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Supplementary technical description of the
CRYOLAVASAURUS simulation

This Supplemental Model Description details the structure and implementa-
tion of the CRYOLAVASAURUS simulation [1] describing the physico-thermal 
evolution of cryovolcanic liquid brine reservoirs in the icy worlds of the 
outer solar system. CRYOLAVASAURUS is an affectionate h omophone for 
the Cryolophosaurus, discovered in the Transantarctic Mountains in 1990.
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CRYOLAVASAURUS is free and publicly available at https://github.com/
ElodieLesage/Cryolavasaurus. The version used to obtain the results presented 
in this study, as well as all the input, output and data files a re a rchived at 
https://doi.org/10.5281/zenodo.14768339.

This supplement provides technical details on key aspects of the work-
ing structure of the software package. The CRYOLAVASAURUS simulation 
consists of several key individual models and calculations. At a high level, a 
conservative spherically symmetric 1-Dimensional (1D) finite-difference struc-
ture is created on a staggered Eulerian grid. At the appropriate nodes and 
elements, temperature, pressure, physical and thermal material properties, 
phases, compositions, etc. are stored. These values are then accessed by several 
constitutive components of the simulation.

Section 1 describes the largest and most computationally taxing compo-
nent of the simulation: a solver that treats the conservation of heat energy, 
appropriately considering the temperature-dependent thermal conductivity 
and the idiosyncrasies of the solver implementation on the spherically sym-
metric grid. In the following, we refer to this as the “thermal solver”. This 
solver is active over the whole domain, where its primary purpose is to solve 
for the diffusion and advection of heat energy. At the surface, in the reservoir, 
in the ocean, and at key interfaces, the temperature solution itself is conserva-
tively overridden by other components of CRYOLAVASAURUS that take as 
input the computed energy fluxes. The t hermal s olver c onsiders t he temper-
ature dependence of thermal expansivity, density, thermal conductivity, and 
specific heat capacity.

Section 2 describes a separate solver that maintains a self-consistent sur-
face temperature (and therefore observable temperature anomaly), interfacing 
with the thermal solver as a dynamic surface heat flux b oundary condition. 
This heat flux b alance t akes i nto a ccount t he v arious s ources a nd s inks of 
thermal energy at the surface, and derives a heat-flux a nomaly d riven b y a 
mismatch of surface temperature calculated in the previous timestep with the 
surface temperature that satisfies the heat flux balance. This anomaly is  then 
propagated as a negative surface energy flux in the thermal solver, which elicits 
the self-consistent evolution of surface temperature.

Section 3 describes a subroutine responsible for invoking compositional 
lookup tables. These lookup tables are the results of previous modeling efforts 
that analyzed the thermal and compositional evolution of plausible Europa 
ocean compositions [2] as a function of decreasing temperature below 273 K 
[3], using PHREEQC [4]. These lookup tables are then used algorithmically to 
prescribe the partitioning of changes in total enthalpy produced by the mod-
ified t hermal s olver a cross c hanges i n t emperature, p hase, a nd composition. 
Updates are then conservatively applied to the values stored on the model grid.

Section 4 describes a separate solver that maintains the conservation of 
enthalpy associated with phase and compositional changes, interacting with 
the thermal solver as a dynamic internal boundary condition. The enthalpies 
of fusion and formation of the various compositional constituents are invoked

https://github.com/ElodieLesage/Cryolavasaurus
https://github.com/ElodieLesage/Cryolavasaurus
https://doi.org/10.5281/zenodo.14768339
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to understand the sources and sinks of energy within the model associated
with melting, freezing, and fractionation. Such changes are then propagated
back into the thermal solver as energy flux corrections, and the temperature
solutions within the ocean, reservoir, and at the interfaces are prescribed on
the grid self-consistently.

Section 5 describes a subroutine responsible for the accumulation and
relaxation of reservoir stresses in response to freezing. Volume expansion dur-
ing freezing conserves enthalpy by inducing an increase in pressure. Using
fundamental descriptions of compressibility and viscoelasticity, we predict the
occurrence of reservoir eruptions when internal pressurization overcomes the
mechanical resistance of the overlying ice. This subroutine tracks its own
results separately from the main simulation and feeds back into the simulation
by providing a source and sink of enthalpy stored mechanically as reservoir
pressure.

1 Conservation of heat

We describe here the numerical procedure used to model heat transfer across
a spherical body. To model heat conduction and diffusion, we apply the con-
servative finite differences method forward in time in 1D spherical coordinates
as described in [5]. Heat diffusion is governed by the equation:

ρcp
∂T

∂t
= −∂q

∂r
(1)

=
1

r2
∂

∂r

(
kr2

∂T

∂r

)
, (2)

with ρ the solid density (kg m−3), cp the solid specific heat capacity (J kg−1

K−1), T the temperature field (K), r the radial distance from the sphere center
(m), q the heat flux (J s−1 m−2) and k the thermal conductivity (J s−1 m −1

K−1).
We discretize Eq. (1) using an Eulerian staggered grid, with the staggered

nodes spaced to correctly conserve heat flow on a spherical grid, maintaining
numerical stability. The nodes are assigned radially outward. We use the sub-
script i to denote the node indices in the following equations. In the following
equations, we use the subscripts A and B to denote the staggered elements
located, respectively, inward and outward of node i. Using this notation, the
discretization of Eq. (1) gives:

ρicp,i
Tn+1
i − Tn

i

∆t
= − 1

r2i

r2Bq
n
B − r2Aq

n
A

dr
. (3)

where the superscripts n and n + 1 denote quantities at the current and the
next time step, respectively. The position of the staggered elements rA and rB
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are chosen such that:

rA =
√
ri−1ri, (4)

rB =
√
riri+1. (5)

Heat flux is evaluated at the staggered nodes to avoid jumps in the energy
fluxes due to variation of the physical parameters at the nodes, providing a
conservative description of the heat flux [5]. Heat fluxes qA and qB are given
by:

qA = −NukA
Ti − Ti−1

dr
, (6)

qB = −NukB
Ti+1 − Ti

dr
. (7)

where Nu is the Nusselt number, which is used to account for convection,
and kA and kB are the thermal conductivity coefficient averaged across the
staggered elements. The values at A and B and are calculated conservatively
using a harmonic mean:

kA =
ki−1ki(ri − ri−1)

ki(rA − ri−1) + ki−1(ri − rA)
, (8)

kB =
kiki+1(ri+1 − ri)

ki+1(rB − ri) + ki(ri+1 − rB)
. (9)

At the solid-liquid interfaces (ice-ocean, ice-reservoir bottom, ice-reservoir
top), the staggered elements bounding the interface node are partially molten.
The interface location within the nodes is tracked, and the thermal and phys-
ical properties at the node are a volume- or mass-average of those within
the staggered elements, as appropriate. To consider the effective infinite ther-
mal conductivity of a vigorously convecting ocean or reservoir, and avoid a
diverging thermal conductivity when the node is almost fully liquid, we use
a harmonic mean of the thermal conductivity across the full volume elements
immediately below and immediately above the interface. Let the node int be
the interface node, we obtain an effective thermal conductivity at this node:

keff =


dVint−1ϕint−1

kint−1
+

dVintϕint

kint
+

dVint+1ϕint+1

kint+1

dVi−1 + dVi + dVi+1


−1

(10)

where dVi is the volume of the spherical element i situated just outward of the
node i, and ϕi is the volume fraction of liquid in the node (ϕ=1 if the node
is fully liquid, ϕ=0 if the node is fully solid). We then use this averaging to
prescribe kA = kB = keff , and issue values for the three nodes int − 1, int
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and int + 1. This lowers the effective spatial resolution of conduction at the
interface, but preserves numerical stability. Because the interface is carefully
and conservatively tracked by the phase and compositional enthalpy change
solver, there is no measurable degradation of solution accuracy.

Finally, the temperature change at each node between two time steps is
calculated as:

Tn+1
i − Tn

i = − dt

ρicpir
2
i dr

(
kAr

2
A

Ti+1 − Ti

dr
− kBr

2
B

Ti − Ti−1

dr

)
. (11)

To ensure that the model is energetically conservative, we use the Courant-
Friedrichs-Lewy (CFL) criterion: the time step used should always be less than
the time it takes for the heat to travel through one full element [5]. In our
model, we must explicitly consider remaining conservative against conductive
heat transport (in the ice shell) and radiative emission (at the surface). At
the surface, heat might be radiated to space at an effective thermal diffusivity
far in excess of the icy values, resulting in effective heat transport timescales
much shorter than conduction. Although this is also true within the ocean and
reservoir, where the effective thermal conductivity of the liquids is treated as
infinite, the phase and compositional enthalpy conservation solver overprints
the thermal solution in these regions, maintaining numerical stability and con-
serving energy. For this reason, we estimate the heat transport time scales
associated with both conduction and radiation, choosing the shortest relevant
timescale. The conductive and radiative timescales are respectively given by:

dtcond =
dr2

max(κNu)
(12)

and

dtemis =
drρsurfcpsurfTsurf

qsol
, (13)

where dr is the radial extend of a volume element, κ = k
ρCp is the ice thermal

diffusivity (m s−1), Nu is the Nusselt number, qsol is the average solar inso-
lation flux (W m2) and ρsurf , cpsurf and Tsurf are respectively the density,
specific heat capacity, and temperature at the surface node. Finally, we take:

dt = CFLmin(dtcond, dtemis), (14)

where CFL is the Courant–Friedrichs–Lewy coefficient, here implemented as
1
10 to maintain numerical stabillity.

2 Surface heat flux balance

At the surface, the temperature evolves self-consistently by balancing incom-
ing diurnally averaged equatorial insolation, q̇sol, and geologic heat flow
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through the surface, q̇geo, with heat losses due to blackbody radiation, q̇bb, and 
sublimation to maintain a rarefied atmosphere, q̇sub:

q̇sol + q̇geo = q̇bb + q̇sub. (15) 
The diurnally averaged equatorial insolation is prescribed following Ojakan-

gas and Stevenson (1989) [6]:

q̇sol = (1−A)

(
Ėsol

4πR2
J

√
δ2 + ϕ2

π
√
2

)
, (16)

where A is the effective surface-averaged bolometric albedo, 0.55, Ėsol is the
total solar power of the Sun, 3.8× 1026 W, RJ is the average orbital distance
of Jupiter from the Sun, 7.78×1011 km, δ is the obliquity (axial tilt) of Europa
in radians, 5.24× 10−2, and ϕ is the co-latitude of interest in radians, 0 in the
case of an equatorial average [6].

The geologic heat flux is calculated by the full conservation of enthalpy
solver, which internally tracks heat conduction out of the boundary element
in response to the cumulative generation of tidal and radiogenic heat, and
exchange and transport of heat within the interior.

The heat flux leaving Europa as it radiates energy to space is determined
simply by the Stefan-Boltzmann law:

q̇bb = ϵςT 4
s , (17)

where ϵ is the effective surface-averaged emissivity, 0.9, ς is the Stefan-
Boltzmann constant, 5.67 × 10−8 W m−2 K−4, and Ts is the surface
temperature.

Heat is also effectively partitioned into the specific enthalpy of water vapor
formation at the surface to maintain a partial pressure of water vapor in equi-
librium with the sublimation temperature of ice to form a rarefied atmosphere.
Acting as a free kinetic gas, water molecules lose the stored enthalpy of sub-
limation through radiative cooling and inelastic collisions. Sublimation losses
are calculated accordingly [7, 8]:

q̇sub = LsubpH2O

√
mH2O

2πRTs
, (18)

where Lsub is the latent heat of sublimation calculated as a function of Ts [8],
pH2O is the partial pressure of water vapor calculated as a function of Ts [7],
mH2O is the molecular weight of water, 18.01528 × 10−3 kg mol−1, and R is
the ideal gas constant, 8.314 J mol−1 K−1.

At the base of the ice shell, the ocean is considered as a fixed-temperature
source of thermal and phase energy with an effectively infinite thermal
conductivity, simulating a vigorously convecting ocean (relative to the ice
shell).

We calculate the initial surface temperature using the heat flux balance
from Eq. 15. We treat the anomalous heat flux as an unknown to allow the
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Table 1 Reference of temperature-dependent composition data sheets used in this study
and the input oceanic composition they correspond to. Ocean compositions were obtained
by [2] and the temperature-dependent composition data was obtained by [3].

Model Sheet name Sheet number
CM carbonaceous chondrites Eq EM-CM carb 1
CI carbonaceous chondrites Eq EM-CI carb 3
Chondrite mix and cometary material Eq MC-Scale carb 5
Pure water Pure Water 17

model to be self-consistent. To do so, we use an iterative process to solve
for Eq. 15: we propose a first guess Tsurf,0 for the surface temperature using
qanom = 0 and then calculate the associated temperature gradient in the ice
shell:

T (z) = Tsurf,0

(
Tocean

Tsurf,0

)z/H0

, (19)

where Tocean is temperature at the bottom of the ice shell and H0 is the
initial ice shell thickness. We estimate the surface heat flux associated with
this thermal gradient:

qsurf = (ksurf (Tocean − Tsurf,0)) (1/H0 + 1/R) ; (20)

where ksurf is the mean thermal conductivity of a conductive spherical shell
spanning the ocean to the surface. Finally, we use qsurf as an estimate for qanom
and iterate over T (z) and qanom until they converge. This ensures that the
initial surface temperature is consistent with the energy balance. To account
for convective influence on ice shell thickness, estimation of the conductive
temperature profile using a linear scaling, and equilibrium of the phase of the
ice shell and surroundings, we allow the thermal structure to converge over
5 Myr before emplacing the reservoir.

3 Composition evolution data

The Microsoft Excel file containing the three composition data spread-
sheets used in this study can be found at https://github.com/ElodieLesage/
Cryolavasaurus/blob/main/CompData.xlsx [1]. In Table 3, we list the data
sheets that we used to obtain the presented results. We used three different
input compositions, each corresponding to a possible injected oceanic compo-
sition. The ocean compositions depend on the formation scenario considered
for Europa and have been obtained by [2]. The evolution of these compositions
during freezing has been modeled by [3] using PHREEQC [4] and results in
the temperature-dependent concentrations we used and which are summarized
in Table 3.

https://github.com/ElodieLesage/Cryolavasaurus/blob/main/CompData.xlsx
https://github.com/ElodieLesage/Cryolavasaurus/blob/main/CompData.xlsx
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4 Phase and compositional enthalpy
conservation

Tracking the energy exchanged at the top and bottom boundaries of the reser-
voir is key to relating the chemical and thermal paths of the reservoir. It allows
us to trace the amount of frozen cryomagma and both phase compositions as
a function of time.

For each temperature point of the PHREEQC simulations, we know the
change in ice and magma somposition, the change in frozen fraction of the
cryomagma, and change in temperature that corresponds to the new melting
temperature. We can thus calculate the partitioning of energy across both
phase change and cooling at each PHREEQC data point:

δEfreeze = dVliq ρliq L, (21)

δEcool = Vliq dT ρliq cp. (22)

with Vliq the liquid volume, dT the temperature change in the liquid phase,
ρliq the liquid density, cp the liquid heat capacity and L the water latent
heat of fusion. From the reservoir point of view, a total amount of energy
∆E = δEfreeze + δEcool leaves the reservoir between each step. Knowing that
the total amount of energy available in the reservoir at the simulation start is
Einit = ρliq, initVinit(Tinit cp + L), we can calculate the ratio

fE,PH =
Einit −∆E

Einit
(23)

that indicates the amount of energy remaining in the reservoir –where the sub-
script “PH” stands for “PHREEQC”. Each value of fE,PH is then associated
with a pair of values (δEfreeze, δEcool). The phase and compositional enthalpy
solver therefore tracks the flux of energy across each spherical volume element
associated with those processes.

The thermal solver also tracks the energy exchange through the reser-
voir walls using Eq. (6). At each time step, we calculate the ratio of energy
fE, TS remaining in the reservoir to the initial reservoir energy–where the sub-
script “TS” stands for the “thermal solver”. Relating this energy flux to that
calculated from the PHREEQC data, fE,PH , we create a system by which
the thermal solver can quantify the energy extracted each timestep from the
phase interfaces and similarly accept modifications of the energy flux that
compensate for phase and compositional changes.

At each time step, we compute the value of fE, TS on a spline interpolation
of fE,PH and extract the associated energy partitioned across the phase change
(δEfreeze) and the temperature change (δEcool). Within the reservoir, we then
calculate the amount of frozen cryomagma and the liquid temperature in the
reservoir at each time step. Within this solver, we additionally leverage the
fE,PH energy path to track the frozen and liquid composition at each time
step.
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5 Pressurization and eruption

The freezing-induced overpressure ∆P in a reservoir is calculated as:

∆P = − 1

χ
ln

(
Vf

Vi

)
, (24)

with χ the liquid water compressibility, Vf the liquid water volume compressed
by freezing and Vi the volume of liquid water if it could occupy an ideal space
without being compressed. If the inner overpressure exceeds a critical value
∆Pc, the reservoir wall breaks and an eruption is triggered. We calculate ∆Pc

using the ice tensile strength σ at the far-field temperature:

∆Pc = 2(σ + ρgH), (25)

with ρ = 1000 kg m3 the water ice density, g = 1.315 m s−2 Europa’s gravity
and H the reservoir roof depth. σ was determined experimentally at Europa-
like conditions and temperatures by [9].

As demonstrated in [10], the viscous dissipation of elastically stored energy
(that is, the relaxation of accumulated stresses by viscous flow) limits the
ability for reservoirs to trigger eruptions by reducing the inner pressure. We
account for viscoelastic relaxation of the reservoir wall when calculating the
inner pressure at each time step. For a Maxwell viscoelastic material, the strain
ϵ resulting from a stress σ is described by:

dε

dt
=

1

E

dσ

dt
+

σ

η
, (26)

where E is the elastic modulus (Young’s modulus) and η is the temperature-
dependent viscosity [11]:

η = η0 exp {25.2 (273/T − 1)} . (27)

with η0 the viscosity that maximizes tidal dissipation at the melting tempera-
ture [12]. After strain has accumulated (dε/dt = 0), we can integrate Eq. (26)
to obtain the stress ∆σ propagated over a time step ∆t:

∆σ = σe−∆t/τM . (28)

where τM = η/E is the Maxwell time scale. At each time step, n, the pressure
in the reservoir is the sum of the pressure ∆Pn+1 generated by freezing over the
time step and the unrelaxed/unrelieved pressure propagated from the previous
time step using 28, accounting for the interim relaxation:

Pn+1 =
(
∆Pn−1 + Pn−1

)
e−∆tE/η. (29)
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