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Introduction: Structural uplift of target material
beneath impact structures is well documented in both
terrestrial impacts [1,2] and laboratory experiments
[3]. The amount of structural uplift has been estimated
as approximately one-tenth of the final crater diameter
for terrestrial [1,2,4] and lunar [5] craters. These esti-
mates, however, are derived from relatively small
complex craters that may not be good proxies for im-
pact basins. Those estimates also only refer to litholo-
gies at, or near, the surface. Seismic studies beneath
Chicxulub [6,7] and numerical modeling of large-scale
impact events [8,9] suggest structural uplift attenuates
with depth beneath the crater floor. In this work, we
model large basin-scale impact events to produce a set
of simple equations that can be used to calculate the
maximum amount of structural uplift and its attenua-
tion with depth beneath basins on the Moon.

Methods: We use the iSALE 2D [10-12] shock
physics code, previously used to model large-scale
impact events (e.g., Chicxulub [8]; South Pole-Aitken
[13]), to simulate lunar basin-forming impacts. An
infinite half-space target was divided into a crustal (60
km thick) and mantle layer, each of which had proper-
ties appropriate for their lunar counterparts [14-17]. A
Tillotson equation of state for gabboric anorthosite
[18] represented the crustal response to thermodynam-
ic changes and compressibility; ANEOS equations of
state tables for dunite [19] were used for the mantle
and impactor.

Two thermal profiles based on estimates of ~4 Ga
lunar temperature-depth profiles [20,13] were used.
Both profiles had similar crustal temperature gradients
(10 K/km). In the mantle, temperatures were at the
solidus between depths of 150-350 km and ~1670 K
below 800 km in thermal profile 1; in thermal profile
2, mantle temperatures remained sub-solidus and
reached temperatures of ~1770 K in the deep mantle.
Based on the thermal profiles, self-consistent pressure,
density and strength fields were computed. The gravity
field was kept constant at 1.62 m/s®. Impactor diameter
was varied between 40 and 120 km (though the num-
ber of cells across the impactor was constantly 40);
impact velocity varied between 10 and 20 km/s.

The amount of structural uplift achieved during ba-
sin formation was quantified using Lagrangian tracer
particles. These tracer particles, initially placed in eve-
ry grid cell and assigned to a mass of material, tracked
the location of that cell material throughout the basin-

forming process. Uplift was calculated by comparing
the difference in depth along a given row of tracers
inside (at the center) and outside the basin.

Results: Figure 1 shows target material distribu-
tion following a typical lunar basin-forming impact.
Overlaid on the material plot is the grid of Lagrangian
tracers (black lines). Crust has been removed from the
basin center and mantle uplifted towards the basin
floor. The three colored tracer rows highlight the rela-
tive changes in uplift between materials from different
target depths.
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Figure 1: A typical lunar basin model post-impact. Black
lines represent tracer particle rows and columns. Colored
rows illustrate how uplift varies with depth.

Figure 2 plots maximum structural uplift (Upa)
against crustal annulus radius (rc,) - the radial distance
to the thickest point in the crust (see Figure 1) and an
alternative basin size constraint [21] — for the suite of
modeled impact scenarios. The data show maximum
uplift increases with crustal annulus radius. Results for
thermal profile 1 (TP1) and thermal profile 2 (TP2) are
fit, respectively, by the equations:
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Figure 3a plots structural uplift (U) against depth
below the basin floor for a range of modeled lunar ba-

sins. Our models suggest uplift reaches a maximum
within the upper tens of kilometers of the target rather
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than at the target surface. The same data set is plotted
logarithmically in Figure 3b highlighting the attenua-
tion of structural uplift with depth. The complete da-
taset in Figure 3b can be fit reasonably by the equation

U= (-047+0.06)z+b (3)

where z is depth below the basin floor and b is ~U .
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Figure 2: Maximum structural uplift against crustal annulus
radius for lunar basin-scale impacts.
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Figure 3: Structural uplift versus depth below basin floor for
a suite of modeled lunar basins.

If the crust is slightly thinner (e.g., 40 km as im-
plied by new GRAIL data [22]), these results are not
significantly affected.
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Discussion: Equations 1 and 2 predict U, to be
approximately half the crustal annulus radius, which is
itself approximately two-thirds of the final crater radi-
us for lunar basins [23]. U is, therefore, approxi-
mately one-sixth of the final crater diameter for lunar
basins. This Ua value is two to three times smaller
than those estimated for lunar basins using the equa-
tion of [5]. That previous work, however, was based
on much smaller complex craters and may not extrapo-
late well to the large impact basins considered here.

Our results indicate structural uplift in the lunar ba-
sin centers attenuates with depth, which is qualitatively
similar to that seen in numerical models of the terres-
trial Chicxulub impact [8]. Importantly, however, Fig-
ure 3 and Equation 3 provide, for the first time, con-
straints on the rate and nature of that attenuation. The
model results also show that maximum structural uplift
does not occur at the surface. This is due to the out-
ward collapse of the central uplift. If that trend is ob-
served in nature, this may help distinguish between
competing models for the formation of large impact
basins.
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