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Why seismology?:  Seismology offers the most 

comprehensive view of the internal structure of plane-

tary bodies [1, 2], which is exemplified by our improved 

understanding of Earth’s internal structure and compo-

sition using a suite of seismological tools [e.g., 3, 4, 5]. 

For example, surface waves offer robust constraints on 

the absolute seismic velocity structure of the Earth’s in-

terior while being less sensitive to depth and sharpness 

or gradient of a seismic discontinuity [5]. Body waves 

and converted phases on the other hand provide robust 

constraints on the characteristics of a seismic disconti-

nuity with less certainty on absolute velocities [5]. Here 

we refer to seismic discontinuity as a boundary, for ex-

ample ice – water interface on Europa or Enceladus, 

with high enough impedance contrast that is detectable 

by seismic waves. 

Of prime interest are the icy moons, Europa, Encel-

adus and Titan, which have a subsurface ocean, poten-

tially conducive for habitability, beneath an icy shell [6 

- 9]. Gravity [e.g. 7, 8] and magnetic field mapping [e.g. 

10, 11] have been used to study the interior of these icy 

moons. However, these techniques alone cannot unam-

biguously image structural discontinuities (petrological 

or mechanical) or characterize active processes in the 

interior [2]. 

 Ice-covered ocean worlds possess diverse energy 

sources in the form of tidal cracking, turbulence in the 

subsurface ocean, volcanism, geyser-like eruptions 

and/or bolide impact, which are capable of driving sig-

nificant seismic activity [1, 2, 12]. Studying such seis-

mic motions can provide valuable information about the 

density, temperature and chemical structure of the inte-

rior, which has significant implications for our under-

standing of the evolution and potential habitability of 

planetary interiors [1, 2, 6]. 

Seismic investigation of the interior structure of 

Enceladus:  Given the possibility of future missions to 

deploy seismometers on the icy moons of Jupiter and 

Saturn, it is essential to consider design of possible seis-

mic experiments and quantify plausible seismic activity.  

Seismic studies of planetary interiors has previously 

been approached by approximating the 3D seismic 

wavefield using a 2D numerical approach [2, 13]. This 

has significantly contributed to our understanding of the 

seismic wavefield of spherically symmetric models of 

icy moons. However, this approach lacks the ability to 

precisely model and characterize the seismic wavefield 

in the presence of heterogeneities such as observed sur-

face topography, possible localized tectonics structures, 

or longer wavelength variations in ice shell thickness. 

To address this, we construct 3D models with complex 

heterogeneities (e.g. varying ice shell thickness) and 

generate databases of continuous synthetic seismo-

grams through numerical 3D wave propagation using 

Salvus [14], a full waveform numerical solver. 

We start our investigation by modeling the 3D seis-

mic wavefield of Enceladus, which has an ice shell with 

thicknesses that likely differs strongly from a spherical 

model [16], for a suite of thermodynamically self-con-

sistent interior models [15]. We model four scenarios 

[Fig 1-i] for Enceladus: 

a) Spherically symmetric model with 5 km thick ice 

shell (based on [16]) 

b) Spherically symmetric model with 40 km thick ice 

shell (based on [16]) 

c) Linearly increasing ice shell thickness from the 

south pole (5 km) to the equator (40 km) 

d) Globally varying ice shell thickness [16; Fig 1-ii] 

 

 

Figure 1: (i) Visual representation of ice shell thickness 

along 170E longitude (ii) Global ice shell thickness es-

timate from [16]. Dashed red line shows the location 

along which (i) is plotted. 
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For all scenarios, we use a high-resolution mesh 

(5s), and a double couple seismic source of magnitude 

3.7 Mw [e.g. 12] at a depth of 3 km, located at 85S lati-

tude and 170E longitude. We place the source at the 

south polar region (SPR) as it is probably the most seis-

mically active region due to a thin ice shell coupled with 

the presence of plumes and tiger stripes as imaged by 

Cassini [e.g. 17, 18]. Figure 2 shows synthetic seismo-

grams for a seismometer placed at a distance of 40° 

from the source. 

The above scenarios will help in characterizing the 

seismic wavefield due to varying ice shell thickness at 

long periods, and predicted isostatic compensation from 

observed topography at moderate wavelengths. This 

study will further extend to include regional high fre-

quency modeling of localized features such as the tiger 

stripes at SPR [18] or trapped liquids in the ice shell. 

Key areas that initial modeling efforts aim to address 

include: 

 Signal and amplitude variation caused by 3D struc-

ture 

 Identify seismic phases in the heterogeneous mod-

els (c, d) using nomenclature developed for icy 

ocean worlds [2] 

 Adapt single-station seismology procedures [2] for 

heterogeneous models and extend them for a dis-

tributed network of seismometers 

 Use body waves, including converted and reflected 

phases, to infer the interior structure and test the ro-

bustness of inversion techniques to 3D structure  

 Extend the study to include simulated background 

seismic noise along with likely magnitudes and fre-

quency of event occurrence 

 

 

Figure 2: Velocity seismograms, filtered at 5 – 100s, 

for a receiver located at a distance of 40° from the 

source. (a – d) correspond to the models defined above 

(Fig 1-i). Multiple orbits of the Rayleigh wave are 

marked R1 – R8 in (b). Although R1 is visible in all 

models, R2 onwards is visibly dispersed in model (a, c, 

d) in this frequency band. However, seismogram stacks 

show evidence of R2 [Fig 3] within this band. 

 
Figure 3: Stack of seismograms along 170E longitude 

for models (b) and (d) of Enceladus. Multi orbit arrivals 

of the Rayleigh wave are more dispersed because of the 

varying ice shell thickness in model (d), compared to a 

model with 40 km thick ice shell (b).  
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