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Introduction:  Several icy planetary bodies in the 

solar system along with the newly unveiled Pluto ex-

hibit signs of an active surface overlying a liquid 

ocean. Icy moons such as Europa with a geologically 

young surface [1] peppered with surface features [2] 

and aligned chemistry [3] pose interesting questions 

about the formation and interaction of the ice-ocean 

system. In particular, the thickness of the ice-shell 

which is important in determining its astrobiological 

potential, is debated [4].  

Ice on Europa behaves as a viscoelastic solid and is 

subject to tidal heating as a result of the moon’s inter-

action with Jupiter’s gravity field [5]. Determining its 

effect on the thickness of the ice-shell could provide 

interesting insights into the temporal evolution of the 

ice-shell. How does the growth rate of the ice-shell 

vary over time? Does the localization of heat in differ-

ent parts of the ice-shell affect the style of ice-

convection?  

We use numerical models of self-consistently form-

ing ice-ocean systems to examine the growth rate of the 

ice-shell as the system develops and its relation to the 

heating in different regions of the ice-shell.  

Methods:  For modeling the two-phase system, the 

Citcom 2D code for thermochemical convection is 

modified for the water-ice Ih phase diagram [6], [7]. 

This code solves the equations for conservation of 

mass, momentum and energy under the Boussinesq 

approximation. 

A temperature-dependent ice viscosity formulation 

[8] is used in all the models with a melting ice viscosity 

of 1016 Pa-s. In order to sufficiently decouple the con-

vection in the ice and ocean layers, a proxy fluid is 

used instead of water for the ocean. This proxy fluid is 

100 times less viscous than the lowest viscosity ice.  

Model Setup. This study analyses a cooling prob-

lem where an initial warm, thick ocean (100 km) is 

cooled from the top to form an ice-ocean system. We 

neglect the bottom heating in these models in order to 

study the effect of tidal internal heating on ice-shell 

thickness.  

Tidal Internal Heating. Viscoelastic behavior of ice 

on Europa is defined by the Maxwell model [8] that is 

used to calculate the tidal heating that is dependent on 

the viscosity of ice.  
Discussion:  In order to effectively study how the 

presence of tidal internal heating effects ice-shell 

thickness, we have setup numerical experiments that 

can be grouped into three cases listed below: 

Case 1: Control with no tidal internal heating.  The 

case 1 considers no tidal internal heating in the system. 

Therefore, this case serves as a control experiment 

where the initially warm ocean self-consistently cools 

to form an ice-ocean system in the absence of any heat-

ing in the model. A time snapshot from this case is 

shown in fig 1. Two plots are shown here to identify 

key aspects of ice-shell thickening in these models. The 

first plot shows the non-dimensional velocity on x-axis 

as a function of depth on the y-axis (fig 1). This plot 

indicates that the top part of the ice-shell is conducting 

while the bottom part of the ice-shell convects. In the 

temperature panel, on the left, an unstable convection 

cell begins to merge with the other convection cells. 

This eventually leads to an increase in the wavelength 

of ice-convection that coincides with the change in the 

growth rate of the ice-shell indicated by fig 2.  

 

 
Figure 1.  This time snapshot shows a two-phase ice-

ocean system. The top panel shows the logarithm of 

viscosity (high: purple; low: yellow), the middle panel 
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shows the composition with ice in deep blue and water 

in light blue. The bottom panel shows the temperature 

with red for hotter and blue for colder regions. The 

panels are overlain with the velocity vs depth plot 

(shown below the snapshot) to indicate the conductive 

and convective portions of the ice-shell. In the velocity 

plot, the top of the ice-shell is indicated by z = 1.0. 

 

Figure 2.  This is a plot of the non-dimensional ice-

shell thickness on the y-axis as a function of time in 

Myr on the x-axis. It shows that the ice-shell is grow-

ing with time and the red circle indicates the point at 

which there is a change in the slope of the growth rate 

after which there is a substantial increase in the ice-

shell growth. 

Case 2: Constant tidal internal heating.  This case 

considers a constant tidal internal heating in the entire 

ice-shell. Figure 3 shows a snapshot of a model with a 

non-dimensional heating value, q = 15.0 in the ice-

shell. In the thickness vs time plot, we again note the 

point at which there is a significant change in the 

growth rate of the ice-shell. In this case, we note that 

the ice-shell forms and thickens over time and begins 

to convect. As indicated by the thickness plot, the shell 

thickness increases then decreases a bit and eventually 

attains an equilibrium convecting shell thickness when 

there is a change in the planform of convection cells.        

Case 3: Viscosity-dependent tidal internal heating.  

The case 3 considers a viscosity-dependent tidal inter-

nal heating in the forming ice-shell. Based on the vis-

cosity-dependent formulation [8], the tidal internal 

heating can maximize in different parts of the ice-shell. 

That is, tidal heating can localize at the top of the ice-

shell, in the middle of the ice-shell or at the base of the 

ice-shell. This part of the study analyses how localiza-

tion of the heat in different regions affects the ice-shell 

thickness and is compared with cases 1 and 2 to obtain 

a more comprehensive understanding of temporal vari-

ation in ice-shell thickness due to addition of heat to 

the ice. This has implications for both surface feature 

formation as well as heat and mass transfer across the 

entire ice-ocean system. 

 

 

Figure 3.  The top image shows a time snapshot of the 

case 2: constant tidal internal heating model. The pan-

els from top to bottom show the logarithm of viscosity, 

composition (ice: deep blue and water: light blue) and 

temperature with color scales shown respectively. The 

thickness vs time plot below the snapshot indicates that 

the model has attained an equilibrium shell thickness 

in contrast to the case 1 where the shell continues to 

grow until it freezes over. Additionally, the red circle 

indicates the point where there is an increase in the 

ice-shell growth rate similar to what was noted in the 

case 1 coinciding with an increase in the wavelength 

of convection cells in ice. 
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