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Introduction: Which of the outer solar system sat-

ellites possess subsurface oceans is an important geo-

physical and astrobiological question. In this work we  

develop a technique that translates a moon’s long 

wavelength topography [1] into a heat flux distribution 

beneath its ice shell. Our technique independently de-

tects Titan and Enceladus’ sub-surface global oceans 

from their inferred spatial variations in heat flux [2], 

and our moment of inertia and heat flux estimates are 

consistent with past results [3-5]. Below we focus on 

Mimas and Tethys, for both of which gravity infor-

mation is lacking but tidal heating may be an important 

process.   

Methodology: Topography is the result of many 

surface and interior processes. On icy satellites longer 

wavelength topography (i.e. of low spherical harmonic 

degree) is likely dominated by contributions from tid-

al/rotational forces and tidal heating.  

Tidal and rotational forces. For a fluid (hydrostat-

ic) body the contribution from tidal and rotational forc-

es is directly proportional to the Love number h2, itself 

a function of the moon’s moment of inertia (MoI). This 

contribution is only in degree 2. 

Calculating tidal heating. Once we remove the 

contributions from tidal and rotational forces using an 

assumed MoI, we invoke isostasy to translate the resid-

ual topography into tidal heating, approximated as ba-

sal heat flux under the ice shell. For isostatic equilibri-

um, we assume a constant pressure at the base of equal 

columns [6].  

For Airy isostasy, a topographic low results from a 

thinner ice shell. Assuming an isothermal ocean, a 

thinner ice shell necessitates higher basal heat fluxes 

under Fourier’s law.  

For Pratt isostasy, topographic lows result from 

thermal contraction (and thus increased density) of the 

ice shell. So contrary to Airy isostasy, Pratt isostasy 

necessitates lower basal heat fluxes for topographic 

lows.  

For both cases of isostasy, we assume an average 

basal heat flux (which may include contributions from 

radioactive decay), and use Fourier’s law to calculate 

an average ice shell thickness (accounting for the sphe-

ricity of the moon and a possible porous layer atop the 

solid shell). The residual topography is then used to 

determine spatial variations in this heat flux. We as-

sume an average basal temperature of 270 K as an up-

per bound, and calculate surface temperatures accord-

ing to the methods of [7]. 

Determining interior structure. [2] demonstrated 

that tidal heating patterns can be composed as the line-

ar combination of three angular basis functions, them-

selves linear combinations of spherical harmonic func-

tions of degrees 0, 2, and 4 (Figure 1). After determin-

ing the spatial variations in tidal heating from the re-

sidual topography assuming either Pratt or Airy isosta-

sy, we perform a multilinear regression to determine 

the weights of the basis heating functions. The weights 

can also be used to infer ice shell thickness [2]. Fur-

ther, a high pattern B weight generally indicates a rigid 

interior whereas a high pattern C weight generally indi-

cates liquid beneath the ice shell.  

 
Figure 1: The three spatial patterns of tidal heating for 

obliquity tides (left) and eccentricity tides (right) [2]. 

Patterns repeat on the opposite side of the moon. Val-

ues are normalized to average basal heat flux in deriv-

ing pattern weights. Based on Figure 1 of [2]. 

We explore the parameter space of average basal 

heat flux and MoI to determine the best-fit interior. 

Using the derived MoI and shell thickness of each 

model, we can constrain which are viable by deriving 

their corresponding density profiles. 

Results and Discussion: 

Tethys. We found best fits for Tethys when assum-

ing obliquity tides and Pratt isostasy. Further, we found 

a normalized moment of inertia of 0.34, and average 

basal heat flux of 5 mW/m2 (Figure 2). On the surface, 

this heat flux translates to 1.4 mW/m2, as the inferred 
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average ice shell thickness is 245 km (for comparison, 

Tethys’ total radius is 531 km). We also found the up-

per 144 km of this ice shell has a porosity of 0.2. To 

ensure consistency between the MoI and Tethys’ bulk 

density of 984 kg/m3, the density interior to the ice 

shell is 1960 kg/m3, indicating a rock-ice mixture. 

 
Figure 2: Tethys multilinear regression R2 value and 

heating patterns A, B, and C weights, assuming Pratt 

isostasy, obliquity tides, and that the upper layer of the 

ice shell has a porosity 0.2.  For brevity, we display 

only results for a basal heat flux of 5 mW/m2. 

Obliquity tides are consistent with Tethys’ very 

small eccentricity of 10-4. The spatial pattern of tidal 

heating we found for Tethys is consistent with a rigid 

interior and no subsurface ocean. This is further under-

scored by better fits for Pratt isostasy rather than Airy 

isostasy. For the high surface heat flux of 1.4 mW/m2 

over its surface area, Tethys must be highly dissipative 

or possess a higher obliquity than that which has been 

previously calculated (e.g. [8]). 

 
Figure 3: Mimas multilinear regression R2 value and 

heating patterns A, B, and C weights, assuming Airy 

isostasy, eccentricity tides, and that the upper layer of 

the ice shell has a porosity 0.4. For brevity, we display 

only results for a basal heat flux of 20 mW/m2. 

Mimas. For Mimas we find two cases that fit well. 

The first assumes Airy isostasy and obliquity tides. 

However, under these conditions the Beuthe tidal heat-

ing weights [2] imply  a rigid interior—not necessarily 

consistent with Airy isostasy (Figure 3). In this case, 

we expect a nearly uniform density due to a normalized 

moment of inertia near 0.4. Mimas’ bulk density is 

1148 kg/m3. 

The second case that fits well assumes Airy isostasy 

and eccentricity tides. In this case, the Beuthe pattern 

weights are consistent with a liquid interior to the ice 

shell (Figure 4). In this case, the low moment of inertia 

allows for a global ocean and an ice/rock core but the 

RMS misfit is larger than in the obliquity tides case. 

 
Figure 4: Mimas multilinear regression R2 value and 

heating patterns A, B, and C weights, assuming Airy 

isostasy, eccentricity tides, and that the upper layer of 

the ice shell has a porosity 0.4. For brevity, we display 

only results for a basal heat flux of 10 mW/m2. 

Next Steps: With the numerical methods described 

in [9], we plan to use our derived material profiles to 

calculate the resulting spatial variations in tidal heating 

in order to compare them with those derived from the 

surface topography in this work. This will be useful in 

distinguishing which of the Mimas possibilities is more 

likely, and may also shed light on whether Mimas’ li-

brations are influenced by a hydrostatic core or subsur-

face ocean (a debate sparked by [10]). 
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