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Theoretical values for the effective thermal 
conductivity of heterogeneous mixtures of 
solid (gray) and fluid/gas (white) as a function 
of porosity. Dashed lines correspond to 
treating the components as series or parallel 
conductors. Solid lines correspond to the 
upper and lower limits for isotropic materials 
[Maxwell (1892), Hashin & Shtrikman (1962), 
Carson et al. (2005)]. Note the factor of 2 
difference between the series approx. and the 
lower Maxwell limit over the typical regolith 
porosity range (30%-50%).  

Planetary Surfaces 
 Thermal conductivity (kth) is extremely sensitive to the physical properties and structure of regolith; can vary by a factor of >1000 

 Thermal conductivity is most variable component of thermal inertia, Ith = sqrt(kth ˣ density ˣ heat capacity) 

 Thermal inertia controls amplitude of surface temperature variations and penetration depths of diurnal and seasonal thermal waves 

 Thermal inertia can be measured remotely (from orbit or Earth), and many Ith datasets have been obtained over past 80 years 

 Most analyses have relied on qualitative comparisons to lab measurements of kth for analog materials and simulated conditions 

 Few physical models were available to interpret or predict thermal inertia quantitatively in terms of regolith properties, and none that 

covered full range of planetary regolith conditions (vacuum to Venusian, cohesion-dominated high porosity to compressed at depth) 

Planetary Interiors 
 Temperature gradients (dT/dz) drive geological processes 

 Thermal conductivity (kth) controls the temperature profile, T(z), and thickness of the lithosphere (for given heat flux) 

 On airless bodies, kth ranges from <0.001 Wm-1K-1 at surface to >1 Wm-1K-1 in deep bedrock, but transition kth(z) profile is unknown 

 Most geophysical analyses are based on the assumption that kth is rock-like (>1) all the way up to the surface, with little justification, 

but implications of other plausible kth(z) profiles can be profound (e.g. depth to ice melting T, crater relaxation models, etc.) 

Thermal conductivity of planetary surfaces  

ranges from 0.001 - 10 Wm-1K-1 (factor of 104) 

• kth not well modeled as “series” or “parallel” conductors 

• kth not a unique function of porosity  

Regolith particles are not 

round and smooth 

• Contacts between particles have finite area 

• Contact forces cause particle deformation 

Motivation and Relevance  Applications & Implications  

Local radius 
of curvature 

Maxwellian Regolith Thermal Conductivity Model  Model Testing and Validation  

SEM image of cohesive elastic 
contact between two silica 
spheres 0.4 μm in diameter 
(from Wang et al. 2010).  The 
relative contact diameter 
(Rcon/Rsphere) is inversely 
proportional to Rsphere 
(Johnson et al. 1971) so is not 
as easily observable for typical 
sized regolith particles, but still 
controls thermal conductivity. 
 

Dashed lines: Elastic compression by 
weight of overburden only 
Solid lines: Includes  van der Waals and 
other cohesive surface forces  
(surface energy = 200 mJ/m2)  

 Analytic model  (no computer required :-) 

 Simple framework: Single parameter scaling between Maxwell-Eucken limits 

 Includes Kn dependence of gas conductivity (ratio of mean free path to pore size) 

 Includes radiative heat transfer 

 Predicts number and size of interparticle contacts 

 Accounts for heat transfer through contacts and their immediate vicinity 

 Accounts for non-spherical particle shapes 

 No free parameters*  

*There are 2 empirically-determined parameters (Ysc and fpore) but these have fixed values 

Comparison with Lab Data for Lunar  Samples in Vacuum 
(Cremers & Birkebak 1971) 

Comparison with Lab Data for Mars conditions 

Left & Above:  MaxRTC model calculations of kth(z) 

(plot C) and T(z) (plot E) for assumed profiles of 

particle size and porosity (plot A) and using material 

properties of basalt. Porosity is consistent with recent 

GRAIL results [Weiczorek et al. 2013].  Black lines in 

plots C and E are for vesicular basalt with the same 

porosity as the particulate cases (#1 and #2), but 

assuming a continuous solid (fsc=1). Surface kth and 

thermal inertia (“T.I.”) are calculated using the same 

model but with higher porosity (56%) for uppermost 2 

cm; these values are consistent with LRO Diviner 

observations [Vasavada et al. 2012]. 

Lunar Subsurface: 1m - 30km  

Mars Surface Thermal Inertia: 
Dependence on Particle Size, etc. 

Above: Comparison with lab data for particles 

under uniaxial compression. Model predicts 
elastic and plastic deformation, as observed.  

Conclusions 
An analytic model with a simple framework (single 

parameter scaling between Maxwell-Eucken limits) can 

accurately predict regolith thermal conductivity. 

  

The contribution of the conduction through the particle 

contacts is linearly proportional to the radius of the 

contact radius, rather than its area, for most planetary 

regolith conditions: ks/(kgas+krad) > 3.  This agrees with 

theoretical predictions of Batchelor and O’Brien [1977]. 

  

On airless bodies and on Mars, the effective thermal 

conductivity of the regolith does depend on the intrinsic 

thermal conductivity of the solid material, contrary to 

previous studies that did not account for finite contacts 

or non-spherical shape effects. 

  

For regolith particles with heterogeneous composition, 

minor components can dominate the effective 

conductivity if they are more likely to be found at the 

exposed surface of the particles where they are in 

contact (such as glass in basalt). 

  

The effects of non-spherical and angular particle 

shapes can be accounted for to first order, and for a 

fixed size and sphericity, kth decreases with decreasing 

roundness (increasing angularity). 

Above: Thick blue solid line gives MaxRTC model 

results for “nominal case #2” – 100μm silica glass 

particles with parameter values given in figure.  

Other colored lines show results of changing one of 

those parameters, indicated in figure legend, to 

indicate sensitivity.  Sphericity and roundness are 

typical values for lunar fines [Lindsay 1972]. 

 

Left: MaxRTCM comparisons to lab data from 

Fountain and West [1970] for crushed tholeiitic 

basalt powder at different porosities and 

temperatures. Same particles were used for each 

measurement, with size range of 37-62 μm. 

Surprisingly, no fits could be obtained using intrinsic 

conductivity (ks) of solid basalt or any material with 

ks that decreases with T (most crystalline materials). 

 

Below: Illustration of the “coincidental” apparent 

agreement between lab kth data for silica glass 

spheres and angular quartz particles of same size 

and porosity. Here the effects of shape differences 
compensate for difference in intrinsic conductivities. 

Above: Data comparison used to determine the best-

fit values for the two model free parameters Ysc=0.09 

and fpore=0.46. These values are meant to be 
“universal” and fixed for all other data comparisons 

Temperature-Dependence of Instrinsic  Conductivity for Relevant Solids (ks) 

Porosity-Dependence of Coordination Number (Nc) 

a.k.a. “MaxRTCM” 
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