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Introduction:  Ocean Worlds, such as Europa, En-

celadus, or Titan, have thick icy shells overlying subsur-
face oceans [1–4]. Due to the potential habitability of 
Europa’s subsurface ocean, the Jovian satellite is a tar-
get for a potential lander mission in the late 2020’s [5-
6]. Part of the Europa lander mission payload is a seis-
mometer that is tasked with locating and identifying 
sources of seismic activity in the ice shell. Our project, 
the Seismometer to Investigate Ice and Ocean Structure 
(SIIOS) is focused on using terrestrial analogs to field 
test seismic instruments, and to develop techniques for 
seismic studies on ocean worlds.  

 
Fig. 1. a) Gulkana Glacier (red star) is located in the 
Alaskan Range.  b) Photo and c) schematic of the SIIOS 
small aperture seismic array consisting of Silicon Audio 
(red), Trillium compact (blue), Sercel L28 geophones 
(green), and a Trillium posthole (black) arranged into a 
lander-based array (gray) and small aperture array ge-
ometry. d) Map of active source location (black x’s) rel-
ative to the center of the small aperture array (red star). 

The SIIOS project deployed seismometers at two 
terrestrial analog locations: Gulkana Glacier (Fig. 1a) in 
Alaska and on the Greenland icesheet ~80 km north of 
Qaanaaq, Greenland. Our analog sites were selected as 
they have thick ice (40-800 m thick), layers of ice over-
lying rock and/or water, and an abundance of glacial and 
icesheet seismicity. In addition, there is seismicity mod-
ulated by the diurnal variation in temperature at Gul-
kana Glacier, although this was absent in Greenland. 
During each deployment, seismometers were installed 
in a small aperture seismic array (Fig. 1b,c). The array 
mimic a lander with seismometers on its legs or placed 

near the lander (within 1 m) and test the advantage of 
this system over a single-station seismometer.  

Seismic arrays provide improved signal-to-noise ra-
tios, source locations, and resolution of small scale 
structures [7]. The signal-to-noise ratio of small/weak 
events is enhanced through linear or phase-weighted 
stacking. The presence of additional stations enables the 
use of wavefield coherency to obtain seismic velocities, 
beam-form [8], and/or perform velocity spectral analy-
sis to recover back azimuth and horizontal slowness.  

Seismicity at Gulkana Glacier:  SIIOS deployed a 
small aperture array on Gulkana Glacier from Sept. 8th-
23rd, 2017. During that time, the array recorded passive 
signals, including over a hundred regional events with 
Mw >2.5. In addition to the passive sources, an active 
source experiment was conducted to calibrate the sensi-
tivity of the array (Fig. 1d). This experiment allowed us 
to constrain the local internal structure of the ice [9,10] 
and to calibrate our source location algorithm against 
known locations.  

The active source signals were generated by striking 
a 8-kg sledgehammer against a 1.5 cm thick aluminum 
plate. The experiment was tested at twelve different lo-
cations, each with ~ten hammer strikes. The timings of 
each hammer source were recorded using a GPS Syn-
chronizer with a 1-2 microsecond trigger accuracy. The 
seismic array recorded data at a 1 kHz sampling rate.  

To analyze our data, we first removed the instrument 
response and filtered to 0.1-250 Hz using a bandpass fil-
ter (Fig. 2a). For each location and station, we visually 
inspected the shots, if necessary we removed shots with 
bad timings or excess background noise, and then 
stacked the shots (Fig. 2b).  

Location Algorithm:  The final stacks were used to 
pick the arrival of compressional (P) and shear (S) 
waves (Fig. 2c,d). Five simple one-dimensional velocity 
models were used to calculate the predicted arrival 
times of the P and S waves. The models were layered 
with no low-velocity zones and were based on previous 
estimates for seismic velocities in ice [11–13]. The al-
gorithm calculated the residual of the predicted versus 
observed P and S waves using the sum of least squared 
method [14]. A grid of 400 m x 400 m, centered at the 
array, was created to perform a source location grid 
search. The algorithm searched the grid to find where 
the residuals were minimized to determine the best re-
covered location. We then computed the chi-squared 
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cumulative distribution function [14] to determine the 
most likely locations for each active source (Fig. 3a).  

The grid search approach accurately recovers source 
distance, but additional information is required to con-
strain the source azimuth. Therefore, we utilized the po-
larization of the P-wave to determine azimuth via rota-
tion of the horizontals and finding the maximum radial 
component of motion. At each source-location pair, we 
created a vector of azimuths ranging from 0-360º in in-
crements of 0.5º. For each azimuth we rotated the hori-
zontal components into the radial and transverse com-
ponent. Using a time window surrounding the P wave 
arrival, we searched for large amplitudes in the radial 
component. The azimuth that produced the greatest am-
plitude was considered a recovered azimuth.  

We repeated this method for each station so we 
could identify any outliers, and calculate the median 
along with the 25th and 75th percentiles. (Fig. 3b).  This 
approach was mostly successful except for the two clos-
est events (11 and 12). At short distances the P- and S-
wave arrivals are poorly separated in time, making 

distance determination inaccurate. While the radial 
maximization of P-wave energy algorithm is able to re-
cover the azimuth for about half of the events, it does 
not recover the azimuth for all the events.  

Future Work: To better recover event azimuths, we 
will test additional methods, such as using the eigenvec-
tors of the covariance matrix of P arrivals [15–17], po-
larization of surface waves [18–20], and compressive 
sensing techniques [8]. These will be jointly inverted 
with the source location grid search algorithm. We plan 
to test and improve our location algorithm using the ac-
tive source experiment conducted at the Greenland field 
site in addition to regional passive events.  

The passive events will also be used to create a cat-
alog of local seismicity. We plan on identifying sources 
from earthquakes, icequakes, moulins, and rockfalls. 
The catalog can be used to further quantify the ad-
vantages of a small-array over a single-station and de-
tection of nearby small events by an ocean world lander-
based array. We can compare not only the number of 
events the small array detects, but also how well we can 
locate and identify the sources.  
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Fig. 2.  Individual shots  (a) are stacked to enhance the 
signal-to-noise ratio and pick P and S arrivals (b). The 
process is repeated for each ground-based, flight-ready 
instrument (c, d).   
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Fig. 3. Recovery of event location using the small ap-
erture array. a) Grid search results to constrain distance 
using the arrivals of P and S waves. Red/black col-
orscale indicate the confidence bounds (%) of the loca-
tion. Blue squares represent the best recovered location. 
The green stars mark the true azimuth as measured in 
the field. b) Recovery of azimuth via maximization of 
radial component energy. Symbols are is in (a). Red 
lines indicate the median azimuth value, the box en-
compasses the 25-75th percentiles, dashed lines show 
values not considered to be outliers, while red crosses 
show the outliers from one station compared to the rest.  
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