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Introduction: Except for South-Pole Aitken (SPA), 

all lunar impact basins larger than ~200 km in diameter 
are mascon basins, meaning they represent a superiso-
static mass even though they are regions of low topog-
raphy. Mascons are identified by a positive free-air 
gravity anomaly (e.g. [1]). Though some mascons are 
the result of lithospheric support of dense mare fill, 
other empty (or near empty) basins show that the fill is 
not required. Previous combined hydrocode and finite 
element numerical studies have shown that mascon ba-
sins form due to uplifted mantle as a natural conse-
quence of transient crater collapse followed by cooling 
and isostatic adjustment [2, 3]; however, the size corre-
lation has not been thoroughly explained. Why is the 
largest lunar basin, SPA, not a mascon?  

South Pole-Aitken (SPA) basin is a large (2400 x 
2050 km, [4]) elliptical basin that stretches from the 
south pole of the Moon to Aitken crater; it is the largest 
and oldest recognized impact basin on the moon. Recent 
hydrocode models [5] have constrained the impact con-
ditions for SPA to a 170-km diameter rocky projectile, 
impacting at 10 km/s; however, they were unable to 
match current crustal thickness at the basin center, and 
concluded that melt pool differentiation was necessary 
to reproduce observations [5]. In contrast, previous 
studies of other lunar basins suggest that observed crust 
at basin centers can be explained by the flow of crust 
back to the basin center during transient crater collapse 
[2, 3]. Thus, a second important question is the origin of 
the crust that currently lies in the center of the SPA ba-
sin. 

Here, we construct a self-consistent pair of models 
using a hydrocode to model impact and transient crater 
collapse on a short timescale (hours) and a finite ele-
ment code to calculate conductive cooling and viscoe-
lastic relaxation associated with a non-isostatic stress 
state over much longer timescales (10s-100s of millions 
of years). Our objective is to model the complete evolu-
tion of the SPA basin consistent with current observed 
topography (LOLA, [6]) and gravity (GRAIL, [1]) con-
straints. This in turn provides constraints on the im-
pactor, and especially on initial lunar conditions at the 
time of impact, including the lunar thermal gradient and 
the thermo-mechanical properties of the lunar crust and 
mantle.  

Modeling Approach: We used the iSALE shock 
physics code [7-9] to simulate crater excavation and col-
lapse. The runs were conducted in axisymmetric 2D 
with the moon treated as a spherical target with a central 
gravity field. The crust was modeled with the granite 

ANEOS equation of state with strength appropriate for 
lunar gabbroic anorthosite crust, while the mantle and 
impactors were modeled with the dunite ANEOS equa-
tion of state. Our high-resolution zone contained cell 
sizes of 1 km and extended 1000 cells from basin center 
and to a depth of 500 cells.  

We conducted a parameter sweep of runs varying the 
geothermal gradient, pre-impact crustal thickness, pro-
jectile diameter, and melt viscosity. Once the runs 
reached steady state, we incorporated the temperature, 
crustal distribution, and density structure from iSALE 
as the initial conditions of an axisymmetric FEM. We 
used the commercial code Abaqus, which is capable of 
incorporating a temperature-dependent rheology to sim-
ulate the development of a lithosphere as the region 
cools. Viscoelastic flow of the crust and mantle is driven 
by pressure gradients associated with non-isostatic 
forces that arise from the basin configuration following 
transient crater collapse; therefore, we varied the viscos-
ity structure. Once the runs reached steady state, we out-
put the topography, crustal thickness, as well as calcu-
late the Free-air and Bouguer gravity anomalies. These 
outputs are then compared against elliptically averaged 
observations: topography (LOLA instrument), gravity 
(GRAIL observations), and crust mantle interface (crus-
tal thickness maps [10]).  

Results:  Figure 1 illustrates our best fit run (a 170 
km dunite projectile impacting a 40-km pre-impact 
crustal thickness with a geothermal gradient of 50 K/km 
at 10 km/s). Directly after impact, the associated shock 
wave generated a melt pool ~200 km deep and ~1000 
km wide, which took over 300 Ma to cool.  Initially, the 
crust within the inner basin is stripped and redeposited 
at distance from the basin center, but as the central zone 
oscillates around its final stable position, the crust mi-
grates back into the basin covering the inner basin and 
forming a ~21.5 km thick crust.  

Previous hydrocode models [5] were unable to re-
produce observed crustal thickness distributions for the 
basin center. They concluded that the pool of melted 
material produced by the SPA forming impact needed 
to differentiate to form the observed crust within the ba-
sin center; however, our modeling does not require this 
caveat to match observed crustal distributions. The cru-
cial modeling parameter to reproduce the crustal distri-
bution was the melt viscosity, which is a model param-
eter that takes into account the shear resistance con-
tained in realistic melts [5]. Using an order of magnitude 
lower melt viscosity than previous hydrocode models 
(109 Pa·s), crust migrates back into the inner basin, con-
sistent with GRAIL inferred crustal thickness (Fig. 1).  
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After transient crater collapse, the topography 
closely matches observed values (-5.5 km depth; see 
blue line Fig. 1); however, the basin is subisostatic. 
Over the next 50 Ma, the inner basin rises until the iso-
static forces begin tapering off (see Figure 2a). As the 
melt pool cools, the inner basin sinks and approaches 
observed depths. While the overall displacement of the 
inner basin is an uplift of only 1 km, the Free-air gravity 
signature increases significantly (~300 mGal) with the 
final steady state result being within a standard devia-
tion of observations; this large change in gravity is as-
sociated with the cooling and densification of the hottest 
region of the melt pool.  

Building the FEM model using the mantle density 
structure consistent with the iSALE dunite equation of 
state, the inner basin reaches steady state outside one 
standard deviation of observations (see red line in Fig. 
1); however, increasing the mantle density by 80 kg/m3 
resulted in a much closer match to observations. Illus-
trating that accurately modeling SPA could constrain 
the early lunar mantle composition. 

Figure 2 illustrates the difference between the evo-
lution of mid-sized (Freundlich-Sharonov) and large 
(SPA) basins. For the mid-sized basin, uplift of the inner 
basin continues till 200 Ma after impact (Fig. 2b). The 
formation of a strong lithosphere enables the uplift of 
the crustal collar to contribute to the uplift of the inner 
basin resulting in a superisostatic inner basin. The 
strong lithosphere also holds the basin in this state after  

 
isostatic forces taper off (Fig. 2b). For large basins, 
a lithosphere strong enough to keep the basin su-
perisostatic never forms, isostatic forces dominate, 
and then thermal contraction pulls the basin down 
(Fig. 2a).  

The reason large basins do not form a strong lith-
osphere can be illustrated by considering how a sur-
face deforms due to a periodic load, representative 
of basin topography. If the wavelength of the load 
to the fourth power (l4) is much greater than the 
flexural rigidity of the lithosphere (which is depend-
ent on the thickness of the lithosphere cubed), the 
equation for peroidic loading reduces to the defini-

tion of topography in isostatic equilibrium [11]. For 
SPA, because of the great size of the basin (long wave-
length) and the high geothermal gradient (i.e. thin litho-
sphere), its evolution is controlled by isostatic adjust-
ment with minimal influence from lithospheric rigidity. 

Conclusions:  Our best fit run for SPA matches one 
standard deviation of observed gravity, topography, and 
crustal thickness distribution without the necessity of 
melt differentiation. Using a denser mantle for the FEM 
than predicted by a dunite equation of state produces a 
better fit to the observed topography. Influenced primar-
ily by isostatic forces, large basins cannot evolve into a 
mascon basin. 
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Fig. 2. Time evolution of inner basin for a large basin 
(blue; e.g. SPA) and a mid-sized basin (red; e.g. 
Freundlich-Sharonov). Dashed lines indicate change in 
dominate forces for each basin size. 
  

Fig. 1. Observational constraints and comparison with best fitting nu-
merical models for SPA. Free-air and Bouguer gravity anomalies from 
a spherical harmonic expansion of the GRAIL-derived gravity field to 
degree and order 660 [1] and LOLA-derived topography [6]. LOLA-
derived topography at 16 pixels per degree [6]. Crustal thickness calcu-
lated from GRAIL observations ([10], model 4). The blue lines show 
the results of hydrocode simulation for the state of the basin immedi-
ately following transient crater collapse, the red lines show the results 
of the finite element calculation for the state of the basin after thermal 
cooling and isostatic adjustment, and the teal line shows the result with 
our improved mantle density structure. Observed values are the mean 
and 1 standard deviation (1σ) variations with radial distance from ellip-
tical averages of samples taken at 360 intervals around the basin center. 
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