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The Importance of Salts in the Outer Solar System

◍ Liquid reservoirs in our solar system moons 
(oceans, brine inclusions) potential habitats
for extraterrestrial life

◍ How do these liquid reservoirs form and can 
they stay liquid over long period of times?

Credits: NASA/JPL (modified by A.C. Plesa)
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Melting due to 
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Transport of 
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convection?



Credits: NASA/JPL

Salt Uptake - The Ice-Ocean System

◍ Mushy layer connection between ice and ocean
⭆ Macro scale: solid state convection and/or two-phase flow in the ice shell
⭆ Meso scale: two-phase flow in highly porous mushy layer



Credits: NASA/JPL

Salt Uptake - The Ice-Ocean System

◍ Barr et al. , 2004, 2005, 2007
◍ Han and Showman 2005
◍ Howell and Pappalardo 2018
◍ Harel et al. 2020
◍ …

◍ Feltham et al. 2006
◍ Huppert and Worster 1985
◍ Griewank and Notz 2013
◍ Buffo et al. 2018, 2020, 2021
◍ …
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Meso-Scale Model: BRYNE

Compute:

salt concentration

temperature

liquid fraction

across the meso-scale mixture
soldification interface.



Meso-Scale Model: BRYNE



◍ Conservation of mass, momentum, and energy (non-dimensional) for 
incompressible, low Re fluid (Stokes flow) solved with fluid flow solver 
GAIA (Hüttig and Stemmer, 2008)

Macro-Scale Model: GAIA
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Multi-Scale Coupling

Macro Meso

Characteristic Scales

Spatial Scale

Vector of Unknowns
α, β, γ, . . .

Temporal Scale
ti ti+1

102 – 103 m 10-2 – 100 m

100 – 102 [years] [days] – [years]

UM = (vs, ps, T, Cbulk) Um = (vl, pl, T, Cbulk)



Multi-Scale Time Coupling

Macro

Meso

model boundary



Multi-Scale Time Coupling
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Spatial Coupling

Macro

Meso
state is volume-averaged over freeze-out volume

e.g.

flux is meso-surface average:



First Simple Problem Setup

Boundary U

Boundary O

◍ Test influence of different heat flux boundary conditions from macro
scale model on meso scale model (i.e. mushy layer growth, thickness)



Preliminary Test Results (dT/dz = 0.005 [K/m])

D = 40 km

D = 100 km

Ra ≈ 3 · 10
6

Ra ≈ 3 · 10
5

G = 1 mm (ηref = 1014 Pa s)

◍ Growth rate mushy layer: 1.48 m/kyrs
◍ Thickness of mushy layer: kms



Preliminary Test Results (dT/dz = 0.05 [K/m])

G = 0.1 mm

G = 1 μm

D = 30 km

ηref ≈ 4 · 10
12

Ra ≈ 10
8

ηref ≈ 4 · 10
8

Ra ≈ 10
12

◍ Growth rate mushy layer: 19.4 m/kyrs
◍ Thickness of mushy layer: 102 m



Conclusion
◍ Salt uptake in ice-ocean system is a multiscale problem

◍ Mushy layer: cm to m, days to years
◍ Ice shell: m to km, year to hundreds/thousands of years

◍ Mushy layer determines how much salt is incorporated into ice shell
◍ Ice shell governs cooling rate of the mushy layer

◍ Preliminary results (testing influence of heat flux boundary conditions 
provided by macro scale): Higher heat fluxes yield …
◍ Faster growth of the mushy layer
◍ Thinner mushy layers



Backup Slides



Multi-Scale Coupling: Results (dT/dz = 0.005 [K/m])
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Multi-Scale Coupling: Results (dT/dz = 0.05 [K/m])
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Meso-Scale Model: Equations
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Meso-Scale Model: Equations



Macro-Scale Model: Equations

Credits: NASA/JPL

Conservation Equations Rheology


