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P L A N E TA R Y  S C I E N C E

A southward differentiated impactor forms the  
tapered shape of the South Pole–Aitken impact  
basin on the Moon
Shigeru Wakita1*, Brandon C. Johnson1,2, Jeffrey C. Andrews-Hanna3, Gabriel Gowman3,  
Thomas M. Davison4, Gareth S. Collins4, Carys A. Bill4, Simone Marchi5, Amanda M. Alexander5, 
William F. Bottke5, Alexander J. Evans6

The South Pole–Aitken (SPA) basin-forming impact was a critical event in the Moon’s history. Despite being the 
oldest and largest acknowledged basin, critical details including the impactor’s size, nature, direction, and fate of 
the ejecta remain uncertain. Here, we simulate SPA’s formation and resultant crustal structure. We find that SPA’s 
observed shape of an ellipse tapered toward the south is best reproduced by a 260-km-diameter differentiated 
impactor striking with a north-to-south trajectory. In this scenario, the impact disperses lunar mantle materials in 
the cross-range and the downrange directions away from the lunar farside. Much of the mantle ejecta collapses into 
the basin interior, consistent with the distribution inferred from gravity. These results suggest that the Artemis landing 
sites near the lunar south pole should contain abundant SPA ejecta including mantle materials. Samples returned 
from these regions should therefore reveal the age of SPA and the composition of the lunar mantle.

INTRODUCTION
At greater than 2000 km in diameter, the South Pole–Aitken impact 
basin (SPA) is the largest and oldest confirmed basin on the Moon 
(1, 2). The basin is elongated in one direction, presumed to be the down­
range direction, suggesting either a northward or southward impact 
trajectory (2). The ejecta from an impact of a northward trajectory 
has been suggested as a solution to the crustal thickness asymmetry 
between the Moon’s nearside and farside [e.g., (3, 4)]. Impactor core 
material may be responsible for magnetic anomalies observed around 
the northern rim of SPA (5) or gravity anomalies within the basin (6). 
Recent work, however, suggests that a southward impact trajectory is 
more likely based on the shape and the structure of the basin. Large 
basins on the Moon and other solid bodies (e.g., Mars and Pluto) are 
ellipses that taper in the downrange direction (7). SPA’s tapering toward 
the south, a steeper crustal thickness gradient toward the north, and 
the presence of a thorium- and iron-rich deposit toward the southwest of 
SPA beyond the basin rim support a southward impact trajectory (7). 
The shape of the SPA basin was evaluated using a combination of 
topography, Bouguer gravity, and gravity gradients, excluding any 
regions in which the basin outline has been substantially modified 
by other large impacts or is otherwise indistinct (7). Multiple choices 
for the basin outline all yielded a shape tapering to the south at >2σ 
level. If this southward direction is correct, the Artemis missions, 
which will target the south pole region, will be well placed to sample 
SPA ejecta and reveal the history of the Moon. There is, therefore, a 
need to revisit the formation of SPA considering a southward impact.

Previous three-dimensional (3D) impact simulations of SPA for­
mation suggested that the impactor diameter was 200 to 400 km with 
an impact angle of 30° to 45° (5, 8, 9). Assuming a south-to-north 

impact, these simulations mainly investigated the distribution of ejecta 
at resolutions of >10-km cell size. Nevertheless, the resulting mod­
eled basins include a thickened annulus of crust in the basin outside the 
central zone of crustal thinning, which is not observed at SPA (4). 
Previous 3D models have not examined the relationship between the 
impact direction and the observed SPA crustal thickness distribution 
including its tapered shape and observed ejecta distribution, which 
requires higher resolution and longer run times to make robust com­
parisons. Here, we conduct high-resolution (5-km cell size) 3D sim­
ulations of the formation of SPA using iSALE-3D (10, 11). If the large 
impactor that produced SPA formed early enough, heating from the 
decay of short-lived radionuclides (e.g., 26Al) is expected to result in 
its differentiation (12–14). We simulate impacts of both differenti­
ated and undifferentiated bodies obliquely striking a Moon-like target 
and examine the resultant crustal thickness and ejecta distributions. 
More details are provided in Materials and Methods.

RESULTS
Reproducing the tapered shape of SPA basin
Our impact simulation that produces a final basin that best fits the 
tapered elliptical shape of SPA (7) is of a 260-km-diameter differen­
tiated body that strikes the Moon at 13 km/s and a 30° impact angle. 
Note that 30° is measured from the horizontal direction (i.e., 90° is a 
vertical impact). We assume that the impactor core is half of the im­
pactor radius, which corresponds to 29.2% in total mass. This size is 
at the higher end of the estimated core radius, which is 40 to 50% of 
the differentiated parent body radius assuming an initial composi­
tion of an ordinary chondrite (15). A time series of SPA formation is 
shown in Figs. 1 and 2. The impactor’s upper portion is highly de­
formed but continues on nearly its initial trajectory in a process called 
decapitation [e.g., (16, 17); see Figs. 1B and 2]. Thus, the impactor 
striking at a shallow impact angle does not fully penetrate into the 
Moon. Material is ejected (Fig. 1C), and then, the transient crater col­
lapses under the force of gravity, thereby producing a large asym­
metric central uplift (Fig. 1D). After the collapse of the uplift (Fig. 1E), 
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crustal material flows toward the basin center until the basin reaches 
its post-impact state ~3 hours after the impact (Fig. 1F). The dis­
tance traversed by crustal materials can be up to 800 km toward the 
center of SPA. Note that our best-fitting case is comparable with pre­
vious work of 200 to 420 km at 15 km/s with 30° to 60° (8) but slightly 
different from 350 to 400 km at 12 to 16 km/s with 30° to 45° in (9). 

Here, we focused on the crater planform in crustal thickness to de­
termine a best-fit.

We use crustal thickness from our simulations to determine the 
basin shape (e.g., rim planform shape and location; see Materials 
and Methods). With our resolution of 5 km, this approach will re­
flect the final topography, since the final basin should be isostatically 
compensated (18) but is more robust than comparing topography 
directly. The basin planform takes the shape of a tapered ellipse and 
matches the observed basin planform well (Fig. 3A). Our best-fit simu­
lation produces a tapered basin that is slightly wider than SPA’s shape 
based on Bouguer gravity and gravity gradients (7) (see also Fig. 3, 
E and F). Based on SPA’s observed gravity data and topography, the 
averaged crustal thickness profile along the SPA’s long axis exhibits a 
steeper slope toward the north compared to the south (7). Our aver­
aged crustal thickness profile exhibits fluctuations, and it is hard to 
distinguish quantitatively the slopes in uprange and downrange di­
rections (Fig. 3C). Nonetheless, a slightly steeper slope in the uprange 
direction may suggest that our simulations also favor a southward 
impact trajectory as suggested by Andrews-Hanna et al. (7).

To explore the effect that the impactor’s core has on the basin 
shape, we simulate the same impact but without an impactor core 
(260-km-diameter impactor hitting at 13 km/s with 30° impact angle). 
Note that this lowers the mass of the coreless impactor, which is as­
sumed to be composed completely of dunite (see Materials and Meth­
ods). While a differentiated impactor produces a basin planform well 
described by a tapered ellipse-like shape for SPA, an undifferentiated 

A B

C D

E F

Fig. 1. Time series of our best-fitting SPA forming impact. Simulation is of a 260-km-diameter differentiated impactor striking at 30° and 13 km/s. Green color repre-
sents the impactor core, cream color represents the crust, and gray color represents the mantle, respectively. Black dashed lines indicate the original surface of the moon. 
(A) Initial state (i.e., before the impact), (B) decapitation (see also Fig. 2), (C) excavation, (D) formation of the uplift, (E) collapse of the uplift, and (F) final state of basin 
formation (see the main text for details). The white arrow in (A) indicates the impact direction. Movie S1 is an animation of this figure, and movie S2 is an animation in 3D.

Fig. 2. Effect of impactor core on excavation of the crater. The left panels corre-
spond to the impactor with a core, and the right panels correspond to the impactor 
without core. Both impactors are 260 km in diameter striking at 30° and 13 km/s. 
Color is the same as in Fig. 1. Movie S3 is an animation of this figure.
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impactor produces a more circular basin (see Fig. 3, A and B). In ad­
dition, the crustal thickness gradient in SPA’s uprange and down­
range directions are similar for an undifferentiated impactor, which 
is also inconsistent with observations (Fig. 3D). The decapitation of 
the impactor occurs in both simulations regardless of the presence of 
a core (Fig. 2). In the case of the differentiated impactor, however, the 
dense core continues to excavate a shallow zone in the downrange 
direction during the decapitation process. It is this continued exca­
vation by the core that results in the tapering of the planform in the 
downrange direction (Fig. 3). This enhanced excavation is absent in 
case of the undifferentiated impactor, which explains the contrasting 

final basin shapes. Thus, our simulation indicates that the impactor’s 
core is responsible for the tapered shape of SPA.

Effect of impact angle and velocity
We also vary the impact velocity from 10 to 16 km/s to explore the 
effect of impact velocity on basin shape. We use this range despite 
modeling results that indicate that the mean impact speed is 20 km/s 
(19) for lunar projectiles 4.35 billion years ago, a prospective age for SPA 
basin formation [e.g., (20)]. Our rationale comes from a geometric 
model describing large elliptical basin formation from Andrews-
Hanna and Zuber (21) [see also (22)]. Cratering efficiency, or the ratio 

A B

C D

E F

Fig. 3. Crustal thickness distribution after the oblique impact. Top panels illustrate the thickness of the crust colored by the difference from the initial crustal thickness 
of 50 km (A and B). The origin represents the basin center (850 km away from the impact site; the black diamond and arrow indicate the point of impact the downrange 
direction, respectively). The black solid lines show the basin outline, where the crust returns to the preimpact crustal thickness, of our numerical model, and the black 
dashed line is the basin shape from Andrews-Hanna et al. (7). Middle panels show the averaged crustal profile of the long axis in downrange direction (C and D). Note that 
it covers 15° from the basin center (indicated as white dotted lines in top panels). The gray lines in (C) and (D) represent the slopes of observed average crustal thickness 
profiles (7). Both impactors are 260 km in diameter and strike the Moon at 30° and 13 km/s, but (A) and (C) contain a 130-km-diameter iron core, whereas (B) and (D) have 
no core. The arrow indicates the direction of impact, and the black diamonds indicate the impact site. Bottom panels show the crustal thickness and topography 
[E and F; Andrews-Hanna et al. (7)]. Note that these are from the model 1 of Wieczorek et al. (4), but global spherical harmonic degree 1 and 2 patterns were removed. 
All panels use a basin-centered polar projection.
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between final crater and impactor sizes, decreases for lower impact 
velocities. A lower cratering efficiency implies that crater growth is 
arrested at an earlier time when the crater planform has less time to 
circularize relative to the highly elongated projectile footprint, or area 
of direct contact between the impactor and target. Based on this, we 
expect that lower impact velocities will lead to more tapering and 
elongation, and therefore, the projectile speed of SPA was likely 
lower than the predicted mean. As we vary the impact velocity, we 
use crater scaling laws to estimate the size of impactor that will pro­
duce the same-sized crater as our best-fitting simulation, i.e., the 
smaller size for the higher impact velocity (see Materials and Meth­
ods). We find that the 10-km/s simulation produces a similar shape to 
our best-fit case, although the tapering is more exaggerated (fig. S1A). 
Conversely, the-16 km/s impact results in a more circular shape, 
which is inconsistent with SPA’s shape (fig. S1B).

Our best-fit favoring a-13 km/s impact velocity implies that the 
SPA impactor was on a low inclination Earth-like orbit before it struck 
the Moon. Given the collisional and dynamical evolution of leftover 
planetesimals, the most likely source of the SPA impactor probably 
originated within the Mars zone rather than within the Venus-Earth 
zone (19, 23). The bodies in the Mars zone were transported there 
and/or formed in situ during the early solar system (24–26). These 
bodies may have undergone differentiation due to the decay heat of 
26Al. Since the building blocks of Mars could be similar to ordinary 
and enstatite chondrites (27–29), a potential impactor originating 
from the Mars zone could have a similar composition. Lunar sam­
ples from Apollo landing sites find variety of composition originat­
ing from impactor materials (30). Future sampling in and around 
SPA basin could provide compositional information on the SPA im­
pactor, helping us understand its origin.

Decapitation of a differentiated impactor, which requires a rela­
tively shallow impact angle, is necessary to produce the tapered shape 
of SPA. Our best-fitting case of 30° is consistent with the shallower 
angle of previous work (5, 8, 9). In contrast, the steeper impact angle 
case of 35° begins to produce a relatively larger and circular-shaped 
basin and fails in forming a tapered-shaped basin as observed (fig. 
S2B). The shallower angle case of 25° produces a tapered shape basin 
that is substantially smaller than SPA (fig. S2A). These findings im­
ply that the decapitation of the impactor core is essential for producing 
tapered-shaped basins. A bigger impactor than implied by impactor 

scaling laws may be necessary for these shallower impacts, but it would 
also likely create a basin that is too large in the cross-range direction. 
At this shallower angle, the core does not contribute substantively to 
the cratering process (fig. S3). Alternatively, for those shallow im­
pact angles, our simulation may not resolve the decapitation process 
well even with our high resolution of 5 km; the best-fit impactor’s core 
radius of 65 km is 13 cells (see also Supplementary Text and fig. S4). 
While our current results indicate 30° as the best-fit case, this might 
change with a much higher resolution simulation and a more ex­
tensive exploration of impact parameters (e.g., impact angle, impactor 
size, and its core size) and target properties (e.g., preimpact tem­
perature profile).

Distribution of mantle ejecta
Understanding the distribution of mantle ejecta around SPA is of 
great interest to future sample return efforts. Substantially more mate­
rial is ejected in the downrange direction compared to the uprange 
direction as expected [e.g., (31–33); see Fig. 1C]. We find that the 
mantle material is distributed ~550 km beyond the final topographic 
rim in the downrange direction and 650 km in the cross-range 
direction, while there is no mantle ejecta in the uprange direction 
(Fig. 4A). The ejecta pattern is reminiscent of the butterfly-like dis­
tal ejecta pattern, which is characterized by two “wings” of ejecta in 
cross-range direction and usually found as a result of grazing im­
pacts (9, 16, 31, 34, 35). For comparison, mantle-bearing ejecta in­
ferred from gravity data [supplementary figure 5 of (7); (36)] extends 
~400 km beyond the basin rim west of the basin in the cross-range 
direction and 250 km south of the basin rim. Mantle-bearing ejecta 
is not expected from the gravity data beyond the north rim of the 
basin. Mantle ejecta from an impactor with a core is distributed fur­
ther in both the cross-range and downrange direction compared to 
the impactor without a core (Fig. 4B).

In the later stages of crater formation (from 3000 s until the end of 
the simulation, ~3 hours), the thickened crust in the ejecta blanket 
collapses into the basin, thins, and transports mantle-bearing ejecta 
atop across much of the basin floor interior to the final topographic rim 
(see Fig. 5 and movie S1). Because this zone may be dominated by the 
impact melt sheet and any crust and ejecta material transported into 
this zone might be expected to homogenize with the melt, the central 
part of the SPA basin could be devoid of observable mantle-bearing 

A B

Fig. 4. Distribution of mantle ejecta. (A) Color illustrates the mantle ejecta thickness. The impact is our best-fitting case (Fig. 1). The origin represents the basin center 
(850 km away from the impact site). The arrow indicates the direction of impact, and the black diamonds mark the impact site. The black circle indicates the 6° from the 
south pole, known as the Artemis region (41). (B) Same viewing as (A), but mantle ejecta from an impactor without core (see Fig. 3, B and D).
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ejecta. The center of the basin is also dominated by material excavated 
from shallower depths (<50 km; see below and Fig. 6 and fig. S5). 
Alternatively, a lower thermal gradient would reduce the inward col­
lapse of the ejecta leaving an exposed melt pool at the basin center. 
Limited inward collapse of the ejecta blanket is supported by the ob­
servation work of a subtle peak ring of thickened crust at the inner 
edge of the zone of mantle-bearing ejecta (7, 36). Our model indi­
cates that impact melt is distributed around the basin center (fig. S6). 
These results agree well with gravity data interpretation of mantle-
bearing ejecta extending up to ~700 km interior to the present-day 
topographic rim (7, 36), a uniform density zone ~1300 km in diam­
eter that has been interpreted as the solidified melt sheet in the basin 
center. The central impact melt zone in our model is narrower than 
inferred from the gravity data and is preferentially located in the down­
range direction (fig. S6). We suspect that this discrepancy could be a 

result of post-impact processes, such as viscous spreading of the hot 
buoyant melt sheet.

Collapse of the central uplift also pushes mantle material onto 
the surface (Fig. 5). Asymmetry in the central uplift means that less 
mantle material is pushed downrange than in the cross-range direc­
tion. Mantle is also pushed up over the crust in the uprange direction, 
with the thickened crust collapsing into the basin. This prediction 
explains why the observed gravity anomalies are consistent with mantle-
derived material interior to the uprange rim, where no mantle-derived 
ejecta is expected (7, 36).

We can also probe the provenance depth of the mantle ejecta. The 
uppermost mantle ejecta (from 50 to 70 km from the surface) is broadly 
distributed (Fig. 6A), while the deeper mantle ejecta (>90 km from 
the surface) is preferentially distributed in the cross-range direction 
(Fig. 6C). The maximum depth of excavation is closely related to the 

A B

C D

E F

Fig. 5. Time series of mantle ejecta. Same viewing as Fig. 1, but the mantle ejecta is shown highlighted by red circles.
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decapitation of the differentiated impactor that produces the ob­
served tapering of the crater planform. The differentiated impactor 
extends excavation in the downrange direction, but the excavation is 
shallower and more limited in lateral extent. The maximum depth of 
excavation is 70 km for ejecta that lands in the downrange direction 
and 100 km for ejecta that lands in the cross-range direction.

DISCUSSION
Our results indicate that a differentiated impactor is necessary to 
produce the tapered planform of the SPA basin. We expect, however, 
that any large density contrast between the interior and exterior of 
the impactor could produce a similar shape. For example, a rocky 
body could potentially have a highly porous outer layer, while a dif­
ferentiated icy body could have a rocky core. Such impactors would 
have a lower average density than the impactors considered in this 
work. They would yield a reduced cratering efficiency. Thus, includ­
ing the effect of a high porosity outer layer or an ice layer could 
enhance elongation and tapering. Inclusion of these effects would 
expand the allowable parameter space for SPA-forming impacts to 
include higher impact angles and velocities. Note that a porous out­
er layer would be more consistent with leftover planetesimals from 
the terrestrial planet region than an icy outer layer (19).

Other basins with similar tapered shapes are located on the Moon, 
Mars, and Pluto (7). We postulate that they were also produced by 
bodies with large density contrasts between their interiors and exte­
riors. Insights into the nature of these basin-forming impactors might 
be gleaned from new impact simulations capable of resolving this 
tapering effect (fig. S4). While the impactor’s core and its decapita­
tion is essential to form the tapered-shaped basin (fig. S2), its core-
mantle ratio could have an important effect on the resulting basin 
shape. If the impactor’s core is molten, the behavior of decapitation and 
the resultant basin shape could change. While the fate of the impac­
tor’s core is beyond the scope of this paper and needs further investiga­
tion, our best-fitting simulation indicates it is unlikely to be located 
within the basin (6). Instead, it would land away from the basin and/
or escape from the Moon (see figs. S3 and S4 and movie S3). There­
fore, the magnetic anomalies within and around the SPA basin may 
require an explanation other than the magnetization of material 
from the SPA forming impactor’s core (5).

Our best-fitting simulation shows that the lunar mantle ejecta dis­
tribution is similar to the butterfly-like pattern of distal ejecta found 
for craters produced by low-angle impacts [e.g., (16, 31)], while the 
distribution of mantle ejecta varies according to their original depth 
(Fig. 6). Note that the “wings” of the butterfly-like ejecta are distrib­
uted in cross-range direction (i.e., northwest and northeast of SPA; 
Fig. 4), consistent with observations of enhanced FeO (37). Assum­
ing a thinner preimpact crust to the southwest of the SPA impact site, as 
global crustal thickness trends imply, we would expect thicker de­
posits of mantle material to extend further from the basin to the south­
west, while any mantle ejecta should be thinner and remain closer to the 
basin to the east. This distribution is consistent with the observed 
distribution of gravity anomalies [supplementary figure 5 of (7); (36)], 
which have been interpreted to arise from mantle-rich ejecta. These 
anomalies extend further from the basin beyond the rim to the south­
west where the crustal thickness is <50 km, but are only found inte­
rior to the rim to the northeast where the crustal thickness reaches 
70 km (7, 36).

Although it is not clear if this aspect of the simulations would per­
sist at higher resolution, the excavated mantle material is predicted to 
be present as tens of kilometer scale discrete bodies, consistent with 
observed gravity anomalies (7, 36). The total volume of mantle ejecta 
from our best-fitting simulation, 4.2 × 106 km3, is slightly less than 
the estimated value from the gravity data [~5 × 106 km3; (36)]. The 
typical modeled thickness of mantle ejecta of a few kilometers is simi­
larly consistent with the thickness as suggested by the gravity data. 
Tracking tracers from a depth greater than 35 km to emulate a thinner 
crust suggests that there would be 1.3 × 107 km3 of mantle ejecta 
(see fig. S5) consistent with previous estimates from Citron et al. (9). 
The intuitive result of more mantle ejecta being produced with a 
thinner crust is consistent with mantle ejecta extending to greater dis­
tances to the southwest of SPA where the preimpact crust is thought 
to be thinner (7, 36).

The distribution of Th-rich material outside the basin can only be 
reconciled with the expected ejecta distribution (7, 36, 38, 39), if it 
was not uniformly distributed at the time of impact, as mantle ejecta 
is expected on both sides of the basin, and material just below the 
crust is predicted to be the most widely distributed. Th-rich and Ti-
poor material distributed in the southwest ejecta of SPA may be ma­
terial excavated from a late-stage, discontinuous, thin magma ocean 

A B C

Fig. 6. Distribution of mantle ejecta from various depths. Same viewing as Fig. 4A, but (A) illustrates the mantle material with initial depth of 50 to 70 km, (B) illustrates 
the mantle material with initial depth of 70 to 90 km, and (C) illustrates the mantle material with initial depth of >90 km, respectively.
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between the crust and mantle (7). To the east of the basin, the obser­
vation of gravity anomalies from mantle-derived material in the rim 
region (7, 36), where no Th excess is found, can only be explained if 
the Th-rich material was absent below the basin in this region, consis­
tent with the proposed discontinuous late-stage magma ocean (7). 
Although subsequent impact craters and basins have modified the 
ejecta blanket of SPA, there is no evidence for substantial contami­
nation of the surface compositional signature (7). For instance, the 
continuous ejecta of the Orientale basin (40, 41) lies largely outside 
of the mantle-bearing ejecta of SPA (36), and most of the eastern 
ejecta of SPA is mapped as either Nectarian or pre-Nectarian materi­
als (40, 41), in which impact gardening would have vertically mixed 
the material to provide a more representative composition.

Our work suggests that NASA’s Artemis III mission, which will send 
astronauts to the Moon, is likely to sample SPA ejecta, if it lands as 
planned in the south polar region of the Moon (42). This region is near 
the south rim of SPA. For the previously assumed south-to-north 
impact, the Artemis landing region just beyond the postcollapse 
topographic rim would be devoid of ejecta from the lunar mantle. In 
contrast, for a north-to-south trajectory, our models predict that the 
Artemis III mission will land downrange of the impact point as­
suming our interpretation of a southward trajectory is correct. If a 
north-to-south impact produced SPA, the Artemis III mission may 
land within the ejecta deposit that contained excavated mantle mate­
rial by the SPA-forming impact. Our model indicates that this region 
has 350-m thick of mantle materials on average, but some locations 
have up to ~3 km emplaced (see the black circle in Fig. 4A). Much of 
this material may have been excavated from depths >90 km (Fig. 6). 
This ejecta lands at high velocity and is expected to mix with crustal 
material through the process of ballistic sedimentation (43). This mate­
rial has also undergone billions of years of regolith gardening and mix­
ing. Despite this mixing, samples from south-pole region are likely 
to contain SPA mantle ejecta. Thus, returned samples from Artemis 
landing site could constrain the age of SPA in addition to the com­
position of the Moon’s mantle.

MATERIALS AND METHODS
Numerical methods
We performed 3D impact simulations using the iSALE-3D shock phys­
ics code (10, 11) including recent improvements to its parallel effi­
ciency and treatment of multiple materials (44). iSALE-3D uses a 
solver as described in Hirt et al. (45) and includes a strength model 
(46–48). While the iSALE-3D code solves the energy conservation 
equation, it is not strictly enforced. To examine the formation of SPA 
basin and its crustal thickness, we applied 5-km resolution for the 
high-resolution zone regardless of the impactor size. Our impactor 
diameter of 230 to 400 km corresponds to resolutions of 23 to 40 cells 
per projectile radius (CPPR). Note that iSALE has a high-resolution 
zone and an extension zone, where cells incrementally increase by 3% 
from the previous cell up to a maximum cell size of 100 km (20 times 
larger than the cell size in the high-resolution zone). We used a lim­
ited high-resolution zone to save the computational resources but 
simulated the whole target (i.e., Moon) within the extension zone. 
Our high-resolution zone ranges [−1800 km, 1500 km] for x (hori­
zontal), [0 km, 1650 km] for y (depth), and [−1445 km, 555 km] for z 
(vertical) direction, respectively. The impact point is the origin (0,0,0) 
and the oblique impactor travels from positive x to negative x. Note 
that our simulations assume symmetry in the cross-range direction. 

We varied the impact angle from 15° to 90°. We also scaled the impac­
tor diameter to form the comparable transient crater sizes as impact 
angle, and impact velocity were varied [e.g., (49, 50)]. Our fiducial 
impact velocity is 13 km/s, which is lower than the mean velocity 
expected for the SPA impactor of 20 km/s (19). We estimated the fi­
ducial impact’s effect on the Moon’s rotation and orbit (see Supple­
mentary Text).

We assumed that the Moon is composed of three different materials— 
core, mantle, and crust. We used the analytical equation of state 
(ANEOS) of iron for the core, dunite for the mantle, and granite for the 
crust, respectively (51–55). We also used iron core and dunite mantle 
for the differentiated impactors. We varied the impactor radii from 
230 to 400 km to produce a transient crater of similar size according to 
the impact angle and impact velocity (49, 50). For example, we con­
sidered a 300-km-diameter impactor for 30° at 10 km/s and a 240-km- 
diameter impactor for 35° at 13 km/s. The iron core size is fixed at half 
of the impactor radius, which is on the high end of estimates for the 
ordinary chondritic parent body (15). This corresponds to 29.2% of 
the total mass in our best-fitting case. Our assumption of half radius 
core also corresponds to the mass fraction of iron oxides in chon­
drites (56–59) and the core fraction of thermally evolved planetesi­
mals (12–14, 60). Our Moon-like target has a radius of 1740 km, an 
iron core radius of 350 km, a crustal thickness of 50 km, and a man­
tle layer 1340 km thick. The choice of 50-km-thick crust is moti­
vated by having the crust resolved by 10 computational cells. Our 
fiducial temperature profile of the target, with a temperature gra­
dient of 50 K/km up to a maximum mantle temperature of 1400 K, 
follows the best-fit case in previous work 2D simulations (18). This 
setting corresponds to a lithospheric thickness of 22 km. This high 
temperature gradient is consistent with an impact early in lunar history 
when the post-magma ocean cumulates remain warm. Later, after the 
completion of magma ocean solidification, the equilibrium conduc­
tive temperature gradient would have been much lower. Note that a 
lower thermal gradient and higher mantle temperature may produce 
similar results (61) and rheologies that include transient weakening 
like acoustic fluidization could also reduce the thermal gradient 
needed to reproduce SPA (62). If the Moon has a lower temperature 
gradient of 30 K/km (a lithospheric thickness of 37 km) and the 
same mantle temperature of 1400 K, it results in a relatively circular 
planform with an annulus of thickened crust, which is inconsistent 
with observation (fig. S7). An annulus of thickened crust was also 
produced in previous 2D work with this cooler thermal profile (18). 
Exploring these effects in more detail with 3D simulations could sug­
gest alternative temperature profiles suitable for SPA (63).

To compare with observations, we calculated the crustal thick­
ness and tracked the distribution of mantle ejecta using tracer par­
ticles. For the crustal thickness, we first found the surface of the target 
along a radial line through the middle of each surface cell. Next, we 
found the crust-mantle interface in the radial direction toward the 
center of the target. Last, we calculated the distance between these 
locations considering the material fraction of each cell. Note that we 
made the crustal thickness zero if the surface material is mantle with no 
crust underlying it. To compare the crustal thickness with observed 
data by Andrews-Hanna et al. (7), we considered a basin-centered 
polar projection; we calculated the distance and angles from the basin 
center that is located 850 km downrange from the impact site. When 
we outlined the basin rim, we considered the first location that has 
a crustal thickness of 50 ± 5 km (where 5 km is the size of one cell) 
in every 10° in the polar coordinate. In an attempt to avoid isolated 
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islands of high crustal thickness, we ignored locations with less than 
seven adjacent points that meet this criterion. The arbitrary choice 
of seven adjacent points works fine for most cases; however, this ap­
proach still identifies isolated islands of high crustal thickness as the 
part of the outline of the basin at times (see fig. S1). For the thick­
ness of mantle ejecta, we used tracer particles to examine the ejecta 
landing sites. iSALE emplaces one tracer particle in each cell before 
the impact and tracks their location throughout the impact. Note that 
we limited the total number of tracer particles to save the computa­
tional resources; their initial locations were [−1215 km, 550 km] for 
x, [0 km, 1000 km] for y, and [−500 km, 260 km] for z directions, 
respectively. We regarded surficial mantle ejecta as being located 
within three cells from the surface and above three cells from the crust-
mantle boundary to avoid any artificial effect around the boundaries. 
We averaged the ejecta within a square area of 40 km by 40 km to 
calculate the ejecta thickness. The spatial resolution of 5-km cell size 
over the impactor and basin was the highest resolution achievable with 
the available computational resources. While this resolution is higher 
than previous 3D simulations [e.g., (8)] and allows us to adequately 
resolve crustal material, we note that it only affords a resolution of 
10 cells over the thickness of the crust and is lower than previous 
2D simulations, which used a 1- to 2-km cell size [e.g., (18, 64)]. We 
did not fully investigate the influence of spatial resolution on our re­
sults as a higher resolution was unfeasible, and a lower resolution 
would not have been sufficient to resolve the crust (see Supplementary 
Text). The spatial resolution implies a minimum impactor resolution 
of 26 CPPR. Experience from previous iSALE-2D simulations sug­
gests that this is sufficient to adequately resolve shock pressure decay, 
crater size, and large-scale structure [e.g., (65)]. While the spatial 
resolution of the crust is sufficient to resolve the major zone of crustal 
thinning under the basin, including its planform, we expect that a 
higher spatial resolution would reveal finer-scale crustal deformation 
and reduce the ~5-km uncertainty on the crust-mantle boundary po­
sition under the basin. We also expect that a higher spatial resolu­
tion would result in thinner and more continuous deposits of ejecta 
and exhumed mantle.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S7
Legends for movies S1 to S3
References

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S3
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