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Introduction:  Constraining the exchange of ener-

gy and mass between the oceans and ice shells of icy 
satellites in our solar system is crucial to understanding 
their geophysical evolution and assessing their habita-
bility [1-3]. A region of ice shells that remains largely 
unconstrained, yet plays a disproportionate role in 
these system’s dynamics, is the ice-ocean interface [4, 
5]. In terrestrial analog environments (e.g. sea ice) this 
interface dictates the heat and mass transport to and 
from both the ocean and atmosphere [6-8] and pro-
vides a gradient rich ecological niche for polar biology 
[9]. A key feature of the ice-ocean interface, which 
facilitates these dynamics and complicates its represen-
tation in numerical models of ice-ocean worlds, is its 
complex two-phase nature. 

When ice forms from an aqueous solution, such as 
an ocean, rather than forming a monocrystalline solid 
the ice-liquid interface is characterized by a porous 
matrix of dendritic ice crystals bathed in interstitial 
brine. Frequently referred to as a ‘mushy layer’, this 
two-phase regime forms a dynamic boundary between 
the ocean and overlying ice, whose evolution is best 
described by the equations of reactive transport in po-
rous media [10, 11]. The physical characteristics of 
this layer (e.g. porosity, chemistry, thickness) depend 
on environmental parameters of the system (e.g. local 
thermal gradient, ice thickness) and in turn determines 
the mode and rate of heat and mass transport to and 
from the underlying ocean and overlying ice. While 
this has been observed and modeled in terrestrial ices 
[6, 11, 12] it has not been extended to planetary envi-
ronments to determine if there are analogous geophysi-
cal and astrobiological implications for ice-ocean 
worlds. 

Here we investigate the characteristics of planetary 
ice-ocean interfaces and their dependence on environ-
mental parameters (e.g. gravity, ocean composition, 
thermal gradient) using two approaches, one analytical 
and the other numerical. We validate both approaches 
against terrestrial sea ice, demonstrate the potential 
variability in mushy layer properties across different 
planetary bodies, and discuss the geophysical and as-
trobioligcal implications this may have. 

Methods:  There are a number of advantages to 
approaching this problem using both an analytical and 
numerical strategy. The analytical approach produces 
solutions which can quickly be applied to a number of 
planetary bodies elucidating the basic characteristics of 

the ice-ocean interface mushy layer, while the numeri-
cal approach provides high resolution two-dimensional 
information about the interface. Agreement between 
the two provides an additional method of validation for 
both methods and bolsters confidence in their applica-
tion to diverse planetary ice-ocean systems. 

Analytical Method. This approach assumes the 
mushy layer system consists of three regimes; ice over-
lying mush overlying ocean and solves for the propa-
gation velocities of the ice-mush interface and the 
mush-ocean interface using modified Stefan problems. 
Equating these velocities results in an equilibrium 
mushy layer thickness, which can be solved for under 
diverse environmental pressures. 

Numerical Method. We have adapted the two-
dimensional reactive transport model of [13] to ac-
commodate the thermochemical properties of ice-
ocean world environments. The model simulates the 
fluid dynamics and two phase evolution of mushy lay-
er systems and its implementation of adaptive mesh 
refinement means it is well equipped to handle both the 
microscale physics occurring near the ice-ocean inter-
face and the large scale of planetary ice shells (~10s 
km). 

Results:  The analytical and numerical approaches 
were validated against empirical measurements of sea 
ice before being applied to planetary ices. The equilib-
rium mushy layer thickness, as calculated by the ana-
lytical approach, can be seen in Figure 1.  

 

 
Figure 1 (Above): Mushy layer equilibrium thickness-
es under terrestrial conditions. As interface thermal 
gradients decrease equilibrium mushy layer thickness 
increases. 
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As expected, the mushy layer thickens as the ice 
thickens and mushy layer equilibrium thicknesses ~10 
cm are in good agreement with both field and laborato-
ry observations of sea ice [14-16]. The two-
dimensional salinity profile of sea ice simulated using 
the numerical model of [13] and the temporal evolu-
tion of the horizontally averaged vertical salinity pro-
file can be seen in Figure 2. The two-dimensional pro-
file exhibits brine pockets and channels, as well as 
high salinity plumes emanating from the mush-ocean 
interface, all of which are observed in naturally occur-
ring sea ice. The evolving ‘c-shaped’ vertical salinity 
profile which asymptotes near 5 ppt also agrees well 
with observations of sea ice salinity. 
 

 

 
Figure 2 (Above): Top) Two-dimensional salinity pro-
file of simulated sea ice. (Normalized by Q = (C-Ce) / 
(Ce-Ci), where C is salinity, Ce is eutectic concentra-
tion (230 ppt), and Ci is initial ocean salinity (34 ppt). 
Thus, Q = -1.0 ® C = 34 ppt) Bottom) Temporal evo-
lution of the bulk salinity profile in growing sea ice. 
 

Extending our investigations to ice-ocean worlds it 
quickly becomes apparent that the characteristics of the 
ice-ocean interface can vary drastically from one body 
to another depending on local environmental parame-

ters. We investigated the effects of gravity, ocean 
composition, thermal gradient, and permeability-
porosity relationships on mushy layer properties. One 
such example can be seen in Figure 3, which depicts 
the dependence of the equilibrium mushy layer thick-
ness on gravity. The wide variation in stable mushy 
layer thicknesses suggests that a diverse population of 
mushy layers characterize the ice-ocean interfaces of 
the icy satellites in our solar system. This diversity 
could facilitate unique geophysical processes driven by 
ice-ocean interactions and may limit ocean-surface 
exchange as material entrainment into the ice shell is 
governed by processes occurring at the ice-ocean inter-
face [4]. We will discuss a number of geological, geo-
physical, and astrobiological implications this may 
have for ice-ocean worlds and how these results can 
aid in the planning and data interpretation of upcoming 
missions (e.g. Europa Clipper, JUICE). 

 

 
Figure 3 (Above): Mushy layer equilibrium thickness 
vs. ice shell thickness under variable gravity.  
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