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Abstract The third stage of the Saturn IV rocket used in the five Apollo missions made craters on
the Moon ~30 m in diameter. Their initial impact conditions were known, so they can be considered
controlled impacts. Here, we used the iSALE-2D shock physics code to numerically simulate the
formation of these craters, and to calculate the vertical component of seismic moment (~4 X 10 Nm)
and seismic efficiency (~107°) associated with these impacts. The irregular booster shape likely caused
the irregular crater morphology observed. To investigate this, we modeled six projectile geometries, with
footprint area between 3 and 105 m?, keeping the mass and velocity of the impactor constant. We showed
that the crater depth and diameter decreased as the footprint area increased. The central mound observed
in lunar impact sites could be a result of layering of the target and/or low density of the projectile.
Understanding seismic signatures from impact events is important for planetary seismology. Calculating
seismic parameters and validating them against controlled experiments in a planetary setting will help us
understand the seismic data received, not only from the Moon, but also from the InSight Mission on Mars
and future seismic missions.

Plain Language Summary Observations of meteoroid strikes on the Moon, including
artificial impacts made by the Saturn boosters from the Apollo missions, present valuable information for
connecting impact conditions with seismic properties of the lunar and planetary crusts. These artificial
impacts on the Moon were made by irregularly shaped spacecraft with low density. We numerically
simulated these artificial impacts, using several different projectile geometries in order to represent the
spacecraft's low density and shape. We found that the projectile representation affected the crater size.
We calculated the amount of energy transferred into seismic waves and seismic moment created in these
impacts to be consistent with previous studies. These parameters did not change with different projectile
representations, but were affected by the material properties of the impact site. The aim is to use the
results from the controlled lunar impacts to help understand the seismic signatures of impacts on Mars.

1. Introduction

The NASA InSight Mission has been recording seismic activity on the surface of Mars since late 2018 (e.g.,
Banerdt et al., 2020). However, to date none of these signals have been unambiguously associated with an
impact event (Daubar et al., 2020). This calls for further investigation of meteorite strikes and the relation-
ship between impact parameters and the amplitude of the seismic signals they generate. The artificial cra-
ters that were made by the Saturn IV boosters (S-IVB) impacting the Moon (Wagner et al., 2017) represent
large scale impact experiments (Figure 1). They provide a valuable link between known impact conditions
and resulting crater size. Moreover, the seismic signals generated by these impacts were recorded by the
Apollo seismic network operating on the Moon at the time, which provided information about impact-in-
duced seismicity on the Moon (e.g., Gudkova et al., 2015; Latham et al., 1970; Lognonné, 2005; Lognonné &
Mosser, 1993; Lognonné et al., 2009; Onodera et al., 2021; Toksoz et al., 1974).

RAJSIC ET AL.

1of 13


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8598-0815
https://orcid.org/0000-0001-8644-8903
https://orcid.org/0000-0001-9265-8931
https://orcid.org/0000-0002-6087-6149
https://orcid.org/0000-0003-4120-2437
https://orcid.org/0000-0002-1014-920X
https://orcid.org/0000-0001-7007-4222
https://orcid.org/0000-0001-9790-2972
https://doi.org/10.1029/2021EA001887
https://doi.org/10.1029/2021EA001887
https://doi.org/10.1029/2021EA001887
https://doi.org/10.1029/2021EA001887
https://doi.org/10.1029/2021EA001887
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2021EA001887&domain=pdf&date_stamp=2021-11-29

V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2021EA001887

Apollo 15

Apollo 14

Reinhold

OApollo 16

Apollo 15’ r

o
Apollo 13 0
Apollo 17

, Euclides Fra Mauro

© Apollo 14 . |

Apollo 17

Figure 1. Apollo artificial craters on the Moon. Craters are all asymmetric and they show central mounds at the bottom. Ejecta around craters do not include
resolved rocks, under resolution of 0.5 m/px. (LROC NAC images: Apollo 13, M109420042LE; Apollo 14, M1162633177R; Apollo 15, M160030722L; Apollo 16,
M183689432L; and Apollo 17, M131731837R. The scale is 50 or 100 m.)

Several Apollo S-IVB boosters impacted into regolith overlying mare basalt geological units on the lunar
near side hemisphere during the period of seismic monitoring by Apollo. All Apollo S-IVB booster impacts
made elliptical craters (short axis in between 29 and 31.9 m and long axis in between 33.3 and 38.7 m).
Plescia et al. (2016) used shadow method to estimate crater depth as 2-3 m from rim to the floor. However,
this method takes into account that the bottom of the crater is the lowest point of the crater cavity, and these
craters all have central mounds at the bottom (Figure 1). Furthermore, they argue that crater of 32.9 m in di-
ameter should correspond to 6 m depth, which makes these craters shallower than natural impacts of same
size. In this paper, we use depths inferred from shadow measurements as a lower bound, and those derived
from crater scaling estimates for bowl-shaped craters as an upper bound, for comparison with our models.

The mass of the Saturn S-IVB combined with J2 engine and instrument ring was about 14 t. The booster
was 17.8 m long and 6.6 m in diameter. It was made of aluminum and had a low bulk density of 23 kg-m™3
(e.g., Mc Fadden & Salzberg, 1970; Plescia et al., 2016; Wagner et al., 2017). In this work, we modeled an
empty booster, without fuel (Mc Fadden & Salzberg, 1970). The impact speed at ground level was 2.543-
2.66 km-s~1. The angle at which the booster trajectory intersected the surface was reported to be between
13.2 and 35° from vertical (e.g., Plescia et al., 2016), implying an almost vertical impact. On the other hand,
given that the center of mass was located near the bottom of the booster, the booster likely tumbled during
the fall causing the exact orientation of the booster at the point of impact to be unknown. Since the inspec-
tion of LROC images of the craters (Figure 1) did not reveal any boulders around the craters that might sug-
gest that central mounds in these craters are the result of excavation into a rocky/stronger layer beneath the
regolith, it has been proposed that the central mounds are residual impactor material (Plescia et al., 2016).
To test this hypothesis, we simulated S-IVB booster impacts into a target consisting of a single layer of rego-
lith. However, as the regolith thickness at the impact site is estimated to be 4-5 m (e.g., McKay et al., 1991),
comparable to the estimated depth of the S-IVB transient craters, it is also possible that the central mound
at the bottom of the crater is a consequence of the presence of stronger/rocky material beneath the regolith
(Prieur et al., 2018).
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Table 1
Numerical Representation of the Impactor: Description of Shape, CPPR in Vertical (CPPRV) and Horizontal Direction (CPPRH; Where CPPR Stands for “Cells Per
Projectile Radius” and Defines the Resolution of the Whole Simulation) and Grid Spacing, Which Is the Physical Size of Each Cell

Case Description CPPRV CPPRH Grid spacing Footprint area (m?)
1 Right cylinder, r = 5.8 m 5 118 0.0496 105.6

2 Right cylinder, r = 2.8 m 22 56 0.0496 24.6

3 Thin shell, r = 2.8 m 16 (12) 89 (85) 0.03 24.6

4 Right cylinder, r = 0.992 m 169 20 0.0496 3

5 Sphere, r = 1.06 m 18 (10) 18 (10) 0.059 (0.1) 3

6 Sphere, r = 2.3 m 18 (10) 18 (10) 0.127 (0.2) 16.6

7 Sphere, r = 2.3 m 18 (10) 18 (10) 0.127(0.2) 16.6

Note. In this work, there are two sets of simulations: crater formation simulations and pressure wave propagation from impact point into far field (CPPR
parameters shown in bracket). The Cases 1-4 had the same resolution in both sets of simulations, while Cases 5-7 had higher resolution in crater formation
runs than in pressure wave propagation. Cases 6 and 7 have the same impactor properties, but the target properties are different.

In this work, we explored the effects of the projectile shape on crater morphology, using the same target
properties. In addition, for one projectile geometry we also considered a layered target scenario to inves-
tigate potential causes of central mound formation. We investigated the pressure wave propagation from
the impact point, the seismic moment, and seismic efficiency associated with these impacts (e.g., Gudkova
et al., 2015; Latham et al., 1970; McGarr et al., 1969). Previous work using seismic data from the Apollo
artificial impacts (Latham et al., 1970) obtained a range of seismic efficiency of impacts near the Apollo 12
landing site to be between 1.8 x 107 and 107°. Here, we present comparable results, but we calculate the
seismic efficiency from numerical impact simulations instead of the seismic data. Reproducing such impact
events using numerical modeling contributes to our understanding of the seismicity induced by impact cra-
tering events as well as the detectability of impacts in seismic data. Due to the lack of unambiguous impact
events so far detected on Mars, this study is important for the InSight Mission science (Daubar et al., 2020).

2. Methods

We numerically simulated impact craters made by the Apollo S-IVB impacts on the Moon and quantified
the seismic efficiency and seismic moment using the iSALE-2D shock physics code (Amsden et al., 1980;
Collins et al., 2004; Wiinnemann et al., 2006).

As the orientation of the S-IVB boosters at impact is not known, we explored the sensitivity of impact out-
comes to booster (impactor) geometry by considering six idealized scenarios. The enforced axial symmetry
of our impact geometry limited the scenarios that could be considered for vertical impact of right cylinders
and spheroids. It is expected that penetration modes produced by more disk-like projectiles will be different
from those caused by spherical projectiles (Walker, 1999). In order to explore the sensitivity of crater radius
to projectile footprint area, which might give some insight into the possible range of crater ellipticity, our
scenarios vary in radius and length depending on the projectile geometry presented. By footprint it is as-
sumed as the surface area of the projectile as it impacts the surface. Mesh resolution limits combined with
the need for a large domain to track the impact-generated waves implied that modeling the impactor as a
thin-shelled, hollow container was computationally challenging. For this reason, we considered only one
hollow-container geometry and for the other scenarios modeled, we adopted a more expedient approach
where the impactor was modeled as a homogeneous porous or solid object. All projectiles had the same
impactor mass (approximately 14 t) and speed (2.54 kms™!) as reported in Plescia et al. (2016). The vertical
impact velocity used in the simulations was not reduced to account for impact angle owing to the steep
geometry of the impacts. The six simplified geometries considered were (Table 1, Figure 2):

1. Aright cylinder of radius 5.8 m and height 0.5 m, made of 90% porous aluminum.

2. Aright cylinder of radius 2.8 m and height 2.2 m, made of 90% porous aluminum.

3. A hollow right cylinder of radius 2.8 m and height 0.96 m, made of non-porous aluminum of interior
thickness 0.12 m.

RAIJSIC ET AL. 30f 13
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Figure 2. Different shapes of projectiles represented in this work (from left to right: Cases 1-6). The red axis is the symmetry axis in iSALE's cylindrical
projection, meaning what we represent as rectangle or circle, is computed in the code as a cylinder and sphere. All impacts in this work happened parallel to the
surface, hence perpendicular to the symmetry axis. Case 6, sphere with r = 2.3 m, was tested in both regolith and layered target.

4. Aright cylinder of radius 0.992 m and height 16.7 m, made of 90% porous aluminum.
5. A sphere of radius 1.06 m, made of a non-porous aluminum.
6. A sphere of radius 2.3 m, made of 90% porous aluminum.

The contact area between the impactor and the target during impact contact and compression phase (here-
by referred to as footprint) could have been between 34.2 m? (if the booster landed on the Moon along the
short cylinder axis) and 117 m? (if the booster landed along the long axis). Our Cases 2 and 3 (24.6 m?) are
representative of the former and Case 1 (105.6 m?) the latter. Cases 4 and 5 have much smaller footprint and
are used as a sensitivity test to projectile geometry (Table 1).

The projectile material was described using the Tillotson equation of state (Tillotson, 1962) and the John-
son and Cook (JNCK) strength model for aluminum (Table S1 in Supporting Information S1 and Table 2)
(Johnson & Cook, 1983; Liu et al., 2017). The simplified target was assumed to be uniform, made of 44%
porous basalt. All targets were considered single layers made of regolith, except for Case 7 that comprised
5-m regolith overlaying fractured bedrock. Both Case 6 and Case 7 modeled the projectile as a 90% porous
sphere and therefore provide a direct comparison between impact in a single-layer and double-layer target.
This results in total seven different scenarios explored in this study. These target properties were used in
previous simulations of small meteoroid impacts on similar targets on Mars (Rajsic¢ et al., 2021; Wojcicka,
Collins, Bastow, Teanby, et al., 2020).

The target material was described using revised Tillotson equation of state parameters for basalt, refined
for use as a proxy for low-velocity impacts in basaltic regolith (Table S2 in Supporting Infrormation S1;
Woijcicka, Collins, Bastow, Miljkovic, et al., 2020), and material (porosity and strength) parameters typical
for lunar regolith (Colwell et al., 2007; McKay et al., 1991; Mitchell et al., 1974; Wilcox et al., 2005). The tar-
get's deviatoric strength was described using a simple pressure-dependent strength model (Lundborg, 1968)
(Table 2). The porosity of the lunar regolith and fractured bedrock was included via € — a porosity model
(e.g., Wiinnemann et al., 2006). The bulk density of regolith was p = 1,589 kgm™3, and the bulk sound speed
857ms~! (C, = \/B_/p, where B is bulk modulus), and P-wave speed was 1,088 ms™! (Cp = As/At, where As is
distance and At is time, the method is described in detail further down). We used the ROCK strength model
(Collins et al., 2004) to describe the shear strength of fractured bedrock. The material model for fractured
bedrock was assumed to be similar to sandstone (Giildemeister & Wiinnemann, 2017). Density of the frac-
tured bedrock was p = 2,150 kg-m~>. Bulk speed of sound of the material (C,) and P-wave speed (Cp) were
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Table 2

Material Model Parameters for All Sets of Simulations (Liu et al., 2017; Rajsi¢ et al., 2021; Wojcicka, Collins, Bastow,

Teanby, et al., 2020)

Description Symbol Projectile Bedrock  Regolith
Poisson ratio v 0.30 0.30 0.30
Strength at inf. pressure (intact; MPa) Y, 170.

Internal friction coeff. (intact) M, 1.80

Strength at zero pressure (damaged; KPa) Y, 4.00
Friction coefficient (damaged) My 0.67 0.60
Strain coefficient a 4.9 x 107

Strain coefficient b 1.57 X 10

Strain coefficient c 1.6 X 1072

Strain exponent 1.67 x 107!

Specific Heat Capacity (J/Kg/Kelvin) C b 896 1,000 1,000
Initial porosity % 0.90 0.25 0.44
Initial distension o, 10.00 1.33 1.80
Distension at onset of crushing a, 9.96 1.33 1.80
Distension at transition to power-law a, 1.00 1.10 1.15
Exponential compaction rate x 0.98 0.98 0.98
Ratio of porous/nonporous sound speed X 0.17 0.60 0.33
Volumetric strain at transition €, —2.35 —0.19 —0.46
Volumetric strain when fully compacted € —2.35 —0.38 —0.72

1,558 ms~! and 2,045 ms}, respectively (Rajsi¢ et al., 2021). Material models for projectile and all targets

are shown in Table 2.

Crater formation was simulated until after the transient crater was formed. The numerical mesh size was
400 X 400 cells, with variable projectile resolution, which was unavoidable due to irregular projectile shapes
(Table 1). Referring to previous works, the transient crater was considered at the maximum excavation
volume (Wiinnemann et al., 2011). Figure 3 shows how transient crater diameter (D,) and transient crater

depth (d,.) were measured.
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Figure 3. An example output from Case 5 showing a 2.3-m radius porous sphere impacting at 2.5 km/s into lunar
basalts. Transient crater diameter (D, ) was measured at the surface level and depth (d, ) was measured at the maximum
excavation volume, from the surface level to the projectile residue at the bottom of the crater. x is thickness of the
projectile at the end of excavation stage. Accuracy of the measurements is up to 10 cm (size of two cells in the high
resolution zone). Left side of the plot shows tracer positions over density plot, and right side shows total plastic strain.

RAIJSIC ET AL.

50f13



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2021EA001887

The calculations of seismic efficiency and seismic moment required
tracking the decay of the impact-induced pressure wave into the elastic
regime, which occurs in the far field (here defined as radial distance > 10
crater radii). As shown in previous work (Rajsi¢ et al., 2021; Wojcicka,
Collins, Bastow, Miljkovic, et al., 2020), the pressure wave can be consid-
ered elastic when pressure amplitudes become comparable with the co-
hesion of the target material (Table 2) (e.g., Holsapple, 1993). Therefore,
the size of the computational mesh in these simulations was much larger
than crater formation simulations. Depending on the projectile shape, we
used 2,000 x 2,050 to 4,350 X 4,400 cells. Projectile geometry remained
the same as in crater formation simulation (Table 1).

The seismic moment was estimated using the approach described by Wé-
jcicka, Collins, Bastow, Miljkovic, et al. (2020) to determine the vertical

component of the seismic moment (Mz) (Gudkova et al., 2015; Lognonné

etal., 2009): M. = C, X plilo:[i]V[i], where p[i] is the density of materi-

Pressure (KPa) al in the cell, v [i] is the cell-centered vertical velocity component, V[i] is

the cell volume, C, is the P-wave velocity and the summation is over all

Figure 4. Position of gauges (yellow dots diagonally through the target), n cells in the target (below the pre-impact level). We calculated Cp as the
pre-selected cells in which data used for calculating seismic efficiency speed of the pressure wave between two gauges (Figure 4). For vertical

was stored. Pressure field is output from Case 2 (90% porous half cylinder)

simulation.

impacts, this means that seismic moment is defined as M, = C Lo where
p, is the vertical momentum transferred to the target by the projectile
(Gudkova et al., 2015; Lognonné et al., 2009; Wéjcicka, Collins, Bastow,
Teanby, et al., 2020), which includes both the directly transferred impac-
tor momentum as well as the additional momentum produced by ejected
material.

We also investigated into how fast momentum is transferred to the target. Since we consider strictly verti-
cal impact scenarios, we assume that the equivalent seismic source is a vertical force (Daubar et al., 2018;
Wojcicka et al., 2021), F (t). The vertical force is computed as a derivative of the momentum transferred
to the target, pz(t), with respect to time t: Fg = dpz(t)/dt. Therefore, the duration of momentum transfer to
the target affects the peak force at the seismic source, even if the total momentum transferred is the same.

To calculate seismic efficiency k, we used the same approach as in many previous works (e.g., Glildemeister
& Wiinnemann, 2017; Rajsi¢ et al., 2021; Wojcicka, Collins, Bastow, Miljkovic, et al., 2020): k = m*P?At/
QonEk), where, x is the distance from the impact point, P is the pressure amplitude, At is the duration of the
pressure pulse measured at full width half maximum, p is the bulk density of the target, and E, is the kinetic
energy of the impactor. In case of the double-layered target, bulk density and P wave velocity were assumed
to be as in lower layer (fractured bedrock). This is because regolith in our simulations was only 5 m thick,
and calculations of seismic efficiency were performed at ~ 10 crater radii away. Data used for calculating
seismic efficiency was recorded at pre-selected cells (gauges) positioned equidistant diagonally through the
target (Figure 4). In our simulations, gauges imitate pressure sensors used in physical experiments. They
are fixed cells in space, specified a priori and provide a straightforward way to record data used to calculate
seismic efficiency since their position is known (x in the equation), and C_is easily calculated, as a speed of
pressure wave needed to come from one gauge cell to another. The duration (Af) and amplitude (P) of the
pressure pulse can also be measured at each of the gauges.

3. Results

We calculated the transient crater diameter (D, ), depth (d,.), and thickness of projectile residue (x) at the
bottom of the transient crater (Figure 3). As our simulations do not include the modification stage of crater
formation, we treat the transient crater diameter and depth as lower and upper bounds on the final crater
diameter and depth, respectively. To estimate the other bound, we adopt a geometric model of simple crater
formation that widens the crater by a factor of 1.25 (assuming a hemi-spherical crater) and reduces the
depth by a factor of two (Collins et al., 2005). However, the observed craters are elliptical, and to account
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Table 3

Results (Crater Size) From iSALE-2D Simulations (Accuracy up to 0.1 m) Compared to Observations and Scaling Laws (Melosh, 1989; Plescia et al., 2016) (d,

Is Transient Depth of the Crater; x is Projectile Residual at the End of Excavation Phase; d, — x Is Final Depth Without Projectile Residual Calculated in; D, Is
Transient Diameter; D, Is Maximum Final Crater Diameter, Multiplied by a Factor of 1.44 (1.25 for Hemispherical Crater Times 1.15 for Elongation of Observed
Crater); IT, Is Cratering Efficiency by Mass (Melosh, 1989))

Case Description d, (m) X (m) d, —x(m) df (m) D, (m) max ch (m) II,
1 Right cylinder, r = 5.8 m 4.8 0.31 4.49 2.25 21.2 30.3 87.33
2 Right cylinder, r = 2.8 m 8.8 0.44 8.36 4.18 21.7 31.3 171.91
3 Thin shell, » = 2.8 m 9.6 0.2 9.4 4.35 23.8 34.3 179.29
4 Right cylinder, = 0.992 m 13.32 3.32 10.00 5 26.7 38.4 324.28
5 Sphere, r = 1.06 m 9.33 0.18 9.15 4.58 25.4 36.6 264.66
6 Sphere, r = 2.3 m 8.26 1.76 6.5 4.3 23.41 33.7 164.29
7 Sphere, r = 2.3 m 7.56 1.48 6.08 3.04 24.74 35.6 171.63
Plescia et al. (2016) ~2-6 28.6-38.7 = 0.5
Melosh (1989) 8.8 4.4 26.32 32.9 271.5

for that discrepancy, from the ratio of long and short axes and the crater surface area, we applied additional
+15% correction multiplication to the final crater diameter. Table 3 shows our numerical crater measure-
ments, the depth of transient cavity excluding the projectile residue (d,.) and depth to the top of the pro-
jectile residue (d,, — x) as well as the corrections for the final depth and diameter estimates and cratering
efficiency.

Figure 5 (left; empty circles) shows the transient crater measurements from impact simulations for all cases
(1-7). They include the projectile residue at the bottom of the crater. It is noticeable that crater diameter
increases with a decrease in projectile footprint. The largest diameter was observed in case of vertical projec-
tion of the booster (Case 3), which has the smallest footprint. The height of the projectile and the footprint
area, also affect the depth of the crater. The larger the footprint area, the smaller the depth (Figure 5). The
height and footprint area had larger effect on crater size than including layer to the target (Cases 7). Differ-
ences in crater size among projectiles with same footprint but one with included porosity (Case 2) and one
hollow (Case 3) are also in agreement up to a factor of 1.1. Although, on this figure, the simulated transient

@ Right-cylinder, r=5.8 m o
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Crater depth, d (m) T

Figure 5. (left) Resulting crater depth and diameter for all cases. Empty circles show the transient crater dimensions with 2 numerical cells uncertainty
(absolute values are listed in Table 2) and filled circles show the final crater dimension estimates. The crater diameter was multiplied by a factor of 1.44, to
account for the simple crater growth during transient crater collapse as well as ellipticity of observed craters. The transient crater depth was divided by a
factor of 2 to account for the crater collapse into the final depth. Crater depth and diameter increase with the decrease in projectile footprint area. Gray box
shows measurements of depth and diameter of observed craters, with a factor of two uncertainty on the depth and the observed diameter range (from shortest
to longest axis of the crater rim ellipse). (right) Impact momentum transfer to the target as a function of time normalized to the duration of the contact and
compression phase (Melosh, 1989): ¢ is time after impact and T is the duration of the contact and compression stage, where T = L/V, (L is projectile length and
V. is velocity of the impact).
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craters are twice as deep and 30% wider than the observed craters, the filled circles on the same figure show
estimates of final crater sizes, which are in agreement with observed crater dimensions (gray box in Fig-
ure 5). Furthermore, the depth to diameter ratio (d/D) for different projectile geometries was different. The
depth to diameter ratio of the observed craters is in the range of 0.05-0.1. In our case, d/D for final crater
dimension estimates in Cases 1 and 7 was 0.074 and 0.085, respectively, while all the other cases resulted in
d/D ~0.13. Therefore, d/D ratio in this work is comparable to the observations and is in agreement up to a
factor of 1.8 among different projectile geometries.

All projectiles in this work were made of aluminum. The critical shock pressures for incipient melting and
complete melting of aluminum are P,, = 73 GPaand P, = 106 GPa, respectively (Pierazzo et al., 1997). The
peak pressures that projectiles in this study experienced are much lower than P, and P, . Although our
simulations did not have sufficient spatial resolution to resolve the maximum pressures of all parts of the
spacecraft, the maximum pressures experienced by the bulk of the projectiles considered in this work did
not exceed 5 GPa. This is still significantly lower than what experimental studies on porous aluminum pro-
jectiles showed as required for melting (Song et al., 2011). This suggests that the projectiles predominantly
remained solid at the bottom of craters.

The thickness of the projectile residue at the bottom of the crater can be estimated with an uncertainty
equivalent to the length of two cell widths (see, Grid spacing in Table 1). Our simulations suggest that the
longer and more porous the projectile (smaller footprint area), the thicker the residue of the projectile at
the bottom of the crater. Our measurements have accuracy up to two cells. For four different cylindrical
representations (Cases 1-4) of the projectile with increasing height, residual impactor thickness increases
from 0.31 to 3.32 m (Table 3). Between cases 5 and 6 (non-porous and 90% porous sphere), the thickness
of the residual projectile changes drastically, from 0.18 to 1.76 m (Table 3). Cases 2 and 3 had the same
footprint, but the first one was porous cylinder, while the second one was thin shell. Between these cases,
size of the projectile residual decreased by a factor of 2 when using thin shell representation of the booster
(Case 3). This suggests that the geometry of the projectile residual at the bottom of the crater is sensitive to
the geometry and density of the impacting booster as well as layering of the target. Although the aim of this
study was to test projectile influence on crater size, the observed crater morphology on the Moon was most
likely controlled by both the projectile’s irregular shape and density as well as the presence of a stronger
layer underneath the regolith.

Cratering efficiency was calculated as the ratio of the mass of displaced target material (target density mul-
tiplied by volume of the transient crater cavity) and the mass of the projectile (Melosh, 1989). Table 3 shows
that the cratering efficiency varies between different projectile representations and follows the same trend
as the crater diameter; the bigger the impactor footprint, the lower the cratering efficiency. The highest
cratering efficiency is for Case 4, while the lowest is for Case 1. This is consistent with the increasing crater
depth and diameter with the orientation of the projectile (decreasing of footprint area).

Furthermore, we investigate how the shape of the projectile affected the duration of momentum transfer to
the target. While both spherical representations (Case 4 and 5) transferred momentum at about the same
time after impact, in case of the cylindrical representation, the momentum transfer took from 0.3 to 8.7 ms,
where the longest time is for the projectile with the smallest footprint area (Case 5) and the least time is
for the largest footprint area. The latter is comparable to the real booster impacting along the longer axis
(Case 1). In Figure 5 (right), we show momentum transfer to the target as a function of duration of mo-
mentum transfer normalized to the duration of the contact and compression stage. Duration of the contact
and compression stage was calculated as: T = L/V, (Melosh, 1989), where L is projectile length and V is
impact velocity. Times for complete momentum transfer varied from 0.197 ms (Case 1, right cylinder with
r=>5.8m) to 6.5 ms (Case 4, right cylinder with r = 0.992 m). When normalized to the duration of this stage,
momentum transfer among projectiles that included porosity and/or void behaves similarly. The exception
to this is Case 5, solid sphere, where momentum transfer takes more time to converge.

Table 4 shows the seismic efficiency, k, seismic moment M, and the maximum vertical force component
F_ .. calculated for each scenario. Both seismic efficiency and seismic moment were calculated when the

wave had passed beyond 11 crater radii (far field), when both quantities had converged (Figure 6). The mean
values of At and P recorded by the two furthest cell gauges in the numerical mesh (Figure 6 (left)) were used
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Table 4

Resulting Seismic Parameters From iSALE-2D Simulations Compared to Previous Works (Apollo 13 S-IVB From Latham et al. (1970) and Impact Momentum and
Seismic Moment Scaling of Wojcicka, Collins, Bastow, Teanby, et al. (2020), See Equation 20

Case Description At(ms) P(Pa) k MZ(Nm) F_ ..(N)

1 Right cylinder, r = 5.8 m 45 5,243 8.27 X 1077 5.16 x 10%° 1.93 x 102
2 Right cylinder, r = 2.8 m 41 7,130 1.35x 10~° 4.50 x 10'° 4.4 x 101
3 Thin shell, r = 2.8 m 15 29,622 1.33 x 107 5.3 x 10% 5.56 x 10"
4 Right cylinder, r = 0.992 m 32 8,498 1.20 X 10~ 3.88 X 10%° 5.8 X 10%°
5 Sphere, r = 1.06 m 37 5,024 1.43 X 10° 4.3 x 10! 2.3 x 101
6 Sphere, r = 2.3 m 40 4,741 1.04 x 10~° 3.95 x 10%° 4.2 x 10'°
7 Sphere, r = 2.3 m (layered target) 6 14,302 1.97 X 10~ 7.35 x 10'° 5.56 x 101

Latham et al. (1970) 107 -10-°
Wdjcicka, Collins, Bastow, Miljkovic, 10-¢ 5.3-10.9 x 10'°

et al. (2020)

Note. At is duration of the pressure pulse; P is pressure amplitude; k is seismic efficiency; M, is vertical seismic moment component; and F,  peak force at the

seismic source.

0.000030
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for calculating k. The seismic moment values presented in Table 4 are mean values of the three last meas-
urements of seismic moment taken from the simulation (Figure 6 (right)).

Despite the significant differences in crater size, geometry, and momentum transfer duration, the seis-
mic moment and efficiency of all seven scenarios are very similar. Seismic efficiency ranges from 8.3 to
1.4 x 107°, which is consistent with the lower-bound estimate of k determined from the Apollo seismic
measurements (Latham et al., 1970). This narrow range of seismic efficiency is also consistent with values
of seismic efficiency determined from iSALE simulations of small rocky impactors striking Mars at a few
kms™! that employed the same target model as used here (Wéjcicka, Collins, Bastow, Miljkovic, et al., 2020).
Cases 6 and 7, are both same porous sphere projectiles, impacting two different targets, pure regolith and
a layered target, and between them seismic efficiency has increased ~2 times. This suggests that while
seismic efficiency does depend on target properties (Rajsi¢ et al., 2021), it is relatively insensitive to im-
pactor properties, such as geometry and density. Although, seismic efficiency between porous cylindrical
projectiles (Cases 1 and 2) and projectile that included void (Case 3) was similar, in Table 4 we also show the
duration of the isolated pressure pulse and its amplitude. In Case 3, pressure amplitude was significantly
higher and duration of the pressure pulse significantly lower than in porous cases. This suggests that while

lelO
—— Casel 7
—— Case 2
Case 3 ’é 6
Case 4 =
—— Case 5 g 5
—— Case 6 24 7?‘—’*
Case 7 o i
E 3
é —— Case 1l —— Case 5
2 2 —— Case 2 —»— Case 6
v Case 3 Case 7
Case 4
0
200 300 400 0 50 100 150 200 250

Distance from impact point (m))

Figure 6. (left) Convergence of the seismic efficiency with distance from the impact point. (right) Convergence of the seismic moment with distance from
the impact point. Seismic moment needed less time to converge than seismic efficiency. In both cases, the points correspond to the measurements from iSALE
simulations. Cases are 1-5 shown in blue, red, yellow, black, and green, respectively.
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A This work

Seismic moment, M (Nm)

seismic efficiency, seismic moment, and crater size might be insensitive
to the spacecraft representation, the frequency content of the generated
seismic waves may differ.

The impact momentum transferred to the target is the same in all cases,
but the peak applied force varies by two orders of magnitude among cases
(Table 4). This is due to the difference in time it takes to transfer momen-
tum from the impactor to the target caused by different projectile rep-
resentations (Figure 5 (right)). The seismic source duration can be related
to the impact momentum Gudkova et al. (2011, 2015). The real time of
our simulations was 10 ms (limited by computational resources); there-
fore, estimating the seismic source duration was not achieved. However,
by 10 ms, the force amplitude drops three orders of magnitude in Cases 1
and 2 and one order magnitude for Cases 3-5. Furthermore, in this short
time frame, the force amplitude for all cases converges to the same value

101 1012

Figure 7. Scaling relationships between seismic moment (M) and seismic ~ (3.85 X 10° N) (Figure S2 in Supporting Information S1).
energy (E) from different studies are shown in different line styles. Our
simulations were made for a regolith target and layered target (triangles),

which best agrees with the scaling relationships of Wojcicka, Collins,
Bastow, Teanby, et al. (2020) shown in dash-dotted line.

4. Discussion

Our results show that the irregular shape and hollow structure of the

S-IVB boosters affected crater size in these artificial impacts on the Moon
(Figure 1). Craters made by S-IVB boosters show central mounds at the bottom of the crater. In craters
this size formed by natural hypervelocity impacts with solid impactors, central mounds typically imply the
presence of a stronger layer beneath the surface (e.g., Prieur et al., 2018; Quaide & Oberbeck, 1968). Ples-
cia et al. (2016) argued that the central mounds in the S-IVB craters were likely a result of the low-density
impactor as opposed to target property effects. Our results demonstrate that differences in the density and
geometry of the projectile resulted in different thicknesses of projectile remnants in the bottom of the crater.
The geometry and bulk porosity of the projectile had an effect on the size of the crater, including both depth
and diameter of the crater and thickness of projectile residual. The larger the footprint area of the impactor,
the shallower and smaller in diameter the crater. On the other hand, between cylinder with added porosity
(Case 2) and the hollow cylinder (Case 3), but same footprint and mass, both diameter and depth of the
transient crater are in agreement up to a factor of 1.1. However, adding 90% porosity in Case 2 resulted in
two times larger projectile residual at the bottom of the crater. This implies that on the size of the crater,
length and height of projectile had a bigger effect than its porosity. On the other hand, thickness of projec-
tile residual showed sensitivity to both. Therefore, if no melting and vapourization occurs during this phase,
for the same densities, the taller the projectile the more of it remains after at the bottom of the crater. The
same changes also increased the cratering efficiency and the time required to transfer impact momentum
to the target. We calculate the peak force of the seismic source as the vertical momentum transferred to the
target over time showing that the faster the momentum transferred to the target, the higher the peak force.

Our results demonstrate that seismic moment and seismic efficiency are largely independent of the geome-
try and bulk porosity of the projectile. Regardless of whether the spacecraft is represented as a hollow struc-
ture or a homogeneous porous cylinder or sphere of the same mass, the seismic efficiency estimated from
our numerical impact simulations is in agreement up to a factor of a 1.7 for all projectile representations and
increases up to 2 times in a layered target. The average estimate agrees with the lower estimates of Latham
et al. (1970) that derived the seismic efficiency of the Moon from impact-induced moonquake observations.
This suggests that seismic efficiency is more sensitive to target properties, as shown in previous work (Rajsi¢
et al., 2020), than to impactor properties. Similarly, the seismic moment is within a factor of only 1.3 for all
cases of regolith targets. In addition to seismic efficiency, seismic moment in layered target increases up
to 2 times. These values, both in regolith and layered target, are in agreement with scaling relationships
between seismic moment and seismic energy (Teanby, 2015; Wdjcicka, Collins, Bastow, Teanby, et al., 2020)
(Figure 7).

The seismic moment calculated from our simulation results is for a homogeneous regolith target. As dis-
cussed by Daubar et al. (2018), the appropriate seismic moment to use as a source magnitude for predicting
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107t far field seismic wave signals that propagate through bedrock and neglect
10-2 the surface regolith layer should include a correction to account for the
g difference in material properties between the regolith and bedrock. To
2 107 estimate the magnitude of the seismic moment for use in seismic mod-
g: 104 eling, we calculated the bedrock correction factor, T, , composed of two
|
0 £ 105 elements as described in (Daubar et al., 2018). Here, those two factors
g; This work combined equate to T,, = 2p,0; /(0*(psrer + pv)), Where p and p,, are
¢ 10° W Lathametal (1970) densities of the regolith and bedrock (1,500 kg-m~3 and 2,700 kg-m~3, re-
g 107 —— IQZ)Z\{%F-IEI,-LR spectively), and v and v,, are P-wave velocities in regolith and bedrock
& L I Wojcicka et al. 2020 (300 ms~! and 1,000 ms™1, respectively). In this case, to replicate far field
49 Ul U n effects of the S-IVB impacts in wave propagation models without explic-
10-1 10° 101 102 10° itly resolving the effects of the near-surface regolith, a scalar seismic mo-
Distance from the impact, r (km) ment should be increased by as much as 20 times.

Figure 8. P wave amplitude scaled with distance and compared to recent

The peak P-wave amplitudes of the seismic signals generated by the S-IVB

scaling relationship (Fernando et al., 2020). We found that best trend fit artificial impacts and recorded by Apollo seismometers 100-1,000 km
between our data (triangles) and lunar observations (squares; Latham from the impact sites (Latham et al., 1970) form the basis of empirical
et al. [1970])is v = 4 x 10--1%, where r is the radial distance from the amplitude-distance scaling relationships for predicting the seismic de-

impact point in km. Data from this work was calculated between 100 and
400 m distance from the impact point for all cases and showed more than
10 data points cumulatively across all cases investigated in this study.

tectability of impacts (Teanby, 2015; Wdjcicka, Collins, Bastow, Teanby,
et al., 2020). Our numerical simulations allow these scaling relationships
to be tested against, and refined by, P-wave amplitude estimates at dis-
tances much closer to the impact location (Figure 8). For all five impact
scenarios, we calculated the peak P-wave amplitude (in meters per sec-
ond) as the time-derivative of the radial displacement of material at distances from the impact between 100
and 400 m (triangles, Figure 8). The simulated peak P-wave amplitudes are about a factor of two less than
predicted by the empirical scaling relationships of Teanby (2015) and Wdjcicka, Collins, Bastow, Teanby,
et al. (2020). Taking these new synthetic data into account, the empirical scaling relationship between peak
P-wave amplitude, distance, and crater size, from Wdjcicka, Collins, Bastow, Teanby, et al. (2020) can be
updated to v(x, D) = 8.11 x 10~ x**D3, where, v is P-wave peak amplitude (m s™), D is crater diameter,
and &, is a factor that depends on impactor and target properties (for details see: Equation 21; Wéjcicka, Col-
lins, Bastow, Teanby, et al. [2020]). This revised relationship results in 20% lower P-wave peak amplitudes
produced by a given crater size than previously predicted.

5. Conclusions

This work connected numerical impact simulations with seismic parameters related to the Apollo S-IVB ar-
tificial impacts on the Moon that were recorded by the lunar seismic network. Compared to previous work,
the focus of this study was the geometric representation of the impactor and resulting crater formation.
After confirming that our simulations are approximately consistent with observed crater dimensions, fur-
ther simulations were performed to investigate the generation of the seismic source and calculate seismic
properties associated with the impact event (the seismic efficiency and the seismic moment). This work
contributes to the understanding of the seismicity induced by impact cratering events as well as detectabil-
ity of impacts in seismic data, and there are several outcomes of this study:

1. We have replicated the artificial impacts of the S-IVB boosters on the Moon with a simplified projectile
geometry and investigated the sensitivity of crater size and shape, as well as the seismic waves that are
generated, to impactor density and geometry (e.g., footprint area on the ground).

2. A final crater with dimensions consistent with the observed craters can be produced by a range of impac-
tor geometries, but the detailed morphology is sensitive to the geometry and bulk density of the impac-
tor. To replicate the detailed morphometry would likely require 3D simulations that account for oblique
impact and more realistic S-IVB booster geometries.

3. Among three different projectile representations with similar footprint area: porous sphere, porous right
cylinder, and hollow cylinder, the resulting crater geometry and momentum transfer did not show sig-
nificant differences.
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4. Scenarios with a realistic low bulk density for the impactor produce a substantial projectile residual. This
suggests that the observed central mound in S-IVB craters may represent surviving spacecraft material,
which may or may not be buried by collapsed crater rim materials. We have also tested a scenario with
a stronger layer underneath the 5 m thick regolith. Our simulations indicate that the irregular shapes of
the artificial craters on the Moon could be a result of both the properties of the booster and the layering
in the target.

5. The seismic efficiency and seismic moment of the impact is almost independent of impactor geometry.
A seismic efficiency of 107° is consistent with lower estimates of Latham et al. (1970). Seismic moment
calculated from our simulations is in order of 4 x 10'° Nm, which is in agreement with scaling of (Tean-
by, 2015; Wojcicka, Collins, Bastow, Teanby, et al., 2020).

6. Seismic efficiency and seismic moment in the layered target, where 5 m of regolith overlies fractured
bedrock, increase by a factor of 2. This implies that seismic parameters depend more on target properties
than projectile representation.

7. We compared P-wave peak amplitudes from our simulations to the ones observed on Apollo seismome-
ters (Latham et al., 1970) and found that P-wave peak amplitudes decay with radial distance from impact
point with an exponent of ~ —1.58, which is consistent with scaling relationships derived in Woéjcicka,
Collins, Bastow, Teanby, et al. (2020).
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Input files and data used in this work are located at Rajsi¢ (2021). This work is InSight contribution number
201.
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