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Introduction: The icy worlds, including Europa 
and Enceladus have thick ice shells covering subsurface 
oceans, that may be capable of harboring life [1-3]. Due 
to the potential habitability of its subsurface ocean, 
Europa has become a target for a potential lander 
mission [4, 5]. This mission will carry seismometers as 
part of its payload and they would be tasked with 
constraining sources of seismic activity in the ice shell, 
as well as determining the ice shell thickness and 
subsurface ocean depth. The Seismometer to Investigate 
Ice and Ocean Structure (SIIOS) uses field tests of 
flight-ready instruments to develop potential analytical 
approaches for seismic studies on icy bodies. 

 
Figure 1. A) The red star indicates the location of 
Gulkana Glacier (63.16° N, 145.24° W). B) The red star 
indicates the location of the SIIOS array. C) The crosses 
represent the location of the active sources relative to 
the array (red star). D) SIIOS array facing North.  
 

In September 2017, the SIIOS team deployed a short 
aperture seismic array on Gulkana Glacier in Alaska, 
(Fig. 1). Glacial ice thickness ranges from tens to 
hundreds of meters [6], much thinner than the Europan 
ice shell [7-10]. Despite the difference in ice thickness, 
Gulkana provides an opportunity to study the influence 
of diurnal signals on the motion of the glacier, and 
internal layering consisting of ice, water, and rock [11]. 
The SIIOS array of instruments was deployed both on 
the ice, and on top of the mock lander (Fig. 2), with the 
goal of examining the performance of a 1- 2 meter array 
of instruments both on the ground vs. on the lander 
platform.  
 

 
Figure 2. Seismic array configuration at Gulkana 
Glacier. A SIIOS and a Trillium 120 PH seismometer 
are placed under the table. Five SIIOS instruments are 
placed on the table. Each of the 4 legs of the table is 
instrumented with a Trillium Compact, L-23 geophone, 
and SIIOS seismometers. 

 
Active Source Experiment: To study the array 

performance, we completed an active source experiment 
at Gulkana Glacier on Sept. 9th, 2017. A 20-lb sledge 
hammer striking a 1/2-inch thick aluminum plate was 
used to generate the seismic signals. The experiment 
was tested at twelve different locations (Fig. 1C). At 
each location 10 hammer strikes were repeated to 
provide data for stacking shots; timing was obtained 
with a GPS Synchronizer with 1-2 microsecond 
accuracy. Each shot from the same source was stacked 
using 1 second prior to time of the strike until 2 seconds 
after.  

The stacks were arranged into moveout plots using 
the known time and distance of the active sources (Fig. 
3). We determined the first breaking compressional (P) 
and shear (S) wave arrival times and calculated a simple 
linear fit to determine the average P and S velocities 
(Fig. 4). Using the data from the Silicon Audio 
seismometer located on the ground, at the center of the 
array (00A), the P-wave velocity (Vp) was 3600 ± 80 
m/s and the S-wave velocity (Vs) was 1800 ± 30 m/s. 
The Vp/Vs ratio is about 2.0 ± 0.4 which is consistent 
with seismic velocities of ice [12, 13]. However, this fit 
does take into account vertical layering within the ice.  
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Figure 3. Example moveout from the active sources 
recorded at Station 00A. The larger, top number 
indicates the source, and the smaller, bottom number are 
the number of events used to create the final stack. 

Figure 4.  First breaks for the S- and P-wave arrivals 
for station 00A at the array center.  
 

To determine the one-dimensional layering structure 
of the ice, an inversion code was applied to the P-wave 
arrivals. This code uses Bayesian Inversion methods 
[14-16] to determine the P-wave velocity as a function 
of depth (Fig. 5). The inversion results show a layered 
velocity structure, with P-wave velocity increasing from 
about 2500 to 4100 m/s with depth.  For the uppermost 
10 m, where the P waves travel, the velocity is about 
3600 m/s, consistent with our linear fit.  

Future Work: We will continue picking S- and P-
arrival times and the resulting one-dimensional 
inversions for all stations. This will allow us to compare 
the ability of each station to constrain the velocity 
structure of the glacier. We will also investigate any 
reflections to determine if the depth to the bedrock can 
be constrained. Another test of the seismometers 
efficacy will be a location algorithm that will quantify 
the seismometers’ abilities to locate known events. 
Overall, the results will quantify each station’s ability to 

locate seismic events and determine ice structure. Our 
results can be used to determine which instruments and 
placements are viable to future missions to icy worlds. 

Figure 5.  A) Model probabilities for velocity as a 
function of depth. B) Final model fit with data.  
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