
each location. Other forms of surface processes were found to
cluster in different locations, with template matching used to
separate these distinct groups.

Beyond crevassing events, forms of rifting, internal firn
processes, and hydraulic resonance can be hypothesised to play
part in the diversity of seismic waveforms observed. However,
path effects remain a possible explanation for the waveform
complexity.

In an Antarctic context, such observations of the cryoseis-
mic methodology from smaller and more contained glaciers
such as Sørsdal are valuable when transferring the methods
to the more complex wavefields at the major outlet glaciers.
This is particularly pertinent for the EAIS, where the chal-
lenge of detecting transient and hidden glaciological processes,
important indicators of potential ice sheet change, remains and
should be monitored more widely in the near future.
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source code at https://github.com/JMagyar15/cryoquake.

Acknowledgement
This work was supported by Australian Research Council
through DP210100834. Additional support was provided
by the Australian Centre for Excellence in Antarctic Science
(SR200100008) and the Australian Antarctic Program Part-
nership. We thank the Australian Antarctic Program and all
those involved in field data collection. JCM acknowledges a

Page 16 of 17

Cambridge University Press

Journal of Glaciology

https://www.iris.edu
https://github.com/JMagyar15/sorsdal-analysis
https://github.com/JMagyar15/sorsdal-analysis
https://github.com/JMagyar15/cryoquake


For Peer Review

16 Jared C. Magyar et al.

Tasmania Graduate Research Scholarship. IDK acknowledges
Tasmania Graduate Research and Research Training Program
Scholarships.

References
Almendros J, Ibáñez JM, Alguacil G and Del Pezzo E (1999) Array analysis

using circular-wave-front geometry:an application to locate the nearby
seismo-volcanic source. Geophysical Journal International, 136(1), 159–170
(doi: 10.1046/j.1365-246X.1999.00699.x)

Baker GE and Stevens JL (2004) Backazimuth estimation reliability us-
ing surface wave polarization. Geophysical Research Letters, 31(9) (doi:
10.1029/2004GL019510)

Bartholomaus TC, Amundson JM, Walter JI, O’Neel S, West ME and
Larsen CF (2015) Subglacial discharge at tidewater glaciers revealed
by seismic tremor. Geophysical Research Letters, 42(15), 6391–6398 (doi:
10.1002/2015GL064590)

Bažant ZP (1992) Large-scale thermal bending fracture of sea ice plates.
Journal of Geophysical Research: Oceans, 97(C11), 17739–17751 (doi:
10.1029/92JC00816)

Bucker HP (1976) Use of calculated sound fields and matched-field detection
to locate sound sources in shallow water. The Journal of the Acoustical Society
of America, 59(2), 368–373 (doi: 10.1121/1.380872)

Colgan W, Rajaram H, Abdalati W, McCutchan C, Mottram R, Mous-
savi MS and Grigsby S (2016) Glacier crevasses: Observations, models,
and mass balance implications. Reviews of Geophysics, 54(1), 119–161 (doi:
10.1002/2015RG000504)

Cooley J, Winberry P, Koutnik M and Conway H (2019) Tidal and spa-
tial variability of flow speed and seismicity near the grounding zone of
Beardmore Glacier, Antarctica. Annals of Glaciology, 60(79), 37–44 (doi:
10.1017/aog.2019.14)

Deichmann N, Ansorge J, Scherbaum F, Aschwanden A, Bernard F and
Gudmundsson GH (2000) Evidence for deep icequakes in an Alpine glacier.
Annals of Glaciology, 31, 85–90 (doi: 10.3189/172756400781820462)

Eibl EPS, Bean CJ, Einarsson B, Pàlsson F and Vog�örd KS (2020) Seismic
ground vibrations give advanced early-warning of subglacial floods. Nature
Communications, 11(1), 2504 (doi: 10.1038/s41467-020-15744-5)

Ekström G, Nettles M and Abers GA (2003) Glacial Earthquakes. Science,
302(5645), 622–624 (doi: 10.1126/science.1088057)

Evans RJ and Untersteiner N (1971) Thermal cracks in floating ice
sheets. Journal of Geophysical Research (1896-1977), 76(3), 694–703 (doi:
10.1029/JC076i003p00694)

Gal M, Reading AM, Rawlinson N and Schulte-Pelkum V (2018) Matched
Field Processing of Three-Component Seismic Array Data Applied to
Rayleigh and Love Microseisms. Journal of Geophysical Research: Solid Earth,
123(8), 6871–6889 (doi: 10.1029/2018JB015526)

Gimbert F, Tsai VC, Amundson JM, Bartholomaus TC and Walter JI (2016)
Subseasonal changes observed in subglacial channel pressure, size, and
sediment transport. Geophysical Research Letters, 43(8), 3786–3794 (doi:
10.1002/2016GL068337)

Gwyther DE, Spain EA, King P, Guihen D, Williams GD, Evans E, Cook S,
Richter O, Galton-Fenzi BK and Coleman R (2020) Cold Ocean Cavity
and Weak Basal Melting of the Sørsdal Ice Shelf Revealed by Surveys Using
Autonomous Platforms. Journal of Geophysical Research: Oceans, 125(6),
e2019JC015882 (doi: 10.1029/2019JC015882)

Hammer C, Ohrnberger M and Schlindwein V (2015) Pattern of cryospheric
seismic events observed at Ekström Ice Shelf, Antarctica. Geophysical Re-
search Letters, 42(10), 3936–3943 (doi: 10.1002/2015GL064029)

Heierli J (2005) Solitary fracture waves in metastable snow stratifica-
tions. Journal of Geophysical Research: Earth Surface, 110(F2) (doi:
10.1029/2004JF000178)

Hu Y, Li Z, Fu L and Liu X (2024) Environment-Modulated Glacial Seis-
micity Near Dålk Glacier in East Antarctica Revealed by Deep Clustering.
Journal of Geophysical Research: Earth Surface, 129(4), e2023JF007593 (doi:
10.1029/2023JF007593)

Hudson T, Noe S, Walter F, Lipovsky B, Kendall JM and Fichtner A (2025)
Interrogating crevasse icequake source physics at an alpine glacier using
Distributed Acoustic Sensing. Technical Report EGU25-8249, Copernicus
Meetings (doi: 10.5194/egusphere-egu25-8249)

Hudson TS, Smith J, Brisbourne AM and White RS (2019) Automated detec-
tion of basal icequakes and discrimination from surface crevassing. Annals
of Glaciology, 60(79), 167–181 (doi: 10.1017/aog.2019.18)

Hudson TS, Brisbourne AM, White RS, Kendall JM, Arthern R and
Smith AM (2020) Breaking the Ice: Identifying Hydraulically Forced
Crevassing. Geophysical Research Letters, 47(21), e2020GL090597 (doi:
10.1029/2020GL090597)

Jenkins II WF, Gerstoft P, Bianco MJ and Bromirski PD (2021) Unsupervised
Deep Clustering of Seismic Data: Monitoring the Ross Ice Shelf, Antarctica.
Journal of Geophysical Research: Solid Earth, 126(9), e2021JB021716 (doi:
10.1029/2021JB021716)

Johnson BC, Jamieson JB and Stewart RR (2004) Seismic measurement of
fracture speed in a weak snowpack layer. Cold Regions Science and Technology,
40(1), 41–45 (doi: 10.1016/j.coldregions.2004.05.003)

Jones GA, Kulessa B, Doyle SH, Dow CF and Hubbard A (2013) An automated
approach to the location of icequakes using seismic waveform amplitudes.
Annals of Glaciology, 54(64), 1–9 (doi: 10.3189/2013AoG64A074)

Jurkevics A (1988) Polarization analysis of three-component array data.
Bulletin of the Seismological Society of America, 78(5), 1725–1743 (doi:
10.1785/BSSA0780051725)

Köhler A, Maupin V, Nuth C and van Pelt W (2019) Characteriza-
tion of seasonal glacial seismicity from a single-station on-ice record
at Holtedahlfonna, Svalbard. Annals of Glaciology, 60(79), 23–36 (doi:
10.1017/aog.2019.15)

Köhler A, Myklebust EB and Mæland S (2022) Enhancing seismic calving
event identification in Svalbard through empirical matched field processing
and machine learning. Geophysical Journal International, 230(2), 1305–1317
(doi: 10.1093/gji/ggac117)

Labedz CR, Bartholomaus TC, Amundson JM, Gimbert F, Karplus MS, Tsai
VC and Veitch SA (2022) Seismic Mapping of Subglacial Hydrology Reveals
Previously Undetected Pressurization Event. Journal of Geophysical Research:
Earth Surface, 127(3), e2021JF006406 (doi: 10.1029/2021JF006406)

Latto RB, Turner RJ, Reading AM, Cook S, Kulessa B and Winberry JP (2024a)
Towards the systematic reconnaissance of seismic signals from glaciers and
ice sheets – Part 2: Unsupervised learning for source process characteriza-
tion. The Cryosphere, 18(4), 2081–2101 (doi: 10.5194/tc-18-2081-2024)

Latto RB, Turner RJ, Reading AM and Winberry JP (2024b) Towards the
systematic reconnaissance of seismic signals from glaciers and ice sheets –
Part 1: Event detection for cryoseismology. The Cryosphere, 18(4), 2061–
2079 (doi: 10.5194/tc-18-2061-2024)

Lindner F, Laske G, Walter F and Doran AK (2019) Crevasse-
induced Rayleigh-wave azimuthal anisotropy on Glacier de la Plaine
Morte, Switzerland. Annals of Glaciology, 60(79), 96–111 (doi:
10.1017/aog.2018.25)

Lindner F, Walter F, Laske G and Gimbert F (2020) Glaciohydraulic seis-
mic tremors on an Alpine glacier. The Cryosphere, 14(1), 287–308 (doi:
10.5194/tc-14-287-2020)

Lombardi D, Gorodetskaya I, Barruol G and Camelbeeck T (2019) Thermally
induced icequakes detected on blue ice areas of the East Antarctic ice sheet.
Annals of Glaciology, 60(79), 45–56 (doi: 10.1017/aog.2019.26)

Lough AC, Barcheck CG, Wiens DA, Nyblade A and Anandakrishnan S
(2015) A previously unreported type of seismic source in the firn layer of
the East Antarctic Ice Sheet. Journal of Geophysical Research: Earth Surface,
120(11), 2237–2252 (doi: 10.1002/2015JF003658)

MacAyeal DR, Banwell AF, Okal EA, Lin J, Willis IC, Goodsell B and MacDon-
ald GJ (2019) Diurnal seismicity cycle linked to subsurface melting on an
ice shelf. Annals of Glaciology, 60(79), 137–157 (doi: 10.1017/aog.2018.29)

McNamara DE and Buland RP (2004) Ambient Noise Levels in the Conti-
nental United States. Bulletin of the Seismological Society of America, 94(4),
1517–1527 (doi: 10.1785/012003001)

Minowa M, Podolskiy EA and Sugiyama S (2019) Tide-modulated ice motion
and seismicity of a floating glacier tongue in East Antarctica. Annals of
Glaciology, 60(79), 57–67 (doi: 10.1017/aog.2019.25)

Nanni U, Roux P, Gimbert F and Lecointre A (2022) Dynamic Imaging of
Glacier Structures at High-Resolution Using Source Localization With a
Dense Seismic Array. Geophysical Research Letters, 49(6), e2021GL095996
(doi: 10.1029/2021GL095996)

Page 17 of 17

Cambridge University Press

Journal of Glaciology



For Peer Review

Journal of Glaciology 17

Nanni U, Roux P and Gimbert F (2024) Mapping Glacier Structure in
Inaccessible Areas From Turning Seismic Sources Into a Dense Seis-
mic Array. Geophysical Research Letters, 51(11), e2023GL108058 (doi:
10.1029/2023GL108058)

Neave KG and Savage JC (1970) Icequakes on the Athabasca Glacier.
Journal of Geophysical Research (1896-1977), 75(8), 1351–1362 (doi:
10.1029/JB075i008p01351)

Nettles M and Ekström G (2010) Glacial Earthquakes in Greenland and Antarc-
tica. Annual Review of Earth and Planetary Sciences, 38(Volume 38, 2010),
467–491 (doi: 10.1146/annurev-earth-040809-152414)

Noble TL, Rohling EJ, Aitken ARA, Bostock HC, Chase Z, Gomez N, Jong
LM, King MA, Mackintosh AN, McCormack FS, McKay RM, Menviel
L, Phipps SJ, Weber ME, Fogwill CJ, Gayen B, Golledge NR, Gwyther
DE, Hogg AMcC, Martos YM, Pena-Molino B, Roberts J, van de Flierdt
T and Williams T (2020) The Sensitivity of the Antarctic Ice Sheet to a
Changing Climate: Past, Present, and Future. Reviews of Geophysics, 58(4),
e2019RG000663 (doi: 10.1029/2019RG000663)

Olinger SD, Lipovsky BP, Wiens DA, Aster RC, Bromirski PD, Chen Z,
Gerstoft P, Nyblade AA and Stephen RA (2019) Tidal and Thermal Stresses
Drive Seismicity Along a Major Ross Ice Shelf Rift. Geophysical Research
Letters, 46(12), 6644–6652 (doi: 10.1029/2019GL082842)

Podolskiy EA and Walter F (2016) Cryoseismology. Reviews of Geophysics,
54(4), 708–758 (doi: 10.1002/2016RG000526)

Podolskiy EA, Fujita K, Sunako S, Tsushima A and Kayastha RB (2018)
Nocturnal Thermal Fracturing of a Himalayan Debris-Covered Glacier
Revealed by Ambient Seismic Noise. Geophysical Research Letters, 45(18),
9699–9709 (doi: 10.1029/2018GL079653)

Roeoesli C, Walter F, Ampuero JP and Kissling E (2016) Seismic moulin
tremor. Journal of Geophysical Research: Solid Earth, 121(8), 5838–5858 (doi:
10.1002/2015JB012786)

Röösli C, Walter F, Husen S, Andrews LC, Lüthi MP, Catania GA and Kissling
E (2014) Sustained seismic tremors and icequakes detected in the ablation
zone of the Greenland ice sheet. Journal of Glaciology, 60(221), 563–575
(doi: 10.3189/2014JoG13J210)

Roux PF, Marsan D, Métaxian JP, O’Brien G and Moreau L (2008) Mi-
croseismic activity within a serac zone in an alpine glacier (Glacier
d’Argentière, Mont Blanc, France). Journal of Glaciology, 54(184), 157–
168 (doi: 10.3189/002214308784409053)

Roux PF, Walter F, Riesen P, Sugiyama S and Funk M (2010) Observation
of surface seismic activity changes of an Alpine glacier during a glacier-
dammed lake outburst. Journal of Geophysical Research: Earth Surface, 115(F3)
(doi: 10.1029/2009JF001535)

Schaap T, Roach MJ, Peters LE, Cook S, Kulessa B and Schoof C (2020)
Englacial drainage structures in an East Antarctic outlet glacier. Journal of
Glaciology, 66(255), 166–174 (doi: 10.1017/jog.2019.92)

St Lawrence W and Qamar A (1979) Hydraulic Transients: A Seismic
Source in Volcanoes and Glaciers. Science, 203(4381), 654–656 (doi:
10.1126/science.203.4381.654)

Sutterley T, Alley K, Bishop-Taylor R, Brunt K, Howard S, Padman L and
Siegfried M (2024) pyTMD: Python-based tidal prediction software (doi:
10.5281/zenodo.14053053)

Tsai VC and Ekström G (2007) Analysis of glacial earthquakes. Journal of
Geophysical Research: Earth Surface, 112(F3) (doi: 10.1029/2006JF000596)

Tsai VC, Minchew B, Lamb MP and Ampuero JP (2012) A physical model
for seismic noise generation from sediment transport in rivers. Geophysical
Research Letters, 39(2) (doi: 10.1029/2011GL050255)

Turner RJ, Latto RB and Reading AM (2021) An ObsPy Library for
Event Detection and Seismic Attribute Calculation: Preparing Wave-
forms for Automated Analysis. Journal of Open Research Software, 9(1) (doi:
10.5334/jors.365)

van der Veen CJ (2007) Fracture propagation as means of rapidly transferring
surface meltwater to the base of glaciers. Geophysical Research Letters, 34(1)
(doi: 10.1029/2006GL028385)

Vore ME, Bartholomaus TC, Winberry JP, Walter JI and Amundson JM (2019)
Seismic Tremor Reveals Spatial Organization and Temporal Changes of
Subglacial Water System. Journal of Geophysical Research: Earth Surface,
124(2), 427–446 (doi: 10.1029/2018JF004819)

Walter F, Clinton JF, Deichmann N, Dreger DS, Minson SE and Funk
M (2009) Moment Tensor Inversions of Icequakes on Gornergletscher,
Switzerland. Bulletin of the Seismological Society of America, 99(2A), 852–870
(doi: 10.1785/0120080110)

West ME, Larsen CF, Truffer M, O’Neel S and LeBlanc L (2010) Glacier
microseismicity. Geology, 38(4), 319–322 (doi: 10.1130/G30606.1)

Winberry JP, Anandakrishnan S and Alley RB (2009) Seismic observations of
transient subglacial water-flow beneath MacAyeal Ice Stream, West Antarc-
tica. Geophysical Research Letters, 36(11) (doi: 10.1029/2009GL037730)

Winberry JP, Anandakrishnan S, Wiens DA, Alley RB and Christian-
son K (2011) Dynamics of stick–slip motion, Whillans Ice Stream,
Antarctica. Earth and Planetary Science Letters, 305(3), 283–289 (doi:
10.1016/j.epsl.2011.02.052)

Zoet LK, Anandakrishnan S, Alley RB, Nyblade AA and Wiens DA (2012)
Motion of an Antarctic glacier by repeated tidally modulated earthquakes.
Nature Geoscience, 5(9), 623–626 (doi: 10.1038/ngeo1555)

Page 18 of 17

Cambridge University Press

Journal of Glaciology


