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Introduction: High resolution and precision gravity
data from the GRAIL mission, in combination with the
LOLA topographic data have been used to invert for
crustal structures of major lunar impact basins [1,2].
Spatial variability in the basin morphology and structure
has been attributed to different target thermal states [35]. Post-impact viscoelastic relaxation has been
suggested to control the formation of gravitational
mascon when the post-impact viscous flow of the
underlying mantle raises the basin interior to a superisostatic state [6,7]. The gravitational mascon can only
form when the Moon turns cold, because the postimpact viscous flow of the lower crustal materials in a
hot Moon tends to flatten the Moho interface and only
leaves highly degraded basin structures [8-10].
Therefore, the Moon’s thermal state significantly
influences the basin morphology and its final crustal
structure [e.g., 11,12].
Here we recognize that the impact basins in the
Procellarum KREEP Terrane (PKT, red-labeled basins
Fig. 1a), show no crustal annulus (Fig. 1c), which is
commonly associated with basins in the Feldspathic
Highlands Terrane (FHT; Fig. 1b, d). However, how to
form the different crustal annulus is still unclear.
Crustal Annulus of Lunar Impact Basins: We use
the crustal thickness model with a mean crustal
thickness of 34 km (1; Fig. 1a) to quantify the crustal
structure of major impact basins [2]. For a typical basin,
we derive an azimuthally averaged profile of the crustmantle (Moho) interface (Figs. 1c-d), and then measure
the crustal annulus thickness ∆ℎ#$$ as the maximum
negative increment of the averaged radial Moho profiles
within the crustal annulus region (Fig. 1d). We then
compare the crustal structures of impact basins in the
PKT (red labels in Fig. 1a) with those in the FHT, with
the latter terrane further divided to anorthosite central
region (FHTA, blue labels) and outer region (FHTO,
green labels). We exclude the basins in South PoleAitken Terrane (SPA), whose highly variable thermal
state requires further analysis.
There is a systematic difference in the crustal
annulus between the PKT and FHT (esp., FHTA) basins
(Figs. 1a,b). This difference cannot be explained merely
by the asymmetry in the crustal thickness, because the
thinner crust in the PKT implies a lower Moho
temperature (assuming a constant temperature gradient)
and thus less significant relaxation, in contradiction to
the observation. Neither can this difference explained

by the basin formation age. The Imbrium basin formed
at ~3.8 Ga [15], earlier than the Orientale basin (in the
FHT, ~ 3.75 Ga) but later than the F-S basin (in the FHT,
~ 4.1 Ga). As both of the latter two basins show
prominent crustal annulus, the Imbrium basin, if only
the basin age is taken into account, is expected to exhibit
crustal annulus as well. Excluding the crustal thickness
or basin formation age as the main control factor, the
observed non-existence of the crustal annulus of the
Imbrium basin is most likely due to the thermal effect.

Figure 1. Gravity-inverted Moho relief of the Moon with
spherical harmonic degrees larger than 6 on the (a) nearside
and (b) farside. Black circles are the major impact basins with
abbreviated basin names, whose colors indicate different
terranes. Azimuthally averaged profiles are shown for the (c)
Imbrium and (d) Freundlich-Sharonov (F-S) basins. Crustal
annulus thickness ∆ℎ#$$ is marked. Modeled Moho reliefs are
shown by colored curves on the right half of the profiles.

To test this hypothesis, we combine impact dynamic
and post-impact viscoelastic models to simulate the
entire thermo-mechanical evolution of a basin from
impact to contemporary structure to investigate the
formation of the crustal structure of the Imbrium basin,
a typical non-annulus basin in the PKT.
Two-code Basin Formation Modeling: We
consider a hot thermal state to be associated with a nearsurface thermal gradient of 40 K/km [e.g., 16], which
can represent the temperature profile of Moon’s
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nearside when the Imbrium was formed. The
concentration of radiogenic element (e.g., Th) in the
lower crust is also considered as an important parameter
in our simulation. A high Th concentration of 4.2 ppm
has been suggested for the PKT with an extremely high
Th content of 8.2 ppm in the Imbrium basin [17]. We
test the effects of Th contents in the lower crust on the
formation and relaxation processes of the Imbrium basin
(Fig. 1c).
Hydrocode Modeling. The impact cratering process
is modelled by the shock physics code iSALE-2D [1921]. We use an impactor diameter of 70 km and the
mean lunar impact velocity of 15 km/s [23] to simulate
the formation of a Imbrium-like basin. When the
modeled basin structure reaches a steady state, we
record the post-impact temperature and basin structure
(crust, mantle, and melt pool) as initial conditions for
the subsequent modeling.
Viscoelastic Relaxation Modeling. The following
post-impact viscoelastic relaxation of ~10 Myr are
modeled by the commercial finite-element software
Abaqus. We conduct fully coupled thermo-mechanical
analysis with geometrically non-linear formulation
(NLGEOM) in order to simulate the large lower crustal
viscous flow. The viscoelastic behavior is modeled by
Maxwell-body rheology with a purely viscous damper
and a purely elastic spring connected in series, whose
temperature dependence is implemented by Arrhenius
shift function. We adopt the viscosity of dry anorthite
and dry peridotite for the crust and mantle [11].
Results and Discussion: Right after the impact, a
prominent crustal annulus forms (dashed black curves
in Fig. 2). This crustal annulus is prone to flow with a
hot temperature greater than 1,300 K and a
corresponding low viscosity less than 1019 Pa∙s. Our
modeling results show that the annulus materials flow
both laterally and upward (Fig. 2b) to yield a flat Moho
interface after ~10 Myr of viscous relaxation. A surface
temperature gradient of 40 K/km and a Th content of 8.2
ppm are thus able to reproduce the Imbrium-like crustal
structure without crustal annulus (Fig. 1c). We also
reproduce the Freundlich-Sharonov basin structure
using low temperature gradient and Th content (Fig.
1d).
The temperature gradient and radiogenic element
content control the initial thermal state and cooling rate
of the impact cratering and viscous relation processes.
We will further explore the model sensitivity to these
two key parameters, as well as to the lower crust
composition and viscosity functions [e.g., 7,10,24-28].
Our viscoelastic relaxation model also predicts an
upward mantle flow driven by the thermal buoyancy of
the impact melt pool (Fig. 2a), whose importance
requires further analysis.
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Figure 2. (a) Modeled final crustal structure and displacement
field with its shallow structure vertically exaggerated in (b).
Initial (post-collapse) surface and Moho interfaces are shown
by dashed black curves, while the final interfaces by solid
black curves. The crustal thickness is assigned to be 30 km.
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