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Introduction:  Europa’s ice shell may contain a 

complex plumbing system with pockets of liquid water 

or layers of ice slush [1]. The structure of these 

systems has ramifications for future missions and the 

potential of extraterrestrial life on Europa. If mixing of 

biologically useful surface materials and the more 

habitable ocean below can occur via the plumbing 

system, it is more likely that life could exist on Europa 

[2]. Some models imply liquid water pockets may be 

present in the upper few kilometers of the shell [1]. 

Impacts probe into the mechanical structures of 

planetary bodies, leaving behind craters whose 

morphologies and temporal evolution can aid in 

constraining the thermal evolution and age of the body 

through numerical modeling. However, much is 

unknown about how crater formation and relaxation 

differ on icy, ocean worlds like Europa versus rocky 

ones. Previously, impact modeling has been used to 

estimate the thickness of the Europan ice shell based 

on resultant crater morphology [3]. Liquid water has 

been implicated in the formation of large-scale (100s 

of km in diameter) chaos features as well as small-

scale (<10 km) chaos, pits, and uplifts.  

The impacts that pepper Europa act as a natural 

experiment; all we must do is learn how to interpret the 

results. Here, we explore the effects of shallow water 

pockets (i.e., sills) and lower viscosity layers on impact 

crater morphologies, using the shock physics code 

iSALE. Previous studies have also specifically used 

iSALE, albeit with a different material model, in 

analysis of Europa’s ice shell thickness and structure 

using impact craters [4]. The thickness of the ice shell 

on Europa has been widely debated with estimates that 

range from 2km – 30km [5-6]. The goals of our work 

are to better understand crater formation on non-

homogenous icy surfaces and to identify 

morphological characteristics that are diagnostic of 

low viscosity layers (LVLs) within an ice shell. 

Methods:  Many factors affect crater shape, for 

example, gravity, material properties of the crust and 

the impactor, impactor energy, and subsurface 

structure. For a given target-projectile combination, 

larger and faster impactors will excavate larger 

volumes of subsurface material, which could change 

the morphology of the resultant crater.  

To investigate the influence of shallow subsurface 

structures, specifically viscosity and depth of 

embedded LVLs, on Europan crater formation, we 

performed several impact simulations using the iSALE 

hydrocode (version iSALE-dellen) [7-9]. Note that this 

study, does not aim to reproduce any specific crater on 

Europa, but rather to examine a generic Europa-like 

body. The simulations were constructed in order to 

identify potential trends and significant effects. 

There are a wide range of potential ice shell 

thicknesses for Europa. For this study, however, we 

use a constant thickness of 19 km, with two layers of 

ice: an upper level with a viscosity of 1022 Pa*s, and a 

lower level with a viscosity of 1016 Pa*s. Here, we 

examine a variety of cases with a 1 km thick liquid 

water or low viscosity layer at various depths (1 km, 5 

km, and 10 km) from the surface (Fig 1 & Table 1). 

We used a 620 m projectile made of solid water ice 

impacting at 15 km/s, with an incident angle of 90°. 

The surface temperature of our body was 100K. We 

varied both the depth of the LVL and its viscosity (Fig 

1 & Table 1). 

We selected impactor parameters based on typical 

values for Jupiter family comets because they are 

thought to be the source of the vast majority of craters 

on the Galilean satellites [10]. In our simulations, the 

model’s high-resolution zone is 31m per grid cell with 

an extension factor of 1.05. The width of the modelling 

space is 25km. The surface temperature was 100K and 

the thermal gradient was 28 K/km. A small impactor 

size of 620 m was chosen to ensure that craters remain 

in the “simple crater” category. Simulations were 

attempted to run for 800s with outputs every 50s. 

Subsequent investigations will explore more complex 

crater morphologies. 

 

Figure 1: Schematic of models used for impact 

simulations. The three models have a 1km thick 

LVL at various depths (1km, 5km, and 10km, 

respectively), overlying more ice. 
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We ran twelve simulations at 3 different depths and 

4 LVL viscosities, and six of those are shown here 

(Table 1). We used the 5-phase EOS for ice and non-

water LVLs, and the standard ANEOS model for the 

water layers [11]. 

 Table 1. Summary of initial model setup conditions. 

 Results and discussion:  Figure 2 shows results 

for six different simulations: a) a 620 m projectile 

impacting into ice with a 5 km deep LVL with a 

viscosity of 1014 Pa*s, 1015 Pa*s, or 1016 Pa*s , and b) 

a  620 m projectile impacting into ice with a 10 km 

deep LVL with a viscosity of 1014 Pa*s, 1015 Pa*s, or 

1016 Pa*s.  

The crater radius follows a logarithmic curve as the 

radii grow quickly upon initial impact then slow as the 

energy diffuses through the target material (Figs 2a,b). 

The crater depths oscillate with time, due to the target 

material rebounding and ejecta falling back into the 

crater (Figs 2c,d). On this temporal span the depth 

plots have not yet settled to a final shape, but a pattern 

is emerging (Figs 2c,d). All fall within the simple 

crater category. Not pictured: 1km depth plots all show 

similar results as the impactor easily penetrates 

through the embedded LVL. Our simulations are not 

sensitive enough to detect major differences in those 

data. For the 5km depth there is little variation between 

the 1015 and 1016 Pa*s viscosities (Fig 2a). The crater 

morphology at the 5km depth is most sensitive to the 

smallest viscosity, which results in a slower radial 

growth initially (Fig 2a). At 10km, the middle 

viscosity results in the fastest crater growth, while the 

other two viscosities slow the crater growth radially 

(Fig 2b).  While still preliminary, these results suggest 

that there are definite differences in crater morphology 

due to the differing viscosities of the embedded LVLs. 

Future Work: In the future we would like to 

lengthen the runtime of the simulations to better 

constrain the lines of best fit and better characterize the 

crater depths. In addition, we would like to explore a 

larger range of impactor sizes and velocities. 
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Figure 2: Plots of crater radius and depth in kilometers 

for three different embedded LVL viscosities: 1014 

Pa*s, 1015 Pa*s, and 1016 Pa*s, embedded at 5 and 10 

km respectively. The runtime is 300s for the crater 

radius (top) and to 400s for the crater depth (bottom) in 

50s increments. Lines of best fit are natural logarithms. 
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Parameter Test Increments 

Depth of Low Viscosity 

Layer (km) 

1, 5, 10 

Viscosity of Low Viscosity 

Layer (Pa*s) 

0, 1014, 1015, 1016 
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