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Abstract Multiring basins dominate the crustal structure, tectonics, and stratigraphy of the Moon.
Understanding how these basins form is crucial for understanding the evolution of ancient planetary crusts.
To understand how preimpact thermal structure and crustal thickness affect the formation of multiring
basins, we simulate the formation of lunar basins and their rings under a range of target and impactor
conditions. We find that ring locations, spacing, and offsets are sensitive to lunar thermal gradient (strength of
the lithosphere), temperature of the deep lunarmantle (strength of the asthenosphere), and preimpact crustal
thickness. We also explore the effect of impactor size on the formation of basin rings and reproduce the
observed transition from peak-ring basins to multiring basins and reproduced many observed aspects of ring
spacing and location. Our results are in broad agreement with the ring tectonic theory for the formation of
basin rings and also suggest that ring tectonic theory applies to the rim scarp of smaller peak-ring basins.

Plain Language Summary The largest impact craters on the Moon are multiring basins that exhibit
three or more topographic rings. Great volumes of material were ejected and redistributed during the
formation of these 1,000-km-scale basins. Formation of these basins is the predominant process driving
change of the lunar crust, the outermost layer of the Moon. Why large basins have multiple topographic rings
and what they might tell us about the Moon remain poorly understood. Here we simulate the formation of
these basins and their rings during an asteroid impact. We explore how thickness of the lunar crust, size
of the impacting body, and interior temperature of the Moon affect the formation of basins and their rings.
With well-persevered multiring basins and an abundance of high-quality gravity and topography data, the
Moon is an ideal location to explore the formation of multiring basins. A better understanding of the
formation of these basins will help us understand how similar basins may have affected the crusts of the
Earth, Mars, Mercury, and Venus.

1. Introduction

Impact cratering is a ubiquitous and important process in the evolution of ancient planetary crusts. Early in
the cratering process a shockwave propagates through the target, followed by a rarefaction or release wave.
After propagation of the shock and rarefaction, the underlyingmaterial is left with a residual velocity that sets
up the excavation flow, opening up a bowl-shaped transient crater (Melosh, 1985). For small craters, of less
than about 15-km diameter on the Moon, material from the steep crater rim collapses into the open cavity,
partially filling it with a breccia lens (Collins, 2014; Dence, 1965). This ultimately produces a bowl-shaped
simple crater. When the final lunar crater is larger than ~15 km in diameter, the transient crater collapses
wholesale producing a complex crater with an uplifted floor, central peak, and terraced crater walls
(Melosh & Ivanov, 1999). On the Moon, when the final crater diameter exceeds ~200 km (Baker et al.,
2011), the central uplift is unstable and collapses downward and outward producing a concentric peak ring
(Kring et al., 2016; Morgan et al., 2016). Above ~600 km in diameter, multiring basins that exhibit three or
more concentric topographic rings are produced on the Moon (Neumann et al., 2015). Although the process
of impact cratering is reasonably well understood (Melosh, 1989), the formation of multiring basins is a
complicated multistage process, which is ripe for further study.

Other than the 2,000-km-scale elliptical South Pole-Aitken basin (Garrick-Bethell & Zuber, 2009), which may
be a multiring basin itself (Hiesinger & Head, 2004), multiring basins are the largest impact structures on
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the Moon (Neumann et al., 2015). Multiring basins dominate the strati-
graphy, tectonics, and crustal structure of the Moon at scales of hundreds
to thousands of kilometers (Spudis et al., 1994; Wieczorek et al., 2013;
Wilhelms, 1987; Zuber et al., 2016). Understanding how these large
basins formed is paramount to understanding the early evolution of pla-
netary crusts.

Recent work on the formation of multiring basins has focused on
Orientale, the freshest multiring basin on the Moon. Orientale has three
well-defined topographic rings. Orientale’s outer two rings, the Outer
Rook and Cordillera, located at R ≈ 310 and 460 km (Andrews-Hanna et al.,
2018), respectively, appear to be large fault scarps (Nahm et al., 2013).
High-resolution gravity data from Gravity Recovery and Interior
Laboratory reveal that the Outer Rook and Cordillera have locally thinned
the crust and offset the crust-mantle interface (Andrews-Hanna et al.,

2018; Zuber et al., 2016). Both of these characteristics are consistent with normal faults cutting through the
crust-mantle interface (Andrews-Hanna et al., 2018; Zuber et al., 2016). The topography of Orientale’s
innermost ring, the Inner Rook located at R ≈ 230 km, indicates that it is related to the peak rings of smaller
basins (Andrews-Hanna et al., 2018; Nahm et al., 2013).

Basin formation models of Potter et al. (2013) and Potter (2015) demonstrated subtle strain localization
suggestive of ring fault formation during crater collapse. Building on this work, Johnson et al. (2016)
produced simulations of the Orientale forming impact that clearly resolved the development of basin rings
with kilometer-scale fault offsets. In addition to forming rings in approximately the correct locations, models
with preimpact crustal thicknesses that range from 48 to 52 km produced excellent fits to the azimuthally
averaged crustal thickness profile of Orientale derived from GRAIL gravity and Lunar Orbiter Laser
Altimeter topography (Johnson et al., 2016). In these simulations the Inner Rook forms by collapse of a central
uplift similar to the dynamic collapse model for the formation of peak rings (Kring et al., 2016; Morgan et al.,
2016). Johnson et al. (2016) found that the Outer Rook and Cordillera, the outer rings of Orientale, are large
normal faults that form during crater collapse. These faults offset the crust-mantle interface and locally thin
the crust consistent with constraints from GRAIL gravity (Andrews-Hanna et al., 2018; Zuber et al., 2016). In

Table 1
iSALE Model Setup

Description Value

Size of high-resolution cell 1 km
Number of high-resolution cells, horizontal direction 500
Number of high-resolution cells, vertical direction 700
Physical dimension of entire mesh, horizontal
direction

0 to 1,796 km

Physical dimension of entire mesh, vertical direction �3,695 to 387 km
Impact velocity 15 km/s
Surface gravitational acceleration 1.59 m/s2

Target radius 1,740 km
Core radius 350 km
Surface temperature 300 K

Table 2
iSALE Material Input Parameters

Description Value for crust Value for mantle References

Equation of state ANEOS granite ANEOS dunite d, e
Melting temperaturea 1,513 K 1,373 K f, g
Thermal softening parametera 1.2 1.1 f, g
Simon A parameterb 1,840 MPa 1,520 MPa f, g
Simon C parameterb 7.27 4.05 f, g
Poisson’s ratio 0.25 0.25 f, g
Frictional coefficient (damaged)a 0.71 0.63 f, g
Frictional coefficient (undamaged)a 1.1 1.58 f, g
Strength at infinite pressurea 2.49 GPa 3.26 GPa f, g
Cohesion (damaged)a 0.01 MPa 0.01 MPa f, g
Cohesion (undamaged)a 31.9 MPa 5.07 MPa f, g
Brittle ductile transitiona 1.23 GPa 1.23 GPa a
Brittle plastic transitiona 2.35 GPa 2.35 GPa c
Initial tensile strengtha 10 MPa 10 MPa c
Maximum distensionc 1.2 1.2 c
Maximum dilatancy coefficientc 0.045 0.045 c
Dilatancy pressure limitc 200 MPa 200 MPa c
Frictional coefficient (maximum distension)c 0.4 0.4 c

aParameters for a rock like material strength model (Collins et al., 2004). bParameter that describes a material’s pres-
sure-dependent melt temperature (Wünnemann et al., 2008). cParameters for iSALE’s dilatancy model implemented
and described by Collins (2014). dBenz et al. (1989). ePierazzo et al. (1997). fDavison et al. (2010). gPotter et al.
(2012).
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the simulations of Johnson et al. (2016) faults formed as the result of inward flow of warm and weak mantle
material during collapse of the transient cavity. This flow of weaker underlying material pulls the cooler crust
along with it, ultimately causing extensional faulting with large offsets far from the transient cavity rim. The
importance of the weak underlying mantle material is consistent with ring tectonic theory of multiring basin
formation (Melosh & McKinnon, 1978).

The simulations of Johnson et al. (2016) were focused on reproducing the GRAIL- and LOLA-derived crustal
structure of Orientale and the location and spacing of Orientale rings. Thus, their exploration of parameter
space was rather limited. To elucidate the parameters important to multiring basin formation, we expand
the parameter space to conditions representative of the formation of nearly all lunar basins. In section 2
we describe our methodology. In section 3.1 we describe our fiducial simulation, which we use for
comparison to assess the role of various parameters. In section 3.2 we explore the role of impactor size
and the transition from peak-ring to multiring basins. In sections 3.3 and 3.4 we investigate the importance
of target thermal structure. In section 3.5 we study the effects of target crustal thickness. In section 4 we
discuss the implications of our results.

2. Methods

Following Johnson et al. (2016), we simulate basin formation using iSALE, a multimaterial, multirheology,
finite difference, shock physics code (Amsden et al., 1980; Collins et al., 2004; Wünnemann et al., 2006). As
a continuum model, iSALE cannot resolve discontinuous slip planes; instead, faults are regions of
concentrated strain. As in Johnson et al. (2016), we include several improvements over previous models
(Freed et al., 2014; Ivanov et al., 2010; Miljkovic et al., 2013; Potter, 2015; Potter et al., 2013) that allow us to
simulate the formation faults with kilometers-scale offsets. We include the dilatancy model of Collins
(2014). In addition to accounting for porosity increases associated with the deformation of rocks, dilatancy
can also cause or enhance strain localization (Montési, 2002). We use a damage model where the transition
from intact to fractured rock strength is an exponential function of plastic strain. Johnson et al. (2016) found
that this damage model results in more localization at large strains compared with simpler damage models
where the transition from intact to fractured rock strength is a more abrupt linear function of plastic strain
(Montési, 2002). For large basins, like Orientale, the curvature of the target surface is influential. Thus, we
simulate impacts onto a spherical target in a central gravity field.

In this work we include twomore improvements from themodels of Johnson et al. (2016). We include a stress
dependent viscoelastic-plastic rheology for mantle material, which was recently added to iSALE (Elbeshausen

Figure 1. (left) Preimpact temperature and (right) material strength as a function of depth in the target for our fiducial
model. This represents a 13-K/km thermal gradient from a surface temperature of 300 K. The model has crustal thickness
of 52 km.
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& Melosh, 2018). We also include tensile failure, which is neglected by
default to reduce computational expense. Although all other setup para-
meters are the same as those used by Johnson et al. (2016), for
completeness, we include here a tabular description of the iSALE model
setup (Table 1) and material input parameters (Table 2).

Our fiducial simulation is of a 64-km-diameter dunite impactor striking a
Moon-like target at 15 km/s (Le Feuvre & Wieczorek, 2011; Yue et al.,
2013). The target has a 52-km-thick crust, a surface temperature of
300 K, and a near-surface thermal gradient of 13 K/km. The ANEOS equa-
tion of state for granite (Pierazzo et al., 1997) is used to represent the crust
because it is the most suitable analog in terms of density among the lim-
ited number of equations of state that can accurately model the behavior
of geologic materials shocked to high temperature and pressure. Below
the lithosphere, we assume an adiabatic thermal profile (~0.045 K/km)
appropriate for convecting material at ~1,300 K (Figure 1). The results of
this simulation are described in detail in section 3.1. To explore the effects
of impactor size (section 3.2) and crustal thickness (section 3.3), we vary
impactor diameter from 40 to 70 km and preimpact crustal thickness from
20 to 60 km. The exploration of impactor size is the simplest way to exam-
ine differences between basins of different sizes, with all other parameters
being equal. As will be seen in the results, the chosen range of impactor
size results in basins spanning the transition from peak-ring to multiring
basins. The chosen range of crustal thickness values encompasses both
typical nearside and typical farside crustal thicknesses (Wieczorek
et al., 2013).

We explore the effect of target thermal structure by varying lunar thermal
gradient from 10 to 25 K/km (section 3.4) For comparison, one thermoche-
mical evolution model, which assumes a crustal thermal conductivity of
1.5 W/m/K, predicted that temperature gradients are 36–39 K/km within
the nearside Procellarum KREEP Terrane (PKT) and 12–16 K/km over the
farside from 3.5 to 4 Ga (Laneuville et al., 2013). Models of current-day heat
flow in agreement with Apollo measurements imply thermal gradients of
6–18 K/km depending on distance from the PKT (Laneuville et al., 2013).
In this work, when material exceeds its pressure-dependent melt tempera-
ture, it is treated as a strengthless fluid. Thus, to avoid strengthless material
preimpact, we vary the temperature of warm mantle over a limited range
from 1,200 to 1,400 K (section 3.5). Our largest transient craters reach a
depth of ~200 km, and our models are likely relatively insensitive to mate-
rial strength beyond this depth. Thermal models indicate that at 3.5–4 Ga
much of the shallow mantle under the PKT is at or above the solidus
(~1,500 K at 200-km depth), while on the farside at 200-km depth theman-
tle may have a temperature of 1,100 K (Laneuville et al., 2013; Miljkovic
et al., 2016). Neglecting the South Pole Aitken basin, a full exploration of
this parameter space would encompass a representative range of lunar
basin formation conditions (Miljkovic et al., 2013; Wieczorek et al., 2013).
Our limited exploration of this parameter space and comparison to our
fiducial model will provide insight into the important controls on the for-
mation of lunar multiring basins.

3. Results
3.1. Fiducial Simulation

We first describe the formation of various ring structures in our fiducial model. Figure 2 shows a time series of
the formation of a basin similar in scale to Orientale as the result of our fiducial simulation. In Figure 2, and

Figure 2. Time series showing crater collapse and ring formation in our fidu-
cial model (dT/dz = 13 K/km, tcrust = 52 km, Dimp = 64 km, Vimp = 15 km/s).
Material is colored according to total plastic strain as indicated by the scale
bar. Initial impact occurs at the origin. The thin black curves are the boundary
or interface between two materials including, crust, mantle, and void.
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Figure 3. Fault locations and offsets from our fiducial model. Note that horizontal axis begins at 100 km in frame a and
250 km in frame b. (a) Lines connecting tracer particles that were initially at equal depths are plotted. Elevation and
distance from basin center are calculated with respect to a sphere. On this type of plot, before impact the tracer lines
are parallel horizontal lines with a constant spacing. In the crust lines change color every 10 km in preimpact depth and
mantle material is colored black. Note that when tracers are orphaned from their nearest neighbor, the line connecting
themmay cross over other materials (this is seen where mantle material has been emplaced on top of crust ~120 km from
the basin center). (b) Offset calculated as the change in distance between tracers originally at a constant depth of 20 (red)
and 30 km (blue). Offsets are plotted midway between the displaced tracers. The thick gray line in (b) acts as a guide to
the eye marking 1-km displacement. All frames are plotted 50 min after impact.

Figure 4. Material velocity showing formation of ring faults with large offsets. Tracer particles are colored according to
their velocity toward the basin center. Elevation, distance from basin center, and velocity toward basin center are calcu-
lated with respect to a sphere (distance from basin center is rθ, in a spherical coordinate system referenced to the center of
the Moon). Note that the color scale changes between frames.
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throughout this work, we interpret areas of localized high total plastic
strain, εplastic, as candidate locations for fault zones. For brevity, we will
refer to these as faults acknowledging that even at the unprecedented
spatial resolution of our simulations, the widths of individual faults are
unresolved even when resolvable fault displacements are recorded. As
we step through this simulation and focus on formation of various ring
structures, we will also reference Figure 3. Figure 3a is a vertically exagger-
ated plot where ring faults appear as offsets in tracer lines—lines connect-
ing Lagrangian tracer particles that were originally arranged at a constant
depth from the Moon’s surface. Figure 3b more directly measures the off-
set associated with ring faults.

The impact first produces a bowl-shaped transient crater, which collapses
producing the large central uplift apparent at 13.3 min (Figure 2a). At this
time, ejecta are emplaced on the crust where the outer rings will even-
tually form (Figure 2a). With a linear scale for εplastic, dozens of small-scale
faults with εplastic ≈ 0.5 are already apparent (Figure 2a). Some of these
faults dip away from the basin center, while others dip toward the basin
center. At 17.5 min after impact (Figure 2b), continued inward flow of
material has increased the scale and height of the central uplift and three
to four of the small-scale faults apparent at earlier times now have much
higher εplastic. There are two faults that come to the surface near 350 km
from the basin center that produce the surface expression of what we
interpret to be the basin’s inner fault ring (Figures 2b and 3). This ring is
analogous to Orientale’s Outer Rook Ring. If the strain from these two
faults was accommodated on a single fault, it would have an offset of
~4 km. At 25 min after impact (Figure 2c), the central uplift has begun col-
lapsing, but farther from the basin center (~420-km radius) continued
inward flow of material has produced an outer ring fault with>4 km of off-
set (Figure 3). This ring is analogous to Orientale’s Cordillera Ring. After this
time, modification of the ring faults is minimal. The ratio of the location of
the outer ring to the location of the inner ring is 1.2 in this simulation. This

spacing is substantially smaller than the often cited
ffiffiffi

2
p

≈1:41 spacing
(Melosh, 1989). We discuss this discrepancy in ring spacing in more detail
in sections 3.2 and 4.

Ring tectonic theory suggests that ring faults result from inward astheno-
spheric flow during crater collapse (McKinnon & Melosh, 1980; Melosh &
McKinnon, 1978). This flow exerts a drag force on the base of the litho-
sphere causing the lithosphere to fail in extension. This failure produces
large-scale circumferential normal faults and downdropped, rotated annu-
lar lithospheric blocks (McKinnon & Melosh, 1980). In Figure 2, εplastic is
enhanced at depths greater than ~80 km where material is relatively weak
(Figure 1). The dynamics of this flow and the formation of ring faults are
more easily seen in Figure 4, which demonstrates that the simulated faults
have broken the lithosphere into annular blocks that move relatively inde-
pendently from the rest of the lithosphere. The inward velocity increases
with depth moving along the fault. This velocity structure is indicative of
rotation of these lithospheric blocks. Thus, the formation of faults in our
simulation is broadly consistent with the ring tectonic theory of multiring
basin formation (McKinnon & Melosh, 1980; Melosh & McKinnon, 1978).

By 32.5 min (Figure 2d) collapse of the central uplift has pushed material
outward, producing a bulge of uplifted material ~180 km from the basin
center. This bulge is unstable and collapses back in toward the basin

Figure 5. Vertically exaggerated plot demonstrating how impactor size
affects ring spacing and location. For more information about these plots
see Figure 3. Note that the horizontal axis starts at 50 km for frames a and b
but begins at 100 km for frames c and d. Other than impactor size, as
indicated, all other parameters are the same as in the fiducial model.

Table 3
Location of Ring Structures on Simulated Basin Showing Effect of Impactor Size

Impactor
diameter (km)

Peak ring
diameter (km)

Inner ring fault
diameter (km)

Outer ring fault
diameter (km)

40 200 NA 500
50 250 600 695
60 370 665 800
70 450 755 950
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center (Figure 2e). Similar crustal deformations were observed in earlier
Orientale impact simulations that neglected the curvature of the Moon
(Potter et al., 2013). This process produces a topographic ring ~205 km
from the basin center (Figure 3a). This ring is analogous to Orientale’s
Inner Rook Ring. This ring is not a ring fault and is more similar to the peak
rings of smaller basins (Nahm et al., 2013). During collapse of the central
uplift mantle material flows out over the basin floor (Figures 2d and 2e).
As discussed by Johnson et al. (2016), this mantle flow may only occur
because the height of the central uplift is exaggerated in our axisymmetric
simulations. Approximately 3 hr after the impact (Figure 2f), crustal
material has migrated all the way to basin center and large-scale motion
has ceased.

Although there are many faults apparent in Figure 2, the faults that show
upmost clearly in Figure 3a have offsets exceeding 1 km (Figure 3b). These
faults with kilometer-scale offsets are most consistent with the rings of
multiring basins (Andrews-Hanna et al., 2018; Nahm et al., 2013). If
smaller-scale ring faults are present in multiring basins, they have likely
been obscured by subsequent bombardment or the basin’s own ejecta
in the case they form before ejecta emplacement (e.g., Figure 2a). Future
detailed seismic profiles could help determine if small-scale ring faults
are produced. We will, in general, focus on faults with kilometer-scale off-
sets and use plots such as Figure 3a to compare ring structures of basins
produced under different impactor and target conditions. Because we will
not discuss temporal aspects of ring formation for all simulations, we
briefly summarize aspects of the fiducial model that are general to all
our simulations. In all our simulations, faults with large offsets form after
emplacement of ejecta, the innermost ring faults attain their maximum
offset before the outermost faults, and the last ring structure to form is
the inner basin ring, which is not a ring fault and instead forms by dynamic
collapse of the central uplift similar to peak rings of smaller basins (Kring
et al., 2016; Morgan et al., 2016).

3.2. Impactor Size

Here we explore the role of impactor size on the formation of basins and
their rings by comparing simulations with impactor diameters of 40, 50,
60, and 70 km and keeping all target parameters the same as our fiducial
model. We first discuss the role of impactor size on the location of outer
ring faults then the location of the inner basin ring (peak ring). Finally,
we consider how impactor size affects the final crustal structure of
the basin.

The 40-km-diameter impactor produces a basin with only one ring fault with kilometer-scale offset
(Figure 5a). This basin is ~550 km in diameter, and the ring fault comes to the surface very near the crater
rim. This basin therefore seems to be more consistent with a peak-ring basin than a multiring basin. The
50-km-diameter impactor produces an ~700-km diameter basin with two ring faults that have a spacing of
~50 km, a structure more similar to multiring basins (Figure 5b). Thus, our simulations suggest that there is
a transition from peak-ring tomultiring basins for basin diameters between 500 and 700 km. This is consistent
with the observed transition to multiring structures at ~600 km in diameter. According to Neumann et al.
(2015), the smallest lunar multiring basin is the 571-km-diamter Hertzsprung basin and above
~650-km-diameter most basins are multiring basins. Ring tectonic theory predicts that if the lithosphere is
too strong or too thick, with respect to the scale of the collapsing crater, ring faults cutting through the
lithosphere will not form (McKinnon & Melosh, 1980; Melosh, 1982). For small craters this may be true, but
even our simulated peak-ring basin (Figure 5a) has a fault that cuts to ~80-km deep, similar to the depth
of the weakest material in our model (Figure 1). Simulations of the ~320-km Schrödinger basin also exhibit

Figure 6. Comparison of simulation results to observed ring location and
spacing. Note that frames b and c only include multiring basins and the
horizontal axes begin at 240 km. The ring locations come from Neumann
et al. (2015) and include all peak-ring andmultiring basins that have reported
ring locations (i.e., not an estimate of expected ring location based on scal-
ing). The middle ring refers to the inner ring fault in our models, and the rim
corresponds to the outer ring fault.
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a fault that cuts to depth of ~80 km (Kring et al., 2016). Thus, contrary to
arguments of McKinnon and Melosh (1980), ring tectonic theory likely also
applies to the single ring fault that defines the rim of peak-ring basins, as
well as to multiring basins.

Figure 5 shows the resultant ring structures made by each impact, Table 3
summarizes the results of ring locations at the surface, and Figure 6 shows
a comparison to the ring location of observed basins. We note that
although the locations of ring faults in our models are well defined, there
is about 10–20-km uncertainty in the location of the peak-ring, which can
be quite broad. This uncertainty corresponds to ±0.2 in the ring ratios for
the 50-km-diameter impactor simulation. Figure 6a shows that our models
reproduce the ratio of the diameter of the outer ring to the peak ring
reasonably well. Observed basins exhibit a ratio of peak ring to crater
rim diameter of about 3 for the smallest basins and decreases to less than
2 for the largest basins (Figure 6a). Our simulations show a similar trend.
We also note that the ratio between the first outer ring (the middle ring
of multiring basins or the rim of peak-ring basins) and the peak ring
increases dramatically with decreasing basin diameter, from the oft-cited
ffiffiffi

2
p

ratio for large multiring basins (Figure 6b) to a ratio of 2–3 for peak-ring
basins (Figure 6a, blue triangles). Our model results predict a very similar
trend, though they exhibit a larger ratio across all diameters. The largest
outlier in all frames is the basin produced by the 50-km-diameter impactor,
which is near the transition from peak-ring to multiring structures. In our
simulations, the middle ring (first ring fault) tends to be too far from the
peak ring (Figure 6b) and too close to the outer ring fault (basin rim)
(Figure 6c). Although this spacing does not agree with observations, we
note that the spacing and location of rings are very sensitive to target
thermal structure as we demonstrate in the following section. In the case

of the 60- and 70-km-diameter impactors there are three faults with kilometer-scale offsets (Figures 5c and
5d) where only two dominant ring faults are expected. The appearance of more large-scale faults than
expected and the disagreement with the location of the inner ring fault (Figures 6b and 6c) indicates that
our simulations may not reproduce fault spacing accurately, and model developments that may improve
accuracy are discussed in section 4.

Figure 7. Effect of impactor size on final basin temperature structure.
Material is colored according to temperature as indicated by the scale bar.
Initial impact occurs at the origin. The thin black curves are the boundary or
interface between two materials including, crust, mantle, and void. In gen-
eral, crust and mantle can be identified as cooler and hotter materials,
respectively. Other than impactor size, as indicated, all other parameters are
the same as in the fiducial model.

Figure 8. (left) Preimpact temperature and (right) material strength as a function of depth in the target for different pre-
impact thermal gradients as indicated in the legend. All other parameters are the same as in the fiducial model.
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Figure 7 shows the final basin temperature structure. As the impactor size
increases, the mantle plug or inner region of thinned crust increases in
scale and the location of the thickened annulus of crust shifts outward
consistent with the work of Potter et al. (2012) and Miljkovic et al. (2016).
In all cases, crustal material migrates inward and covers the basin center.
The crustal cap is hotter for smaller impactors, but the thickness of this
crustal cap is insensitive to impactor size, consistent with the findings of
Freed et al. (2014). Smaller impacts do not excavate material from as great
a depth as the larger impactors do. Thus, much of the hotter, potentially
molten, shock-heated crustal material produced during the Dimp = 40-
km simulation remains within or near the transient crater and readily
migrates to the basin center. During the Dimp = 70-km simulation hot
shock-heated crustal material is ejected to great distances and is unable
to migrate to the basin center. The greater excavation depth of larger
impacts also results in more mantle material being splashed out from
the crater during collapse of the central uplift. The scale of the melt pool
increases with impactor size as expected (Pierazzo et al., 1997).

3.3. Thermal Gradient

Here we explore the role of thermal gradient on the formation of basins
and their rings by comparing simulations with thermal gradients of 10,
13, 20, and 25 K/km and keeping all other target parameters and the
impactor parameters the same as our fiducial model. We first discuss
how thermal gradient (dT/dz) affects preimpact target strength. Then we
discuss how dT/dz affects the location and formation of outer ring faults.
Finally, we consider how dT/dz affects the location of the inner basin ring
(peak ring) and the final crustal structure of the basin.

Figure 8 shows the four thermal gradients we consider and how they affect
material strength. Discontinuities in the slope of the material strength pro-
file (Figure 8b) mark the transition from crust to mantle material at a depth
of 52 km. Because the temperature of these simulations all follow nearly
the same adiabat at ~1,300 K at a depth of ~140 km (Figure 8a), the preim-
pact strength at depths exceeding 140 km is nearly the same for all the
models (Figure 8b). Although we nominally set all models to follow an
adiabat at ~1,300 K, the dT/dz = 25-K/km model begins following the
~0.045-K/km adiabatic gradient ~100 km shallower than the dT/dz = 10-
K/km model. Thus, at 150-km depth, the model with dT/dz = 25-K/km
model is 4.36 K hotter than the model with dT/dz = 10 K/km. Smaller differ-
ences occur for the other thermal gradients considered. At all depths, the
overburden pressure is slightly lower for models with higher thermal gra-
dients because our equation of state requires that the hotter material is
slightly less dense. At 150-km depth, the pressure in the dT/dz = 25-K/km

Figure 9. Vertically exaggerated plot demonstrating how target thermal gra-
dient affects ring spacing and location. For more information about these
plots see Figure 3. All frames are plotted 50 min after impact. Note that the
horizontal axis starts at 100 km for all frames. Other than preimpact thermal
gradient, as indicated, all other parameters are the same as in the fiducial
model.

Table 4
Location of Ring Structures on Simulated Basin Showing Effect of Thermal Gradient

Thermal gradient (K/km) Peak ring diameter (km) Inner ring fault diameter (km) Outer ring fault diameter (km)

10 280 (?) 700 790
13 410 700 845
20 495 750 950
25 500 665? 885?

Note. Question marks indicate ring locations that are uncertain as indicated in the text.
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model is 5.8 MPa lower than the model with dT/dz = 10 K/km. Material
strength depends on both pressure and temperature. Thus, our models
with a higher thermal gradient are slightly weaker at depths exceeding
~140 km (Figure 8). These realistic effects are minor, resulting in a strength
difference of 4.8 MPa (~4%) between the 10- and 25-K/km models at 150-
km depth.

Figure 9 shows the resultant ring structures made by each impact, and
Table 4 summarizes the results of ring location at the surface. The location
of the innermost ring fault does not have a strong dependence on dT/dz,
while the outermost ring fault tends to move outward as dT/dz increases
(for dT/dz = 25 K/km the outermost ring fault is difficult to define). The
10-K/km thermal gradient has the thickest and strongest lithosphere
(Figure 8). This results in collapse of the transient crater being accommo-
dated by inward flow and upward flow of material relatively close to the
basin center and from relatively large depth. As the thermal gradient
increases, more collapse of the crater is accommodated by inward flow
of material that is shallower and farther from the basin center. This in turn
produces a larger region of crustal material being pulled down and in
toward the basin center. This explains the increasing distance of the outer-
most ring fault as thermal gradient increases.

In addition to an outward shift of the outermost fault, we also find that as
the thermal gradient increases, the number of faults increases and fault
offsets decrease. There are two, three, and four to five faults in the 10-,
13-, and 20-K/km simulations, respectively. In the 25-K/km model faults
are difficult to discern from more widely distributed plastic strain. The
appearance of more faults is the result of the lithosphere becoming thin-
ner as dT/dz increases. This aspect of our simulation is consistent with ring
tectonic theory, which predicts that a thicker lithosphere will result in lar-

ger ring spacing and a thinner lithosphere will result in more numerous closely spaced faults as observed on
Callisto and Ganymede (McKinnon & Melosh, 1980). In addition to thinning, the lithosphere also becomes
weaker as dT/dz increases. This likely explains why there is more distributed plastic strain between faults
for higher thermal gradients.

Figure 10. Effect of preimpact target thermal gradient on final basin
structure. Material is colored according to temperature as indicated by the
scale bar. Initial impact occurs at the origin. The thin black curves are the
boundary or interface between two materials including crust, mantle, and
void. In general, crust and mantle can be identified as cooler and hotter
materials, respectively. Other than target thermal gradient, as indicated, all
other parameters are the same as in the fiducial model.

Figure 11. (left) Preimpact temperature and (right) material strength as a function of depth in the target for different tem-
peratures at the base of the lithosphere as indicated in the legend. All other parameters are the same as in the fiducial
model.
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We find that the position of the innermost basin ring (peak ring) moves
outward as dT/dz increases (Table 4 and Figure 9). For higher thermal gra-
dients, crustal material is weaker and is more easily pushed up and out-
ward as the central uplift collapses (Figures 2c and 2d) allowing the peak
ring to form farther from the basin center. For dT/dz = 25 K/km the subse-
quent inward collapse of the bulge, produced by collapse of central uplift,
actually produces a ring fault that defines the location of the peak ring
(Figure 9d). Similar yet weaker localization can be seen in the 13- and
20-K/km models (Figures 9b and 9c). The topographic expression of the
Inner Rook seems inconsistent with such a ring fault (e.g., Nahm et al.,
2013). However, a kink or discontinuity in the curvature of the crust-mantle
interface like that seen in the 13-, 20-, and 25-K/kmmodels (Figures 9b–9d
and 10b–10d) is consistent with gravity signature of Orientale’s Inner Rook
Ring (Zuber et al., 2016). Gravity gradient maps and profiles of Orientale
show a pair of strong positive and negative gravity gradients interior to
the Inner Rook (Andrews-Hanna et al., 2018). The positive anomaly indi-
cates a downward concavity at the crust-mantle interface, consistent with
the kink in the simulated crust-mantle interface, while the negative anom-
aly does not have an obvious parallel in the models.

Figure 10 shows the postimpact thermal structure of basins produced with
different thermal gradients. We find that as dT/dz is increased, the zone of
crustal thinning becomes larger and the location of the thickened crustal
annulus moves outward consistent with previous work (Miljkovic et al.,
2016; Potter et al., 2012). As thermal gradient is increased, the cap of crus-
tal material covering the basin center becomes thicker. An incomplete,
thin crustal cap is produced if dT/dz = 10 K/km (Figure 10a), whereas an
~30-km-thick crustal cap is produced when dT/dz = 25 K/km. For high ther-
mal gradients, crustal material is warmer and weaker (Figure 8) and more
readily flows inward to cover the basin center. This is consistent with pre-
vious simulations of smaller basins (Freed et al., 2014).

3.4. Temperature at Depth

Here we explore the role of the temperature of warm mantle material
beneath the lithosphere on the formation of basins and their rings by com-
paring simulations with this temperature set to 1,200, 1,300, and 1,400 K

and keeping all other target parameters and impactor parameters the same as our fiducial model. We first
discuss how the temperature of warm mantle material (Tlitho) affects preimpact target strength. Then we dis-
cuss how Tlitho affects the location and formation of outer ring faults. Finally, we consider how Tlitho affects the
location of the inner basin ring (peak ring) and the final crustal structure of the basin.

Figure 11 shows the three temperature-depth profiles we consider and how they affect material strength.
Because the temperature-depth profiles of our simulations all follow a thermal gradient of 13 K/km from
the surface, all three models have identical temperatures and nearly identical material strengths to a depth
of ~60 km. Below this depth the three models diverge; at a depth of 120 km the Tlitho = 1,200-, 1,300-, and

1,400-K models have preimpact strengths of 167, 98, and 38 MPa, respec-
tively. The slight differences in strength at depths less than 60 km are
caused by small differences in surface gravity and therefore overburden
pressures between these models. Surface gravity is calculated in a self-
consistent way from the distribution of mass in our target body. Material
densities depend on pressure and temperature, so a Moon-like target with
a colder mantle is slightly denser and has a higher surface gravity than a
target with a warmer mantle.

Figure 12 shows the resultant ring structures made by each impact, and
Table 5 summarizes the results of ring locations at the surface. Although

Figure 12. Vertically exaggerated plot demonstrating how temperature at
the base of the lithosphere affects ring spacing and location. For more
information about these plots see Figure 3. All frames are plotted 50 min
after impact. Note that the horizontal axis starts at 100 km for all frames.
Other than temperature at the base of the target’s lithosphere, as indicated,
all other parameters are the same as in the fiducial model.

Table 5
Location of Ring Structures on Simulated Basin Showing Effect of Temperature
of Warm Mantle Material

Tlitho
(K/km)

Peak ring
diameter (km)

Inner ring fault
diameter (km)

Outer ring fault
diameter (km)

1,200 390 660 790
1,300 410 700 845
1,400 420 800 1,000
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the strength profiles produced by varying Tlitho differ substantially from
those produced by varying dT/dz (Figures 8 and 11), the resultant ring
and basin structures display some striking similarities (Figures 9 and 12).
As Tlitho is increased, both the innermost and outermost ring faults move
outward (for dT/dz the location of the innermost fault remained relatively
constant). The Tlitho = 1,200-K simulation has the strongest asthenosphere
(Figure 11). This results in collapse of the transient crater being accommo-
dated by inward and upward flows of material relatively close to the basin
center and originating from a relatively large depth. As Tlitho is increased,
more collapse of the crater is accommodated by inward flow of material
farther from the basin center. This in turn produces a larger region of crus-
tal material being pulled down and in toward the basin center. This
explains the increasing distance of the outermost ring fault as Tlitho is
increased.

There are three large-scale faults cutting through the crust for all values of
Tlitho. For Tlitho = 1,400 K there are five large-scale faults apparent, but two
of these faults begin at depths of ~20 km and would not correspond to
topographic basin rings (Figure 12c). The offset along faults is reduced
as the temperature of the mantle is increased (Figure 12). As Tlitho is
increased, the asthenosphere becomes weaker and flows more readily
(Figure 11). For Tlitho = 1,200 K the collapse of the transient crater is accom-
modated by large strains relatively close to the transient crater rim,
whereas for Tlitho = 1,400 K crater collapse is accommodated by lower
overall strain from a greater distance. As Tlitho is increased, there is also

likely less basal traction on the lithosphere. Thus, the total fault offsets and inward collapse of lithospheric
material is reduced as the asthenosphere becomes weaker and flows more readily.

We find that the position of the innermost basin ring (peak ring) moves outward as mantle temperature is
increased (Table 5). For higher Tlitho material more readily collapses inward and produces a larger central
uplift (e.g., Figure 2b). The peak ring forms as the result of collapse of the central uplift, and the larger central
uplift leads to a larger peak ring diameter. There is also significantly more mantle splash at higher Tlitho
(Figure 13). In the final basin structure, the transition from thin crust near the basin center to the thickened
annulus is more abrupt for lower mantle temperatures (Figure 13). The thickening of crust in the annulus is
also more distributed for higher Tlitho. These effects together result in an outward shift in the location of
the thickened annulus for higher Tlitho. The thickness of the crustal cap is somewhat higher for higher

Tlitho, but the effect is quite limited compared to the effect of changes in
dT/dz (Figures 10 and 13).

3.5. Crustal Thickness

Here we explore the role of crustal thickness on the formation of basins
and their rings by comparing simulations with crusts that are 20-, 40-,
and 60-km thick while keeping all other target parameters and impactor
parameters the same as our fiducial model. We first discuss how crustal
thickness (tcrust) affects preimpact target strength. Then we discuss how
tcrust affects the location and formation of outer ring faults. Finally, we con-
sider how tcrust affects the location of the inner basin ring (peak ring) and
the final crustal structure of the basin.

Figure 14 shows the effect of crustal thickness on target strength. We do
not include the target thermal profiles as they are identical to the fiducial
model (Figure 1). Although these models have the same temperature pro-
file, at 85-km depth the models with 20-, 40-, and 60-km-thick crusts have
strengths of 79, 73, and 68 MPa, respectively. Our crustal material has a
density of ~2,600 kg/m3, while the mantle has a density of ~3,300 kg/m3,

Figure 13. Effect of temperature at the base of the lithosphere on final basin
structure. Material is colored according to temperature as indicated by the
scale bar. Initial impact occurs at the origin. The thin black curves are the
boundary or interface between two materials including crust, mantle, and
void. In general, crust and mantle can be identified as cooler and hotter
materials, respectively. Other than temperature at the base of the target’s
lithosphere, as indicated, all other parameters are the same as in the fiducial
model.

Figure 14. Material strength as a function of depth in the target for different
crustal thicknesses as indicated in the legend. All other parameters are the
same as in the fiducial model.
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and these densities depend on temperature and pressure. Thus, the
thin crust model has a higher overburden pressure than the other models
at depths exceeding 20 km. This difference in overburden pressure
explains the difference in strength of mantle material in the models.
Slight differences in strength at depths less than 20 km are caused by small
differences in surface gravity (a Moon-like target with a thicker crust is
slightly less dense and has a lower surface gravity than a Moon-like target
with a thinner crust). Note that the comparison in Figure 14 does not illus-
trate the fact that the mantle includes a viscoelastic-plastic rheology,
whereas the crust is described by a simpler elastic-plastic rheology.

Figure 15 shows the resulting ring structures made by each impact. For the
20-km-thick crust, the vast majority of the fault offset occurs on closely
spaced ring faults at 380 and 400 km (Figure 15a). There is an inner fault
located at ~335 km, but this fault has a smaller offset and only extends
to depth of ~60 km (Figure 15a). As the crustal thickness is increased,
the spacing between faults with the largest offsets increases (Figure 15).
The strength differences between the models with tcrust = 40 and 60 km
are minor, and the observed trend does not agree with the general intui-
tion gained from exploring the effect of differences in dT/dz on ring fault
spacing. We expect increasing strength of the lithosphere to lead to larger
offsets and larger spacing between individual faults. Differences in the
effects of dilatancy between the crustal and mantle material may explain
the differences seen in Figure 15. Although we use the same dilatancy
parameters for the crust and mantle, our mantle strength profiles use a
melt temperature or 1,373 K consistent with the mantle solidus, while
the crust uses a melt temperature of 1,513 K, which is more consistent with
the liquidus of crustal material. The dilatancy model we employ assumes
that materials are less dilatant as their melt temperature is approached
(Collins, 2014). Thus, at the same material temperature mantle material is
less dilatant than crustal material. Because dilatancy has a localizing effect
(Montési, 2002), localization occurs more readily in the crust and a thicker
crust results in more localization. This is consistent with the greater spa-
cing of large offset faults found for the thickest crust and the truncation
of the innermost fault in the case of the 20-km-thick crust. It is also possible

that the use of a viscoelastic-plastic rheology in the mantle and an elastic-plastic-rheology in the crust con-
tributes to the differences shown in Figure 15. Because the strength of the lower crust and upper mantle is
very similar in our numerical simulations (Figure 14), we did not expect that the formation of basin rings
would be sensitive to crustal thickness. Basin ring formation in our simulations, however, is sensitive to crustal
thickness and the rheological differences between crust and mantle outlined above. It is not clear whether
this aspect of our simulations is supported by observations.

The innermost basin ring or peak ring has a diameter of 410 km for the model with a 60-km-thick crust. For
the tcrust = 20- and 40-km simulations, the bulge of material produced by collapse of the central uplift occurs
purely in mantle material and no lasting peak ring is produced. Mantle material is exposed over much of the
basin for the simulations with 20- and 40-km-thick crusts (Figures 16a and 16b). For the simulation with a 60-
km-thick crust, a crustal cap covers the basin center (Figure 16c) and is thicker than the crustal cap produced
in the fiducial model (Figure 10b). Material with temperature less than ~1,000 K has roughly the same final
location in all simulations (Figure 16). The basins in Figures 16a and 16b show a similar structure of exposed
mantle material overlying downward displaced crust outside of the excavation cavity and an absence of a
peak ring as seen in our simulation with the lowest thermal gradient (dT/dz = 10 K/km, Figures 9a and
10a). Our simulation with the lowest mantle temperature also has a similar structure, lacking a peak ring
(Tlitho = 1,200 K, Figures 12a). Thus, we expect that if we used a higher thermal gradient and higher mantle
temperature more appropriate for basins in or near the PKT, a crustal cap and lasting peak ring could be pro-
duced even for tcrust = 20 and 40 km.

Figure 15. Vertically exaggerated plot demonstrating how crustal thickness
affects ring spacing and location. For more information about these plots see
Figure 3. Note that the horizontal axis starts at 100 km for all frames. Other
than target crustal thickness, as indicated, all other parameters are the same
as in the fiducial model.
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4. Discussion

Although our simulations provide insight into the formation of multiring
basins, a few features of our simulations are not consistent with observed
basins. Our simulations tend to have a ratio between the outermost ring
fault and innermost ring fault that is smaller than expected and between
the innermost ring fault and the peak ring that is larger than expected
(Neumann et al., 2015; Wilhelms, 1987). Our simulations with higher Tlitho
or higher dT/dZ have larger spacing between the innermost and outer-
most ring faults but tend to have smaller fault offsets and potentially too
many faults in the case of dT/dz. It is possible that setting Tlitho between
1,300 and 1,400 K combined with dT/dz between 13 and 20 K/km could
produce a larger fault spacing while keeping fault offsets high and the
number of faults to two or three. It is interesting to note that a larger crus-
tal thickness seems to produce larger fault spacing, and this is attributed to
the crustal rheology being more localizing. It is possible that a more loca-
lizing rheology throughout the target could produce ring structures that
better match observations.

One way to increase the amount of localization would be to include a fault-
weakening model, which might include rate-weakening (Senft & Stewart,
2009), localized shear heating (Crawford & Schultz, 2013), or acoustic flui-
dization (Hay et al., 2014). Nevertheless, even without these more exotic
rheologies, we are able to resolve the formation of basin rings. We may
also see improvement in our simulations if resolution is increased. We
note, however, that the 1-km-resolution simulations shown here each took
~1 month to complete on a high-specification workstation.

Our smallest simulated crater is an ~500-km-diamter peak-ring basin. The rim of this basin is associated with a
ring fault that cuts through the lithosphere (to a depth of ~80 km). Simulations of the smaller ~320-km-dia-
meter Schrödinger basin, which is also a peak-ring basin, also have a rim associated with a single ring fault
cutting to a depth of ~80 km (Kring et al., 2016). This structure suggests that ring tectonic theory
(McKinnon & Melosh, 1980) may also apply to the ring faults that define the rims of peak-ring basins. We note
that neither our simulations nor those of Kring et al. (2016) resolve the terrace zones of these peak-ring basin.
Additionally, there is no morphologic distinction between the terrace zones of small complex craters, where
such lithospheric-scale faults are unlikely and do not occur in simulations (Yue et al., 2013), and the observed
terrace zones of peak-ring basins. Thus, it is difficult to say whether the lithosphere-scale faults seen in Kring
et al. (2016) and our simulations of peak-ring basins would remain if terracing was resolved. Further analysis
of GRAIL gravity data could reveal whether such deep faults predicted by modeling are present in large peak
ring basins.

Best fitting forward models of gravity gradients and crustal thickness models indicate that the Orientale’s
Outer Rook Ring is nearly vertical at some azimuths (Andrews-Hanna et al., 2018). None of our simulations
produce ring faults that are significantly steeper than ~60°, a finding consistent with Anderson’s theory of
faulting (Anderson, 1905). It is possible that the inclusion of a crustal fault-weakening rheology would
produce steeper faults. It is well known that most impacts are oblique, with the most likely impact angle
being 45°. We expect that the slightly asymmetric collapse of the transient crater made by an oblique impact
(Elbeshausen et al., 2009) would likely produce some uprange-downrange ring asymmetries. It is conceivable
that oblique impacts could produce more vertical ring faults for some azimuths, but it is not clear how this
would occur. Direct exploration of the effect of impact obliquity would require full three-dimensional simula-
tions at the same 1-km spatial resolution, which are computationally prohibitive at the moment.

Our simulations show that the process of basin ring formation is sensitive to target thermal structure and
possibly crustal thickness. In actuality, basin ring formation is sensitive to material rheology, which is related
to material temperature and pressure through a strength model. Thus, a best fitting target thermal structure
is only as realistic as our material strength and rheological models. Although our simulations are far from a
complete description of the formation of multiring basins, using the intuition gained about the controls on

Figure 16. Effect of crustal thickness on final basin structure. Material is
colored according to temperature as indicated by the scale bar. Initial
impact occurs at the origin. The thin black curves are the boundary or
interface between twomaterials including crust, mantle, and void. In general,
crust and mantle can be identified as cooler and hotter materials, respec-
tively. Other than temperature at the base of the target’s lithosphere, as
indicated, all other parameters are the same as in the fiducial model.

10.1029/2018JE005765Journal of Geophysical Research: Planets

JOHNSON ET AL. 3048



multiring basin formation, it should be possible to produce simulations that simultaneously match the
crustal thickness of observed basins and their approximate ring locations. Coupled with detailed gravity
analyses (Andrews-Hanna et al., 2018), these simulations would provide valuable insight into the process
of basin ring formation. Additionally, if basins of various location and ages are compared, we could estimate
how the thermal structure of the Moon varied with time and location on the Moon during the basin
forming epoch.

5. Conclusions

We have simulated the formation of lunar multiring basins under a wide range of conditions. We have
explored the effects of impactor size, crustal thickness, near-surface thermal gradient, and temperature of
deeper material. Generally, we find that outer basin rings are large normal faults that form during crater col-
lapse and that the location and spacing of basin rings is sensitive to target rheology. We find that the inward
flow of warm weak material at depth is paramount to the formation of these rings, a conclusion that agrees
with ring tectonic theory (Melosh & McKinnon, 1978). Our simulations also indicate that the rims of peak-ring
basins may form in a similar way to the outer rings of multiring basins.

Our simulations successfully produce peak-ring and multiring basins, similar to those observed on the Moon.
In addition to reproducing the approximate spacing and offsets of the rings in Orientale, as noted previously
(Johnson et al., 2016), the model results reproduce a number of other important observations. The predicted
transition diameter from peak-ring to multiring basins between diameters of 500 and 700 km agrees well
with the observed transition between 570 and 650 km. The models also predict the observed difference in
the ratio between the diameters of the first outer ring and the peak ring for peak-ring and multiring basins
(~2 and ~1.4, respectively).
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