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Abstract

The open-source PlanetProfile framework was developed to investigate the interior structure of icy moons based on self-

consistency and comparative planetology. The software, originally written in Matlab, relates observed and measured properties,

assumptions such as the type of materials present, and laboratory equation-of-state data through geophysical and thermo-

dynamic models to evaluate radial profiles of mechanical, thermodynamic, and electrical properties, as self-consistently as

possible. We have created a Python version of PlanetProfile. In the process, we have made optimization improvements and

added parallelization and parameter-space search features to utilize fast operation for investigating unresolved questions in

planetary geophysics, in which many model inputs are poorly constrained. The Python version links to other scientific software

packages, including for evaluating equation-of-state data, magnetic induction calculations, and seismic calculations. Physical

models in PlanetProfile have been reconfigured to improve self-consistency and generate the most realistic relationships between

properties. Here, we describe the software design and algorithms in detail, summarize models for major moons across the outer

solar system, and discuss new inferences about the interior structure of several bodies. The high values and narrow uncertainty

ranges reported for the axial moments of inertia for Callisto, Titan, and Io are difficult to reconcile with self-consistent models,

requiring highly porous rock layers equivalent to incomplete differentiation for Callisto and Titan, and a high rock melt fraction

for Io. This effect is even more pronounced with the more realistic models in the Python version. Radial profiles for each model

and comparison to prior work are provided as Zenodo archives.
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Key Points:7

• Radial models of planetary interiors are generated from bulk properties based on8

geophysical models, lab data, and minimal assumptions9

• Bodies with a high moment of inertia such as Callisto require low-density rocks,10
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rowed parameter space for the properties of Europa’s ocean13
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Abstract14

The open-source PlanetProfile framework was developed to investigate the inte-15

rior structure of icy moons based on self-consistency and comparative planetology. The16

software, originally written in Matlab, relates observed and measured properties, assump-17

tions such as the type of materials present, and laboratory equation-of-state data through18

geophysical and thermodynamic models to evaluate radial profiles of mechanical, ther-19

modynamic, and electrical properties, as self-consistently as possible. We have created20

a Python version of PlanetProfile. In the process, we have made optimization improve-21

ments and added parallelization and parameter-space search features to utilize fast op-22

eration for investigating unresolved questions in planetary geophysics, in which many23

model inputs are poorly constrained. The Python version links to other scientific soft-24

ware packages, including for evaluating equation-of-state data, magnetic induction cal-25

culations, and seismic calculations. Physical models in PlanetProfile have been recon-26

figured to improve self-consistency and generate the most realistic relationships between27

properties. Here, we describe the software design and algorithms in detail, summarize28

models for major moons across the outer solar system, and discuss new inferences about29

the interior structure of several bodies. The high values and narrow uncertainty ranges30

reported for the axial moments of inertia for Callisto, Titan, and Io are difficult to rec-31

oncile with self-consistent models, requiring highly porous rock layers equivalent to in-32

complete differentiation for Callisto and Titan, and a high rock melt fraction for Io. This33

effect is even more pronounced with the more realistic models in the Python version. Ra-34

dial profiles for each model and comparison to prior work are provided as Zenodo archives.35

Plain Language Summary36

The software package PlanetProfile was developed in order to connect measurable37

properties of planetary bodies to each other and determine how planetary interiors might38

be structured. We adapted the existing Matlab version of PlanetProfile to Python and39

improved it in many ways in the process, to better investigate scientific questions. Python40

is more widely available, and PlanetProfile now connects better to other scientific soft-41

ware packages capable of relating measurements and observations to the interior struc-42

ture of planetary bodies such as large moons. PlanetProfile is now more adaptable for43

new scientific investigations and for adding features, includes more realistic relationships44

between pressures, temperatures, and physical properties of materials, and is optimized45

–2–
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for studies that require a wide variety of models to be run. These improvements make46

PlanetProfile a powerful tool that will become more useful as new features are added.47

We summarize our models for the major large moons in the outer solar system and pro-48

vide output files detailing each model. In creating these models, we found that bulk prop-49

erties for Io, Callisto, and Titan are difficult to include self-consistently, which suggests50

that the reported values may contain errors.51

1 Introduction52

Liquid water oceans are common among the large moons of the outer planets (Nimmo53

& Pappalardo, 2016). Evidence supporting present-day subsurface oceans comes from54

a wide variety of sources, including measurements of magnetic fields (Kivelson et al., 2000),55

gravity fields (Nimmo et al., 2016), geodesy (Beuthe et al., 2016), libration (Thomas et56

al., 2016), and more. Water is a requirement for all known life on Earth (Cockell et al.,57

2016; Westall & Brack, 2018), so finding it in great abundance is an exciting develop-58

ment in the search for life elsewhere. Understanding the physical and chemical condi-59

tions present in these oceans is therefore critical to understanding whether they may be60

habitable (Vance et al., 2018) and what types of organisms may be found there (Rothschild61

& Mancinelli, 2001).62

The long tradition of geophysical investigation of Earth has demonstrated the im-63

portance of synthesizing information from a variety of observational and theoretical meth-64

ods for understanding the properties of material layers at inaccessible depths (e.g., Dziewon-65

ski & Anderson, 1981). Constraining the conditions of interior layers of icy moons re-66

quires a similar synthesis. Compared to studies at Earth, measurements from the outer67

solar system will always be sparse, thus forcing a greater emphasis on global-scale mod-68

eling efforts.69

There are myriad ways to combine the available information into models of layered70

interior structure. Although planetary bodies are always inherently 3D in their struc-71

ture, it is instructive to approximate the bodies as spherically symmetric, as this will gen-72

erally be true to first order for most physical properties. Lateral variations can then be73

added as perturbations to the symmetric, radial model. The open-source software frame-74

work PlanetProfile has emerged from such efforts to model the interior structure of icy75

Available on GitHub at https://github.com/NASA-Planetary-Science/PlanetProfile.
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moons (Vance et al., 2014, 2016). The guiding principle upon which PlanetProfile is built76

is self-consistency: a harmonious relationship between all model inputs, assumptions, and77

outputs, such that there is no internal inconsistency. Many physical properties of plan-78

etary bodies, especially in the outer solar system, are unknown and must be assumed.79

However, among the properties that are measured or rigorously inferred, self-consistent80

modeling provides a crucial link needed to derive bounding constraints that satisfy known81

conditions and span the breadth of reasonable assumptions. Self-consistent models thus82

represent a robust method for combining measurements from multiple investigations into83

coherent first-order constraints on interior structure.84

PlanetProfile was originally written in Matlab and focused on Europa, Ganymede,85

Callisto, Enceladus, and Titan (Vance et al., 2018). The software combines bulk prop-86

erties such as mass, axial moment of inertia, and surface radius, along with surface prop-87

erties such as mean temperature and pressure, with several assumed properties to cal-88

culate depth profiles of geophysically important quantities, such as temperature, pres-89

sure, density, seismic wave velocities, electrical conductivity using geophysical models,90

thermodynamic models, and laboratory equation-of-state (EOS) measurements. We have91

converted the entirety of the software to Python, with the intent to improve accessibil-92

ity and organization of the framework. The Supplemental Information includes a com-93

parison of Python PlanetProfile outputs for the models analogous to those studied by94

Vance et al. (2018). These comparison models are also provided as a Zenodo archive: https://95

doi.org/10.5281/zenodo.7318029.96

We have generalized the approach of PlanetProfile to be applicable to waterless bod-97

ies (e.g., Io) and constructed models for major moons spanning the outer solar system98

and Pluto based on constraints available in the literature. In the process of converting99

the software to Python, we have made many improvements to the self-consistent mod-100

eling approach, optimization of the computational architecture, and integration with re-101

lated software packages available in Python. The primary purpose of this work is to de-102

scribe the improved self-consistent modeling approach and the features we have imple-103

mented to enable applicability to many solar system bodies (Section 2). We also present104

model results for bodies across the outer solar system (Section 3: Figures 5 – 9 and Ta-105

bles 5 – 9) and discuss new insights obtained using the updated solution method in Sec-106

tion 4. In particular, Io, Callisto, and Titan are challenging to model self-consistently,107

owing to likely solid-state mantle convection and/or incomplete differentiation. High rock108

–4–
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porosities are required in these models to match spacecraft observations of their bulk prop-109

erties and gravity field, simulating a lack of differentiation or partial melt (see Section 4).110

1.1 Note About Matching and Uncertainty of the Axial Moment of In-111

ertia112

Degree-2 coefficients in the gravitational potential of a body (e.g., J2 and C22) re-113

late to the configuration of mass within the body, and therefore can be used to probe114

the interior structure. These coefficients can be measured via the Doppler shift in ra-115

dio signals exchanged with spacecraft during flybys of the body (Anderson et al., 1998).116

It is typical to then assume that the body is in hydrostatic equilibrium—i.e., the lay-117

ers do not support stresses capable of maintaining a shape departing from the lowest-118

gravitational-energy configuration, as in a fluid with no rigidity. In the hydrostatic case,119

the Radau–Darwin approximation (Rambaux & Castillo-Rogez, 2013) can be applied to120

determine the axial moment of inertia C, often reported in dimensionless units as C/MR2
121

(and simply called the moment of inertia, MoI). This quantity is useful as a metric to122

constrain the interior structure of planetary bodies, as it can be calculated from depth123

profiles of mass density and compared to the measured value. For a spherical body of124

uniform mass density, C/MR2 = 2/5. The lower the measured value of C/MR2, the125

more concentrated is the mass inside the body. In this way, measurements of the grav-126

itational field of numerous moons (e.g., Anderson, Jacobson, Lau, et al., 2001; Ander-127

son et al., 1998, 1996; Anderson, Jacobson, McElrath, et al., 2001) have been used to in-128

fer the MoI for these bodies. However, departure from hydrostatic conditions is likely129

(e.g., McKinnon, 2006; Gao & Stevenson, 2013). Applying the Radau–Darwin approx-130

imation in these cases will result in a true MoI less than the reported value by as much131

as a few percent (Gao & Stevenson, 2013). Gao and Stevenson (2013) consider a 3% vari-132

ation as within the uncertainty in gravitational coefficients of Callisto and other moons,133

though they also note that the hydrostatic assumption can result in MoI values as much134

as 10% away from the true value. To account for such variation, in PlanetProfile the up-135

per and lower bounds for MoI matching can be independently set to a wider range than136

the tight 1σ uncertainties quoted in the literature.137

–5–
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Table 2. Sources of EOS data from the literature used for minerals implemented by Perple X .

Model name Mineral type Data source

Atg(PN) Antigorite Padrón-Navarta et al. (2013)

Bi(HGP) Biotite (Holland et al., 2018)

Chl(HP) Chlorite (Holland et al., 1998)

COH-Fluid CO2 –CH4 –H2 –CO–H2O– (Connolly & Galvez, 2018)

H2S–SO2 –N2 –NH3

fluid with linear subdivisions

Cpx(HGP) Clinopyroxene (Holland et al., 2018)

Do(HP) Dolomite-ankerite (Holland & Powell, 1998)

Gt(HGP) Garnet (Holland et al., 2018)

M(HP) Magnesite-siderite-rhodochrosite (Holland & Powell, 1998)

melt(HGP) Generic silicate melt (Holland et al., 2018)

Mica(CF) Fe–Mg–K–Na mica (Chatterjee & Froese, 1975;

Holland & Powell, 1998)

O(HGP) Olivine (Holland et al., 2018)

Omph(GHP) Omphacite (Green et al., 2007)

Opx(HGP) Orthopyroxene (Holland et al., 2018)

Pl(JH) Plagioclase (Jennings et al., 2016)

Pu Pumpellyite (Holland & Powell, 2011)a

Sp(HGP) Spinel (Holland et al., 2018)

Stlp Stilpnomelane (Holland & Powell, 2011)a

T Talc (Holland & Powell, 2011)a

a Implemented with the DEW17HP622ver elements Perple X data file—see

https://www.perplex.ethz.ch/perplex thermodynamic data file.html.
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2 Self-Consistent Model Design138

PlanetProfile is designed around self-consistency. This principle is achieved and main-139

tained by making as few assumptions as possible while still enabling a determination of140

the physical properties as a function of depth that result from measured and assumed141

inputs. Physical properties are determined for each material from interpolation of lab-142

oratory measurements of these properties over many different temperatures and pres-143

sures, known as equation-of-state (EOS) measurements. Table 1 lists the software sources144

of EOS evaluation available in PlanetProfile for each currently supported material type.145

The material type within each major layer (rocks, core, etc.) is assumed to be uniform,146

except in cases where porosity is modeled (Section 2.4). In PlanetProfile, “silicates” is147

used as a shorthand to refer to any rocky material, and includes a variety of minerals.148

The minerals modeled in PlanetProfile using Perple X are listed along with the data sources149

in Table 2.150

Table 3 lists the measured inputs required by PlanetProfile, along with values used151

for selected moons in this work. Measured inputs are used to match the bulk physical152

characteristics of the modeled body. Table 4 lists the assumed inputs required by Plan-153

etProfile along with the range or set of values we have modeled. The assumed inputs are154

required in order to have enough information to solve for the unknown properties. Cer-155

tain critical assumptions—namely the ocean solute composition, salinity, and melting156

temperature (if an ocean is present)—must be supposed from inferences based on lab-157

oratory measurements (e.g., Zolotov & Kargel, 2009), surface reflectance spectra (e.g.,158

Trumbo et al., 2019), indirect sampling (e.g., Glein & Waite, 2020), plausible building159

block composition (e.g., Melwani Daswani et al., 2021), etc. Methane clathrate hydrate160

(sI) is optionally modeled as a conductive lid, an ice shell underplate, or throughout the161

ice shell, with stability determined from a parameterization to data from Choukroun et162

al. (2010).163

To make the problem tractable, each material layer (ice, rock, etc.) is divided into164

a number of discrete layers. The number of layers sets the resolution of the output model165

and controls the total run time, typically 0.5−10 s. The primary output from Planet-166

Profile is an ASCII text file containing columns describing physical properties of each167

discrete layer as a function of depth (and radius). This output is referred to as a pro-168

file.169

–8–
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Table 3. Measured bulk properties required as inputs by PlanetProfile, along with values used

in default models for varied example bodies. Several properties, such as surface radius, tem-

perature, and pressure, are used directly as calculation starting points. Other properties, such

as mass and axial moment of inertia (MoI), are used to determine profile validity and select a

matching, self-consistent profile. A full list of the bulk properties for default models included in

PlanetProfile is detailed in Tables 10 – 13.

Property Io Ganymede Enceladus

Radius R (km)a 1821.49 2631.2 252.1

Total mass M (kg) 8.932× 1022 b 1.4819× 1023 b 1.08022× 1020 c

Axial MoI C/MR2 d 0.37685+0.00035
−0.01166

e 0.3115+0.0028
−0.0121

f 0.335+0.001
−0.011

g

Surface pressure Psurf (MPa) 0 0 0

Surface temperature Tsurf (K) 110 110 75

a Mean radii from Archinal et al. (2018)

b Hussmann et al. (2006)

c Jacobson et al. (2006)

d Lower values increased by 3% of mean value per Gao and Stevenson (2013)

e Anderson, Jacobson, Lau, et al. (2001)

f Schubert et al. (2004)

g Iess et al. (2014)

–9–
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Table 4. Assumed properties required as inputs by PlanetProfile for calculation of self-

consistent depth profiles. Default inputs are listed for the same example bodies as in Table 3.

Ice bottom temperatures are each selected to be consistent with the range of ice shell thickness

supported by published studies. Surface heat flux is calculated for icy bodies from the thermal

conductivity of the ice shell conductive lid; this quantity is an input for waterless bodies. Rock

compositions are consistent with a differentiated body, such that the total elemental inventory of

rock + core matches the modeled chondritic material, assuming all free fluids (volatiles) are lost

to the hydrosphere or escape from the body. A full list of bulk properties for the default models

included in PlanetProfile are detailed in Tables 10 – 13.

Property Io Ganymede Enceladus

Ocean composition and salinity w N/A Pure H2O 10 g kg−1 Seawater

Ice bottom temperature Tb N/A 258.86K 272.4578K

Surface heat flux qsurf 0.14Wm−2 N/A N/A

Rock composition CV chondrite CM chondrite Comet 67P/C–G

Core FeS/(Fe+FeS) ratio xFeS 12.5wt%FeS 20wt%FeS not modeled

Ice porosity in vacuum ϕice N/A not modeled not modeled

Ice pore closure pressure Pc,ice - - -

Rock porosity in vacuum ϕrock 70 vol% not modeled 32 vol%

Rock pore closure pressure Pc,rock 750MPa - 350MPa

–10–
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Ice layers
Get zb and qsurf from
conductive/convective
T profile

Ocean layers Get T profile from
adiabatic assumption

Silicate layers
Get T profile from
conduction OR convection
to body center, from each
hydrosphere layer in turn

Metallic core layers

if core modeled
Vary ϕsil

no core

repeat over ϕsil 
range

Replace center layers
with Fe+S, matching M

Keep only
M matches

Select match to MoI

Seismic props
from EOS data

Electrical props
from EOS data

Plotting and
post-processing

Integration with
other software

Figure 1. Overall design of PlanetProfile self-consistent models of interior structure. For

waterless bodies, ice/ocean layers are skipped and qsurf is an input. zb: ice shell thickness; qsurf :

surface heat flux; T : layer temperature; ϕrock: rock porosity at 0 pressure; M : total body mass.
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Figure 2. Example output figure from PlanetProfile containing seismic properties, including

sound speeds VP and VS , pressure P , temperature T , density ρ, bulk and shear moduli KS and

GS , and seismic quality factor QS ω−γ . The input model for Europa is the default listed in Ta-

ble 10, with outputs detailed in Table 6 and Figure 6.
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Figure 1 shows the basic organization of the self-consistent model calculations. Ex-170

cept for bodies like Io lacking surface water, the hydrosphere is calculated first. For the171

hydrosphere, the first step is to determine the pressure consistent with the assumed melt-172

ing temperature, ocean composition, and salinity from laboratory EOS measurements.173

The properties of the ice shell are next calculated by first assuming a conductive ther-174

mal profile with no internal heating, then recalculated if convection is expected based175

on the Rayleigh number Ra. An adiabatic thermal profile is assumed within the ocean.176

Properties of rock and possible core layers are then calculated together, starting from177

each hydrosphere layer in turn and with core radius scaled to match the total body mass.178

When a core is not modeled, the rock properties are calculated for a range of porosities,179

retaining the mass-matching rock profile for each. Lastly, the overall profile with a cal-180

culated MoI nearest to the input MoI is selected, with seismic and electrical properties181

calculated for the full profile. If no calculated MoI lies within the uncertainty of the in-182

put MoI, the input configuration is deemed invalid. An example output showing several183

relevant properties for a profile of Europa is shown in Figure 2.184

2.1 Ice Layers185

The properties of surface ice layers are primarily set by the assumed bottom tem-186

perature Tb. At the surface is typically ice Ih, although methane clathrate may also be187

assumed to be present (Section 2.1.4). For thick ice shells on larger bodies like Ganymede,188

the pressures at the bottom of the surface ice Ih layer may be consistent with ice III (Sec-189

tion 2.1.3). Calculations are thus initiated by querying the ocean EOS (see Table 1) for190

the phase expected for the input Tb over a range of pressures above the surface pressure191

Psurf . The bottom pressure Pb consistent with the phase transition from ice Ih to an-192

other phase (liquid or ice III) is used to set the initial ice profile.193

2.1.1 Initial Ice Shell Thermal Profile194

To start, the ice shell properties are calculated from the ice Ih EOS implemented195

by SeaFreeze assuming a conductive thermal profile with the Fourier heat law (Turcotte196

& Schubert, 2002):197

q = −k
∂T

∂r
, (1)198
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where q is the upward heat flux passing through a spherical surface at radius r and k199

is the thermal conductivity at that surface. The thermal conductivity of ice layers is as-200

sumed to follow a k ∼ 1/T dependence (Andersson & Inaba, 2005). If we further as-201

sume q, local gravitational acceleration g, and layer mass density ρ are approximately202

constant throughout the ice shell, Equation 1 can be manipulated to obtain203

T (P ) = T

P−Ptop
Pbot−Ptop

bot T
Pbot−P

Pbot−Ptop

top . (2)204

In Equation 2, subscript “bot” and “top” refer to pressures P and temperatures T at205

the bottom and top of the ice shell, respectively. Although use of this relation represents206

a departure from self-consistency, as we later determine ρ and g as a function of depth,207

the differences will be slight except in very thick shells, where convection is expected.208

In those cases, the thermal profile is reassigned to account for convection (Section 2.1.2),209

and the properties are recalculated from the ice EOS.210

The material layer is next divided into a set number of layers niceIh with a linear211

step in pressure, from Psurf to Pb, and the temperatures are assigned as in Equation 2.212

The physical properties (mass density ρ, heat capacity at constant pressure CP , ther-213

mal expansivity α) are then calculated from the ice EOS using SeaFreeze. Finally, the214

thickness ∆z = zi−zi−1 of each (ith) layer is calculated, propagating downward from215

the surface, with216

zi = zi−1 +
Pi − Pi−1

gi−1ρi−1
, (3)217

gi−1 =
G(M −mabove)

r2i
, (4)218

219

where G is the gravitation constant, M is the total body mass, and mabove is the sum220

of layer masses above layer i as determined from each layer’s radius and density, result-221

ing in zb = zniceIh
. Equation 4 follows from Gauss’s law and Equation 3 follows from222

the local approximation ∆P = ρg∆z.223

2.1.2 Ice Shell Convection224

Once the physical properties have been calculated from the conductive profile in225

the ice, the Rayleigh number Ra and critical Rayleigh number Racrit can be calculated226

to assess whether solid-state convection is expected. The parameterization for ice shell227

convection implemented in PlanetProfile is that of Deschamps and Sotin (2001). These228

authors defined scaling laws for the thermal profile of convecting ice layers based on 2D229
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thermodynamics simulations. When the calculated Rayleigh number is greater than the230

critical Rayleigh number, the thermal profile is reassigned according to the scaling laws231

from Deschamps and Sotin (2001), with a thin lower thermal boundary layer (TBL), nearly232

isothermal convecting region, and conductive lid. The relevant quantities are calculated233

from the following relations (after Deschamps & Sotin, 2001):234

Ra =
αCP ρg(Tb − Ttop)z

3
b

ηconvk
(5)235

η(T ) = ηmelt exp

{
A

(
Tmelt

T
− 1

)}
, (6)236

Tconv = B

(√
1 +

2

B
(Tb − C)− 1

)
, (7)237

A =
Eact

RTb
, B =

Eact

2Rc1
, C = c2(Tb − Ttop), c1 = 1.43, c2 = −0.03,238

239

with Tconv the temperature at the top of the convecting region, α the thermal expan-240

sivity, CP the heat capacity at constant pressure, ρ the mass density, g the acceleration241

due to gravity, ηconv = η(Tconv) the viscosity at the convecting temperature, R the ideal242

gas constant, Eact the activation energy for diffusion, and c1, c2 are fit parameters from243

the results of Deschamps and Sotin (2001). All quantities are in SI units (temperatures244

in K) except Eact, which is in J/mol, and R, which is in J/mol/K. The critical Rayleigh245

number Racrit is calculated using (Solomatov, 1995; Hammond et al., 2016)246

Racrit = 20.9

(
Eact(Tb − Ttop)

RT 2
conv

)4

. (8)247

The Rayleigh number is defined for a region with uniform physical properties. In Plan-248

etProfile, except where top or bottom values are specified, we evaluate physical prop-249

erties at the midpoint in pressure ((Psurf + Pb)/2) and at the convecting temperature250

after Solomatov (1995).251

The method of Deschamps and Sotin (2001) prescribes layer thicknesses for the con-252

ductive lid and lower TBL based on the quantities in Equations 5 – 7. If the sum of these253

thicknesses exceeds the ice shell thickness zb evaluated with the conductive profile, con-254

vection is assumed to be absent. Otherwise, a conductive profile is assigned to these up-255

per and lower layers using Equation 2 and an adiabatic thermal profile is assigned to the256

convecting region using the procedure detailed for the ocean layers with Equation 9 (see257

Section 2.2).258

Last, the heat flux through the ice shell is determined from the temperature dif-259

ference across the lower TBL and the thermal conductivity in the convecting region us-260

–15–



manuscript submitted to Earth and Space Science

ing Equation 1. For shells where convection is not modeled or not occurring, the heat261

flux is determined using the temperature difference and thermal conductivity across the262

bottom ice layer. Tidal heating is not currently implemented in the ice shell, so this heat263

flux value is multiplied by the area of a sphere with radius r = R−zb to get the total264

rate of heat loss upward through the ice shell. This value is later scaled to the heat flux265

from the rock layers into the hydrosphere by dividing by the surface area of a sphere with266

the radius at that location (Section 2.3), and also to derive the heat flux at the surface267

qsurf using the surface radius R.268

2.1.3 Ice III, V Underplate269

For cold, thick ice shells, ice III and even ice V may be present between the sur-270

face ice Ih and liquid ocean. Ice V is stable at higher pressures (above 350MPa) than271

ice III (above 209MPa), so underplating ice V is assumed to only co-occur with ice III.272

Such underplate layers, in direct contact with the surface ice shell, must be toggled on273

manually and require additional input parameters Tb,III and Tb,V to be assumed. The274

assumed values of Tb,III and Tb,V must be consistent with the phase diagram for each ma-275

terial. The properties of ice III and V underplate layers are evaluated as with ice Ih, by276

first supposing an initial conductive profile from Equation 2, then checking for convec-277

tion using the parameterization described in Section 2.1.2. A benefit of this parameter-278

ization is that the required inputs are sufficiently general as to apply to a wide range of279

viscous materials for which the activation energy can be measured or estimated.280

2.1.4 Methane Clathrates281

Methane clathrate hydrates (often simply called “clathrates”) may play an impor-282

tant role in determining the properties of ice shells for several bodies (Mousis et al., 2015),283

especially Titan (Choukroun et al., 2010) and Pluto (Kamata et al., 2019), due to their284

high rigidity and low thermal conductivity compared to ice Ih, and their expected pres-285

ence among high-volatile-content bodies. Their properties make them somewhat diffi-286

cult to model self-consistently. To allow for modeling different possible configurations,287

three options are implemented in PlanetProfile for including clathrates in the ice shell:288

(1) conductive lid, (2) whole shell, (3) underplate. In each case, where clathrates are present289

they are assumed to replace ice Ih for the purpose of determining layer properties. Sta-290

bility of clathrates is assessed by a common dissociation curve, based on the data pre-291
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sented by Choukroun et al. (2010), originally from Sloan (1998). For calculations, clathrates292

are divided into a number of discrete layers nclath.293

In the conductive lid model, clathrates are assumed to occupy an initial maximum294

thickness at the surface, which can be reduced if the dissociation temperature is295

exceeded along the conductive profile. After the conductive profile is evaluated,296

the Rayleigh number and critical Rayleigh number are calculated as with an ice297

Ih shell. If convection is expected, the clathrate phase is restricted to the conduc-298

tive lid portion, such that clathrates extend from the surface down to the convect-299

ing portion or the input maximum depth or the point at which the dissociation300

temperature is exceeded, whichever is least.301

In the whole-shell clathrate model, the dissociation curve is used to determine the302

ice shell bottom pressure based on the input Tb. Clathrate shell properties are then303

assessed using an initial conductive profile, then checked for convection as in stan-304

dard ice Ih models.305

In the underplate model, a surface heat flux qsurf must be assumed. This heat flux306

is scaled to the approximate radius of the bottom of the ice shell, then used to cal-307

culate the clathrate underplate layer thickness from the approximate thermal con-308

ductivity and the Fourier heat law (Equation 1). Because clathrate thermal con-309

ductivity is very low, most of the temperature difference across the ice shell will310

be across the clathrates for realistic heat fluxes for present-day icy bodies. There-311

fore, in this model the ice shell is assumed to be entirely conductive because the312

temperature difference across the overlying ice Ih layer will be too small to drive313

convection.314

2.2 Ocean Layers315

Within ocean layers, thermal energy is assumed to be transported efficiently by con-316

vection. On average, this results in a radial thermal profile that is adiabatic, i.e., (Staley,317

1970)318

∂T

∂P
=

αT

ρCP
. (9)319

Unlike in the ice shell, ocean layer properties are calculated one layer at a time, with a320

linear pressure step ∆Pocean that is an input variable. The size of ∆Pocean sets the res-321

olution of the ocean layer profile. At each step, starting from Pb, Tb at the bottom of322
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Figure 3. Plots of density vs. pressure and temperature, electrical conductivity, and sound

speeds vs. depth for the hydrosphere of several models of Ganymede. Each model has an ocean

with 100 g kg−1 MgSO4(aq). Reference curves are plotted for densities at the pressure-dependent

melting temperature for 0, 33, 67, and 100 g kg−1 MgSO4. The various liquid and ice phases can

be identified by jumps in the density curve. One model (blue) includes underplate ice III and V,

and contains a very thin ocean because the input melting temperature is near the ice Ih–ice III–

liquid triple point. This model (blue) also includes porosity modeled in rock layers (not shown;

Section 2.4). A different model includes porosity modeled in ice layers (“w/ϕice”), and exhibits a

large density gradient near the surface that reflects the closure of pores due to overburden pres-

sure.
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the ice shell, the appropriate EOS for the assumed ocean solute and salinity (Table 1)323

is used to determine the expected phase (liquid or an ice phase). If the phase for the next324

Pi, Ti layer is liquid, the physical properties ρi, CP,i, αi are determined from the EOS325

and the next temperature Ti+1 = Ti +∆T is calculated using Equation 9:326

Ti+1 = Ti +∆Pocean
αiTi

ρiCP,i
. (10)327

If the next layer is a high-pressure (HP) phase of ice, it is assumed to be under-328

going vigorous two-phase convection with the ocean fluid, such that the thermal profile329

is set by the pressure-dependent melting temperature. This results in a steeper temper-330

ature gradient than in the liquid layers, as demonstrated in the Ganymede hydrosphere331

profiles displayed in Figure 3. The melting temperature for these undersea HP ices is eval-332

uated using the EOS in the reverse of the procedure used to find Pb from Tb at the base333

of the ice shell (Section 2.1)—the EOS is queried with a fixed Pi+1 for the minimum Ti+1334

at which there is a liquid phase transition. Physical properties are then determined for335

the appropriate ice phase EOS using SeaFreeze.336

Because the density of some ocean liquids can be greater above the melting point,337

the thermal expansivity α can be negative for such liquids, creating a stably stratified338

layer that conducts heat rather than convecting it (Melosh et al., 2004). To account for339

this effect, if α < 0 at the top of the ocean, a conductive thermal profile is assumed,340

with the thermal gradient set by the heat flux qb through the ice shell and the thermal341

conductivity k of water (assumed to be 0.55Wm−1 K−1) and the Fourier heat law (Equa-342

tion 1). The physical properties are evaluated step-by-step as in the convecting case, but343

using a smaller pressure step for the conductive layer, which is expected to be only ≲200m344

thick (Melosh et al., 2004). This process is continued until α > 0 or a phase change is345

reached, at which point the phase-dependent approach described above is applied. Fu-346

ture development plans include a self-consistent calculation of thermal conductivity for347

all materials (Section 2.7); currently only ice Ih has such a calculation in PlanetProfile.348

In all cases, calculation of the physical properties with each layer from Pi and Ti349

also permits a determination of layer thickness using Equations 3 and 4. This process350

is repeated until an arbitrary threshold pressure Phydro,max is reached, which is set as351

an input. Each hydrosphere layer radius ri is used as a starting point for possible sizes352

of the rock/core layers, to provide multiple options for finding a fit to the measured MoI.353

Therefore, Phydro,max must be greater than the expected pressure at the hydrosphere–354
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rock transition depth. Phydro,max is intended to be set as low as possible to limit excess355

computation time. However, if Phydro,max is set too low, possible sizes of rock+core lay-356

ers that best match the measured MoI may be excluded from the search space, result-357

ing in an invalid profile or one that is skewed toward one end of the MoI uncertainty bounds.358

2.3 Rock and Metallic Core Layers359

In order to match the total body mass and MoI self-consistently, the inner layers360

(those of rocks and possible core) must have their properties determined all the way to361

the body center for multiple starting sizes. This is because the density of the material362

at each layer depends on the overburden pressure and the temperature. A warmer pro-363

file will have less dense materials, requiring a larger radius for inner layers to match the364

total body mass, increasing those outer layers’ contribution to the MoI. Conversely, a365

colder profile will concentrate greater densities at deeper layers within the body, result-366

ing in a smaller MoI. Furthermore, the total heat leaving the rock portion is assumed367

to be equal to that escaping through the ice shell, because the ocean is assumed to con-368

vect the heat generated in the interior instantaneously on geologic timescales. This adds369

a dependence on the hydrosphere layer profile to the thermal profiles modeled in the in-370

ner layers. For waterless bodies, the surface heat flux is an input quantity and variation371

for matching the MoI is achieved by varying the porosity.372

In both rock and core layers, physical properties are evaluated by interpolating P–373

T EOS data tables generated by Perple X (Connolly, 2009). The Perple X software cal-374

culates physical properties of mineral assemblages based on an input chemical compo-375

sition by Gibbs free energy minimization. For rocks, we have generated lookup tables376

for chemical compositions over P and T conditions relevant to solar system moons based377

on chondritic and cometary material that has partially differentiated, such that free flu-378

ids have been lost to the ocean or to space, but volatile-bearing and volatile-free min-379

erals, dense iron, and siderophile elements are retained. In the current version of Plan-380

etProfile, only solid phases are modeled, although implementing self-consistent melt for381

rock and metallic layers is in progress (Section 2.7).382

Chondrite types CI, CM, and CV are included (elemental composition from Lodders383

and Fegley (1998) and Lodders (2021)), as is a composition consistent with Comet 67P/C–384

G (based on combining: Filacchione et al. (2019); Bardyn et al. (2017); Le Roy et al. (2015);385
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Pätzold et al. (2016); Dhooghe et al. (2017)). Additionally, for CM chondrites, we in-386

clude a fully differentiated composition relevant to Ganymede based on an estimated metal-387

lic core size and an input sulfur sequestration, from 0wt%S to 20wt%S in the core. The388

maximum of these is the approximate total sulfur that a bulk-CM-chondrite Ganymede389

could lose to the core if the primordial sulfur content were all sequestered in the core.390

In rock layers, a conductive thermal profile is assumed. This is not a good approx-391

imation for bodies like Io, where the surface heat flux can be over 2Wm−2 (Lainey et392

al., 2009). However, MoI-matching density profiles for rocks may be found for heat fluxes393

about 10% of this rate. An implementation for self-consistent convection modeling in rocks394

is being developed (Section 2.7). Application to Io is discussed further in Section 4.395

For the conductive thermal profile in rocks, the Fourier heat law can be integrated396

to obtain an expression accounting for internal heating (Turcotte & Schubert, 2002):397

Tbot = Ttop +
Htot

6k

(
r2top − r2bot

)
+

(
qtopr

2
top

2k
−

Htotr
3
top

6k

)(
1

rbot
− 1

rtop

)
, (11)398

Htot = Htidal + ρradQrad,399
400

where Tbot, Ttop, rbot, rtop are the temperatures and radii at the bottom and top of the401

discrete layer, k is thermal conductivity, qtop is the heat flux leaving the top surface of402

the layer, Htidal is the volumetric heating (from tidal forces) in Wm−3, ρrad is the den-403

sity of materials contributing radiogenic heating, and Qrad is the radiogenic heating rate404

in Wkg−1. All quantities are in SI units. In PlanetProfile, fixed tidal heating and ra-405

diogenic heating rates are assumed as inputs. Self-consistent calculation of tidal heat-406

ing rates throughout the interior is in development, using a Python adaptation of the407

ALMA3 package (Spada, 2008), PyALMA (Section 2.7).408

Rock layer properties are evaluated all the way from each starting hydrosphere layer409

radius down to the center of the body. To save on computational overhead, the default410

behavior is to begin this profile search starting from each ocean layer. If a mass-matching411

profile is not found, the profile search is restarted from the surface to account for bod-412

ies that may be fully frozen. A fixed number of layers nsil sets the profile resolution in413

this region, and a linear step in radius is now used. Many of these hydrosphere+rock pro-414

files will exceed the body mass; those that do are immediately discarded. For the remain-415

ing profiles, the method of matching the MoI varies depending on whether or not a core416

is intended to be modeled. When no core is modeled, the profile with greatest mass that417
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is less than the total body mass is retained as a candidate for MoI matching, the vac-418

uum porosity ϕrock is increased, and the process is repeated for nϕ total profiles over a419

range of ϕrock values.420

2.3.1 Metallic Core Layers421

When a core is modeled, the core layers are handled last as they are at the cen-422

ter of the body. As described above, physical properties of core layers are evaluated by423

interpolating Perple X data tables using the thermodynamic data of Saxena and Eriks-424

son (2015). We have generated Perple X tables for core compositions ranging from pure425

iron (100wt%Fe) to the maximum core sulfur content of ∼35wt%S (100wt%FeS) in426

5wt%S increments, resulting in a single 3D data table in P–T–xFeS. This 3D table is427

interpolated based on an input core sulfur mixing ratio xFeS to obtain a P–T EOS for428

the core material.429

The core layers must now be evaluated. First, a maximum core size is set based430

on a minimum density ρcore,min below that expected (e.g., 4500 kgm−3, the density of431

FeS at ∼2.6GPa and 1350K). The maximum core size is that consistent with an amount432

of innermost rock layers replaced by core material with a density ρcore,min, such that the433

total mass is just less than the measured body mass. Similar to starting the rock pro-434

file search from each ocean layer by default, this maximum core size is used to reduce435

computational overhead, by reducing the number of core profiles to iterate over.436

Next, the rock layers with outer boundaries inside the maximum core radius are437

each used as a starting point for the core layer profiles. A linear step in radius is used,438

and for a fixed number of layers ncore the thermal profile is assumed to be adiabatic (Equa-439

tion 9). Physical properties are calculated from the top down, one core layer at a time,440

starting from the pressure, temperature, and local gravity at the top of the first rock layer441

replaced. The local gravity for each core layer is modeled as proportional to radius, which442

is only true for a constant density sphere, but the density typically changes very little443

across core layers because of the adiabatic assumption. The core profile search opera-444

tion is performed in a vectorized fashion across each rock profile. Finally, the single core445

profile for each rock profile that is the greatest mass less than the total body mass is se-446

lected as the best fit. This gives a set of mass-matching core+rock profiles, from among447

which the best-fit MoI is selected as the model output (Section 2.3.2).448

–22–



manuscript submitted to Earth and Space Science

A toggle is included to skip the self-consistent rock layer calculation, and instead449

use a uniform density for both rocks and core. In this case, the core density is assumed450

as an input and the core size is scaled to match the total body mass. This option is in-451

cluded to match the behavior of previous versions of the software (e.g., Vance et al., 2018)452

and for faster operation in large parameter-space searches.453

For bodies like Io where no surface water is modeled, there is only one radius avail-454

able for the rock profile search. Whether a core is modeled or not, the rock vacuum poros-455

ity ϕrock is varied over an input range as in the case where no core is modeled. When456

a core is modeled, the core profile search algorithm is the same as for models with a hydrosphere—457

only the mass-matching rock+core profile for each value of ϕrock is carried forward to458

the MoI-matching calculation.459

2.3.2 Matching the MoI460

Once the set of mass-matching, full-body profiles has been generated, they are each461

compared to the MoI to determine which best matches. As the profiles are spherically462

symmetric, each layer’s contribution to the total axial moment of inertia C is463

∆Ci =
8π

15
ρi
(
r5i − r5i+1

)
, (12)464

with the final radius rntot+1 = 0 at the center of the body and C =
∑

∆Ci. This ex-465

pression follows from the uniform-density layers in our model and the moment of iner-466

tia definition (e.g., Morin, 2008)467

C =

∫
M

s2dm, (13)468

where s is the distance between each dm and the axis of rotation associated with C.469

The profile with the MoI closest to the measured value is highlighted as the best470

match to the inputs and assumptions. Several bulk properties are calculated at this stage,471

such as the mean rock density, thickness of the ocean layer, total mass of dissolved salts,472

etc. Several of these properties are compared among the other profiles that fit within the473

input uncertainty for the MoI in order to estimate the range of uncertainty in these quan-474

tities. The individual layer properties for only the best-match profile are retained for the475

final processing steps and for saving to disk.476
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2.4 Porosity in Rock and Ice Layers477

PlanetProfile supports modeling of porosity in rock and ice layers (independent of478

one another). These features can optionally be enabled for any model, and porosity in479

rock layers is required for self-consistent modeling of bodies with no metallic core or hy-480

drosphere. Porosity in any material follows the same general framework (Han et al., 2014):481

ϕ(P ) = ϕvac exp

{
−cP

Pc

}
, (14)482

where ϕ(P ) is the volume fraction of void space within the matrix as a function of pres-483

sure, ϕvac is the porosity of the material if there were no overburden pressure (extrap-484

olated for materials like ice III that are not stable at low pressures), c is a constant (6.15),485

and Pc is an experimentally derived pore closure pressure, beyond which pores are ef-486

fectively eliminated (ϕ < 0.2%).487

Based on other characteristics of the model, the pore space is assumed to be evac-488

uated or filled with other materials. In ices near the surface, and in rocks for bodies with489

no hydrosphere, pores are assumed to be evacuated. Within HP ices found within ocean490

fluids, the pore space is assumed to be filled with ocean fluid. Because these layers are491

assumed to be at the melting temperature, both ice and fluid are stable and the ocean492

EOS is used to determine pore fluid properties. Within porous rocks beneath a hydro-493

sphere, the pores are assumed to be filled with ocean fluids, and the ocean EOS and pore-494

space P and T conditions are used to determine the phase and properties of the pore495

material. Pore materials are assumed to have the same temperature as the matrix in which496

they are embedded.497

When the pore material is liquid, the matrix material is assumed to rigidly sup-498

port the overburden pressure, such that the pore space pressure increases based on the499

local gravity and the overburden pressure of only the pore material. Pore spaces are as-500

sumed to be sufficiently permeable as to communicate these pressures vertically. The pore501

pressure is assumed to provide a counteracting force that acts to hold pores open, ul-502

timately resulting in a net effective pressure Peff in Equation 14 that determines the poros-503

ity (Vitovtova et al., 2014):504

Peff = Pm − αeffPf , (15)505

where Pm is the overburden pressure for the matrix material, Pf is the pressure within506

the pore fluid, and αeff is a constant that characterizes the behavior of the matrix. In507

PlanetProfile, αeff is a variable, by default set to 0.95 after Vitovtova et al. (2014).508
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Physical properties of the pore and matrix materials are combined to get bulk layer509

properties using the two-phase composite model of Yu et al. (2016):510

MJ = (1− ϕ)MJ
f + ϕMJ

m, (16)511

where Mm and Mf stand for a mechanical property for the matrix and pore fluid respec-512

tively, M is the same mechanical property for the combined two-phase layer, and J is513

a mixing parameter that depends on the character of pores and the mechanical prop-514

erty. Considering two-phase porous materials, J typically ranges from 0 to 1, and can515

be greater than 1 for seismic velocities in some materials (Yu et al., 2016). For several516

properties, such as density ρ, J = 1 and Equation 16 describes an arithmetic mean, weighted517

by ϕ. In PlanetProfile, a J value for each layer property is set independently, for porous518

rock and ice separately; we assume J = 1 for all properties except the seismic proper-519

ties:520

Bulk modulus: JKS
= 0.35521

Shear modulus: JGS
= 0.35522

P-wave speed: JVP
= 0.75523

S-wave speed: JVS
= 0.85.524

525

These values are selected as rough “middle” estimates from the mineral assemblages stud-526

ied by Yu et al. (2016). If these values are known for a specific assumed mantle compo-527

sition, each J should be updated to the known value for self-consistency.528

2.5 Seismic and Electrical Properties529

Seismic and electrical properties for each layer profile are calculated from P , T , and530

ϕ conditions for each layer after the entire self-consistent physical structure has been de-531

termined. Seismic properties are determined from the EOS (Table 1); for some mate-532

rials, such as methane clathrates, the P–T dependence of the seismic properties is im-533

plemented separately from other physical properties. Output files formatted for compat-534

ibility with the open-source packages AxiSEM (Nissen-Meyer et al., 2014) and Mineos535

(https://github.com/geodynamics/mineos) are printed at the end of each model run.536

Past studies (e.g., Stähler et al., 2018) have paired previous versions of PlanetProfile with537

AxiSEM to understand how seismic data may aid in constraining the interior structure538

of icy moons. The TauP package (Crotwell et al., 1999) implemented in the open-source539
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ObsPy framework (Beyreuther et al., 2010) provides complementary calculations for seis-540

mic travel times; integration with this package is a work-in-progress. Calculated seismic541

and physical properties can also be passed to gravitational modeling software such as542

ALMA3 (Section 2.7), for example in iterative modeling that evaluates tidal heating self-543

consistently.544

Depth-dependent electrical properties are critical for magnetic sounding investi-545

gations that connect magnetic measurements to interior structure (Vance et al., 2021).546

On global scales, conductivity of ice (∼10−5 Sm−1, Petrenko & Schulson, 1992), clathrate547

(∼10−5 Sm−1, Stern et al., 2021), and rock matrix materials (≲10−7 Sm−1, Glover &548

Vine, 1994) are expected to be negligible for the hours-long oscillations of planetary mag-549

netic fields. In PlanetProfile, we set the conductivity of many of these materials to an550

arbitrarily small value (10−8 Sm−1). Metallic core layers are expected to have a high con-551

ductivity (∼106 Sm−1, Pozzo et al., 2012), so we set them to an arbitrarily large value552

(106 Sm−1).553

For the ocean and pore-filling fluids, electrical conductivity is determined from em-554

pirical models, interpolation, and/or extrapolation of available laboratory measurements555

(Table 1). Pure water conductivity is set to a constant σ = 10−5 Sm−1 (Light et al.,556

2004), as even dilute ions will dominate the electrical properties (e.g., Quist & Marshall,557

1968) and pure water oceans will probably not persist over geologic time scales as ma-558

terials dissolve into the fluid. Seawater conductivity is determined as a function of P ,559

T , and salinity w using the Python implementation of the Gibbs Seawater package (McDougall560

& Barker, 2011). Following Vance et al. (2018), conductivity of MgSO4(aq) ocean flu-561

ids is determined by interpolation of measurements at relevant conditions from Larionov562

and Kryukov (1984). The laboratory measurements these implementations are based on563

were necessarily limited. For MgSO4 oceans, the data are extrapolated above 1.2 g kg−1,564

below 298K, and above 784MPa. This extrapolation is justified by smooth functional565

behavior and the expected physical dependence (Vance et al., 2018). The need for ex-566

trapolation underscores the critical importance of future laboratory measurements of elec-567

trical conductivities for solutions at P and T conditions that are relevant to ocean worlds.568
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2.6 Magnetic Induction Properties569

To determine properties of the induced magnetic field from each body, PlanetPro-570

file makes use of the open-source Python framework MoonMag (Styczinski, Vance, Har-571

nett, & Cochrane, 2022). MoonMag calculates induced magnetic fields from a descrip-572

tion of the excitation moments, the radial conductivity profile, and the shape of asym-573

metric conducting boundaries in terms of spherical harmonic coefficients. Excitation mo-574

ments are the amplitudes, phases, and periods of oscillation for each vector component575

of the time-varying magnetic field applied to the body. The excitation moments must576

be estimated or determined from planetary magnetospheric models. PlanetProfile uses577

excitation moments calculated using Fourier methods (Vance et al., 2021). SPICE ker-578

nels are used to evaluate the moons’ locations and planet orientation. Combined with579

planetary field models detailed in the literature, the magnetic field is evaluated at the580

body in a time series that is inverted to obtain the excitation moments.581

The induced field is determined by a recursive layer method (Styczinski, Vance, Har-582

nett, & Cochrane, 2022), where each layer has uniform conductivity. The time required583

to calculate the induced field is linear in the number of conducting layers for symmet-584

ric models, so the conductivity profile is contracted before being passed to MoonMag .585

All adjacent layers with conductivity below or above threshold values are combined into586

a single low- or high- conductivity layer. Layers such as those in the ocean with conduc-587

tivities between this range may optionally be reduced to a fixed number of interpolated588

layers (default 5). The depth dependence of conductivity within ocean layers has signif-589

icant effects on the induced magnetic moments (Vance et al., 2021); we consider this ap-590

proach to be an acceptable compromise between uniformly conducting oceans and those591

with excessively high spatial resolution, given other model uncertainties and approxima-592

tions.593

MoonMag , and its implementation within PlanetProfile, also supports asymmet-594

ric boundary shapes. All large moons in the solar system rotate synchronously, so each595

has substantial J2 and C22 gravity coefficients, describing oblateness and elongation, re-596

spectively. Therefore, some asymmetric shape is expected from orbital motion and grav-597

ity alone. For most moons, the gravity coefficients contribute half or more of the expected598

difference from asymmetric layers (Styczinski, Vance, Harnett, & Cochrane, 2022). Asym-599

metric models can add substantial computation time, so for most bodies only gravity co-600
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efficients are considered. For some bodies, such as Enceladus, the ocean is known to have601

an asymmetric interface with the ice shell (Hemingway & Mittal, 2019); for such bod-602

ies, the induced field is significantly affected and example asymmetric shapes are included603

with the default model (Section 3).604

Several helpful features are wrapped from or re-implemented based on MoonMag ,605

including evaluating the induced magnetic field at points on the surface or along a space-606

craft trajectory relative to the body. Also implemented are a number of helper functions607

for generating or evaluating parameter-space searches and statistical analyses. For ex-608

ample, functions to create “induct-o-gram” plots vary two relevant parameters affect-609

ing ocean properties such as a fixed (“silicate”) rock density ρrock and salinity w over610

some range for each. The induced field at the magnetic pole is then evaluated over a grid611

of values for each parameter and contours of the field strength are plotted (Figure 4).612

This has an advantage over canonical induct-o-gram plots (e.g., Khurana et al., 2002)613

with uniform ocean conductivity σ and total ocean layer thickness D, as σ and D are614

not independent in self-consistent models. For Bayesian methods involving a parame-615

ter adjustment between each model run—e.g., finding maximum likelihood for model pa-616

rameters based on a fit to magnetometer data—individual model runs can be chained617

together with a helper function (UpdateRun). This function recalculates only those por-618

tions of the prior self-consistent model solution that will be affected by the desired pa-619

rameter update, saving computation time.620

2.7 Directions for Future Development621

PlanetProfile is in active development. A number of updates are planned or in-progress622

that are intended to improve on the self-consistency of the models and their utility in623

scientific applications. Improvements in progress include:624

1. Convection in rocks. Models are currently limited to conductive thermal profiles625

in rock layers, which will only be realistic for bodies without significant internal626

heating.627

2. Including metallic core and rock melt fraction from Perple X . The Perple X ta-628

bles currently implemented in PlanetProfile for the EOS for rock and core mate-629

rials include only the properties of the solid matrix, even when molten rocks are630

present.631
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Figure 4. Induct-o-gram showing the induction response strength and phase delay in the Bx

component for Europa (IAU coordinates) at the moving magnetic pole relative to several body

properties. Model inputs are the axes on the top two panels, a fixed (“silicate”) rock density

ρrock and Seawater salinity w. The bottom two panels show the same contours as the top, but

plotted against the mean conductivity σ and total ocean thickness D of the self-consistent mod-

els. The range of values shown for σ and D is consistent with past studies (e.g., Zimmer et al.,

2000; Khurana et al., 2002; Vance et al., 2021), demonstrating that such a wide parameter space

is likely not necessary to consider when further constraints are included.
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3. Self-consistent rock layers with variable iron and sulfur differentiation. The total632

elemental content of a body is limited by its primordial abundances. Since we as-633

sume a chondritic or cometary origin, the iron and sulfur content in the core is634

dependent on how much can be extracted from the rocks, and the total budget635

in both sources should be consistent with the assumed parent material.636

4. Self-consistent tidal heating with PyALMA, including iterative profile evaluation.637

An in-progress Python implementation of ALMA3 (Melini et al., 2022), called PyALMA,638

supports the calculation of gravitational Love numbers from standard PlanetPro-639

file output files. The tidal Love numbers h2 and k2 describe the response of a body640

to gravitational forcing and can be used to derive tidal heating rates, but them-641

selves depend on the material properties. Self-consistency of PlanetProfile mod-642

els can be improved by using PyALMA to calculate Love numbers following a model643

run, then calculating tidal heating rates from the Love numbers and using these644

rates as inputs to a second model iteration. This process can then be repeated un-645

til the model converges. h2 and k2 are also indirectly observable through gravity646

and geodetic measurements, providing additional means of constraining interior647

structure from PlanetProfile models.648

5. Integration with the TauP package. Calculation of seismic wave travel times will649

provide an additional connection between interior structure model outputs and650

measurements available to spacecraft.651

Improvements planned for the future include:652

1. Self-consistent thermal profile in ice, including tidal heating and Tb values derived653

from surface heat flux. The initial thermal profile in the ice shell is determined654

from the assumed ocean melting temperature and the assumption of a 1/T depen-655

dence for the ice thermal conductivity k. A more self-consistent method is desir-656

able, and converting the assumptions required to an input surface heat flux is one657

way to resolve this issue.658

2. Improved convection parameterization in ice. Convection in the ice shell is mod-659

eled after Deschamps and Sotin (2001). The fit parameters for this model were660

derived for a specific case with no tidal heating. Implementing a convection model661

that accounts for tidal heating would improve self-consistency.662
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3. P - and T -dependent calculations of k for all materials. Thermal conductivity k663

is calculated as a function of T only, and only for ice layers. For all other mate-664

rials, k is set to a constant. Especially for conductive profiles in rock layers, this665

approximation limits the range of validity of the models.666

4. More options for ocean fluids, as they become implemented in SeaFreeze. A wide667

variety of solutes are possible and likely to be found in subsurface oceans of icy668

moons. Notably absent from the EOS data currently implemented in PlanetPro-669

file is ammonia (NH3), which is expected to be common in the outer solar system670

and likely contributes significantly to ocean properties (Choukroun & Grasset, 2010;671

Kimura & Kamata, 2020). A wider range of supported fluids is expected to be im-672

plemented in SeaFreeze as more laboratory measurements become available.673

5. Time-dependent models. PlanetProfile models assume the body is in steady-state,674

i.e., the heat flux entering and leaving each layer is equal and no melting or freez-675

ing is actively occurring. If this assumption were to be relaxed, PlanetProfile mod-676

els could be used as a starting point for projecting forward or backward in time677

to study the evolution of terrestrial bodies.678

3 Model Results Across the Outer Solar System679

PlanetProfile is designed to be versatile in allowing for investigation of a wide va-680

riety of assumed input properties. To serve as a starting point from which to iterate, Plan-681

etProfile comes packaged with a default model for each major moon in the solar system682

and Pluto. After the package is installed or cloned from the GitHub repository, an in-683

stallation function copies default models to the working directory so they can be easily684

accessed and edited by the user. These models represent a synopsis of measured and es-685

timated characteristics for each body based on the available literature and features im-686

plemented in PlanetProfile.687

Tables 5 – 9 describe major layer properties calculated for each default model us-688

ing PlanetProfile. Figures 5 – 9 show “wedge” diagrams representing the material lay-689

ers described in the corresponding tables. These figures and tables (LATEX source) are690

output directly by the software. We have grouped together the output summary tables691

and figures by size to show greater detail in the wedge diagrams for smaller bodies. Ta-692

bles 10 – 13 contain the major input parameters for each model along with references to693

sources from the literature. Text files containing the full model outputs are available as694
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Figure 5. Wedge diagram showing major material layers for default models of the largest

moons: Ganymede, Callisto, and Titan, to scale. The depicted models are as summarized in

Table 5. Conducting ice Ih, at the surface of each body, is shown in pale blue; convecting ice Ih,

which is present for all of these models, is cyan; ocean layers are blue with a color gradient; ice V

is lavender; ice VI is gray-green; rock is brown, and porous rock is shown with a color gradient;

metallic core layers are dark gray.

a Zenodo archive: https://doi.org/10.5281/zenodo.7250785. These files each list the695

hundreds of individual layers that make up the profile, along with the material type and696

physical properties. A number of header lines also describe bulk properties and selected697

input parameters.698

4 Discussion699

Geophysical models applied in planetary science typically either focus on large-scale700

material layers with uniform properties or smaller-scale, more detailed dynamical mod-701

eling that cannot easily be scaled to a global context. PlanetProfile represents a com-702

promise between these extremes. Spherical symmetry allows models to be run quickly,703

while still capturing major global-scale processes. Application of scaling laws from more704

detailed studies and EOS data from laboratory measurements over many individual lay-705

ers affords much greater fidelity between required assumptions and results of the model706

than is possible in simpler approaches. To our knowledge, the only comparable software707

available is BurnMan (Cottaar et al., 2014), but BurnMan focuses on Earth-like inte-708

riors and is not intended for application to icy bodies with subsurface oceans.709
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Table 5. PlanetProfile output summary table for default models of the largest moons:

Ganymede, Callisto, and Titan. Material layers are depicted in Figure 5. M : total body mass; C:

axial moment of inertia; R: outer radius of layer; ρrock,mean: mean density of rock layers, includ-

ing pore fluids; Tb: temperature at bottom of ice shell; qsurf : surface conductive heat flux; qcon:

heat flux through ice shell at the bottom of the conductive layer; ηcon: ice viscosity for possible

convecting region based on Deschamps and Sotin (2001) approach; DIh, DV, DVI: thickness of

ice layers; Docean: thickness of contiguous liquid water ocean layer; σocean: mean conductivity

across contiguous ocean layers (each linear pressure step is weighted uniformly); ϕrock: vacuum

porosity of rocks. Upper and lower uncertainty values on Cmodel/MR2 results represent the next

nearest models. A zero value indicates that no valid model lies between the best match and the

uncertainty bounds of the input C/MR2 value.

Ganymede Callisto Titan

Ocean comp. Pure H2O 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4

M (kg) 1.4819× 1023 1.0759× 1023 1.3452× 1023

Mmodel (kg) 1.4819× 1023 1.0756× 1023 1.3447× 1023

C/MR2 0.3115± 0.0028 0.3549+0.0042
−0.0148 0.341+0.010

−0.020

Cmodel/MR2 0.31143+0.00023
−0.00025 0.34121+0.00000

−0.00000 0.32143+0.00000
−0.00022

ρrock,mean (kgm−3) 3237 2066 2795

Tb (K) 258.86 262.0 255.0

qsurf (mWm−2) 16.3 18.3 12.4

qcon (mWm−2) 17.7 19.6 13.6

ηcon (Pa s) 5.89× 1014 5.35× 1014 8.48× 1014

DIh (km) 109.7 82.3 121.4

Docean (km) 241.2 121.3 192.7

DV (km) 40.9 - 88.2

DVI (km) 393.2 - 229.3

σocean (Sm−1) 0.0 2.4 1.4

Rsurf (km) 2631.2 2410.3 2574.7

Rrock (km) 1846.1 2206.7 1943.1

Rcore (km) 633.8 - -

ϕrock - 0.90 0.90
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Figure 7. Wedge diagram showing major material layers for default models of mid-sized

moons Rhea, Titania, and Oberon, to scale. The depicted models are as summarized in Table 7;

layer colors are indicated as described in Figure 5.

Table 7. PlanetProfile output summary for default models of mid-sized moons Rhea, Titania,

and Oberon. Material layers are depicted in Figure 7. Variable definitions are as in Table 5.

Rhea Titania Oberon

Ocean comp. 10.0 g kg−1 Seawater 10.0 g kg−1 Seawater 10.0 g kg−1 Seawater

M (kg) 2.3065× 1021 3.5270× 1021 3.0140× 1021

Mmodel (kg) 2.2994× 1021 3.5260× 1021 3.0103× 1021

C/MR2 0.3721± 0.0036 0.306± 0.03 0.307± 0.03

Cmodel/MR2 0.37132+0.00000
−0.00000 0.31097+0.00004

−0.00000 0.31035+0.00007
−0.00000

ρrock,mean (kgm−3) 1364 3071 3058

Tb (K) 265.0 269.4 269.4

qsurf (mWm−2) 2.8 10.4 9.6

qcon (mWm−2) 9.4 14.1 13.5

ηcon (Pa s) 3.58× 1014 2.66× 1014 2.66× 1014

DIh (km) 86.6 111.1 121.3

Docean (km) 0.0 120.8 122.7

σocean (Sm−1) - 0.9 0.9

Rsurf (km) 763.5 788.9 761.4

Rrock (km) 676.9 557.0 517.4

ϕrock 0.92 0.10 0.10
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Figure 8. Wedge diagram showing major material layers for default models of small moons

Dione, Ariel, and Umbriel, to scale. The depicted models are as summarized in Table 8; layer

colors are indicated as described in Figure 5.

Table 8. PlanetProfile output summary for default models of small moons Dione, Ariel, and

Umbriel. Material layers are depicted in Figure 8. Variable definitions are as in Table 5.

Dione Ariel Umbriel

Ocean comp. 10.0 g kg−1 Seawater 10.0 g kg−1 Seawater 10.0 g kg−1 Seawater

M (kg) 1.0954× 1021 1.3530× 1021 1.1720× 1021

Mmodel (kg) 1.0946× 1021 1.3526× 1021 1.1696× 1021

C/MR2 0.33± 0.01 0.306± 0.03 0.319± 0.03

Cmodel/MR2 0.33005+0.00088
−0.00067 0.32603+0.00042

−0.00000 0.31893+0.00052
−0.00008

ρrock,mean (kgm−3) 2246 2526 2894

Tb (K) 270.93 270.93 270.93

qsurf (mWm−2) 9.6 5.2 4.4

qcon (mWm−2) 14.2 7.1 6.4

ηcon (Pa s) 2.56× 1014 2.45× 1014 2.45× 1014

DIh (km) 99.9 85.0 102.3

Docean (km) 46.3 50.2 129.0

σocean (Sm−1) 0.9 0.9 0.9

Rsurf (km) 561.4 578.9 584.7

Rrock (km) 415.2 443.7 353.4

ϕrock 0.50 0.35 0.10
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Figure 9. Wedge diagram showing major material layers for default models of the smallest

large moons: Mimas, Enceladus, and Miranda, to scale. The depicted models are as summarized

in Table 9; layer colors are indicated as described in Figure 5.

Table 9. PlanetProfile output summary for default models of the smallest large moons: Mi-

mas, Enceladus, and Miranda. Material layers are depicted in Figure 9. Variable definitions are

as in Table 5.

Mimas Enceladus Miranda

Ocean comp. 10.0 g kg−1 Seawater 10.0 g kg−1 Seawater 10.0 g kg−1 Seawater

M (kg) 3.7493× 1019 1.0802× 1020 6.5900× 1019

Mmodel (kg) 3.7423× 1019 1.0777× 1020 6.5866× 1019

C/MR2 0.355± 0.01 0.335± 0.001 0.35± 0.03

Cmodel/MR2 0.35487+0.00086
−0.00041 0.33489+0.00000

−0.00020 0.34500+0.00000
−0.00048

ρrock,mean (kgm−3) 1994 2352 2181

Tb (K) 272.5 272.4578 272.356

qsurf (mWm−2) 17.6 23.1 9.4

qcon (mWm−2) 24.1 27.4 15.1

ηcon (Pa s) 2.40× 1014 2.37× 1014 2.28× 1014

DIh (km) 28.8 20.9 50.0

Docean (km) 59.5 37.0 48.7

σocean (Sm−1) 1.0 1.0 1.0

Rsurf (km) 198.2 252.1 235.8

Rrock (km) 110.0 194.3 137.0

ϕrock 0.50 0.32 0.32
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Table 13. Measured and assumed properties used in default models for Triton and Pluto.

Property Triton Pluto

Radius R (km)a 1352.6 1188.3

Total mass M (kg) 2.141× 1022 b 1.303× 1022 c

Axial MoI C/MR2 0.31± 0.03 d 0.31± 0.03

Surface pressure Psurf (MPa) 0 0

Surface temperature Tsurf (K) 38 44

Ocean composition and salinity w 10 g kg−1 MgSO4 50 g kg−1 MgSO4

Ice bottom temperature Tb 266.0K 265.0K

Surface heat flux qsurf N/A N/A

Rock composition Comet 67P/C–G Comet 67P/C–G

Core FeS/Fe ratio not modeled not modeled

Ice porosity in vacuum ϕice not modeled not modeled

Ice pore closure pressure Pc,ice - -

Rock porosity in vacuum ϕrock 35 vol% 35 vol%

Rock pore closure pressure Pc,rock 350MPa 350MPa

a Mean radii from Archinal et al. (2018)

b Tyler et al. (1989)

c Brozović et al. (2015)

d Hussmann et al. (2006); large uncertainties estimated based on source methods
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Future investigations of icy bodies will rely heavily on gravitational fields, magnetic710

fields, and remote sensing to constrain their interior structures. PlanetProfile is the only711

open-source software yet available that self-consistently relates bulk properties of icy bod-712

ies derived from spacecraft gravity measurements—through an ocean EOS including elec-713

trical conductivity—to the induced magnetic fields expected from their subsurface oceans.714

Integration with other open-source software packages is essential to this key feature. In-715

corporating measurements from as many sources as possible to better constrain the re-716

sults is vital, and represents a major motivation for the design of PlanetProfile.717

Because PlanetProfile models rely on laboratory measurements to inform the ocean718

and pore fluid EOS, the models are limited to those compositions for which such mea-719

surements exist or can be reliably extrapolated into the regions of interest. Due to the720

lack of suitable measurements in many pure (binary) and all mixed aqueous systems, the721

modeled oceans are restricted to a handful of end-member cases for their solutes, and722

for larger bodies, only a single dissolved solute type can be studied.723

Clathrates of volatile species (e.g., CH4 and CO2) and ions are likely common in724

the outer solar system (Hand et al., 2006; Journaux et al., 2013; Mousis et al., 2015). Mea-725

surements of clathrates at relevant conditions are also lacking, especially for mixtures726

of guest molecules and amalgamated layers of ice and clathrates. Laboratory measure-727

ments of the relevant properties of these materials can dramatically affect models that728

incorporate them, especially when the alternative is to omit materials with insufficient729

data.730

PlanetProfile currently does not model convection in rock layers. Not including this731

process restricts the applicability of fully self-consistent models to those that do not reach732

internal temperatures warm enough to convect. Such assumptions have typically been733

regarded as valid because of the prevailing view that tidally generated heat concentrates734

in the icy lithosphere (Tobie et al., 2005; Kang & Flierl, 2020). This view has been chal-735

lenged by inferences of hydrothermal minerals in the Enceladus E-ring (Hsu et al., 2015)736

and recent 3D models of Europa’s tides (Běhounková et al., 2021), opening a larger pa-737

rameter space of models to explore in future work. In these cases, the current release of738

PlanetProfile remains useful for exploring planetary properties, especially for bodies with739

substantial overlying oceans.740
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Convection is important for bodies like Io with a high surface heat flux, although741

here as well convection may be limited in favor of heat transport through melt migra-742

tion (Moore, 2003). The mass- and MoI-matching density profile evaluated with Plan-743

etProfile for non-convecting bodies offers a valuable starting point for further modeling744

to improve self-consistency. Implementing self-consistent convection in rocks is a top pri-745

ority for future development. In addition, modeling of partial melts will allow investi-746

gation of unresolved questions at Io, including whether a magma ocean may be present747

there (Khurana et al., 2011) despite the challenges this presents to meet the relatively748

high mantle viscosity (of order 1016 Pa s) needed to sustain the observed surface heat flux749

of 2.24Wm−2 (Lainey et al., 2009).750

For partially differentiated bodies like Callisto, Rhea, and Titan, mixed ice/fluid/rock751

interior layers are modeled using an effective porosity. Deep inside Callisto and Titan,752

the great overburden pressure should tend to close pores, consistent with models for ther-753

mally induced and tectonic fracturing (Vance et al., 2007; Klimczak et al., 2019). The754

porosity model we employ (Han et al., 2014) requires very large pore closure pressures755

and vacuum-equivalent porosities in order to generate valid profiles that match the high756

MoIs. This result has a few possible implications: 1) The rock matrix includes very low-757

density silicates or large amounts of high-pressure ices or both. A mixed ice–rock “snow-758

ball” has been suggested as an explanation for Callisto (Schubert et al., 2004), which fits759

with this interpretation. 2) The bodies are very homogeneous in their interiors. Such ho-760

mogeneity requires low-density mineralogies. The carbonaceous silicate interior model761

for Titan suggested by Néri et al. (2020) offers one such scenario. 3) The Han et al. (2014)762

exponential model is not valid for the mixed material phases that we assume. Alterna-763

tive porosity models must still account for the migration and fate of volatiles and ices764

in the rocky interiors of large ocean worlds. Related studies of Europa’s early metamor-765

phic outgassing in relation to the formation of its ocean retain extensive volatiles in the766

rocky interior without quantifying the implied porosities involved (Melwani Daswani et767

al., 2021).768

Converting the ocean melting temperature input to a surface heat flux input for769

ice shells, and self-consistently calculating convection from these, is another top prior-770

ity for future development. Valid models for Rhea suggest it has a completely frozen hy-771

drosphere, but the temperature at the ice–rock interface cannot be determined self-consistently772

in PlanetProfile because the ocean melting temperature is a model input. This present773
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limitation adds uncertainty to the rock densities determined from the EOS for Rhea, and774

hence the mass- and MoI-matching are biased to structural solutions that include oceans.775

PlanetProfile is a versatile tool that can be applied to study a wide array of prob-776

lems in understanding planetary bodies in the solar system and beyond. The software777

is open-source and frequently updated. As more laboratory measurements become avail-778

able, it will be possible to use PlanetProfile to explore an ever-greater space of possible779

configurations.780
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Introduction10

This supplement contains comparisons between models of major moons generated with11

the latest version of PlanetProfile (v2.3.3, Styczinski et al., 2022) and analogous mod-12

els from Vance et al. (2018), generated with the initial Matlab release of PlanetProfile13

(v1.0.0, Vance, 2017). The models we include here incorporate new features for improved14

self-consistency as described in the main text. An H2O–NH3 EOS has not yet been im-15

plemented in the Python version of PlanetProfile, so those models are omitted from the16

comparison.17
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Text S1.18

Figures S1 – S5 compare several models of the moons Europa, Ganymede, Callisto,19

Enceladus, and Titan, as studied in Vance et al. (2018). Tables S1 – S5 summarize20

the same models as those presented in the corresponding figures. Input Python files21

used to generate these figures and tables, output text files describing layer properties22

and model summaries, and comparison figure files are available as a Zenodo share at23

https://doi.org/10.5281/zenodo.7318029.24

The models in this supplement have been adjusted from the default models described25

in the main text, with adjustments to the ocean melting temperature Tb such that the26

ice shell thickness zb matches the models from Vance et al. (2018) as closely as possi-27

ble. For some porous models, further adjustments were sometimes required in order to28

construct a valid model. In order to match the MoI for Titan and Callisto, we had to29

use extremely high rock porosities ϕrock and pore closure pressures Pc,rock. This implies30

that the published MoI values for these bodies may be too high (due to a non-hydrostatic31

configuration) and a more realistic model for the required very-low-density rocky mantle32

will be important in future study. The configurations required to find MoI that lie within33

the uncertainty bounds as described in Section 1.1 imply that Titan and Callisto are not34

fully differentiated. A wider parameter space of models fits with the MoI for thinner ice35

shells, because the ocean density varies with the dissolved salt content, but the ice shell36

density does not. The low density of the ice shell drives down the MoI, adding tighter37

constraints on other parameters to match the high MoI for these bodies.38
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Figure S1. Updated PlanetProfile outputs for Europa, modeled after the conditions studied

by Vance et al. (2018). Compare to Figure 7 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Europa Europa Europa Europa Europa Europa
Ocean comp. 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4 35.2 g kg−1 Seawater 35.2 g kg−1 Seawater Pure H2O Pure H2O

M(kg) 4.8000× 1022 4.8000× 1022 4.8000× 1022 4.8000× 1022 4.8000× 1022 4.8000× 1022

Mmodel(kg) 4.7926× 1022 4.7976× 1022 4.7955× 1022 4.7941× 1022 4.7965× 1022 4.7939× 1022

C/MR2 0.346± 0.005 0.346± 0.005 0.346± 0.005 0.346± 0.005 0.346± 0.005 0.346± 0.005
Cmodel/MR2 0.34600+0.00042

−0.00042 0.34606+0.00022
−0.00040 0.34605+0.00047

−0.00047 0.34618+0.00043
−0.00043 0.34605+0.00026

−0.00048 0.34601+0.00046
−0.00028

ρrock,mean(kgm
−3) 3294 3436 3295 3443 3295 3438

Tb(K) 268.6 271.56 268.3 270.8 270.2 272.7
qsurf(mWm−2) 16.1 98.2 16.1 103.2 16.2 99.5
qcon(mWm−2) 16.7 98.8 16.8 103.9 16.9 100.1

ηcon(Pa s) 3.38× 1014 2.82× 1014 3.49× 1014 3.05× 1014 2.87× 1014 2.51× 1014

DIh(km) 30.0 5.1 29.9 4.8 30.0 5.0
Docean(km) 74.4 124.8 71.6 120.8 70.6 118.2
σocean(Sm

−1) 3.1 3.6 2.8 3.1 0.0 0.0
Rsurf(km) 1560.8 1560.8 1560.8 1560.8 1560.8 1560.8
Rrock(km) 1456.4 1431.0 1459.3 1435.2 1460.2 1437.6
Rcore(km) 594.7 572.4 595.9 562.1 596.3 563.0

Table S1. Updated PlanetProfile outputs for Europa, modeled after the conditions studied

by Vance et al. (2018). Compare to Table 6 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Figure S2. Updated PlanetProfile outputs for Ganymede, modeled after the conditions studied

by Vance et al. (2018). Compare to Figure 5 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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:

Ganymede Ganymede Ganymede Ganymede Ganymede Ganymede
Ocean comp. 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4 Pure H2O Pure H2O Pure H2O

M(kg) 1.4819× 1023 1.4819× 1023 1.4819× 1023 1.4819× 1023 1.4819× 1023 1.4819× 1023

Mmodel(kg) 1.4798× 1023 1.4805× 1023 1.4794× 1023 1.4804× 1023 1.4812× 1023 1.4818× 1023

C/MR2 0.3115± 0.0028 0.3115± 0.0028 0.3115± 0.0028 0.3115± 0.0028 0.3115± 0.0028 0.3115± 0.0028
Cmodel/MR2 0.31148+0.00014

−0.00006 0.31155+0.00013
−0.00013 0.31151+0.00012

−0.00009 0.31156+0.00014
−0.00014 0.31146+0.00014

−0.00014 0.31152+0.00014
−0.00015

ρrock,mean(kgm
−3) 3234 3220 3215 3226 3205 3551

Tb(K) 249.5 258.6 268.0 254.6 264.9 272.65
qsurf(mWm−2) 10.4 16.5 18.4 13.2 22.4 97.7
qcon(mWm−2) 11.7 17.7 18.8 14.7 23.7 98.1

ηcon(Pa s) 1.34× 1015 6.82× 1014 3.63× 1014 8.10× 1014 3.92× 1014 2.52× 1014

DIh(km) 151.4 93.4 26.4 134.3 69.8 5.1
Docean(km) 40.7 287.0 483.6 134.4 375.7 630.9
DIII(km) 34.4 - - - - -
DV(km) 157.6 - - 119.7 - -
DVI(km) 419.2 452.2 352.9 397.7 328.7 192.0

σocean(Sm
−1) 0.6 2.1 3.8 0.0 0.0 0.0

Rsurf(km) 2631.2 2631.2 2631.2 2631.2 2631.2 2631.2
Rrock(km) 1828.0 1798.7 1768.3 1845.1 1857.0 1803.1
Rcore(km) 655.0 734.5 795.7 630.4 650.0 285.5

Table S2. Updated PlanetProfile outputs for Ganymede, modeled after the conditions studied

by Vance et al. (2018). Compare to Table 5 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Figure S3. Updated PlanetProfile outputs for Callisto, modeled after the conditions studied

by Vance et al. (2018). Compare to Figure 14 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Callisto Callisto Callisto Callisto
Ocean comp. 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4 Pure H2O Pure H2O

M(kg) 1.0759× 1023 1.0759× 1023 1.0759× 1023 1.0759× 1023

Mmodel(kg) 1.0756× 1023 1.0759× 1023 1.0757× 1023 1.0756× 1023

C/MR2 0.3549+0.0042
−0.0148 0.3549+0.0042

−0.0148 0.3549+0.0060
−0.0166 0.3549+0.0060

−0.0166

Cmodel/MR2 0.34147+0.00000
−0.00000 0.34216+0.00000

−0.00202 0.33842+0.00000
−0.00000 0.33852+0.00000

−0.00000

ρrock,mean(kgm
−3) 2000 2001 2000 2004

Tb(K) 255.5 259.4 259.8 262.5
qsurf(mWm−2) 12.9 15.8 15.6 18.0
qcon(mWm−2) 14.3 17.2 17.3 19.6

ηcon(Pa s) 8.90× 1014 6.53× 1014 5.50× 1014 4.58× 1014

DIh(km) 124.7 99.4 119.9 99.8
Docean(km) 9.5 42.1 13.3 40.1
σocean(Sm

−1) 1.3 1.9 0.0 0.0
Rsurf(km) 2410.3 2410.3 2410.3 2410.3
Rrock(km) 2276.1 2268.8 2277.1 2270.4

ϕrock 0.99 0.99 0.99 0.99
Table S3. Updated PlanetProfile outputs for Callisto, modeled after the conditions studied

by Vance et al. (2018). Compare to Table 10 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Figure S4. Updated PlanetProfile outputs for Enceladus, modeled after the conditions studied

by Vance et al. (2018). Compare to Figure 10 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Enceladus Enceladus Enceladus Enceladus Enceladus Enceladus
Ocean comp. 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4 35.2 g kg−1 Seawater 35.2 g kg−1 Seawater Pure H2O Pure H2O

M(kg) 1.0802× 1020 1.0802× 1020 1.0802× 1020 1.0802× 1020 1.0802× 1020 1.0802× 1020

Mmodel(kg) 1.0801× 1020 1.0769× 1020 1.0800× 1020 1.0769× 1020 1.0766× 1020 1.0755× 1020

C/MR2 0.335± 0.001 0.335± 0.001 0.335± 0.001 0.335± 0.001 0.335± 0.001 0.335± 0.001
Cmodel/MR2 0.33434+0.00136

−0.00006 0.33459+0.00000
−0.00000 0.33565+0.00000

−0.00154 0.33445+0.00000
−0.00000 0.33444+0.00000

−0.00007 0.33409+0.00000
−0.00000

ρrock,mean(kgm
−3) 2360 2485 2329 2399 2327 2371

Tb(K) 271.625 272.03 270.83 271.16 272.75 273.081
qsurf(mWm−2) 9.3 47.4 9.3 47.9 9.4 47.4
qcon(mWm−2) 14.5 51.5 14.5 52.0 14.5 51.5

ηcon(Pa s) 2.54× 1014 2.48× 1014 2.75× 1014 2.71× 1014 2.27× 1014 2.24× 1014

DIh(km) 49.9 10.2 49.7 10.1 49.8 10.2
Docean(km) 6.4 60.1 4.6 52.0 4.9 49.4
σocean(Sm

−1) 3.2 3.2 2.7 2.8 0.0 0.0
Rsurf(km) 252.1 252.1 252.1 252.1 252.1 252.1
Rrock(km) 195.9 181.8 197.8 190.0 197.5 192.5

ϕrock 0.27 0.27 0.27 0.32 0.32 0.32

Table S4. Updated PlanetProfile outputs for Enceladus, modeled after the conditions studied

by Vance et al. (2018). Compare to Table 7 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Figure S5. Updated PlanetProfile outputs for Titan, modeled after the conditions studied by

Vance et al. (2018). Compare to Figure 12 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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Titan Titan Titan Titan Titan Titan
Ocean comp. 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4 100.0 g kg−1 MgSO4 Pure H2O Pure H2O Pure H2O

M(kg) 1.3452× 1023 1.3452× 1023 1.3452× 1023 1.3452× 1023 1.3452× 1023 1.3452× 1023

Mmodel(kg) 1.3447× 1023 1.3452× 1023 1.3446× 1023 1.3451× 1023 1.3452× 1023 1.3447× 1023

C/MR2 0.341+0.010
−0.020 0.341+0.010

−0.020 0.341+0.010
−0.020 0.341+0.010

−0.020 0.341+0.010
−0.020 0.341+0.010

−0.020

Cmodel/MR2 0.32721+0.00000
−0.00053 0.32960+0.00000

−0.00054 0.33026+0.00000
−0.00037 0.32567+0.00000

−0.00049 0.32611+0.00000
−0.00055 0.32638+0.00000

−0.00055

ρrock,mean(kgm
−3) 2427 2429 2429 2410 2411 2410

Tb(K) 251.08 260.3 264.3 254.7 264.85 267.85
qsurf(mWm−2) 10.1 16.5 20.8 12.0 20.4 24.8
qcon(mWm−2) 11.4 17.7 21.8 13.4 21.6 25.8

ηcon(Pa s) 1.10× 1015 5.88× 1014 4.33× 1014 7.62× 1014 3.74× 1014 3.12× 1014

DIh(km) 151.9 82.8 59.3 140.9 73.8 49.9
Docean(km) 95.8 338.3 389.3 143.1 326.1 352.9
DV(km) 155.3 - - 116.5 - -
DVI(km) 21.7 21.8 - - - -

σocean(Sm
−1) 0.8 2.4 3.1 0.0 0.0 0.0

Rsurf(km) 2574.7 2574.7 2574.7 2574.7 2574.7 2574.7
Rrock(km) 2150.0 2131.9 2126.2 2174.2 2174.9 2172.0

ϕrock 0.90 0.90 0.90 0.90 0.90 0.90

Table S5. Updated PlanetProfile outputs for Titan, modeled after the conditions studied

by Vance et al. (2018). Compare to Table 8 from Vance et al. Refer to Table 5 (main text) for

variable definitions.
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