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Abstract

Double-diffusive convection could occur in Europa’s
subsurface ocean in the presence of dissolved salts.
We demonstrate with numerical models that layers can
form in the ocean. The stability of these layers lower
the efficiency of heat and material transport. We ex-
plore the evolution of these layers, and whether plumes
originating from the seafloor can reach the bottom of
the icy shell.

1. Introduction

The existence of Europa’s subsurface ocean is sugge-
sted by the induced magnetic fields by Galileo and
recent images by Hubble Space Telescope. Colored
bands and disrupted terrains on the surface are en-
hanced in hydrated minerals, potentially indicative of
the composition of the subsurface ocean. These ob-
servations invoke various hypotheses of how materials
are being transported from the seafloor to the surface
by hydrothermal plumes, and raise questions on heat
transfer. Previous studies assessed the occurrence of
double-diffusive convection as a possible mechanism
affect heat and material transport by analyzing the sta-
bility of the subsurface ocean mainly based on linear
stability [1, 2]. However the onset of convection pre-
dicted by linear theory has been shown to be inade-
quate for the non-linear behaviour of the fluid from
laboratory and numerical experiments [3, 4].

We perform numerical simulations of double-
diffusive convection to test the hypothesis that the
heat and material can be transported from the inte-
rior through the subsurface ocean to the base of the icy
shell, and ultimately expressed and posited on the sur-
face. We observe layer formation and its subsequent
evolution in the subsurface ocean.

2. Double-diffusive convection

Double-diffusive convection is a mixing process dri-
ven by the difference in thermal and chemical diffu-
sivities when two chemical constituents are present.
The chemical diffusivity is usually orders of magni-
tude smaller than the thermal diffusivity, which means
temperature of the perturbed fluid is adjusted much
more rapidly to its surroundings than the concentra-
tion, such that the small diffusivity acts to preserve the
concentration of the fluid. The compositional density
difference may provide an additional driving or resto-
ring force to thermal convection, depending on their
distribution. The different combinations of driving
and restoring forces with different diffusive timescales
give rise to very different dynamics in the convecting
layer.

We model this subsurface water layer in Eu-
ropa subjected to a destabilizing temperature gradient
(warm at the bottom, cold on top) and simultane-
ously to a stabilizing compositional (salt) distribution.
This configuration favours the formation layers, which
form in a self-organized manner as they can evolve
from a gradient without imposing a prior stratification
of material or temperature [5, 6]. Layers can buffer
heat transport through the ocean. Depending on ini-
tial conditions and material properties as represented
by the Rayleigh numbers, different numbers of layers
will evolve. We test three possible initial conditions:
(1) uniformly cold with a smooth compositional gra-
dient; (2) uniformly warm with a smooth compositio-
nal gradient; (3) in both temperature and compositio-
nal gradients.

Numerical calculations are performed with a finite
volume code for double-diffusive convection in finite
Prandtl number, where the chemical constituent (salt
or other hydrated minerals) is treated in a field ap-
proach, meaning a further advection/diffusion equa-
tion for the constituent is solved. The temperature and
compositional differences across the depth of the layer
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are fixed.

3. Layer formation in the subsur-
face ocean

The figure panel below presents an example system
that is initially cold, compositionally light on top
and heavy at the bottom. Top figures show the ini-
tial temperature (left) and concentration (right) field
(red=high, blue=low). Layers develop in a self-
organized manner from a concentration gradient, as
shown in the bottom figures.

The dynamics of the double-diffusive system is go-
verned by three dimensionless parameters: (1) the bu-
oyancy ratio Rρ = Rac/Ra, the ratio of compositio-
nal Rayleigh number Rac = βρg∆Cd3

κCη
, to that of the

thermal Ra = αρg∆Td3

κT η
, both of which are dimensi-

onless measures of the driving or restoring forces, (2)
Lewis number Le = κT /κC , the ratio of thermal dif-
fusivity to chemical diffusivity, and (3) Prandtl num-
ber Pr = ν/κT , the ratio of momentum diffusivity
ν = η/ρ to thermal diffusivity. Other variables are the
density ρ, gravity g, coefficient of thermal expansion
α, and coefficient of compositional expansion or sa-
line contraction β. Parameters of the system for this
figure panel are Rρ=3, Le=100, Pr=7.

The dynamics of layering is known to often exhi-
bit intermittent behaviour. Individual layers can sud-
denly merge, increasing overall transport substantially.
These intermittent changes in the layer pattern can po-
tentially induce sudden large motion in the icy shell.

Layers can buffer heat transport through the ocean.
By quantifying the transport of heat and material from
numerical experiments, we measure the influence of
layering on the overlying icy shell. In this study we
observe the evolution of the ocean and discuss its im-
pact on the icy shell.
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