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Introduction:  Studies of the compensation state 
and evolution of lunar impact basins using gravity and 
topography data have revealed much about the early 
thermal history of the Moon [e.g. 1, 2, 3]. While Mars 
has had a far more complex history, it is likely that the 
ancient martian impact basins also have much to tell us 
about the early thermal evolution of the planet. To 
address this, here we use gravity and topography data 
in conjunction with a viscoelastic model to better un-
derstand the mechanical evolution of martian impact 
basins between 275 and 1000 km in diameter.  

In particular, we are interested in the role of vis-
cous relaxation of impact basins, as this relates directly 
to the planet’s thermal state. Previous work [3] has 
demonstrated that viscous relaxation is likely to have 
been an important process on the early Moon. In that 
there is ample evidence of high heat flux [e.g., 5] and 
high interior water content [e.g., 6] early in martian 
history, viscous relaxation may have played an even 
greater role on Mars. Indeed, this may account for the 
anomalously low Moho relief reported beneath several 
mid-sized basins [4] and the abundance of quasi-
circular depressions (QCDs) on Mars [7]. 

As on the Moon, the main characteristics expected 
of relaxed basins on Mars are low-amplitude surface 
and Moho topography. Unlike the Moon, Mars has 
been extensively reworked by surface processes such 
as aeolian and fluvial erosion and sedimentary deposi-
tion. Though the surface expression of a basin may be 
severely degraded by these processes, Moho relief is 
more resistant to surface modification. Indeed, the 
example of Utopia – which appears to have been filled 
with at least 10  km of material early in martian history 
[8] – shows that burial tends to produce large gravity 
anomalies.  

Martian Basins: From the Barlow crater database 
(available at http://webgis.wr.usgs.gov/), we compiled 
a list of 25 craters and their locations in the 275-1000 
km diameter range. Using MOLA topography data, we 
measured the depths (d) of the craters and constructed 
azimuthally-averaged topographic profiles. We then 
extracted the amplitude of Moho relief (hM) from the 
most recent spherical harmonic crustal thickness model 
(with wavelength resolution, λr, approaching 300 km) 
[4] and, using the technique of [2], reconstructed the 
apparent excavation depths (dex

*).  
Table 1 shows the data gathered for the 25 basins. 

The most striking result is that the vast majority of the 
basins have low-amplitude topography and little or no 
Moho relief.  By comparison, non-mare lunar basins in 

this size range have d > 3 km and hM > 15 km [2,3]. 
Equally surprising, Figure 1 shows that there is essen-
tially no correlation between d or dex

* and diameter (D) 
for basins in this size range. Indeed, it is clear that 
while reconstructed lunar excavation cavities [2] may 
provide a reasonable approximation to the actual exca-
vation cavity, those appearing in Figure 1 do not.  

Although most of the basins have little remaining 
Moho relief, there are five exceptions that show defi-
nite crustal thinning. The amplitude of Moho relief 
associated with these five (Figure 2) suggests that they 
may represent intermediate, or partially relaxed, states. 
In particular, Newton is the best-preserved and may 
provide clues about the initial state and the process 
responsible for the current state of the basins.  

Is it possible that surface processes alone can ac-
count for all of the crater modification observed here? 
Under the conservative (and probably false) assump-
tion that Newton’s current surface and Moho relief are 
good representation of the volume of its excavation 
cavity, the majority of the basins in Table 1 would 
require a minimum of 10-15 km of burial. This sce-
nario is inconsistent with the observations. 1) Buried 
basins should have isostatic or – more likely – su-
perisostatic Moho relief (c.f. [8]), yet almost all of the 
basins with substantial depth (1-2 km) show subi-
sostatic Moho relief. Indeed, this state is a likely con-
sequence of relaxation, as the elastic upper crust tends 
to support some fraction of the surface topography [3].  
2) Many of the basins with low-amplitude surface and 
Moho relief show no evidence of extensive erosion 
and burial: they have intact rims and substantial short-
wavelength topography.  

Viscous Relaxation: An alternative explanation is 
that, due to the conditions that prevailed on early 
Mars, most (if not all) of the basins relaxed by ductile 
flow in the lower crust. Using a spherical, self-
gravitating viscoelastic relaxation model [3], we de-
termined the conditions necessary to produce relaxa-
tion, assuming wet olivine and wet diabase rheologies 
for the mantle and crust, respectively. Unlike lunar 
basins [3], none of these martian basins are sufficiently 
well-preserved to represent the initial state, although 
Newton may represent a relevant intermediate state. 
Accordingly, we consider well-preserved lunar basins 
and Newton as end-member initial conditions in the 
simulations.  

The results show that for large basins with deep 
excavation cavities – in this case using the lunar Ori-
entale basin (D = 930 km) as the initial condition –  
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heat flux of at least 55 mWm-2 is necessary to permit 
relaxation in a 60-km thick crust, the likely average 
thickness in the southern highlands [4]. The evolution 
of topographic relief over time in this scenario is 
shown in Fig. 3. At possibly the other extreme, heat 
flux of at least 47 mWm-2 is required for Newton to 
relax, given its present crustal structure. Basins situ-
ated in regions of thinner crust require higher heat 
fluxes. Both lithospheric flexure models [5] and ther-
mal evolution models [6] suggest that these are realis-
tic values for the Noachian epoch. 

Discussion and Conclusions: The results of this 
study have revealed that almost all of our sampled ba-
sins (275 km < D < 1000 km) have low-amplitude 
surface and Moho relief and most are sub-isostatic. 
These are exactly the characteristics expected of re-
laxed basins, as shown in [3]. These observations lead 
us to believe that, while extensive modification by 
surface processes – such as erosion and burial – has 
occurred in many cases, this alone cannot explain the 
current state of the basins.  As a result, it appears that 
all of the basins in Table 1 may have undergone some 
viscous relaxation, while the vast majority have likely 
lost almost all Moho relief by this process. 

Modeling of the long-term sustainability of crustal 
thickness variations supports these conclusions. Basin 
relaxation requires a minimum surface heat flux of 47-
55 mWm-2, depending on the initial condition used, 
well within the constraints imposed by previous mod-
eling [5, 6]. These results suggest that viscous relaxa-
tion was an important process shaping martian topog-
raphy early on. While we have not directly addressed 
the QCDs in this study, our results suggest that, if they 
formed earlier than the “visible” basins [7], they 
probably relaxed and were subsequently buried. 
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Figure 1. Plot of d (black) and dex

* (blue) vs D. 
Squares indicate basins that are  not fully relaxed. 

Table 1- List of basins considered in this study 

aWavelength ≈ 2D ≈ 2×λr;   bUn = unnamed crater n. 
 

 
Figure 2. Plot of hM/D  vs. d/D. Symbols as in Fig. 1 
 

 
Figure 3. Relaxation of an Orientale-like basin 

Name Lat Long D  d hM  

Copernicus -50.01 191.12 291.7a 1.52 6.5 
U1b -19.84 169.89 295.9 0 0 

Herschel -14.56 129.86 297.6 1.31 0 
Schroeter -2.38 56.14 300 1.24 0 
Newton -40.81 202.29 305.6 3.38 12 

U2 -29.32 179.35 340 0 2.5 
U3 33.18 77.63 357.1 0 2 
U4 23.43 54.71 367.8 0.75 0 

Tikhonravov 13.31 36.09 370 1.3 3 
U5 -21.81 355.84 384.1 0.73 1 
U6 36.8 192.61 384.6 0 2 

Antoniadi 21.67 60.85 395.8 0 4 
Cassini 23.95 31.82 435.4 1.55 3 
Ladon -18.41 330.62 437.6 1.45 9.5 
Schiap -2.54 16.68 456.5 1.325 4 

Sirenum -43.53 193.55 460.9 0.92 2 
Huygens -14.01 55.75 471.9 1.925 1 

U7 -44.16 86.15 475.4 0 10 
SofLyot 41.6 38 480 1.3 0 
WLeVer -37.88 2.6 498 0.7 2 

SRenaudot 37.54 63.45 557.8 0 3 
OSchiap -5.78 13.56 560 1.06 3 
Mangala -0.89 212.53 591.5 0 8 

U8 -73 16 680 0 1.5 
U9 31.17 7.3 724.7 0 1.5 
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