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Introduction:  Observations by spacecraft recently 

in orbit around the Moon are fundamentally improving 
our understanding of its gravity field [e.g.,1-3]. The 
prospect of these new data has refocused attention on 
the question of the mechanism(s) responsible for the 
formation and preservation of large, positive, free-air 
gravity anomalies in areas of low topography (or 
“mascons” [4]), which have been observed to be pre-
sent over many large impact basins. Thus far, these 
features have resisted a unified and consistent explana-
tion. Of particular relevance to the lunar highlands are 
those basins that possess little or no evident mare fill 
and exhibit a strong positive central gravity anomaly 
surrounded by an annulus of a weaker, negative free-
air anomaly. [e.g. 1]. With the results from the 
SELENE mission and those that will be forthcoming 
from GRAIL, the gravity map of the far side of the 
Moon has been refined sufficiently to distinguish sev-
eral basins located in the Feldspathic Highlands Ter-
rane that possess these characteristics as well as having 
a well-defined, positive Bouguer anomaly in the center 
of the basin [1].  Because these features are well-
distanced from the elevated heat production in the Pro-
cellarum KREEP Terrane, they provide a crucial locale 
with which to test models of impact crater evolution. 

Though the cause of the central Bouguer anomalies 
in major basins originally was a source of much debate 
[e.g., 5,6] recent literature has attributed it to the uplift 
of the crust-mantle interface in the basin center as a 
consequence of the impact process or subsequent basin 
collapse and relaxation [e.g., 7-10]. More recently, 
several studies have variously re-examined the role of 
impact heat upon the evolution of the  lithosphere, par-
ticularly in the period of time closely following the 
impact event [11-13].  The idea that the interior topog-
raphy may be flexurally uplifted by an annulus of 
buoyant, thickened crust surrounding the basin has also 
been investigated [9]. Furthermore, there has been a 
suggestion that the Bouguer anomaly may not be due 
to an uplifted Moho, but rather the intrusion of mag-
matic sills and inflation of the crater floor at some time 
post-impact [14].  However, the application of this 
latter model to the lunar highland basins that host posi-
tive Bouguer anomalies with little or no observed ex-
trusive mare is challenging. 

Approach: Absent from the discussion of the 
origin and preservation of large central Bouguer gravi-
ty anomalies in lunar mascon basins is a thorough 

treatment of the viscoelastic evolution of these basins.  
Toward that goal, we have calculated the evolution of 
a broad suite of impact basins to understand the condi-
tions (if any) under which structural relief along the 
moho greater than predicted by isostasy (termed su-
perisostasy or overcompensation) can be preserved. 
We generated a suite of viscoelastic finite-element 
models representing a range of basin sizes (100-1200 
km in diameter) each with an initial degree of compen-
sation from compensated (DC = [(hm(ρm-ρc)/(hcρc)] = 
1.0) to highly overcompensated (DC = 3.0), where DC 
is the degree of compensation, hm is the height of the 
Moho, hc is the topography of the crater, and ρm and ρc 
are the mantle and crust densities.  The models contain 
two layers, both with Poisson ratio = 0.25 and Young’s 
modulus = 1011 Pa, with crustal (ρ=2900 kg/m3) and 
mantle (ρ=3400 km/m3) rheologies of dry diabase [10] 
and dry olivine [11] respectively. The nominal crustal 
depth was fixed at 60 km, with variation inside the 
basin constrained by the degree of compensation for 
each particular model and a minimum thickness at the 
basin center of 30 km. We used the MSC Marc soft-
ware package to solve each model in 2-D spherical 
axisymmetry, with a suite of equilibrium conductive 
temperature distributions with surface heat fluxes vary-
ing from 10-50 mW/m2, and thermal conductivities of 
2 W m-1 K-1 (crust) and 3 W m-1 K-1 (mantle).  The 
transient heat from the impact event (which our models 
neglect) diffuses away and is replaced by the back-
ground thermal gradient in approximately 500 Myr, 
which also marks the onset of significant horizontal 
viscous flow. We place a lower limit on the model 
viscosity of 1018 Pa·s to maintain reasonable simula-
tion completion times, and captures the full range of 
viscous behavior of the crust and upper mantle. 

Results:  In all models with initial DC >= 1.5, we 
find that the degree of compensation of the basin cen-
ter after evolving for 4 Gyr resists completely relaxing 
to a state of isostasy.  At 50 mW/m2 surface heat flux 
(the hottest thermal condition), all basin sizes maintain 
a state of superisostasy with at least 10% overcompen-
sation (DC >= 1.1).  The magnitude of retained su-
perisostasy is determined mainly by an inverse rela-
tionship to both basin diameter and surface heat flux 
[Figure 1]. In addition, we find a smaller, but measura-
ble dependence on the initial degree of compensation. 
Figure 2 illustrates the results of simulation of a 1200 
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km diameter basin with a 50 mW/m2 surface heat flux 
and different initial degrees of isostatic overcompensa-
tion. Though larger in diameter than all farside basins 
excepting South Pole-Aiken, it provides an upper 
bound for rate and extent of isostatic adjustment. We 
note a rapid vertical adjustment and early convergence 
of the state of compensation regardless of the initial 
state, but little or no further convergence after 10 kyr. 
At smaller heat fluxes, the convergence is increasingly 
delayed (by orders of magnitude), and the effect of the 
initial state of compensation on the final state is more 
pronounced. 

In the models with the highest heat flux, the effect 
of horizontal viscous creep, particularly at long time 
scales is non-negligible. After several hundred Myr 
there remain sufficient stresses from the surface and 
Moho topography to drive horizontal flow inward from 
the periphery of the basin, along the base of the crust 
and the associated upper mantle.  Figure 3 illustrates 
the change in crustal thickness due to lateral crustal 
flow for a 1200 km diameter basin at 50 mW/m2 of 
surface heat flux after 4 Gyr.  This change in crustal 
thickness is superposed upon the earlier vertical topo-
graphic changes and results in a region of thickened 
crust just medial of the basin rim, surrounded distally 
by an annulus of thinned crust. 

Discussion:   Namiki et al. [1] illustrated that the 
rheological behavior of plagioclase is more resistant to 
viscous flow than olivine under dry conditions, making 
lateral relaxation of basin Moho topography difficult at 
temperatures < 800 K.  However, the hydration state of 
the lunar mantle is the subject of ongoing study [17], 
and the presence of a wetter crust and mantle would 
result in greater deformation.   

The early isostatic adjustment of the hottest models 
(50mW/m2 surface flux) compares reasonably well 
with  other studies that explicitly include the effects of 
impact heat [13].  Ours differ however, in that they 
preserve at least 10% overcompensation. This is likely 
due to a combination of membrane support  and the 
mechanical strength of the lithosphere. 
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Figure 1. Effect of thermal conditions and initial 
compensation state on final degree of compensation at the 
center of a 1200 km diameter basin after 4 Gyr.  
 

 
Figure 2. Evolution of the compensation state of the center 
node of a 1200 km diameter basin with different initial DC 
for a constant 50 mW/m2 surface heat flux. 
 

 
Figure 3. Change in crustal thickess as a function of distance 
from the center of a 1200 km diameter basin after 4 Gyr . 
Initial DC=3.0 with constant surface heat flux of 50 mW/m2. 
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