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Introduction & Aims: Previous studies of 

Saturn’s icy moon Enceladus have returned conflicting 

results regarding its interior structure, depending on 

the methodology used [1,2,3]. It is widely agreed that 

Enceladus consists of an icy shell of nonuniform 

thickness, a global subsurface ocean, and a rocky core 

that is often split into an unconsolidated or porous 

upper core and a consolidated central core. However, 

the specific dimensions, compositions, and mechanical 

properties of these layers are not well defined. This 

study examines the role that a single landed 

seismometer could play in constraining Enceladus’ 

interior structure, and its consequent ability to answer 

outstanding questions regarding composition and 

thermal budgets – important questions when 

considering astrobiological potential.  

Seismic Potential: Several potential sources of 

seismicity have been identified on Enceladus, the most 

prominent of which are the Tiger Stripe Fractures 

(TSF) at the south pole from which material is 

regularly ejected into space. Additionally, Enceladus’ 

small 252km radius allows for seismic phases to reach 

further around the moon and produces limited vertical 

variation in material properties including seismic 

velocity [4]. 

Structural Models: Three interior models were 

recreated for seismic investigation in this study:  

- Čadek et al. (2016) introduced an elastic 

lithosphere to reconcile gravity, shape, and 

libration data [1]. 

- Vance et al. (2018) explored temperature profiles 

and ocean compositions; here model 5 is used [2]. 

- Neumann & Kruse (2019) investigated the effects 

of the initial core composition on development of 

a porous upper core; here model A1 is used [3]. 

These were selected from the large number of existing 

models for their representation of the breadth of the 

solution space created by the range of methodologies 

used in model construction in the literature. 

Ray Theoretical Modelling: 1D simulations are 

first generated using the TauP Toolkit [5] to assess ray 

theoretical traveltime predictions for each structural 

model. While these 1D models are a significant 

simplification of Enceladus’ interior, the results are 

useful to diagnose phases of interest that could be 

studied more closely in subsequent modelling. Seismic 

velocities from [6] calculated for [2] are taken initially, 

and phases are named following the system outlined in 

these studies. 

 
Figure 1. Select ice shell phases for the three models, 

including waves reflected from the base of the ice shell. 

Ice shell thickness strongly affects time delay 

between P/S and PeP/SeS arrivals and multiples, as 

seen in Figure 1. In this case, PeP and SeS reflect once 

from the ice/ocean boundary, whereas P and S phases 

propagate solely through the ice layer. The Vance 

model, with the thickest ice shell, shows a large 

difference in arrival times of these phases compared 

with the Čadek model, with the thinnest ice shell. 

Additionally, unlike in the thicker ice shells, most 

transmitted phases in the Čadek model terminate by 90 

degrees from the source. From the 1D model, it is 

already apparent that the distance of a seismometer 

from the expected source at the south pole will 

strongly affect its ability to detect these phases and 

therefore discern the thickness of the ice shell in this 

manner.  

 
Figure 2. Core multipathing for the three models (PKFKP, 

SKFKS). 

Phases interacting with Enceladus’ core are shown 

in Figure 2; PFKFP and SFKFS in this case travel as P 

or S waves (respectively) in the ice shell, are 

transformed to P waves in the subsurface ocean, and 
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are transmitted through some depth of the core as P 

waves. The Čadek model lacks an upper core layer and 

therefore does not display the multiples at smaller 

distances seen in the other two models, while its 

thicker ocean gives rise to the latest arrivals of the 

model set. Meanwhile, the thicker unconsolidated core 

layer in the Vance model allows for greater separation 

between distinct arrivals of core-underside reflected 

phases than in the Neumann model. 

Full Wavefield Simulations: We also employ the 

axisymmetric full waveform simulation code AxiSEM 

[7] to assess the seismic wavefields generated by 

quakes at the south pole of Enceladus, and to examine 

how phases of interest identified using ray theory 

might appear in a full waveform. We use a 5km deep 

monopole at the south pole and with magnitude Mw 

~2.6, in line with estimates of seismicity at the TSF 

[6,8,9]. We initially conduct fully elastic modelling at 

a dominant frequency of 2Hz. 

 
Figure 3: Top: Vance (2018), Middle: Neumann (2019), 

Bottom: Čadek (2016). Vertical component for a station 60° 

from the source, bandpass filtered between 0.5-2Hz to 

remove the dominant surface wave signal. 

Initial investigations assess the detectability of 

different phases identified in the ray theoretical models 

described above. SS and SeS multiples have distinctive 

arrivals that converge with distance, allowing 

estimation of depth to ocean. SFoFS can be observed 

at short distances up to approximately 60 degrees; this 

phase represents a reflection from the topmost core 

layer that travels through the ice as an S-wave and the 

ocean as a P-wave. The core phases PFKFP and 

SFKFS can be observed as some of the first arriving 

phases at long distances. 

Outlook: The addition of attenuation to the models 

presents difficulties due to the extreme environment 

and planetary context. Previous work [2,6,10] uses 

mathematical relations to calculate a temperature-

dependent quality factor for the ice layer. Meanwhile, 

recent increases in terrestrial studies of cryoseismicity 

[11,12,13,14] as well as laboratory measurements can 

provide checks on the application of this equation on 

large scales. In the core, water-saturated porosity is 

likely to be a significant source of attenuation along 

with scattering effects [15]. 
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 Figure 4: Filtered record section for the Neumann model vertical component, with notable families of seismic phases labelled. 
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