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Introduction: Physicochemical impurities and 

heterogeneities in planetary ice shells (e.g., salts, 
oxidants, reductants, biosignatures, brines, porosity) 
likely impact important ice-ocean world processes and 
material properties [1, 2]. These include multiscale 
geophysical processes (mantle convection, 
subduction/subsumption, ice shell hydrology) [2], ice 
shell transport capabilities (material/heat transport, 
biosignature expression) [1, 3], ice shell properties 
(dielectrics, strength, rheology, melting points) [4, 5], 
and subsurface ocean habitability (via ocean-surface 
redox cycling) [6, 7]. Furthermore, the interpretation 
and required sensitivity of remote sensing 
measurements as a method to understand the interiors of 
ice-ocean worlds depends critically on linking ice shell 
characteristics to underlying reservoir properties (e.g., 
ocean composition/habitability, life detection limits) [1, 
4, 8]. 

It has been shown that the reactive transport 
dynamics occurring at multiphase ice-ocean/brine 
solidification interfaces control the physicochemical 
properties of the resultant ice [1, 9]. Moreover, material 
entrainment at the planar ice-ocean interface of thick 
and/or equilibrated planetary ice shells is minimal, 
struggling to explain the compositional and geophysical 
heterogeneity observed on many icy satellite surfaces 
[1]. While contemporary modeling studies have begun 
to incorporate the multiphase physics required to 
describe these interfaces, investigations have currently 
been limited to simplified planar geometries with 
unidirectional temperature gradients (cold upper 
boundary, warm lower boundary) [1, 10-12]. Given the 
likelihood that there exist much more geometrically and 
thermally complex environments within planetary ice 
shells (e.g., nonplanar ice-ocean interfaces, fractures, 
sills, dikes, lenses) [12-14] and their potential to 
introduce structural and compositional heterogeneities 
into the cryospheres of icy worlds (e.g., [1, 12, 13]) it is 
crucial to assess the physicochemical evolution of such 
features to determine the role they play in the 
geophysical and geochemical heterogeneity and 
evolution of ice-ocean worlds. 

Methods: To that end, we have implemented the 2D 
multiphase reactive transport model SOFTBALL [1, 15] 
to simulate the evolution of two geometrically unique 
hydrological features: 1) the bidirectional (top-down 
and bottom-up) solidification of an isolated sill intruded 
into the shallow ice shell of Europa, and 2) the 
horizontal (edge to center) solidification of fluid filled 

basal fractures extending from the ice-ocean interface 
up into the ice shell of Europa. 

Results: We will present the 2D spatiotemporally 
evolving physicochemical profiles of these systems 
(e.g., Sills: Figure 1, Fractures: Figure 2), compare their 
properties and structures to analog magmatic and metal 
alloy systems across multiple scales (mm to km), 
highlight the impact of distinct ocean compositions on 
the resultant ice properties, and discuss the implications 
our results have for the geophysics, habitability, 
geology, observation, and ocean-surface material 
transport capabilities of planetary ice shells. 
 

 
Figure 1 – Spatiotemporal bulk salinity transects of 
solidifying sills (35 ppt NaCl and 35 ppt MgSO4; H = 
1000 m). The upper portions of the refrozen sills are 
characterized by lower salt contents, while the lower 
portions retain high levels of salt due to a lack of brine 
expulsion from the basal multiphase solidification 
interface (consistent with previous investigations [12]). 
The central portions of the refrozen sills are comprised 
of a eutectic mixture of ice and salt hydrates at the 
saturation concentration of the original brine. 
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Figure 2 (Left) – The compositional (top), physical 
(middle), and thermal (bottom) profile of a solidifying 
basal fracture (infilled with a 35 ppt NaCl ocean; H = 1 
m). Complex high-salinity brine channel structures 
characterize the porous fracture wall interface. These 
brine channels are responsible for material transport and 
desalination in the forming ice and ultimately dictate the 
ice’s compositional heterogeneity as they are frozen into 
the advancing solidification front. These dynamics, 
interfacial structures, and compositional trends closely 
mirror those observed in metallurgical casting processes 
(e.g., A-segregation formation [16]). 

 
Conclusions: When salt rich solutions such as 

oceans or brines are frozen in ‘non-traditional’ 
geometries (those other than planar top-down freezing 
fronts) they produce highly heterogenous and gradated 
ice compositions that differ significantly from those 
produced by unidirectional top-down solidification (see 
Figure 1 and Figure 2). Given the likelihood that such 
geometries exist at the ice-ocean/brine interfaces of 
intrashell hydrological features on icy worlds, coupled 
with the difficulty of entraining high levels of impurities 
at the base of thick ice [1], our results describe a novel 
and physically realistic mechanism for introducing 
observed compositional heterogeneities into planetary 
ice shells. With the profound importance 
physicochemical heterogeneities have in dictating the 
dynamics and material properties of analogous 
magmatic, petrologic, metallurgic, and cryohydrologic 
systems on Earth it is imperative that we account for 
multiphase ice-brine processes as we evolve our 
understanding of the geophysics and habitability of ice-
ocean worlds and prepare for upcoming missions. 
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