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Introduction: Internal heat transfer drives the geo-

logical evolution of a planet, and gaining a better un-
derstanding of thermal history plays an important role 
in planetary studies. Since the direct measurement of 
the heat flux on Mars has not been yet possible, an 
indirect method must be employed. Because the thick-
ness of the mechanical lithosphere is strongly sensitive 
to interior temperatures, simulation of lithospheric 
deformation is an appropriate method for studying the 
heat flux of Mars. Previous lithospheric modeling stud-
ies focused on specific geographic areas like the giant 
volcanoes at Tharsis [1] or on specific features like rift 
systems [2], the Crustal Dichotomy [3, 4, 5], wrinkle 
ridges [6], and polar caps [7]. By covering limited ge-
ography and/or limited time spans, these studies have 
provided a narrow and incomplete understanding of the 
planet’s thermal history. For example, each of the 
above features only represents a small part of the total 
surface area of the planet. 

Here, we constrain the heat flux of Mars by simu-
lating the surface and subsurface viscoelastic defor-
mation of large Martian craters due to lower crustal 
flow [8]. Studies of Martian crustal thickness revealed 
that the mantle is often uplifted beneath large craters 
[e.g., 9], likely during collapse of the transient crater. 
High temperatures in the lower crust accompanied by a 
pressure gradient due to crustal thickness variations 
may have caused the lower crust to flow [e.g., 10]. 
Lateral flow of the lower crust transfers the material 
from the periphery and thickens the crust beneath the 
crater, thus causing the time-dependent reduction of 
the topography at the crust/mantle boundary (CMB). 
Loss of isostatic support results in a transition of sup-
port of surface topography from buoyancy to litho-
spheric strength [8]. This process is a function of the 
flow channel thickness [10] and the lower crust viscos-
ity, and thus this phenomenon is very sensitive to 
background heat flux [8]. Furthermore since this pro-
cess requires the presence of remnant impact heat [8], 
it occurs in the epoch immediately following the im-
pact. Since the formation of the impact craters spans 
the planet’s history, and since the impacts are distrib-
uted roughly uniformly over the surface, a study of 
large craters can provide a more complete spatial and 
temporal view of the thermal evolution of the planet. 

Methods: The craters in this analysis are ~200-500 
km in diameter, large enough to be resolved in current 
gravity models yet small enough to avoid craters with 

complex histories (e.g., Hellas). This study focuses on 
15 craters, 11 of which date to the middle Noachian as 
determined from a geologic map by Skinner et al. [11]. 
Of the remaining 4, there is 1 each from the Hesperian 
and late Noachian, and two from the early Noachian. 

Using the MSC.Marc finite element package, an 
axisymmetric mesh is employed to simulate the evolu-
tion of the surface and CMB of these large craters. The 
shape of the initial crater is a 4th order polynomial de-
pression flanked by an inverse 3rd power ejecta blanket 
[12]. All of our candidate craters are far shallower than 
predicted from an extrapolation of depth-diameter 
curves [13], yet despite this, the craters all appear 
strongly under-compensated [8]. Thus our initial rim-
to-floor depths follow the depth-diameter trends of 
Boyce and Grabeil [13], though we also consider an 
initial depth limited by our deepest candidate crater 
(the Hesperian aged Newton). Initial rim heights are 
constrained by Garvin et al. [14]. We assume that all 
craters begin in Airy isostatic balance in a crust 50 km 
thick (density of 2900 kg m-3) over a mantle (density 
of 3500 kg m-3). Our meshes typically have of order 
104 elements. The selected craters are subjected to an 
uncoupled thermomechanical analysis, in which a 
thermal solution is piped into a mechanical solution. 

Thermal solution. We perform a steady state ther-
mal simulation in which the surface temperature is 
fixed at 210 K, with an applied basal heat flux and zero 
heat flux on the sides. In order to approximate the im-
pact heat, we constrain the temperature of the uplifted 
CMB beneath the crater to that of the undeflected 
boundary. Thermal conductivities of the crust and 
mantle are 2.5 and 4 W m-1 K-1, respectively. 

Mechanical solution. The mechanical simulations 
are run over a time scale of 100 Myr, the approximate 
diffusion time of the remnant impact heat. The bounda-
ry conditions are fixed-nodes on the base, free slip on 
the sides, and a vertical gravity load with an accelera-
tion of 3.7 m s-2. The nominal elastic Young modulus 
and Poisson’s ratio for the crust are 65 GPa and 0.25, 
and 140 GPa and 0.25 for the mantle [15]. The viscous 
rheology of the crust follows that of a wet Maryland 
diabase [16], while the mantle’s rheology follows the 
flow law of a wet natural peridotite [17]. To keep the 
computer times tractable (days to weeks), we limit the 
minimum viscosity within the mesh to 1021 Pa s. 

Results: We compare our predicted topography on 
the CMB against that from a model of crustal thickness 
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on Mars, as determined by simultaneous analysis of the 
gravity and topography [9,18]. (Though it is consid-
ered, we are less concerned about the evolution of the 
surface topography, because of the potential for post-
impact crater fill.) We attempt to find the magnitude of 
the background heat flux that best predicts this subsur-
face topography. The results of our simulations show 
that a typical heat flux for the craters from the early 
Noachian is ~70-75 mW m-2 (assuming an initially 
deep crater), and ~60-65 mW m-2 (for shallow craters). 
For the craters from the mid-Noachian, the heat flux 
values range from 50-75 mW m-2 (deep craters) to 45-
65 mW m-2 (shallow craters). Our simulations show 
that for late Noachian terrain, the heat flux values are 
45-50 mW m-2 (deep) to 45 mW m-2 (shallow). The 
best-matching simulation of Newton Crater, located in 
Hesperian terrain and the least deformed candidate, 
shows a heat flux value less than 45 mW m-2 for both 
deep and shallow structures, which is indicative of a 
reduced heat flux in the Hesperian. 

Since the geographical location of the craters var-
ies, surface temperature might differ from the average 
value used in this study. Therefore in order to test for 
any variations, we also perform simulations over a 
range of surface temperatures (180 to 230 K). Our 
study shows that the sensitivity of the results to surface 
temperature is not significant; best-matching heat 
flows only vary by at most 7%. 

Discussion: Among these craters, 11 of them are 
dated mid-Noachian. Best-matching simulations reveal 
a regional variation in heat flux, with higher values 
closer to the boundary of the Crustal Dichotomy. Since 
the mid-Noachian covers a relatively short time period 
(~100 Myr), this variation is not likely due to secular 
cooling of the planet. Instead, these results suggest that 
the process that formed the Dichotomy still had a 
thermal signature in the mid-Noachian (Fig. 1). This 
conclusion is not sensitive to choices made for our 
simulations (e.g., our value of the minimum viscosity), 
because the craters closer to the boundary have less 
CMB topography (which is what necessitated the high-
er heat flux values in our simulations). 

Looking beyond the mid-Noachian, our simulations 
seem to chart the secular cooling of Mars, with higher 
heat fluxes needed for older (and more deformed) cra-
ters. Indeed, Newton Crater is the youngest and hence 
least deformed crater, which explains the lower heat 
flux value needed to match its CMB topography. Fig-
ure 2 summarizes our heat flux values along with a 
review of different thermal histories of Mars [19]. Our 
assessed heat flux values are slightly on the high side-
though still within the range of the predicted values 
from Martian thermal models. 
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Figure 1. A topographic map of Mars with the loca-
tions of our candidate craters. Green, black, red, and 
purple signs are indicative of early Noachian, mid-
Noachian, late Noachian, and Hesperian. The size of 
the symbol is related to the background heat flux. 
 

 
Figure 2. Estimation of Martian heat flux versus time 
combined with our results, modified from [19]. Blue 
and red bars show ranges from our initially shallow 
and deep craters, respectively. 
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