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Abstract Future missions carrying seismometer payloads to icy ocean worlds will measure global and local
seismicity to determine where the ice shell is seismically active. We use two locations, a seismically active

site on Gulkana Glacier, Alaska, and a more seismically quiet site on the northwestern Greenland Ice Sheet as
geophysical analogs. We compare the performance of a single-station seismometer against a small-aperture
seismic array to detect both high (>1 Hz) and low (<0.1 Hz) frequency events at each site. We created catalogs
of high frequency (HF) and low frequency (LF) seismicity at each location using an automated short-term
average/long-term average technique. We find that with a 1-m small-aperture seismic array, our detection rate
increased (9% for Alaska and 46% for Greenland) over the single-station approach. At Gulkana, we recorded
an order of magnitude greater HF events than the Greenland site. We ascribe the HF events sources to a
combination of icequakes, rockfalls, and ice-water interactions, while very HF events are determined to result
from bamboo poles that were used to secure gear. We further find that local environmental noise reduces the
ability to detect LF global tectonic events. Based upon this study, we recommend that (a) future missions
consider the value of the expanded capability of a small array compared to a single station, (b) design detection
algorithms that can accommodate variable environmental noise, and (c) assess the potential landings sites for
sources of local environmental noise that may limit detection of global events.

Plain Language Summary To better prepare for future planetary missions, we deployed
seismometers on glaciers and ice sheets, environments on Earth that mimic those of icy ocean worlds. We
compare the ability of a single seismometer versus several seismometers in detecting different types of earth
and ice quakes and to compare widely different sites with respect to local environmental noise such as ice
cracking, melt water from the glacier, and rock falls off nearby mountains. We find that multiple instruments
separated by only 1 m can better detect large tectonic events than only one instrument. Further, if the site
has low level of environment noise, we detect more large tectonic events. Small local events, however, can
help characterize the local environment. We also detected events from equipment left at our field site. Future
missions would benefit from sending multiple seismometers instead of just one. If a mission wants to study
the whole planet or moon, then the landing site should be situated away from any active surface features and
a single seismometer should be sufficient. If the goal is to study a specific active feature or region, then the
landing site needs to be close to that feature.

1. Introduction

Icy ocean worlds are bodies in the outer solar with thick ice shells overlying liquid subsurface oceans. Notable icy
ocean worlds include Europa, Callisto, and Ganymede in the Jovian system, Enceladus and Titan in the Saturnian
system, and the Pluto-Charon system. Icy ocean worlds come in a wide range of sizes, from Enceladus which is
only ~250 km in radius (Iess et al., 2010; Nimmo & Pappalardo, 2016), up to Titan, one of the largest moons in
the solar system with a radius of ~2,900 km and methane rich atmosphere (Smith, 1980; West et al., 1983). The
internal structures of the icy ocean worlds show a high degree of variability. Callisto and Ganymede have very
thick ice crusts (>100 km; Schubert et al., 2004), while Europa or Enceladus may have ice shells that are only
several to tens of kilometers thick (Billings & Kattenhorn, 2005; Iess et al., 2014; Nimmo et al., 2003; Schubert
et al., 2007, 2009). Observations from spacecraft missions have provided ample evidence for subsurface oceans
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existing today. The Cassini spacecraft observation of active plumes implies a regional-scale sea or ocean exists
at the South Pole of Enceladus. The crisscrossing faults at the surface of Europa observed by the Galileo mission
have also been used to argue for the presence of liquid water beneath the surface (M. H. Carr et al., 1998). One of
the strongest pieces of evidence for subsurface oceans comes from magnetometer measurements of the expected
induced field that would come from a liquid water ocean. These induced magnetic fields were measured by
the Galileo magnetometer instrument and validate that liquid water is present beneath the icy crust (Khurana
et al., 1998). Galileo made similar observations for Jupiter's moon Callisto (C. Zimmer et al., 2000). Additional
geologic evidence such as crater morphologies, gravity data, topographic estimations, and cryovolcanic features
also provide supporting evidence for global oceans on Europa (Pappalardo et al., 1999).

A lack of craters at the surfaces of Europa, Enceladus, and Titan suggests their ice shells are geologically young
(<60 Mya) and experience resurfacing (Bierhaus et al., 2009; Zahnle et al., 2003). For example, the Galileo
mission imaged extensive faults on Europa's surface, uncut by craters (Greeley et al., 2000). There is evidence
that the surfaces are active in the modern era, as during Cassini flybys, plumes were seen erupting from Encela-
dus's southern pole (Porco et al., 2006), and telescopic observations have suggested there may be active plumes
on Europa (Roth et al., 2014). Both the faults and plumes were linked to tidal interactions between the moons
and their host planets (Greeley et al., 2004; Greenberg et al., 2003; Rhoden et al., 2015; Sotin et al., 2009; Wahr
et al., 2009). Tidal interactions in the form of diurnal cycles (Hoppa et al., 1999; Hurford et al., 2009) and
non-synchronous rotation (Rhoden et al., 2012; Wahr et al., 2009) create stresses and tidal heating in the ice
shells (Meyer & Wisdom, 2007; M. H. Carr et al., 1998; Roberts & Nimmo, 2008; Sotin et al., 2002, 2009;
Tyler, 2008). These stresses manifest as strike-slip faulting (Prockter et al., 2000; Tufts et al., 1999) and normal
faulting (Nimmo & Schenk, 2006) observed on the surface. Some studies postulate that subsumption and convec-
tion may be possible within the ice shells (Bland & McKinnon, 2017; Kattenhorn & Prockter, 2014; Showman &
Han, 2005), others dispute this idea (Johnson et al., 2017). Subsumption is similar to subduction, and would allow
cold brittle ice to gravitationally sink into the warmer convecting regime of the ice shell. In addition to fracturing
the surface of icy ocean worlds, tidal forces and heating can also support subsurface liquid water oceans (Matsuy-
ama et al., 2018). For these reasons, seismology will be an important component of geophysical investigations of
icy ocean worlds (Marusiak, Vance, et al., 2021; Pappalardo et al., 2013). A seismometer, even one coupled to
a lander, is the ideal instrument, in order to provide further information about the ice structure and dynamics on
these icy satellites. Here, we show results from an Earth analog study designed to help with decision making with
respect to instrumentation, site selection, and on-board analysis for a future mission.

2. Motivation for Seismic Study of Icy Ocean Worlds

Icy ocean worlds have been listed as a top priority in multiple the NASA Decadal Surveys (National Research
Council, 2003; The National Academy of the Sciences, 2011), the Outer Planet Assessment Group Roadmap
(Hendrix et al., 2018), and the icy ocean world community (Marusiak, Vance, et al., 2021; Vance, Behounkova,
etal., 2021; Vance, DellaGiustina, et al., 2021). A primary reason for this priority is their potential of habitability.
Beneath their thick ice shells, lie subsurface oceans that could harbor environments suitable for biologic activity
(Hand et al., 2009; Parkinson et al., 2008; Raulin, 2008; Reynolds et al., 1983). Tidal heating could help support
long-lived oceans. The composition of observed plumes (Bouquet et al., 2015; Parkinson et al., 2008; Waite
et al., 2017) and possible subsurface material on Europa's surface (McCord et al., 1999; Sohl et al., 2002, 2010)
further suggested habitable conditions exist in the subsurface oceans. Cassini observed molecular hydrogen in the
plumes from the South Pole of Enceladus which may indicate hydrothermal activity at the ocean-rock interface.
On Earth, diverse lifeforms thrive at hydrothermal vents. Titan's observed atmospheric and surface composition
from the Huygens's probe also suggested life could inhabit the subsurface (Raulin, 2008).

A fundamental reason icy ocean worlds are of interest is that they may be amongst the most seismically active
bodies in the solar system (Hurford et al., 2020; Vance, Kedar, et al., 2018). A future mission to an icy ocean
world can investigate the seismicity of that body to better understand the response to tidal stresses and internally
generated stresses. For example, events deep within the ice shell may indicate that subsumption is occurring
(Bland & McKinnon, 2017; Katterhorn & Hurford, 2009; Kattenhorn & Prockter, 2014). Seismicity will indicate
if and where brittle faulting is actively occurring, and whether it agrees with current models of stress in ice shells
(Hurford et al., 2020; Nimmo & Gaidos, 2002; Rhoden et al., 2012). Observed faults on Europa are modeled to
be capable of producing events with magnitudes above M, 5.5 (Nimmo & Schenk, 2006; Panning et al., 2006;

MARUSIAK ET AL.

2 0f 29



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2021EA002065

Vance, Kedar, et al., 2018). A large teleseismic event will create multiple surface wave orbits that can be used to
determine the distance to the event, even if the seismic velocity structure of the planet is not yet fully constrained
(Bose et al., 2017; Khan et al., 2016; Panning et al., 2015). The observation of body waves phases will help to
constrain internal layering such as ice-ocean, ocean-mantle, and other internal boundaries. Focal mechanisms and
source parameters of the large events will reveal seismically active regions and the underlying stresses present on
faults (Fan & Wallace, 1991; Jiménez et al., 1989; Kim et al., 2000). The waveforms from seismic events can be
used to determine the thickness of the ice shell, detect pockets of liquid water within the ice shell, and determine
the depth of the subsurface ocean (Lee et al., 2003).

In addition to rarer, large events, icy ocean worlds are predicted to experience numerous smaller magnitude
seismic events. Ice cracking and other tectonic perturbations (here referred to as icequakes) are likely to occur
throughout the tidal cycle (Hurford et al., 2020). These types of events will provide information on the local
crustal structure, including any subsurface liquid deposits, and the presence of porosity and water table depth.
Another possibility is the detection of seismicity originating from cryovolcanic activity and liquid transport
through the ice shell (Lopes et al., 2013; Porco et al., 2006; Quick et al., 2013). As liquid moves within the ice
shell and erupts onto the surface, we would expect to see seismic signals similar to those of terrestrial volcanism
and magmatism (Chouet, 1996; Kieffer, 1984; McNutt & Roman, 2015). Additional seismic signals from ice-wa-
ter interactions could produce seismic signals similar to those observed in cryosphere settings (Podolskiy &
Walter, 2016; Roeoesli et al., 2016). The chaos terrains on Europa are suggested to have formed from subsurface
liquid water approaching the surface (Greenberg et al., 1999; O’Brien et al., 2002; Schmidt et al., 2011). These
reservoirs of liquid water produce geophysical contrasts that are similar to those found at subglacial lakes found
in Antarctica and Greenland (Bowling et al., 2019; Isanina et al., 2009; Palmer et al., 2013; Peters et al., 2008).
Like terrestrial investigations, seismic deployments on icy ocean worlds could reveal the presence and size and
state of the subsurface liquid water pockets. Seismic signals originating near the liquid water may also indicate if
and how the water remains stable and is exchanged within the ice shells.

The terrestrial cryosphere and hydrosphere are host to a wide variety of seismicity that can serve as an environ-
mental analog for studying icy ocean world seismicity. Glaciers and ice-sheets have signature cryoseismic signals
from basal motion, icequakes, and calving events (Podolskiy & Walter, 2016). Seismometers have been deployed
to Arctic and Antarctic regions to monitor ice sheets, ice loss from climate change, and water-ice interactions
(Amundson et al., 2012; Clinton et al., 2014; MacAyeal et al., 2019; Mordret et al., 2016; Winberry et al., 2009).
In addition to unique seismic sources, the cryosphere produces unique types of seismic waves. Crary and flexural
waves were identified where ice overlies liquid water and have been investigated to determine ice sheet thickness
(Crary, 1955; Ewing et al., 1934; MacAyeal et al., 2015). Seismometers on icy ocean worlds could be able to
monitor conditions of the ice shell and detect ice-water interactions within the ice shells. On Earth, the oceans are
responsible for microseismic noise that can be detected anywhere on Earth (Ardhuin et al., 2001). Correspond-
ingly, seismometers could monitor hydrocarbon lakes on Titan (Stihler et al., 2019). Missions to icy ocean worlds
would like-wise benefit from seismic deployments and bring new insights to the seismicity of these worlds.

At present, there are concept missions, the Europa Lander (Hand et al., 2017) and an Enceladus Orbilander
(Mackenzie et al., 2021), as well as the selected New Frontiers mission to Titan, Dragonfly (Barnes et al., 2021;
Lorenz et al., 2019), that would carry seismic payloads. The mission science goals include constraining internal
structure and investigating seismicity. There are many associated challenges in predicting the seismicity that these
missions will observe. Titan has a thick atmosphere and lakes which could contribute to environmental noise and
potentially activate spacecraft resonances (Stéhler et al., 2017; Vance, Panning, et al., 2018). Europa has a high
level of radiation at its surface (Paranicas et al., 2007), thus the expected lifetime of a lander mission is limited
to a few weeks of seismic recording (Hand et al., 2017). Due to the short time frame of a Europa mission, data
would likely be sent using a low sampling rate, and if a detection is made, higher sampling rates could be later
sent back to Earth. It has been proposed that the mission have only a single-station seismometer or be confined
within a small-aperture array (<2 m diameter). This means there will be a location bias associated with detected
events. For example, the Apollo experiments were only able to detect deep moonquakes on the near-side of the
Moon (Goulty, 1979; Nakamura, 2005; Nunn et al., 2020). It is still uncertain whether a lack of far-side detec-
tions was due to the absence of events, or if the properties of the lunar interior inhibited their detection. Likewise
for InSight, a blind test was able to show that the detection of an event is related to the size of the event and the
distance from the source (van Driel et al., 2019) such that only larger events can be detected at greater distances.
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The ability to detect both large teleseismic and smaller, local events will be critical for the success of future seis-
mology-driven missions. Due to data and/or cost restrictions, a single-station may be preferred over a small array
of stations. However, the array would provide additional data, enhanced signal-to-noise (SNR), as well as neces-
sary redundancy in the event of instrument failure. Here, we test how single-stations and the small-aperture arrays
could detect tectonic events through automated detection. We further study how these automated algorithms
perform against operator inspection of the data set for events. This allows for quantification of the advantages of
a small-aperture array over a single-station and assess whether there is justification for improving the automated
detection algorithms. Here, the small-aperture array is limited to a few square meters, mimicking the deployment
of instruments on a lander, which is limited to the use of a robotic arm or deployment on spacecraft landing
gear. We note that in previous deployments of small-aperture arrays on the Moon that stations were separated by
several hundreds of meters (Kovach & Watkins, 1973) and terrestrial small-aperture arrays are typically tens of
meters to kilometers in scale (Gibbons et al., 2015; Rost & Thomas, 2002).

Given the limited bandwidth for transmission of data, we also study how well automated detection algorithms
work under two separate seismicity regimes for isolating impulsive (short duration) events from either natural
environmental noise or equipment-induced noise. In practice, local environmental noise signals may be of high
value to scientists, whereas equipment-induced noise may not. For simplicity, we refer to both types of noise in
this manuscript as “environmental noise.” We study how detection rates varies between a tectonically and seis-
mically more active site to a low noise site farther from an active plate boundary and predicted sources of local
seismicity (e.g., rockfalls, calving events). To detect events, we employ the short-term average/long-term average
(STA/LTA) approach after applying bandpass filters. For the small-aperture array, the same approach applies, but
to be counted as a plausible detection, an event needs to trigger the detector for the majority of the stations; in
other words, the detection threshold has to be met by more than one (or two) station(s). We compare our results
against known event catalogs (U.S. Geological Survey, Earthquake Hazards Program, 2020) to determine how
many events are detected, how many are missed, and how many events we could potentially add to the catalog.
We also use operator inspected seismograms and spectrograms to search for events that were not included in the
automated catalog to understand how and why the automated detection algorithm failed. For high frequency (HF)
events, we perform a cluster analysis to distinguish between potential sources. The cluster analysis categorizes
events by waveform and then recovers location and timing information. If clusters share characteristics, this can
help locate them and identify potential sources. For icy ocean worlds, this type of cluster analysis will be useful
to investigate where and when events in the ice shell occur. For example, cluster analysis may provide insight
into rift zones on Europa, the tiger stripe features on Enceladus, or how seismicity changes with the tidal cycle.

In addition to naturally occurring events, we also investigate a possible equipment-driven signal. Previous plane-
tary missions have noted that equipment and landers can create seismic signals. Apollo seismometers picked up
thermal quakes from the heating and cooling of the lunar modules (Dimech et al., 2017). The InSight mission on
Mars had also noted lander resonances in the seismic signals (Dahmen et al., 2021). Here, we investigate possible
origins of very-high frequency (VHF) signal to determine if its origins are natural or anthropogenic in origin.

3. Icy Ocean World Geophysical Analog Site and Data Collection

To compare a single-station seismometer to a small-aperture array of seismometers, we deployed seismometers
at two separate terrestrial sites selected to have geophysical characteristics that produce seismic signals similar
to what we would expect to occur at an icy ocean world. Both investigations are part of the Seismometer to
Investigate Ice and Ocean Structure (SIIOS) project. We selected sites with thick ice (>100 m) overlying some
degree of liquid water, in proximity to the abundant seismicity of an active subduction zone, or a region of low
tectonic activity (stable cratonic regions). Our selected sites were Gulkana Glacier in the Alaska Range (Maru-
siak et al., 2020) and a site in northwest Greenland (Figure 1; Marusiak, Schmerr, et al., 2021).

Gulkana Glacier represents the high environmental noise, potentially active, site on an icy ocean world. Gulkana
Glacier is located in the Alaska Range near Ogive Mountain and Skull Peak. Gulkana Glacier was also selected
for logistical and accessibility reasons and due to its status as a benchmark glacier that has been extensively
characterized (Baker et al., 2018; Van Beusekom et al., 2010). Ice thickness beneath the seismic deployment is
~100 m (March, 2000; Ostenso et al., 1965) and as the site is in the ablation area, the presence of firn or snow on
top of the glacial ice was patchy and never more than 50 cm. The local topography in the peaks surrounding the
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Figure 1. (a) Map of Seismometer to Investigate Ice and Ocean Structure experiment locations on Gulkana Glacier (red star) and in Greenland (blue star). Gulkana

is situated in the vicinity of the Aleutian-Alaskan subduction zone and Pacific-North American plate boundary. Earthquakes (circles) are color coded by whether they
occurred during the Greenland (blue) or Gulkana (red) passively recording deployment dates, and with symbol size corresponding to event magnitude. Plate boundaries
(black lines) are from Argus et al. (2011). (b) Power density spectrum probability density function (PDS-PDF) for 1-hr long segments for station 00A at Gulkana
Glacier showing the local noise at the station. (c) PDS-PDF for the Greenland station AOA for background noise. In panels (b and c), the bar at the bottom indicates the
time window for the station noise sample for the PDS-PDF. Values for the PDS-PDF were calculated using the McNamara and Buland (2004) method. The gray lines
are NHNM and NLNM from Peterson (1993).

site ranges from ~1,200 to ~2,000 m (March & Trabant, 1997; Ostenso et al., 1965). Gulkana Glacier is situated
near the Alaska-Aleutian subduction zone (Argus et al., 2011; <20° epicentral distance) and there is typically
abundant regional seismicity that includes large (M|, > 4) earthquakes. During the Gulkana Glacier deployment,
the largest teleseismic event we recorded was a M|, 7.1 that occurred in Mexico on 19 September 2017, and
there were four events with M, > 6.0. Steep moraine slopes with loose rock in the vicinity of the array produced
a number of rockfall events, with many rockfall events audible during installation, especially near sunset and
sunrise. Average daily temperatures at the site during the deployment ranged from —3°C to 10°C (US Geolog-
ical Survey, 2020), with substantial melt occurring during the day, evidenced by several active moulins within
30-50 m of the array. During the daytime, we observed abundant surface runoff organized into small stream
systems on the surface of the glacier, as well as larger stream drainage at the terminus of the glacier.
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Our experiment site on the Greenland ice sheet was chosen to be seismically quiet compared to the Gulkana
Glacier experiment. The Greenland site is situated >1,000 km away from any active plate boundaries, with
the nearest boundaries being the Gakkel and mid-Atlantic ridges (Argus et al., 2011). The Greenland location
was also colder (—14°C to —2°C) than the Alaska site and in the accumulation area, which reduces surface
activity such as melt runoff and moulins significantly, producing quieter power density function (Figure 1c).
The northwest Greenland stations were situated near the ice divide with an ice thickness of ~850 m (Maguire
et al., 2021), of this thickness, the top 45 m is firn. The site is situated over a subglacial lake first identified by
Palmer et al. (2013), and further characterized by Maguire et al. (2021), who estimate the depth of the lake at
10-15 m. This site falls within the Mesoproterozoic Thule basin terrane and Inglefield mobile belt of northwest-
ern Greenland (Dawes, 2009). Only 14 events above M, 5.0 occurred during the deployment, with no events
larger than a M|, 5.9. Due to the northwest Greenland location near the ice divide, the ice surface speed is <10 m
a year and there are no surface streams or moulins. We recorded data at both field sites for approximately 2 weeks,
similar to the length of a proposed Europa seismic deployment.

Small-aperture arrays deployed at each site consisted of one Silicon Audio in the center, with four additional Sili-
con Audio sensors ~1 m away in each cardinal direction. Each station recorded with a sampling rate of 1,000 Hz
on three orthogonal components (FNZ, FN1, and FN2). For our analysis, the instrument responses are removed
in ObsPy using polezero files provided on the IRIS-DMC and cut-off corner frequencies of 0.001, 0.005, 250,
and 500 Hz. After instrument response removal, we apply a range of bandpass filters are applied (see Section 4
for details). We note that sensors in the Gulkana array became tilted and/or rotated over the course of the exper-
iment owing to meltwater saturating the sand in which the instruments were buried which affected azimuthal
recovery uncertainties and data quality. Most of the Gulkana sensors still had power and were actively recording
upon demobilization. The northwest Greenland sensors operated for 2 weeks, but burial by a summer snowstorm
caused event power loss, with some stations losing power sooner than others by up to several days. However,
none of the northwest Greenland instruments underwent tilt or rotation from their initial recorded positions. For
consistency across the field sites, we assign the single-station result to the buried station at the center of the. At
both locations, the center station sensors experienced the least amount of tilt and some of the longest uninter-
rupted recording times. For details regarding the power density functions, tilt directions, rotations, and exact
geometries at the Gulkana Glacier site see Marusiak et al. (2020) and the northwest Greenland site (Marusiak,
Schmerr, et al., 2021).

4. Methods

We explore a suite of methods to compare detection capabilities for the expected range of seismic sources present
in our field sites. We use these tools to detect the seismic sources, and where possible, characterize azimuths
using a suite of automated and interactive seismic operator techniques. To detect low-frequency (LF) regional
and teleseismic, and HF local events we use the vertical component of seismic data in an STA/LTA approach
(Baer & Kradolfer, 1987; Withers et al., 1998), and when attempting to detect nearly identical VHF signals, we
implement a template detector which takes advantage of cross-correlation between waveforms to make detections
(Forghani-Arani et al., 2013; Poli, 2017). The template approach is only used for events that produce source
time functions that were highly auto-correlated to one-another. The template for the cross-correlation approach
uses a short period (~0.5 s) of operator-selected signals that represents desired characteristics in a relatively low
noise environment. We use built-in functions of the Python ObsPy module, namely the correlation detector for
the template detections, the classic STA/LTA for single-station approaches, and the coincidence trigger for the
small-aperture array STA/LTA approach (Beyreuther et al., 2010). Catalogs of regional and teleseismic activity
(U.S. Geological Survey, Earthquake Hazards Program, 2020) were downloaded and we search for events to
determine which events are detectable using visual inspection for comparison to the auto-detector.

We targeted different algorithms for different types of events within the data set. Teleseismic and regional events
are of high interest to planetary missions as they sample globally and interact with the deeper interior of a planet.
Their longer travel paths and deeper sampling leads to these events tending to have lower-frequency content
(from 0.02 to 5 Hz) waveforms that occur over longer durations (several seconds to several minutes long) than
local events such as icequakes (Podolskiy & Walter, 2016). As more distant events tend to have lower frequency
content owing to attenuation along their path in the mantle and crust, we implement two different bandpass filters.
The first searches for more distant, teleseismic events using corners of 0.02 and 1 Hz. The second searches for
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closer, regional events and uses corner frequencies of 0.1-5 Hz. The corner frequencies are based on previously
published values (Trnkoczy, 1999; Withers et al., 1998), and trial and error to identify the frequencies best suited
for the detection. During visual inspection we noted some glitches and false positives. See Section 5 for more
details.

HF (2-20 Hz) events represent the expected signals of icequakes, moulin activity, and/or rockfalls. These events
have been observed in polar environments and provide insight into a variety of local processes related to glacier or
ice sheet flow, fracture, or melt. Thermally induced icequakes in East Antarctica, for example, have characteristic
frequencies between 5 and 20 Hz and typically have durations of 1.5s (Lombardi et al., 2019). Recently icequakes
in Antarctica were identified and shown to correlate with tidal stresses suggesting similar seismic activity could
be detected at the south pole of Enceladus (Olsen et al., 2021).

During visual inspection of the data, we discovered another VHF signal in the northwest Greenland stations that
was subsequently also detected in the Gulkana Glacier stations. These VHF signals consist of repeating wavelets
at semi-regular intervals 0.1 s. As these events have characteristic repeating signals, we adopt a template detector
in an attempt to catalog their occurrence and duration. We chose a small section containing several of the repeat-
ing signals of high quality. The template detector looks for high coherence between the template and recorded
signals to find similar looking recordings.

To attempt to determine the HF and VHF event's location, we implement a polarization approach (Stachnik
et al., 2012) to determine azimuth. The polarization approach examines how a seismic wave's energy is divided
among the orthogonal components (vertical and two horizontals) to determine the direction from which the wave
likely arrived. As it is often difficult to identify P, S, or surface waves, the entire waveform is used. For the same
reason, we do not attempt to determine the distance between source and receiver since identifying multiple arriv-
ing waves is required to determine distance to an event. In the case of Gulkana, we apply a correction to back
azimuths to account for rotation of the instrument during the experiment.

4.1. Automated Detections With a Short-Term Average/L.ong-Term Average

The STA/LTA method is used to automate the detection of P and S wave onsets and for seismic event identifica-
tion (Baer & Kradolfer, 1987; Withers et al., 1998). The method uses a STA variance of a seismogram and that is
then compared to a longer-term time window average of variance through division, resulting in a ratio. The value
of the ratio is chosen by an operator to determine where it indicated that a short-term deviation from the running
background mean variance is commensurate with the detection of a seismic event. To detect the LF and HF
events, we use different bandpass filters on the data and set the STA and LTA thresholds based on experimentally
determined values from literature (Trnkoczy, 1999). For distant teleseismic LF events, we use a bandpass filter of
0.02-1.0 Hz, and set the STA/LTA time window parameters to 1 and 60 s, respectively. An STA/LTA amplitude
detection threshold is set at 20 for Gulkana Glacier, meaning the STA (1 s surrounding the event) has to be at
least 20 times greater than the LTA (60 s) to be triggered (Figure 2). In Figure 2 the onset of the P wave shows
STA/LTA value of nearly 60, and is recorded as a detection. Owing to the overall lower environmental noise in
Greenland (Figure 1), the STA/LTA threshold for the northwest Greenland site is reduced to 10. To search for
LF events that were more closely situated and regional, the bandpass filter is set to 0.1-5 Hz, and the STA/LTA
parameters are set at 0.5 and 30 s, respectively. The threshold for regional event detection is set to 35 for the
Gulkana Glacier stations and 5 for the northwest Greenland stations. Greenland has lower thresholds because
there were fewer events overall, and the potential recordings tend to be farther distance-wise, reducing SNRs.
By looking for known events we are able to adjust the parameters to increase detections without over-producing
false positives. The reported parameters were found to produce an optimal number of true positives (events in
the global catalog, detected by the STA/LTA) while reducing false negatives (clear seismic events in the data, not
detected by the STA/LTA) and false positives (non-seismic events in the data, and detected by the STA/LTA).
The false positives could come in the form of instrumental anomalies or glitches, discussed in more detail below.
False positives could also be caused by other naturally occurring local signals that would be of interest but are not
associated with regional or teleseismic activity.

Once the initial automated STA/LTA catalog detections are made, the candidate events are examined on vertical
component spectrograms to determine the event duration after the event is triggered. The spectrograms are calcu-
lated using parameters based on the detection parameters. For LF events, the spectrogram uses a frequency range
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Figure 2. Example short-term average/long-term average (STA/LTA) detection of a low frequency seismic event (Mexico
M, 7.1 event on 19 September 2017, 18:14:38 UTC) in our catalog. Here the time series was band-pass filtered from 0.02
to 1.0 Hz. The top plot shows the vertical component of motion on 00A station collected at the Gulkana Glacier array.
Corresponding values of the STA/LTA ratio for a 1 and 60 s window are plotted on the bottom.

limited to 0.01-50 Hz, and a time window of 50 s with a 25 s overlap. To remain a candidate event in our catalog,
the spectrogram needs to stay above 5 dB over the mean background value for the frequencies used in the respec-
tive bandpass filter for 2 s surrounding the start and end time of the event. The duration of the event is deter-
mined by the time period that remained above 5dB over the background. We also check for overlapping events
by checking the end time with the next temporal event in the catalog. If the subsequent event begins within 20 s
for regional filters or 60 s for teleseismic filters, we then merge the events using the earliest onset time. Merging
events deals with larger teleseismic events where the P wave and surface waves are often separated by minutes,
resulting in a double detection. In our spectrogram corrected catalog, the LF-type events tend to be longer in dura-
tion, lasting minutes for regional, or tens of minutes for large teleseisms. To further reduce the number of false
positives in the detection algorithm, events are then removed from consideration if the event duration is under a
minimum threshold. Minimum event length is set to 10 s for regional events and 15 s for teleseismic events which
help to remove some instrumental anomalies.

The spectral analysis also helps to eliminate STA/LTA false positives resulting from instrumental glitches, re-cen-
tering events, or other non-seismic instrumental anomalies. Glitches in the sensors are defined by sharp spikes
in amplitudes and increased power levels across the entire frequency spectrum. Most glitches last <10-15 s,
further motivating our exclusion of short duration detections from the candidate STA/LTA catalog. These events
would pass all the previous criteria, but in subsequent visual inspection are always eliminated as plausible event
candidates.

Once the candidate events exhibit sufficient frequency content, each event is operator inspected and the operator
places them in a catalog that tracks the time of the event, the unfiltered, instrument response removed amplitude,
filtered amplitude, dominate frequency, and event duration. The events are then compared to a catalog from the
USGS Advanced National Seismic System (ANSS) Comprehensive Catalog (ComCat; U.S. Geological Survey,
Earthquake Hazards Program, 2020). This service combines regional and global catalogs of earthquakes to create
a more complete catalog of events than using a regional catalog. The minimum magnitude of this catalog is M,
2.5, thus this catalog does not include small (in magnitude) LF or HF events. We use the ComCat locations, onset
times, and the PREM model (Dziewonski & Anderson, 1981) in the TauP software toolkit (Crotwell et al., 1999)
to calculate the predicted arrivals of surface waves (assuming a velocity of 3,000 km/s) and P waves. If the
predicted arrival times matches the start times of our catalog within ~1-20 s, depending on the ComCat event
distance, then the event is considered a match. There are times where an event is detected in our catalog, but no
event from the ComCat catalog has a predicted arrival time that matched. We suspect that these are local events
that had low magnitudes (<2.5 M, ) and were not detected by seismic stations contributing to the ANSS ComCat.
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To search for potential HF events, we use a different set of parameters to build the catalog. HF events are detected
using a bandpass filter of 5-20 Hz applied to the data (Lombardi et al., 2019). For HF events, the STA/LTA
time window parameters are set to 2.5 and 40 s for the STA and LTAs, respectively. The required threshold
for detection is an STA/LTA value of 20 and 5 for Gulkana and Greenland, respectively. Our choices for these
parameters are based on visual inspection of the filtered time-series and the values for the STA/LTA. Like the
lower frequency event detections, some trial and error is involved by testing a range of values from the literature
(Lombardi et al., 2019; Trnkoczy, 1999; Withers et al., 1998). As attenuation tends to remove HF content from
events of regional or greater distances, we assume the HF events are more local (<few km), and that their tempo-
ral amplitudes must fall above the HF environmental noise. Unlike lower frequency events, we do not inspect the
spectrograms for these events. This was done for two reasons. The first is due to the higher limit of the bandpass
filtered (20 Hz) which is close to where the environmental noise may begin to dominant. It would be difficult to
determine if the event is causing high values in the spectrogram, or if it is general environmental noise or glitches.
The second reason was for efficiency. HF events such as icequakes are short in duration (<2 s). To properly assess
the event duration, one would need to calculate the spectrogram in ~0.1 s increments. For datasets consisting of
~2 weeks with 1,000 Hz sampling rates, the algorithm would run slower. Downsampling might have addressed
the efficiency issue, but it would also introduce errors from very high-frequency events. Instead of relying on
spectrograms, the duration of the event relies on the STA/LTA values. The event duration is determined by the
time-span that the STA/LTA minimum threshold (20 or 5) is exceeded. The minimum event duration is set to
0.25 s, and minimum event separation is set to 0.1 s, meaning events separated by less than 0.1 s are merged.
Since the LTA is set at 40 s, we could capture events up to 20 s long, an order or magnitude greater than their
typical duration. Although spectrograms for the entire data set are not computed, we do compute periodograms
for each event in the catalog to determine the most dominant frequency of the event. The initial catalog is then
visually inspected to remove events caused by VHF events or glitches. The final HF catalog recorded dominant
frequencies from periodogram calculations, along with raw (unfiltered) amplitude, azimuth, time of event and
duration of event. For these events in our HF catalog, azimuths are calculated using a polarization approach
(Stachnik et al., 2012).

Due to the high number of HF events, we also perform a hierarchal cluster analysis. This method has previously
been applied in seismic investigations of the cryosphere (Carmichael et al., 2012; Lombardi et al., 2019). The
goal of the cluster analysis is to categorize events based on their waveforms and further investigate if these cate-
gories have similar back azimuths, frequency content, and/or occur at a preferred time of day which may help
identify their origins. To perform the hierarchal cluster analysis, we take the square root of the sum of the Hilbert
transform squared and the analytic signal squared of each individual waveform so we can compare energy in order
to categorize events.

In addition to single-station approaches, we also test small-aperture array approaches for the lower frequency,
potentially tectonic-origin events. At the Greenland field site, we deployed both a small-aperture (<2 m in diam-
eter) array and larger (<2 km) remote array. To maintain consistency between field sites, we choose to only use
data from the small-aperture array for both field sites. To become a candidate array event detection, four out of the
five stations in the array need to have STA/LTA values that exceed the threshold for candidate detection. Toward
the end of the northwest Greenland experiment, as stations began to lose power, we altered the voting detector
to three out of four, or two out of three stations, depending on how many stations were left powered. To compare
the single-station versus small-aperture array approaches, we use the same length for the STA and LTAs and
minimum thresholds used to compute the single-station STA/LTA values. Also like the single-station approach,
spectrograms are generated and events are visually inspected using the center single-station's vertical component.

4.2. Template Detection Methodology

A VHF signal was originally observed while inspecting the northwest Greenland data for potential detection
failures of the HF events. The signal can be identified by its repeating nature and characteristic spectral signature
(Figure 3). The repeating nature of the event allows us to create a template to perform cross-correlation detec-
tions for other instances in the time series for the event. The template approach is preferred to an STA/LTA as
the event waveforms form a sequence that consists of very similar signals with short, pulse-to-pulse delay times.
Unlike regional or teleseismic events where arrivals times of body waves and surface waves vary, the waveforms
of the VHF signals are nearly identical. The python code (correlation_detector) uses the template to perform a
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Figure 3. Example of a very high frequency repeating signal found in both the northwest Greenland and Gulkana Glacier
datasets. Here, we show an example from the Greenland, station AOA. The signals have a periodicity of ~10 Hz. (a) The
vertical component of motion for station AOA. (b) Spectrogram computed using time windows of 0.075 s, overlapping every
0.050 s. (c) The resulting periodogram for the same time segment. The dominant frequency is around 300 Hz with additional
resonances at 175 and 90 Hz.

cross-correlation with the data set. The template is set as the vertical component at time 9 June 2018 13:46:52.22
and lasted for 0.6 s, capturing about 5 of the individual signals. A secondary template made from a stack of 10
of the individual signals was also tested but tended to retrieve a large number of false positive events, meaning
anything that wasn't the repeating signal. The template detector works by calculating the similarity between the
data set and the template. If the similarity exceeds a threshold of 0.35, a candidate detection was made. This
cutoff is somewhat arbitrary but was chosen based on trial and error and was set to ensure all possible signals
were found, even if the number of false positives were high. It is worth noting, rotation of the instruments
can result in missed detections, however this should not affect the data collected in Greenland as there was no
recorded rotation of stations. For Gulkana, there was significant rotation, up to 25°, for the center station. For
each candidate template detection, we calculate the spectrogram of each event using a time window of 0.075 s
overlapping 0.050 s. The power between 300 and 400 Hz must exceed 15 times the mean PSD values over all
frequencies for 0.5 s before and after the event. The rationale for our VHF event criteria is based on the secondary
algorithm for LF and HF event detection. By setting a minimum required power level over the background, false
positives could be eliminated. In most cases, the false-positives for VHF events are from other HF events already
in our catalog that excited energy above the 20 Hz bandpass filter. We set another criterion that the maximum
amplitude for a VHF event detection has to exceed 0.04 mm/s? on the vertical component of motion. This value is
somewhat arbitrary but is determined by visually examining known signals and helps to eliminate false positive
detections. If HF events occur in rapid succession, the template finder would initiate a detection, but these events
tend to fail to meet the amplitude criterion. Once a VHF detection meets the template detection, periodogram,
and amplitude threshold criteria, we visually inspect the event to ensure that only the desired waveforms are in the
final VHF event catalog. The VHF final catalog records the time of the signal, filtered and unfiltered amplitudes,
and duration.
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Figure 4. Example of a positive detection using the single-station approach at Gulkana Glacier. (a) The vertical component
time-series shows a high amplitude arrival that corresponds with the event that occurred on 13 September 2017, 07:22:17
UTC. (b) Spectrogram of the data in panel (a). The spectral domain also shows strong power in frequencies below 10 Hz. A
time window of 15 s, with 14.5 s overlap was used to construct the spectrogram.

S. Results
5.1. Detection of LF Regional and Teleseismic Events

The single-station candidate catalog for Gulkana Glacier contains 81 LF teleseismic and 117 regional events
prior to operator inspection. Out of these 198 candidate events, 130 (66%) are matched to events in the ComCat
catalog. The single-station northwest Greenland candidate catalog contains 64 teleseismic and 89 regional events
prior to operator inspection. Of these 153 candidate events, 85 (56%) are matched to events in the ComCat cata-
log. Most of the unmatched candidate events are from instrumental anomalies: 65 out 68 for Gulkana, 63 out of 68
for Greenland. Because the glitches are high amplitude in the time-series and high power (dB) across all spectral
ranges they have to be removed from the potential catalog by visual inspection of each event. We are able to detect
many of the large events and some of the small but nearby (distance <10°) events (e.g., Figure 4). In addition to
the events in the ComCat catalog, there are three Gulkana Glacier events detected by our station that are not in
the catalog, and five events detected by our station at Greenland, that we infer are likely small magnitude (<M,,
2.5) regional-distance earthquakes.

Using the small-aperture array approach, the candidate catalog contains 135 possible teleseismic events and
423 possible regional events for the Gulkana Glacier site, and 246 teleseismic and 188 regional events for the
northwest Greenland site. Of the 558 candidate events at Gulkana Glacier, 214 (38%) are attributed to an event
in the ComCat. Of the 434 candidate events in Greenland, 226 (52%) are attributed to events also in the ComCat.
LF event detection rates at Gulkana Glacier range between about 0 and 5 per hour, for each hourlong window
(Figure 5a). At the Greenland site, there are one or two LF events detected in each hourlong window (Figure 5b).
Like the single-station approach, the small-aperture array data includes some events (22 for Gulkana Glacier, 7
for Greenland) that are not in the ComCat catalog. The array catalog has fewer triggers from glitches, but there
are still triggers from larger amplitude HF events, especially for Gulkana where there are more high quality
(SNR) HF events. We identified the HF events by their relatively short durations and higher frequency content
(up to 20 Hz). In total 322 (58%) events in the Gulkana Glacier candidate catalog and 201 (46%) in the northwest
Greenland candidate catalog are attributed to HF events or instrumental anomalies.
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Figure 5. Final catalogs for (a) Gulkana site and (b) Greenland site using the single-station approach (blue), small-array
approach (orange), and both approaches (black). Detection rates ranged from O to 6 detected events per hour.

We examine events with M|, > 5.0 or epicentral distance <20° in the ComCat catalog but were not detected by
our detector (false negatives) in more detail. Of the 70 undetected ComCat events for Gulkana, visual inspection
shows that 18 events were recorded by our stations despite not being detected by our detector. Similarly, for the
Greenland site, of the possible 19 undetected ComCat events, visual inspection shows that three events were
recorded by our stations. These events that are not automatically detected tend to occur either near larger, contem-
poraneous events or during periods of high environmental noise. Both affected the automated detections through
STA/LTA as the STA/LTA amplitude falls below the threshold for detection.

Environmental noise can have a number of sources, including glacio-hydraulic tremors (Bartholomaus et al., 2015;
Gimbert et al., 2016), but one common to both of our sites that is known to cause issues in event detection is wind
(Dybing et al., 2019). Figure 6 shows that our detection algorithm finds fewer events when wind speed exceeds
4 m/s. Some of the events that are not detected are simply below the noise at the sites, such as a M, 6.1 event that
occurred 121° away from Gulkana Glacier, or a M, 2.5 event that occurred within a distance of 10° away from
Gulkana Glacier. Both of these events happened when wind is particularly strong (~4 m/s) which creates a strong
environmental signal. Other undetectable events tend to occur during daylight hours when nearby HF events and
other local noise may obscure their arrivals. Gulkana algorithms fail to detect all 24 ComCat events that occur
between 9 a.m. and 1 p.m. local time. Small events tend to be obscured by larger concurrent events. Small events
that occur in clusters or within short intervals are also difficult to detect visually or with the automated algorithm.
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Figure 6. Comparison of M, > 5 or Epicentral Distances <20° from the ComCat catalogs (blue) and the Seismometer to Investigate Ice and Ocean Structure automated
detected catalog (red) for (a) Gulkana and (b) Greenland. A red color indicates the event was a positive detection. Many of the undetected ComCat events occurred
when average hourly wind speeds exceed 4 m/s which would increase the measured background noise. A histogram value of 0 indicates no event occurred.

To summarize, seismologist operator review allows us to identify 75 out of 127 events (59%) for Gulkana and
26 out of 41 events (63%) for Greenland. Of the operator detected events, the final catalogs (post visual confir-
mation) using single-station approaches detect 38 events (51%) for Gulkana and 9 events (35%) for Greenland.
Small-aperture arrays also have a higher detection rate when reviewed by a seismologist. Of the events that
are operator detected, the final catalog using the small-aperture array approach contains 45 events (60%) using
Gulkana data and 21 (81%) events using Greenland data.

5.2. HF Event Detection

Using the data from Gulkana, we detect 2,252 HF events of which 1,456 (65%) made it to the final catalog
(Figure 7a). We removed events that are either instrumental anomalies or have low SNRs (see methods Section
3.1). Although the Gulkana Glacier HF events appear to exhibit a diurnal signal, there is not a strong pref-
erence for time-of-day occurrence. The event catalog is compared to weather data from MERRA satellites
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Figure 7. Comparison of number of detected events per hour (blue histogram) with (a) temperature (K) (red), and (b) change
in temperature (purple). (c) Wind speeds (green) and hourly averaged power density spectrum background noise (black).

(Global Modeling and Assimilation Office (GMAO), 2015) and a local USGS weather station (Van Beusekom
et al., 2010). Although the events tend to coincide with increased temperature and changes in temperature, occa-
sionally, sharp rises in temperature are not indicative of detected events. These occurrences of changes in temper-
ature without associated HF events tend to happen when wind speeds were particularly high (>9 m/s).

Based on Pearson Correlation tests, however, the r value comparing number of detected events per hour with
temperature and changes with temperature are 0.2 and 0.19, respectively. The corresponding p values are 0.003
and 0.006 (Benesty et al., 2009; Fisher, 1925). To for a correlation to be statistically significant, the r value
should be close to 1, and the p value needs to be less than 0.05. As this was not the case, the null hypothesis
cannot be rejected and temperature is not strongly correlated with the occurrence of HF events. Given the short
time duration of our experiment and the complex interactions of surface processes, however, we cannot exclude
temperature as one of the driving mechanisms for seismic events.

We use a polarization approach is used to determine the back azimuths to each HF event (Stachnik et al., 2012).
Since it is difficult to distinguish between P, S, or surface waves, the entire waveform is used to determine back
azimuths. Ideally, the P wave or surface waves alone would be used as these waves would have clear arrivals,
thus the polarization across vertical and horizontal components would be clearer than using an entire waveform.
At Gulkana Glacier, we have to apply a correction for station rotation at the Gulkana Glacier array; while no
correction was needed for the northwest Greenland array. The reference station used at Gulkana Glacier (00A)
was originally installed facing due north (0°/360°). Upon demobilization, the final azimuth was recorded as 335°,
indicating the instrument rotated 25° counterclockwise over the 2 weeks of the experiment. It is unknown if this
rotation was constant, or occurred sporadically over the duration of the experiment, but we assume a constant
rotation rate here. The recovered azimuth for each event is adjusted by computing the duration from the start
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multiplying by 2.7° per day.

| — We perform a cluster analysis on the detected HF events to determine if
there are any characteristics that could indicate their origin. For the Gulkana
Glacier, there are three main categories (Figure 8). Here, we plot the mean
waveform (average value of the waveforms in each cluster in time) normal-
R ized by the maximum value of the mean waveform. The first cluster has the
majority of the events (1,342 events) and tend to originate with corrected

13a2iEvents back azimuths from between 150° and 180°, although there are events from
nearly every direction. The waveforms in this cluster exhibit a single clear
2 25 3 arrival. The events tend to dominate at high frequencies either between 15

Time (s) and 40 Hz or 40-70 Hz. HF Cluster 1 events occur during all times of day and

are recorded throughout the passively recorded experiment. The southerly
direction (back azimuths 150°-180°) and duration of events are consistent
with events originating toward the ablation zone and terminus of the glacier
(Figure 9). The second cluster contains 10 events. These events have a rela-
tively small initial arrival with larger arrivals occurring within 1-2 s. The
events originate from a wide range of back azimuths with no preferred direction suggesting their origins came
from a wide range of locations. They also occur throughout the experiment and at all times of day. The final clus-
ter has 104 events. Cluster 3 waveforms typically have a small initial arrival followed by a larger arrival within
0.5 s. The events have back azimuths from all directions but most occur either due south (150°-180°) or due east
(50°-80°).

In Greenland, there were 1,778 detected HF events in total of which 188 made it to the final catalog. Almost 500
of the automated detections are due to instrument anomalies. These instrument anomalies appear in the record
primarily after 12 June 2018. For this reason, the catalog stops at 11 June 2018 at about 20:00:00.000 when the
last positive HF event is detected. Another 50 events are also removed from the initial catalog because they are
associated with VHF events discussed in the next section. Due to lower threshold for detection, the Greenland
data tend to have noisier signals in the final catalog than Gulkana. Unlike the Gulkana events, there is no detect-
able diurnal signal (Figure 10) although most events tend to occur between 09:00 and 15:00 local time. The
Greenland events fall into three clusters with five events falling into the first cluster (Figure 11). The first cluster
has frequencies that dominate above 40 Hz. The events back azimuths indicate a southerly direction (Figure 12).

The second cluster contains only seven events. The events resemble glitches due to high SNRs and a wide range
of dominant frequencies. These events come from a wide range of azimuths and occur at all times of day.

The third and final cluster consists of 176 events preferentially occur between the hours of 09:00 and16:00 UTC
(06:00-13:00 local). The events occur throughout the experiment, but most occur after 8 June 2018. The domi-
nant frequencies are always below 20 Hz. The majority of the events have azimuths spanning 50°-70°.

5.3. VHF Anomalies

During the inspection of HF events, a VHF signal was detected at both the Gulkana Glacier and northwest Green-
land stations. We use a template detector to attempt to detect more of these VHF events. The initial autodetected
catalog of VHF events contains ~5,000 time series for Greenland of which 826 are included in the final catalog,
Gulkana's final catalog contains 1,174 events out of ~14,000 initial detections. The events that we removed were
either noise or did not meet the repeating waveform pattern or exhibit the desired spectral characteristics.

As the waveforms are all similar to one another, a cluster analysis is not performed. For the Greenland field site,
the duration of the series of events in the final catalog are typically only a few seconds long, although they could
reach up to 25 s in length. Each of these detections contains several of the individual signals which individually
last around 0.1 s. Many of the events occur toward the end of the Greenland experiment with most occurring on
9 June 2018. The events tend to occur between 08:00-09:00 UTC (04:00-05:00 local). The events tend to occur
during periods of low wind when environmental noise was also low. Most of the detections have low SNRs which
made azimuth recovery difficult. Using the highest quality events, such as the time period used for the template,
azimuths vary based on the station used. The center station (AOA) indicates events originating from the east, the
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Figure 9. Map of Gulkana and Seismometer to Investigate Ice and Ocean
Structure array (black star). The approximate locations of an equipment cache
(red rectangle), Go Pro camera mounted on a pole (green triangle), and the
closest moulin (blue oval). (a) The uncorrected azimuth high frequency (HF)
events back azimuths are plotted by cluster (cyan, pink). (b) HF azimuths after
correcting for rotation are plotted with the same color scheme. Topography
map created using Artic DEM Contour lines represent 25 m. The rose
diagrams are generated by finding the percentage of events that fall within 10°
bins. Radial bars on the rose plot are normalized to maximum bin value.

northwest station (A4A) indicates a southwest azimuth, the southwest station
(A3A) indicates a southeast azimuth, southeast station (A2A) indicates a
south-southwest azimuth, and lastly the northeast station (A1A) indicates a
northeast azimuth. The In order to test if the signal is originating from within
the small-array, we also use remote station data to determine if those stations
also record the VHF events. We could only use three out of the four remote
stations because the southernmost station did not record useable data due to
equipment malfunction. Each remote station records different back azimuths
of the signal.

A similar signal is found in the Gulkana data. We create a template of the
events and search for additional events in the data set. We created a template
using a 1s window beginning at 17 September 2017 09:48:11.2 (UTC). The
majority of the events occur on 15 September 2017 between 04:00 and 06:00
UTC (20:00-22:00 local time). This time periods are all at night local time
when temperatures were low and wind speeds were low (<5 m/s). The time
series when the VHF are detected does not coincide with tectonic activity or
high-rates of HF detections suggesting the VHF are not related to tectonic
or HF activity. As with the Greenland VHF events, a cluster analysis is not
performed among waveforms. Most of the events are several seconds long.
The dominant frequency is between 380 and 400 Hz with additional reso-
nances around 250 and 125 Hz. After correcting for rotation effects, the
events tend to originate from azimuths spanning 340°-350° and 50°-60°.
It is worth noting, the Gulkana events could be up to 4 min long. During
longer series, there were HF events that occurred which may contaminate the
polarization results.

Because these signals are within the human audible spectrum, we convert a
subset of these signals from both Greenland and Gulkana to audio for inter-
pretation, this allows us to attempt to identify their possible sources.

6. Discussion
6.1. Low Frequency Detections

As expected, the LF events detected by our arrays coincide with regional and
tectonic activity captured by other seismic stations and appear in standard
event catalogs. Both single-station and small-aperture array approaches are
able to detect multiple LF events. Operator inspection of the data yields the
largest catalog but automated detections are still effective at identifying a
large number of events. Also, as expected, the small-aperture array is more
reliable in eliminating false positive detections compared to the single-station
automated detection algorithm. The small-aperture array algorithm rarely
detects glitches; the majority of the detected LF events not in the ComCat
catalog are local events such as icequakes, tremors, moulin activity, or rock-
falls. Because of the double detection, this creates a redundancy between LF
and HF detections, but still would meet the goal of detecting events.

Any detection algorithm will have some false-negatives and false-positive
detections in comparison to the events in the ComCat catalog, because of

differences in deployment locations, instrument in situ sensitivity, and detection methods; a single station will

have more false positive detections than a similarly deployed array. Previous studies on single-station detection

capabilities have also shown similar limitations. For example, the InSight MarsQuake Service (MQS) team created

a blind test to determine how well a catalog could be built for Mars using InSight as a single-station. In that test,

not every event was detected, even by the MQS team (van Driel et al., 2019). They show that operator inspection

of the time-series and spectrograms allow for higher rates of detections than using only automated detections
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Figure 10. Events detected at the Greenland (blue histogram) site versus surface temperature (red, top) and changes in
temperature (purple, middle). The power level (black) is compared to wind speeds (green).

such as the STA/LTA approach. Furthermore, they illustrate that only high magnitude events (>M,, 4.0) could
be detected over a large range of distances resulting in the detection of about 50%-60% of all events. Now that
InSight has landed, there is a similar bias in event location, where many of the events occur at shorter distances
and only the largest magnitude events have been detected beyond 75° (as of the writing of this manuscript)
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Figure 11. Data collected in Greenland exhibited three clusters of events. The
first cluster blue (1) had five events with low SNRs. The second cluster (red)
had seven events which tended to have higher SNRs. The third cluster (yellow)
contained the majority of events. There were clear initial arrivals for the first
two clusters but not the third.

due to the martian seismic quality factors (Q; Giardini et al., 2020; InSight
Marsquake Service, 2021).

By an operator seismologist reviewing the data directly, both temporally and
spectrally, we are able to determine instances when automated detections
failed. Most of the failed detections are not visible in the data, as expected.
This is due to high environmental noise compared to event signal ampli-
tude. For example, many of the small local events are obscured when they
occur during the daylight hours when local environment noise, such as wind,
rain, melt, fracture, or water movement, is high. For example, in our data
set, when winds are above 4 m/s, the tectonic events are difficult to detect.
This phenomenon is not just restricted to just the data set in this study. The
InSight mission to Mars are able to detect more events during the evening
hours than during the day when winds are increased (Giardini et al., 2020).
Previous terrestrial studies on glaciers have also shown that microseismicity
can affect the detection of other events (C. G. Carr et al., 2020). C. G. Carr
et al. (2020) shows how modifications to the standard STA/LTA algorithm
by using a noise-adaptive detector can improve detection and reduce bias in
detection statistics.

Events that occur at large epicentral distances are also less likely to be detected as their energies are likely more

attenuated, especially at higher frequencies. Further, smaller magnitude events can also be obscured by larger

magnitude events because the larger events have longer durations. For example, the large M, 7.1 event obscures

smaller events that occur in the hour following the initial arrival. Also, small magnitude events tend to occur

more often so their waveforms interfere with each other upon arrival, or it is difficult to identify the P wave onset.

Occasionally it is difficult to determine which catalog event the signal originates from making event association

challenging.
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Figure 12. Map of Seismometer to Investigate Ice and Ocean Structure site in Greenland (purple star). In the left panel,
shaded gray indicates land versus ocean (white). Station AOA is used to show recovered azimuths of HF cluster 1 are shaded
green, cluster 2 shaded purple, and cluster 3 shaded yellow. The very high frequency events (gray) recorded by stations
AOA-A4A, are plotted relative to remote stations (blue star) the center of the small-aperture array (purple star) and the GPS

and weather stations (pink circle).

MARUSIAK ET AL.

18 of 29



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2021EA002065

One additional complication with the automated detections is fine tuning the parameters used to initiate a detec-
tion. We are able to fine-tune our parameters by visually inspecting the time-series and spectral data and then
adjusting the parameters as we see fit. For a mission with a short time lifetime (few weeks), this may not be
feasible because the time to receive and analyze the initial data and communicate parameter alterations back to
the lander is too long compared to the lifetime of the mission. As evidenced by the Gulkana and Greenland sites,
even with the same STA/LTA windows, the threshold limit can also vary by an order of magnitude because of
the environmental noise.

A future geophysical mission should consider mission lifetime expectations and data availability when creating
automated detection algorithms. The mission's team needs to decide whether it is more acceptable to detect small
local events, or to focus the detection algorithm on teleseismic or regional events. A human seismologist provides
the best review of seismograms to mitigate missed or false detection of tectonically sourced events, although such
manual review is time consuming. This human inspection may not be feasible if the mission's lifetime or data
volume prevents sending data collected at a higher sampling rate. In these instances, the automated detections
would allow for higher sampled data to be returned only for plausible detections, reducing the data volume. Data
from a small-array can also help confirm detections and improve data quality as not all stations would likely
experience instrumental anomalies at the same time. A small array would help reduce false positives, further
improving data volumes. We recognize, however, that a small-array is more expensive and could involve a more
complex deployment than a single-station.

6.2. HF Detections

We compare HF events to local weather data to determine if changes in the environment are driving the diurnal
seismicity observed at Gulkana. Although Gulkana HF event times show a quasi-periodicity, the signals are not
be linked through direct correlation to air temperature or changes in temperature; we infer, therefore that air
temperature is at most a weak or indirect driver of seismicity. Further, a lack of HF detections tend to happen
when wind speeds are particularly high (>9 m/s), suggesting high environmental noise is responsible for reducing
the detection capabilities. Previous studies in Antarctica (Lombardi et al., 2019; Olinger et al., 2019) find approx-
imately one thermally driven event detected per hour, as temperature decreases. Here, we find the HF detection
rates of about 1-2 per hour and 3-14 per hour at our Greenland and Gulkana sites, respectively. However, the
occurrence of these events is not directly linked to decreasing temperatures, suggesting that other processes may
be triggering HF events at Gulkana, especially. A key distinction between these previous studies and ours is that
the previous studies used datasets spanning years and a wider range of temperatures (—35°C to —5°C), while
ours are only ~2 weeks long and have more limited temperature ranges of —17°C to —3°C at the Greenland site
and —3°C to 7°C at the Gulkana site. Because our HF events have similar characteristics to the previous studies
in both time-series waveforms and spectral content, it is possible that some of the detected events are caused by
cooling and expansion of ice. However, not all of the detected HF events are likely caused by this effect.

One potential interpretation of the HF events is that they are related to increased surface and subsurface runoff
as noise levels and event number tend to be higher during the daytime hours. During installation of the Gulkana
equipment, increased surface runoff was observed with increasing temperatures. As temperatures rose above
freezing the supraglacial streams became active (in terms of runoff) and audible noise could be heard from
nearby moulins. Studies on surface runoff suggest increased activity corresponds with increasing temperatures
(Carmichael et al., 2012, 2015; MacAyeal et al., 2019; Mikesell et al., 2012). The typical event duration of HF
events (~2 s) matches fluid resonances observed in volcanic-glacier systems (Métaxian et al., 2003), although the
frequency estimates, based on characteristic length scales of conduits, suggest cracking. Our analysis of the direc-
tionality of the HF events detected at Gulkana indicate they may originate farther the downslope (southward) in
the ablation zone of the glacier where melt and runoff increase and coalesce into larger streams. Previous studies
have shown seismicity tends to cluster near the ablation zone where meltwater can be released (Roux et al., 2010).
Although Europa or some icy ocean worlds are unlikely to have surface runoff, there could be tidally modulated
water-ice interactions within the ice shells which could mimic the observed drainage events. For example, the
tiger stripe features near Enceladus' southern pole may mimic drainage events as they open and close during the
tidal cycle. Titan, which does have liquid hydrocarbons on the surface (Hayes et al., 2008; Mitri et al., 2007),
could exhibit similar fluvial signals to those we observe.
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Another possible source for HF events we identify at Gulkana is rockfall. During the installation, numerous rock-
fall events were heard and observed on the steep moraine slopes in close proximity to the glacier. Previous studies
(Norris, 1994; V. L. Zimmer & Sitar, 2015) detected rockfalls using similar filters and STA/LTA parameters to
those chosen for our HF event detector. These studies also show that rockfalls occurring within a kilometer should
be detectable on a broadband seismometer. We interpret our cluster three in the Gulkana catalog as rockfall
because they originate from the direction of greatest topography changes for the nearby slopes (topographic data
from Gesch et al. (2009); Figure 9). On icy ocean worlds, there could be analogous signals from ice breaking
near rifting zones or locally high topography. As the ice breaks, gravity may pull ice chunks apart creating ice
falls or debris flows.

The HF detection algorithm for the Greenland deployment finds only one tenth of the number of events detected
at Gulkana. The Greenland catalog also fails to show correlation between occurrence rate and surface temperature
(r=0.348, p = 1.2 x 107%) or changes in temperature (r = —0.112, p = 0.132). Although the recovered azimuths
suggest an easterly origin, there is a 180° ambiguity to the events. If the events do occur due west, that is the
direction of the nearest coastline. Calving events and iceberg breakup can occur along the coastlines and would
provide seismic events (Richardson et al., 2012). The signal quality of the Greenland HF events is not as high
as Gulkana and it is difficult for a stack to produce a clear mean signal for each cluster (Figure 8). One reason
the events at Greenland are noisier could be due to the local wind speeds. High winds coincide with increased
environmental noise (Figure 10), which reduces the ability to detect events. Previous studies have shown that the
5-15 Hz seismic range can be particularly affected by wind speeds (Dybing et al., 2019). Another reason for the
low quality of the HF events is that they tend to occur further away from the stations than the HF events at the
Gulkana field site; this reduces the magnitude overall and attenuates the higher frequency components of the
signal, both of which will make the events harder to detect.

Two key differences between Gulkana and Greenland are the quantity and quality of HF events. With respect to
quantity of the HF events, the difference stems from the different geologic settings. The SIIOS site on Gulkana
is within the ablation zone, while the SIIOS site in Greenland is situated in the accumulation zone, far from the
ablation zone. Proximity within the ablation zone where melt and related surface processes are active increases
the number of detectable events because less energy is lost due to geometrical spreading and attenuation. Further-
more, the ice velocity at Gulkana is higher than Greenland, which means Gulkana is closer to cryoseismology
associated with crevasse opening and closure (Neave & Savage, 1970). Our findings indicate a single-station or
small-array deployed on an icy ocean world will likely be able to detect the diurnal influences of local events and
determine the direction from which the events originate. Defining the direction and detecting diurnal frequency
on an icy ocean world will help constrain the mechanisms driving local seismicity and regions of high activity. If,
however, the goals of the mission are more global in scale, then detection of LF events would become a priority.
In that instance, a landing site more analogous to Greenland would be more appropriate as the reduction in local
HF events could help improve the detection of LF events.

6.3. VHF Detections (>20 Hz)

In the VHF frequency range, the most distinctive signal we find is a repeating signal that is common to both
sites. We detect this signal through implementing a template detector. Due to the HF, repetition, and regularity
of the signal, we suspect cultural (anthropogenic) sources or a nearby natural source(s). For example, poles and
equipment left in the field can have harmonic seismic signatures that resemble the seismic signatures of moulins
(Carmichael, 2019). In addition, previous studies (Allstadt & Malone, 2014) have shown that repeating signals
could be due to snow loading. To try and identify the events and distinguish the source of their origin, we study
the repeating nature of the signals, short reoccurrence rate, VHF content, and event durations characteristics.

We can reasonably rule out moulins for the Greenland data set, as no active moulins were present near the field
site at the time of deployment and because the site is near the ice divide and in the accumulation zone, a moulin
or surface stream of any kind are rare and nonexistent at this time. At the Gulkana Glacier site, moulins are
prevalent and very likely to contribute to the VHF noise, but they are unlikely to be the cause of the repeating
signal common to both sites. Moulins are known to cause fracturing that exhibit HF energy and have short dura-
tions (Carmichael et al., 2015) as well as VHF tremor (Roeoesli et al., 2016). The fracturing due to moulins is
more likely to contribute to the HF (<20 Hz) diurnal signals we observe, the VHF signal from moulin tremor is
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typically emergent and therefore not detectable by our algorithm. At Gulkana, moulins are likely to have contrib-
uted to some of the HF and VHF signals and environmental noise, but they cannot explain the repeating nature
and very short duration of the most distinctive VHF signals.

Snow loading and firn quakes can create HF signals with repetitive signals (Lough et al., 2015). While snow and
firn loading may be a viable source for some VHF signals detected at the Greenland site, only small patches of
saturated firn existed at the Gulkana site, and therefore this source is unlikely a contributing signal at the Gulkana
site. The Greenland site did accumulate ~1 m of snow, but Gulkana did not see significant precipitation (<10 cm
of snow). Furthermore, the previous studies (Allstadt & Malone, 2014; Lough et al., 2015) note the repeating
signals had a reoccurrence rate of several minutes, not tenths of seconds and the frequency content of the repeat-
ing events was 1-5 Hz.

We also consider installation equipment as a source of the VHF signals. For example: a hard drive spinning or
clicking, settling of equipment as the snow or ice underneath compacts or melts, or wind interaction with the
lander, nearby tarps, and flags. For the northwest Greenland site, the signal is detected by both the small-aperture
array and the remote array 1 km away; therefore, we can rule out sources unique to only the small-aperture array
as the remote stations also record the signal. Previous studies in the cryosphere found that poles left in the field
as markers could create HF signals (Carmichael, 2019). At both the small-aperture array and remote stations,
bamboo poles were left in the field in order to help locate the stations. Polarization analysis of the signals also
indicate that the stations point in different directions, likely due to the various positioning of the nearest poles
relative to the station. We listened to longer duration seismograms (from day 9 June 2018 around 12:00 UTC),
and determine that the signal is most similar to wind blowing past flexible bamboo poles or flags flapping in
wind gusts. To rule out signals caused by approaching helicopters, we also listened to seismogram time-series
when helicopters were known to be in the vicinity. While there are similarities between the signal generated by
the helicopters, there are differences between the characteristic spectra of the event and the helicopter signals. The
similarities exist because the helicopters generate wind that also cause poles to move as if there was a strong natu-
ral wind, but the rotor noise tends to dominant the helicopter signal. The helicopter almost certainly activated pole
resonances as the rotor wash created considerable wind in the vicinity of the experiment. The dominant frequency
of the events (Figure 3c) provides further evidence. The bamboo poles were approximately 1-2 m in height above
the snow. The fourth harmonic for a 1-m cylinder with one fixed end is roughly 320 Hz, the same as the charac-
teristic frequency of the signal. The corresponding first harmonic is 80 Hz, which does appear on spectrograms.
We conclude that it is likely the VHF signals recorded at the Greenland site are caused by the poles moving in
the wind. It is noted that when the winds were at the highest, these events are not detected. Visual inspection of
the time-series data confirm that no events occur during periods of high winds (>10 m/s). It is possible the winds
are strong enough to cause the other sources of environmental noise to increase or are strong enough to force the
poles to stop swaying. It is also possible the high winds cause changes in how the poles are shaken, increasing the
resonant frequency above the Nyquist frequency (500 Hz).

At Gulkana there were no bamboo poles, however there was a cache of equipment left at the field site that was
covered with tarp and a pole with a GoPro camera attached to it. This pole was located due north of the small-ar-
ray and the equipment cache was due south of the array. Although the tarp was secured with tie lines, it was still
able to flap from wind gusts. The back azimuths of the VHF events tend point in the direction of 330°-350°
(due north). This direction is toward a nearby GoPro camera setup, and notably not a common azimuth for most
HF detections (Figure 10). As with the data recorded at the Greenland site, we listened to the seismograms to
help identify possible sources. The signals sound like a semi-regular thump. We compare these signals to other
environmental noise without the repeating signals to verify that the thumping noise is only heard when VHF
events were recorded. The other environmental signals sound like blowing wind or static without any thumping
or flapping noises. Based on this evidence we believe the VHF signals detected by our algorithm are caused by a
combination the poles, flags, and tarps left behind during deployment.

The detections of this equipment-induced VHF signal indicate the importance of having the capability to distin-
guish signal sources to prevent attributing spacecraft-generated noise to natural local noise sources. At both
Greenland and Gulkana, equipment left in the field created sources that obscured other local, naturally occur-
ring, events. Previous planetary missions have also detected instrumental and spacecraft influences on seismic
signals. The Apollo missions recorded astronaut movements (Khatib et al., 2020; Nakamura, 1976), the only
true anthropogenic signals detected on another object in the solar system. Thermal moonquakes have also been
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associated with the Lunar Exploration Module and other equipment left on the lunar surface (Weber et al., 2018)
long after the astronauts left the surface. The InSight mission on Mars has numerous signals originating from the
lander (Giardini et al., 2020). While future missions may not have bamboo poles, flags, or tarps, the missions
may include other instrumentation that can generate seismic signals, including solar panel arrays, instrument
booms, landing equipment, and lander deck and legs. Titan, in particular does have an atmosphere which could
produce wind and produce similar signals to those we observed. Although more analogous to deep ocean currents,
Titan's atmosphere can produce wind noise (Lorenz et al., 2021). It will be vital for future missions to determine
whether signals are from landers, or if the events have a natural origin that can be used to characterize the local
environment.

6.4. Recommendations for Icy Ocean World Missions

For future missions to icy ocean worlds, detecting expected seismicity and science goals associated with the
measurement of internal structure should be factors that are considered as part of determining the preferred land-
ing site. Based on our findings we have the following recommendations:

1. A small-aperture array outperforms a single-station. While a single-station is effective, a small-aperture array
provides redundancy in case of equipment failure, leads to increases in positive detections while reducing
false positives, and provides additional information to identify sources (especially local environmental and
spacecraft signals).
2. Itis expected that potential landing sites will vary in terms of local seismic activity and anticipated lifetime.
a. A potentially active site should be chosen if measuring local activity is a primary science goal or the
mission duration is anticipated to last only a few tidal cycles. Being close to a potentially active region
will increase the number of HF events and may help characterize the activity along an active area such as
a fault, chaos terrain, or nearby cryovolcanism. A lack of detected HF activity may then indicate the area
surrounding the landing is no longer active or less active than predicted. Furthermore, our data suggests a
high percentage (51% using a single station or 60% using small-array) of LF events will still be detectable.

b. If recovering global structure or seismicity is a primary goal or the mission is anticipated to have a rela-
tively long duration, a quieter site is more optimal. A site farther from local activity will likely detect a
higher percentage of larger magnitude tectonic events that would mostly occur as distant teleseisms. This
may be preferred if a goal of the mission are to investigate larger scale structure or global-scale activity
rather than a specific feature.

3. On short-term missions in which sensor or telemetry lifetimes may last only last a few weeks, an automated
detection algorithm will be crucial for efficient data return where high sampling is needed to resolve events
(e.g., local seismicity or HF and VF style events). More sophisticated automated detection algorithms (e.g.,
C. G. Carr et al., 2020) that account for diurnal changes in noise would further improve detections. Operator
searches are expected to find the most events, but requires large data volumes and interactivity with the data
on the station. Machine learning approaches could also be implemented to locate and characterize seismicity
with a single station (Majstorovi¢ et al., 2021).

4. Regardless of the site selected or detection method, the character of the environmental noise may vary in time
and cause bias in the temporal interpretation event counts and magnitudes (C. G. Carr et al., 2020).

In the case of Europa, where the high levels of radiation would reduce the mission lifetime to a few weeks, we
recommend a landing site near a potentially active area to maximize seismic information return. Such a landing
site will have a better chance of detecting events to characterize the local ice dynamic environment and possibly
the global structure from teleseismic events. We recommend a more sophisticated noise-adaptive automated
detection algorithm to find potential events and send back higher sampling rate data for events with a range of
magnitudes along with some spectral data characterizing the environmental noise through time. For a mission to
Enceladus or Titan, where the spacecraft might survive for multiple years, a landing site in a quieter area would
be preferred. This would enable the detection of larger and more distant events that sample deep internal structure
owing to decreased environmental noise; the extended time would allow for more detailed analysis of events on a
range of scales as well as the environmental noise. The longer time frame also enables fine-tuning autodetection
algorithms and more complete data returns; coupled with operator inspection, longer duration missions would
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likely produce more complete catalogs of event occurrence and character, behaviors most likely missed with
shorter missions.

7. Conclusions

The SIIOS analog sites provide data to investigate how single-station seismometers and small-aperture arrays can
detect and identify sources of seismicity on an icy ocean world. Our study highlights the diversity of sources that
would be recorded by a future seismic experiment on an icy ocean world mission and emphasizes that a range of
LF and HF signal types are likely to exist in these environments. Our experiments show that geophysical missions
to an icy ocean world should expect to record large teleseismic or regional events, but not ignore the possibility of
local events generated by active ice dynamics as well as lander-generate seismicity. In addition to naturally occur-
ring sources, future missions would need to determine if spacecraft sources are likely to add noise to the mission.

In our study, equipment-generated noise appears most strongly in VHF events are detected at both sites, namely
noise generated by marker poles, flags, and tarps interacting with the wind. Future analog experiments and
missions should be aware of possible anthropogenic/cultural signals and take steps to mitigate them. While these
signals may be used to constrain near-surface structure, they add to environmental noise and obscured naturally
occurring signals.

We suggest that a single-station seismometer is capable of detecting numerous teleseismic and regional events
at an icy ocean world landing site, and a large-scale network is not needed to achieve fundamental seismology
science objectives such as constraining the current rate of seismicity in icy shells. Despite high levels of local
environmental noise at the Gulkana site, distant tectonic events are detected with the single-station. Previous
terrestrial studies indicate similar capability (Bose et al., 2017; Frohlich & Pulliam, 1999; Panning et al., 2015),
and it has been demonstrated on Mars (Khan et al., 2021; Knapmeyer-Endrun et al., 2021; Stihler et al., 2021)
but we expand on these studies by using identical instrumentation deployments in two different icy ocean world
analog environments.

The HF events reveal characteristics of the geological and tectonic environment. HF events at Gulkana are numer-
ous and may contribute to overall higher environmental noise measured by our instruments. The HF events at
Gulkana are likely due to crevasse opening, most likely near the glacier terminus, as well as meltwater or rainfall
runoff. Some of the events are consistent with by nearby rockfalls and mass wasting. The Greenland site HF data
is also far noisier than the Gulkana data despite general lower levels of environmental noise at these frequencies.
Increased wind at Greenland could have increased the environmental noise. The signal strength may have also
been decreased due to attenuation and geometrical spreading if the events occurred at greater distances than those
at Gulkana.

We also test the capability of small aperture arrays to quantify a small-aperture array designed to mimic a robotic
deployment. The setups on Gulkana and in Greenland further allow us to quantify capabilities in high activity
and low activity locations. The small-aperture arrays further improved our ability to detect more events and
distinguish events from instrumental anomalies. In a noisier environment, the small-aperture array would help
eliminate false detections caused by instrumental anomalies. The reduction of false positives would help ensure
only true events were sent back at higher sampling rates, improving the overall science return. Although the
small-aperture array approach produces more detections, many of the detections made at Gulkana are from local
events not tectonic events, creating redundancy among the detection algorithm settings. Since the local events can
still yield information regarding the local environment, it may be preferred to have more data from any natural
event, than risk not detecting events to reduce false positives from glitches. Although we did not investigate it
here, small arrays can also exploit additional methods such as beam-forming, generalized F-detectors, and F-K
analysis that would enhance science return (Rost & Thomas, 2002).

Future geophysical missions will need to assess the goals and limitations of the spacecraft when deciding on
landing sites and whether to rely on a single-station and/or automated detection approaches. Small aperture-ar-
rays have the potential to improve the science return and are able to more robustly identify events without seis-
mologist review, but also increase the data volume collected, but not necessarily the volume of data transmitted.
These automated detections can help reduce data volume when mission operation time is severely limited by
the challenging environments present on icy ocean worlds, but ultimately a seismologist inspection will lead to
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more detections and characterization of LF events. In general, single-stations are still highly capable of detecting
numerous LF and HF events, and can meet the science objectives of geophysical investigations of icy ocean
worlds.
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web service provided by the ANSS. The catalog of events detected by SIIOS is available using: https://drum.lib.
umd.edu/handle/1903/26478. The catalog contains associated events for LF events, and the method of detection
(e.g., single-station, small-array, or both), as well as the UTC times for the HF and VHF events.
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