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Introduction: Thermomechanical breakdown of 

rocks is thought to be an active process in the solar 
system, especially on airless bodies that experience 
large diurnal temperature changes and/or have high 
thermal cycling rates [1, 2]. Researchers have suggest-
ed it may operate on (among others) the Moon, Mercu-
ry, Mars, Eros, Earth and Phaethon [1-6]. In general, 
bodies that rotate slowly and/or bodies that have small 
solar distances have the largest temperature ranges, 
and thus experience the highest stresses [1], however 
the extent of the damage produced as a result is un-
known.  

Stresses are being induced in these surfaces at a va-
riety of scales, all of which interact with each other. 
Propagation of microcracks occurs due to grain scale 
stresses from expansion/contraction caused by changes 
in temperature, and mismatches in elastic behavior of 
adjacent mineral grains [7]. At larger scales, the size 
and surface curvature [e.g. 8] of, e.g., a boulder will 
impact how quickly it heats and cools, and to what 
extent stress is relieved by expansion of the boulder 
edges. Additionally, temporal and directional heating 
and cooling of boulders or other topographic features 
may set up macroscopic temperature gradients that 
interact with grain scale processes.  

Here we link surface temperatures to macro- and 
micro-scale stresses in order to investigate the relation-
ship between thermoelastic processes at these scales, 
and implications for thermally induced breakdown on 
airless bodies.  

Model and Results:  In this study, we used a 2-D 
finite-element modeling program (OOF2) [9] to model 
the diurnal behavior of microstructures, providing in-
sight into the magnitude and distribution of stresses 
produced at the grain scale [1]. We imposed solar and 
conductive fluxes (calculated from a 1D thermal mod-
el) on a microstructure over one solar day, and solved 
the heat and displacement equations. The boundary 
conditions are defined to simulate a microstructure 
embedded in an infinite half-space. Thus this model is 
suitable for investigating the thermoelastic behavior of 
large rock faces where the effects of size, shape, and 
surface curvature do not come into play.  The micro-
structures are grids of hexagonal grains (360 µm in 
diameter) that are assigned properties of plagioclase 
and pyroxene. 

We compared the von Mises ( 3J2 , where J2 is 
the second invariant of the deviatoric stress tensor) 
stress induced in homogeneous and heterogeneous 

microstructures, where the latter is constituted of 75% 
pyroxene and 25% plagioclase. Results show that het-
erogeneous lunar surfaces experience a diurnal maxi-
mum stress of 150 MPa while under tension (Figure 1). 
This is comparable to typical rock strengths at larger 
scales, although grain scale strengths are likely higher. 
The homogeneous microstructure experiences much 
lower stresses, indicating that the existence and nature 
of heterogeneity dominates thermoelastic behavior.  

Examination of the heterogeneous microstructure 
during this state of peak tension reveals that maximum 
stresses are concentrated along surface-parallel bound-
aries between mineral types (Figure 2), suggesting that 
temperature and difference in elastic properties be-
tween mineral grains determines the magnitude of 
stresses induced. These stresses can also become ap-
mplified where boundaries are clustered, suggesting 
that the path of crack propoagation through the micro-
structure is controlled by grain distribution. Examina-
tion of the microstructures over time reveals an anti-
correlation between high stresses and large spatiotem-
poral temperature gradients, indicating that they are 
not an effective proxy for grain scale stress.  

 
Figure 1. Profile of the range of stresses within a mi-
crostructure over one solar day for a flat, equatorial 
Lunar surface. The black line represents a homogene-
ous pyroxene microstructure and the green envelope a 
25% plagioclase and 75% pyroxene mixture. The ver-
tical dotted lines represent the time at which sunrise, 
noon, and sunset occur, from left to right. 
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Model runs done for arbitrary solar system bodies 
with varying rotation period and solar distance indicate 
that bodies that rotate slowly and/or are close to the 
sun are subjected to the highest stresses. This suggests 
that certain groups of asteroids, particularly NEAs, 
may be highly susceptible to thermal breakdown. For 
example, our model shows that (3200) Phaethon expe-
riences a peak diurnal stress of at least ~300 MPa dur-
ing perihelion. If the induced stress is high enough to 
propagate microcracks, its rapid thermal cycling rate 
may cause breakdown to occur very quickly. This is 
consistent with the suggestion [6] that thermal process-
es may be responsible for breakdown of material on 
Phaethon’s surface and ejection in the Geminid meteor 
stream. 

In general, our results [1] indicate that mineral het-
erogeneity enhances thermally induced stresses in mi-
crostructures, and may play the dominant role in the 
overall efficacy of thermal stress weathering. The 
thermoelastic behavior and breakdown of rocky mate-
rials will be unique to their individual compositions, 
grain distributions, and locations in the solar system. 
Additional work is needed to identify in more detail 
how this process may operate on individual bodies, and 
quantify breakdown rates. 

Future Work:  Modeling of grain scale thermoe-
lastic behavior on airless bodies provides insight into 
the amount of stress available to propagate mi-
crocracks in these microstructures. However, this 
model excludes the effects of the shape and size of 
objects such as boulders. 

We will address this by utilizing the newly-released 
OOF3D [10] for a boulder sitting on a flat surface. By 
thermally forcing the boulder in a similar way as with 
the 2D model, we will calculate macroscopic stresses 
and temperature gradients that develop from cyclic 
temporal and directional heating and cooling. This 
model will include lateral heat transport, reflected ra-
diation from surrounding topography, and the effects 
of surface curvature (which creates additional stresses 
near the surfaces of objects). 

These macroscopic calculations will provide dis-
placement and heat flux boundary conditions which 
can then be incorporated into the grain scale model, 
thus allowing us to investigate the effect of macroscop-
ic stresses and temperature gradients to grain scale 
behavior.  
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Figure 2. Stress within the microstructure during the 
state of peak tension.  
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