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Introduction: Multi-ring basins on the Moon pro-
vide a window into early lunar thermal history. Most
of the oldest basins are highly degraded and have little
topographic expression. This has typically been ex-
plained by relaxation of relief through viscous flow of
the crust and mantle on geologic timescales [1]. How-
ever, the great age of these basins also allows the pos-
sibility that they formed when the lunar crust was very
hot or partially molten, facilitating enhanced crater
collapse during formation or very rapid relaxation
[2,3]. Any successful hypothesis for basin evolution
must explain why South Pole-Aitken basin (SPA),
believed to be the oldest and largest impact basin on
the Moon, has retained high-amplitude topographic
relief. Here we determine the conditions necessary to
produce viscous relaxation and discuss the implica-
tions of these results for lunar thermal history.

Lunar Basins: Table 1 lists the basins considered
in this study and some of their relevant properties. Fig.
1 displays the basins on a plot of free-air gravity vs.
basin depth, revealing three basic groups. Group 1
basins (blue) are the best-preserved, showing the
greatest depths and little mare fill. Group 2 basins
(red) have been filled with large quantities of mare
basalt and are characterized by flat floors, reduced
depths, and high-amplitude free-air anomalies. Group
3 basins (yellow), among the oldest on the Moon, have
little or no topographic relief and low-amplitude free-
air and Bouguer anomalies, consistent with viscous
relaxation. It has been proposed that the crustal struc-
ture of the mascon basins (Groups 1 and 2 here) re-
sulted from the collapse of the transient cavity [4,5],
which is consistent with geophysical and numerical
studies of the structure of the terrestrial Chicxulub
basin [6,7]. It follows that if the degraded state of a
Group 3 basin is the result of viscous relaxation, a
Group 1 basin of comparable size should likely pro-
vide a good approximation of its initial structure, post
impact. Fig. 2 shows the Group 1 basin Mendel-
Rydberg (M-R) as an example, created from an up-
dated crustal thickness inversion of [8] that employs a
thinner crustal thickness constraint (31 km) at the
Apollo 12 and 14 sites (M. Wieczorek, pers. comm.).

Model: To examine basin relaxation quantita-
tively, we use a semi-analytic, self-gravitating viscoe-
lastic relaxation model based on the methods of
[9,10,11,12]. We solve the continuity, conservation of
momentum, and Poisson equations for a viscoelastic
spherical body.

We approximate a non-Newtonian rheology by
several constant viscosity layers. The viscosity of each
layer is determined using a simple thermal model [13]
and the flow law of dry diabase [14]. To account for
the thinned crust beneath the basin, we set the viscos-
ity of the region extending from the depth of maximum
Moho uplift to the base of the background crust equal
to the viscosity at the top of this interval. The thermal
model consists of a megaregolith extending to a depth
of ~2 km, with a thermal conductivity (kwr) of 0.2
W/m-K, and bedrock with kgz = 2.6 W/m-K beneath.
We parameterize the models using the temperature at
the base of the crust (Ty), the crustal thickness (T.), and
the radiogenic heat production in the crust (H).

Results: We investigate the evolution of lunar ba-
sins using the crustal structure of Group 1 basins to
represent the initial condition. Due to the relative
weakness of the crust compared to the mantle, we find,
not surprisingly, that the relaxation time increases with
decreasing crustal thickness and increasing basin di-
ameter. Due to the elastic strength of the upper crust
(and to membrane support for the larger basins), a
fraction of the surface topography is supported by the
lithosphere and tends not to relax completely on geo-
logic timescales. This fraction increases with increas-
ing lithospheric thickness. The presence of a high
abundance of radioactive elements in the crust thins
the lithosphere and facilitates relaxation. The results
are summarized in Table 2 as a function of basin size
and T.. For T, = 45 km, applicable to Tsiolkovsky-
Stark (T-S) and Keeler-Heaviside (K-H), T, > 1300 K
(q > 40 mWm? into the base of the crust) is required
for complete relaxation to occur in ~10° yr. Figure 3
shows the evolution of a basin originally like M-R
under these conditions. The long wavelengths relax
almost completely, leaving a basin dominated by short
wavelength topography. Both the amplitude and wave-
length of the model topography resemble those of K-H
and T-S, supporting the hypothesis that they have re-
laxed. On the nearside, the crust is significantly thinner
(25-35 km), requiring at least near-solidus tempera-
tures at the crustal base to permit basin relaxation by
lower crustal flow. In the Procellarum KREEP Terrane
(PKT), where the crust is thinnest, super-solidus tem-
peratures and/or high concentrations of heat producing
elements would be necessary and might be expected
because of the concentration of heat producing ele-
ments in this region [15]. SPA’s very thin crust (see
Table 1) imposes similar conditions; its relatively well-
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Table 1- List of the major lunar basins. Locations are from [4,16],
diameters (D) from [4], [16] (denoted by *), and [17] (#). Relative ages
are assigned following [18]; | = Imbrian, N = Nectarian, P = pre-
Nectarian, and greater numbers indicate greater age. T,"" is the minimum

mare volcanism on the farside and the high concentra-
tion of radiogenic elements in the PKT, suggest that
the farside cooled faster than the nearside. This ther-

mal asymmetry might have occurred as a consequence
of the crustal thickness asymmetry. Once the magma
ocean had mostly cooled, the remaining liquid would
tend to pool beneath the thin crust of the nearside,
bringing with it the majority of the heat-producing
elements. Further cooling would then have sequestered
the dregs into the PKT.
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M-R Ori SPA
T =60 km 30 35 40
Tc=45km 40 45+ 45+
T.=30km 55+ 55+ 55+

Table 2- Heat flux (in mWm™) required for relaxation for three basin
sizes. A “+” indicates that sub-solidus relaxation does not occur.

crustal thickness, in the center of the basin [8, updated].
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Figure 1. Plot of free-air anomaly amplitude vs. basin depth. The
ovals indicate the three groups of basins.
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Figure 2. Crustal structure of Mendel-Rydberg.
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Figure 3. Model evolution of Mendel-Rydberg over time for T, = 45
km and T, = 1300 K. Keeler-Heaviside (K-H) and Tsiolkovsky-
Stark (T-S) basin profiles shown for comparison.
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