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Abstract One of the most critical issues associated with the analysis of lunar seismic data is the
intense scattering, which prevents precise seismic phase identifications, thereby resulting in poor
constraints on the internal structure of the Moon. Although some studies estimated subsurface scattering
properties from analyses of the Apollo seismic data, the properties have large uncertainties and are still
open issues to be resolved to improve the inner structure model of the Moon. While the previous studies
tried to constrain the scattering features within the lunar crust mainly from data analysis, this study
estimated them from a numerical approach. We constrained the scattering properties near Apollo 12
landing site by conducting seismic wave propagation simulations under various parameter settings and
comparing the synthetics with the data. As a result, we succeeded in reproducing seismic signals excited
by the Apollo artificial impacts. This led to a constraint on the scattering properties, such as typical scale
and thickness of heterogeneity, around the Apollo 12 landing site. The derived structure suggests that the
intense scattering structure exists down to 20 km at the northern portion of the region of the Apollo 12
landing site, and to 10 km at the southern region from the landing site. In addition, our model requires

a smaller P- and S-wave velocity ratio (1.2-1.4) compared with those conventionally considered (>1.73).
This implies a dry and porous environment consistent with laboratory measurements of terrestrial
samples and reasonable with the generalized lunar environment.

Plain Language Summary A long-duration and spindle shape characterizes the lunar
seismic signals observed by the Apollo seismometers. The moonquakes typically last for 1 or 2 h, and the
shape of the seismic wave reflects the internal environment of the Moon. From previous studies, these
characteristics are estimated to be due to the subsurface fractured structure resultant from the continuous
meteoroid impacts over a long period. Generally, it is required to precisely read seismic phases, like P

or S, to determine a planetary inner structure. However, for the lunar case, it becomes more difficult to
pick up the precise information because almost all phases are covered with intense seismic scattering,
resulting in large uncertainties in the lunar internal structure. Therefore, it is paramount to reveal the
scattering structure for a better understanding of the lunar seismic features and the inner structure. This
study constrains the subsurface scattering structure around Apollo 12 landing site by modeling the Apollo
seismic waves using numerical simulation of seismic wave propagation. Our simulations for various inner
structure settings resulted in reproducing the Apollo seismic records very well, leading to constraining the
scattering structure around the Apollo 12 landing site.

1. Introduction

In the Apollo 11, 12, 14, 15, and 16 missions, seismometers were deployed on the near side of the Moon
with the goal to investigate the internal structure. So far, several one-dimensional internal structure models
have been proposed using relatively high S/N seismic data of moonquakes and both natural and artificial
impacts (e.g., Gagnepain-Beyneix et al., 2006; Garcia et al., 2011; Khan et al., 2000; Lognonné et al., 2003;
Nakamura et al., 1983; Weber et al., 2011). However, these models show some discrepancies, and sometimes
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Figure 1. An example of the lunar seismic waveform induced by a meteoroid impact which occurred on July 31, 1972.

the differences exceed their error bars, implying that a similar data set may have different interpretations. In
other words, it is considered that the Apollo lunar seismic data do not have good quality enough to constrain
the internal structure precisely.

Generally, a lunar seismic waveform has an ambient arrival and builds up gradually to the peak, then ex-
periences a long decay (typically a few hours; Figure 1; e.g., Latham et al., 1970; Toksoz et al., 1974). This
characteristic trend is considered to be attributed to the intense scattering at subsurface fractured layers,
called the regolith and megaregolith (e.g., Blanchette-Guertin et al., 2012). Owing to this intense scattering,
it becomes difficult to precisely read arrival times of seismic phases, thereby resulting in poorly constrained
models of the inner structure. While arrival times can be read with a precision of about 0.1 s for the Earth
seismic records, the reading error becomes 10-100 times worse than those of the Earth for the lunar case
(e.g., Lognonné et al., 2003). Thus, the intense seismic scattering is clearly one of the most critical issues
needed to be overcome to construct more reliable models of the lunar internal structure.

For the scattering of the regolith, several studies have been conducted with different approaches (laboratory
experiments [e.g., Dainty et al., 1974], data analysis of the Apollo seismic signals [e.g., Blanchette-Guertin
et al., 2012; Cooper et al., 1974; Dainty et al., 1974; Gillet et al., 2017], and numerical simulation [e.g.,
Blanchette-Guertin et al., 2015]). For example, Cooper et al. (1974) estimated the velocity structure up to
about 2.0 km depth using seismic signals generated by explosions in the Apollo 17 lunar seismic profiling
experiment (LSPE). Heffels et al. (2017) re-analyzed the LSPE data combined with the refined coordinates
by Hasse et al. (2013). They concluded that the uppermost layers, called the regolith layers, consist of fine
grains and fractured rocks with low elastic velocity (200 m/s-2.8 km/s) down to at least 2.0 km depth.

In terms of the deeper scattering structure, Dainty et al. (1974) introduced diffusion theory and attempted
to fit the shape of the scattering coda for the Apollo artificial impacts and deep moonquakes, thus resulting
in the constraint on the diffusivity of seismic energy within the crust. Based on their analyses, the scattering
layer with several km-scale scattering media—the so-called megaregolith—appears to exist up to 10-25 km
depth. However, the diffusion equation they introduced is not good enough to fit the energy growth trend of
the lunar seismic waves, especially at the rise-coda part—the build-up part of energy from the first arrival
to its maximum energy arrival. As the scattering features are more dominantly reflected in rise-coda than in
decay-coda (Gillet et al., 2017), diffusion theory does not seem to work in constraining scattering properties
such as heterogeneity size and density fluctuation.

Concerning the megaregolith, the recent studies suggested its importance on the lunar seismic scattering.
Blanchette-Guertin et al. (2012) evaluated the quality factor Q systematically by analyzing four different
types of events—artificial impacts, natural impacts, shallow moonquakes, and deep moonquakes—for dif-
ferent frequency bands. Their results indicate that the scattering media with heterogeneities of 30-200 m
scale exists up to several km depth, and imply that this kind of heterogeneities has dominant effects on the
propagation of seismic waves observable with the Apollo long period (LP: ~0.15 s sampling) and short peri-
od (SP: ~0.02 s sampling) seismometers. Moreover, more recently, Gillet et al. (2017) obtained a much thick-
er megaregolith. They investigated the rise-time—the time from the first arrival to the maximum energy
arrival—and the decay-time—the time for energy decay from the maximum energy arrival to noise floor—
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of lunar seismograms to quantify the scattering and the intrinsic Q as well as the diffusivity. Interestingly,
their results suggest that a 100 km thick megaregolith is necessary to explain the lunar seismic coda despite
20-25 km depth was proposed as an upper limit in the previous studies (e.g., Han et al., 2014; Jaumann
et al., 2012). Although some studies estimated the scattering properties of the megaregolith, its characteris-
tics are still open issues (Jaumann et al., 2012). The scattering features of the megaregolith are paramount
to understand not only the lunar internal structure but also the formation process of heterogeneity within
the crust, which is useful to discuss the evolution of the lunar and other planetary surface environments
(e.g., Blanchette-Guertin et al., 2012). Thus, constraining the scattering properties of the megaregolith will
contribute to the development of seismology as well as planetary science.

Besides the low-velocity and scattering layer, the local structure, for example, surface and/or Moho topogra-
phies, could also contribute to the development of seismic scattering (e.g., Blanchette-Guertin et al., 2012;
Onodera et al., 2018). For the Earth seismology, the effect of local topographies on the seismic scattering is
paramount (e.g., Kumagai et al., 2011; Sato et al., 2012; Takemura et al., 2015). Since the dynamic range of
topographies on extraterrestrial planetary bodies, for example, Moon and Mars, is larger than that of the
Earth, topographical effects can be a key factor in interpreting seismic scattering in the field of planetary
seismology. However, this point has not been considered extensively so far. In this study, both scattering me-
dia and topographies are included in the simulations, hence allowing us to consider both scattering effects.

While the previous studies focused on constraining the scattering properties from a data analysis, we es-
timate them from a numerical approach. Although some studies conducted numerical simulations (e.g.,
Blanchette-Guertin et al., 2015), none of them compared the synthetics with the Apollo data in a direct ap-
proach. Contrariwise, our simulation succeeded in producing theoretical waveforms identical to the Apol-
lo ones, thereby enabling us to compare the synthetics and the data more directly (e.g., envelope, energy
growth trend, and rise-time). In the following section, we introduce a seismological simulation code, then
discuss the simulation results, focusing on signal rise-time and seismic energy. Finally, we summarize the
model best-fitting the data and discuss its difference from the previously proposed ones.

2. Methodology

2.1. Simulation Code

We used an open-source seismic wave propagation code (OpenSWPC) version 4.3.3 to simulate the im-
pact-induced seismic waves on the Moon. This code was originally developed by Maeda et al. (2017) in order
to simulate seismic wave propagation within viscoelastic media. Since this code performs simulations in a
Cartesian coordinate system, it cannot perform global-scale simulation for a spherical body. However, in
determining the crustal structure, the scale of several hundred km is enough to evaluate its characteristics.
In this study, the simulated events' epicentral distance ranges from 150 to 200 km (5.0°-6.6°) and the deep-
est path of the seismic ray passes about 30 km depth. Therefore, we consider that the OpenSWPC meets our
requirements.

Notably, the OpenSWPC's parameters are originally set for the Earth. To apply this code to the Moon, we
changed the radius and inverse ellipticity value to the lunar case (radius: 1,737.4 km and inverse ellipticity:
10'®) when projecting the lunar coordinates onto the Cartesian coordinates using Gauss-Kriiger transform
(Kawase, 2011). Concerning the inverse ellipticity, we adopted a large enough value to make it closer to a
true sphere (10").

We performed simulations in a two-dimensional P-SV system, that is, within the vertical plain along each
path between a seismic station and an impact point. We located a seismic station at the origin and set the
X-axis (horizontal) in the direction of the azimuth from the origin to a seismic source. We set the positive
direction of the Z-axis (vertical) downward. For the calculation, we set the grid size to 20 m for both X and
Z directions and set the time step to about 0.15 s (6.6 Hz), which corresponds to the sampling rate of the
Apollo long period seismometer.

In general, two-dimensional wave-simulation does not correct the difference in geometrical attenua-
tion with the distance between two-dimensional and three-dimensional (Table S1). In the case of body
waves, since the relative waveform becomes similar to one another, we consider that the two-dimensional
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Table 1
List of Events Used in This Study

1500 : ‘ ; .
«— Surface Wave
- 1000 |- v S e
g 500 |- .
S 0 orerpHIY |
2
g -500 - Body Wave b
< _1000 | <+— Body Wave > & —
Surface Wave
_1500 1 | | L Il 3
0 50 100 150 200 250 300 350 400 450

Time (s)

Figure 2. An example of a waveform of an impact-induced seismic wave calculated with two-dimensional simulation
is shown. Sharp peak around 210 s corresponds to the onset of the surface wave (Rayleigh wave).

simulation results will not affect our interpretation. However, surface waves simulated in two-dimensional
are not attenuated with distance, hence resulting in a strong artificial peak, as seen in Figure 2. Since the
energy peak of the lunar seismic waves are due to body waves rather than surface waves at the epicentral
distance more than ~100 km (Latham et al., 1971), we focused only on the body waves observed prior to the
surface wave arrivals. As the rise-coda strongly reflects the scattering properties of subsurface compared to
the decay-coda (e.g., Gillet et al., 2017), the synthetic waves prior to the surface wave arrivals are expected to
be enough to assess the scattering properties of the lunar subsurface. To avoid the artificial peak by a surface
wave, the wave data from the first arrival to 12 s prior to the artificial peak were used in the following anal-
yses. Besides, since it is not simple to correct the difference in attenuation rates between two-dimensional
and three-dimensional for complex structures, for example, multilayer, random media, and topographies,
we exclude the discussion on the intensity from this study, that is, we normalized all seismic signals with
the maximum amplitude within the target data segment.

2.2. Apollo Artificial Impacts Selected for Simulation

We used the Apollo artificial impacts as references because their impact locations, origin times, and impact
parameters are well constrained (Toksoz et al., 1974; Wagner et al., 2017), which is helpful to give the ini-
tial source conditions for a simulation. There are two different types of artificial impact. One is the ascent
stage of Lunar Module (LM) impact, which was deliberately hit on the lunar surface after the Apollo astro-
nauts left the Moon, and the other is the Saturn IV rocket booster (S-IVB) impact, which was guided to the
Moon after its separation from the module section of the Saturn V rocket (Latham et al., 1970; Nakamura
et al., 1983). We excluded the LM impacts from this study because their impact angles are so small—less
than 10° from the horizon—that is, it is difficult to treat these data with those of the S-IVB impacts in the
same way, especially when assuming seismic source conditions. In addition, owing to some constraints
from the simulation code and potential problems in the Apollo seismic observation, we ended up selecting
two events in Table 1. As for the selection criteria, see the details in Texts S1 and S2. Notably, since the
simulation covers the frequency range up to 3.0 Hz, we solely focused on the LP data (peak sensitivity is
~0.4 Hz) instead of those observed with the SP sensor (peak is around 7.0 Hz; Figure S1). We downloaded
all the Apollo seismic data used in this study from Data Archives and Transmission System website (https://
darts.isas.jaxa.jp/planet/seismology/apollo/index.html).

2.3. Input Parameters for Simulation

2.3.1. Velocity Structure and Intrinsic Q

We constructed three different velocity models consisting of four layers

Acronym in this
(the regolith, megaregolith, crust, and mantle). Notably, the discrimi-

Epicentral

Impactor Receiver paper distance (km)
. nation of the regolith and megaregolith is still debated and may differ
Apollol6 S-IVB Station12 LPZ A16S12 153.7 ) i L .
depending on the parameters we focus on. In this study, we distinguish
Apollol4 S-IVB Station12 LPZ A14S12 175.3

the regolith from the megaregolith depending on heterogeneity size.
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Table 2
Reference Velocity Structures and Intrinsic Q. V, and V; Represents Average P-Wave and S-wave Velocity for Each Layer,
Respectively. See 2.3.1 for Details

. Model 0 Model 1 Model 2 Intrinsic Q
Density
Layer (g/em®)  V,(km/s) Vi(km/s) V,(km/s) Vi(km/s) V,(km/s) Vi(km/s) Q, Qs
Regolith 2.600* 1.38* 0.80* 1.38* 0.87* 1.38* 1.10* 6,750 6,750
Megaregolith 2.762* 3.20* 1.85* 3.20* 1.76* 3.20* 2.30* 5,000 5,000
Crust 2.762 5.50 3.18 5.50 3.18 5.50 3.18 4,000 4,000
Mantle 3.360 7.55 4.36 7.55 4.36 7.55 4.36 3,750 1,500

V, and V; represents average P-wave and S-wave velocity for each layer, respectively. See Section 2.3.1 for details. *Since
random media is inserted into the regolith and megaregolith layers, the P-wave velocity and S-wave velocities fluctuate
up to 28.0% for the regolith and 14.0% for the megaregolith, respectively, which correspond to 22.4% and 11.2% density
fluctuation, respectively.

While the typical scale of scatterers in the regolith has 200 m, 600 m scale heterogeneity was given for the
megaregolith.

In each model in Table 2, we used common parameters referred from Garcia et al. (2011) for (1) density and
V, (P-wave velocity) in all layers; (2) Vi (S-wave velocity) in the crust and mantle. Besides, concerning in-
trinsic Q, we gave the same values to all layers by combining the results of Blanchette-Guertin et al. (2012),
Garcia et al., (2011), and Nakamura and Koyama (1982). The main difference among these models is the
V,/V; ratio in the regolith and megaregolith layers. For Model 0, we assumed a Poisson body (V,/V; = \/5 )
while the ratio of Model 1 is based on the laboratory measurements of the Apollo 12 returned samples by
Kanamori et al. (1971) (1.59 and 1.82 for the regolith and megaregolith). Concerning Model 2, the smaller
wave velocity ratio was provided for the regolith (1.25) and the megaregolith (1.39), which we determined
based on trials and errors.

For scattering media, we introduced two different scales of heterogeneity to simulate the scattering in the
regolith and megaregolith layers. These random media were characterized by exponential power spectral
density function (Sato et al., 2012). For the regolith layer, we set the typical scale of random media to 200 m
and considered a 28% velocity fluctuation based on the results of Blanchette-Guertin et al. (2012) and Weber
et al. (2015). Concerning the megaregolith layer, since there are few established structures, we provided a
priori assumptions. Since it is considered that the S-wave scattering is more dominant in the dry and porous
environment, we adopted the scale compatible with an S-wave wavelength of 600 m. For velocity fluctu-
ation, we considered a smaller value (14%) than that of the regolith, because the structure becomes less
fractured as it tends downward due to confining pressure.

2.3.2. Crustal Structure Settings

We utilized one of the lunar crustal structure models based on the observation by Gravity Recovery and
Interior Laboratory (GRAIL) mission (Wieczorek et al., 2013). Out of the proposed models by Wieczorek
et al. (2013), we selected Model 2, which was constructed with the spherical harmonic expansions up to
310° with an anchoring condition of the crustal thickness estimated by Lognonné et al. (2003), so that our
density model is consistent with that of their model. This model produces an average crustal thickness of
about 35 km. We downloaded the original data from the GRAIL Crustal Thickness Archive (https://zenodo.
figshare.com/articles/GRAIL_Crustal_Thickness_Archive/6915155/1). Figures 3a and b show the surface
and the Moho topography models used in the simulations, respectively.

As mentioned by Jaumann et al. (2012), the structure of the fractured layers is still uncertain. While es-
timates from seismological studies suggest relatively thick scattering layer in the order of 20-30 km (e.g.,
Latham et al., 1970; Toksoz et al., 1974) or even 100 km (Gillet et al., 2017), geological observations and theo-
retical modeling have suggested a much thinner layer (a few hundred meters - 10 km; e.g., Hartmann, 1973;
Heiken et al., 1991; McGetchin et al., 1973). This study started with a relatively thin layer of 5 and 10 km for
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Figure 3. (a) Surface topography model. The inverted triangles show the location of Apollo passive seismic experiment
(PSE) and the circles represent the positions of Apollo S-IVB impacts. Those used in this study are colored in red

while those unused are in blue. (b) Distribution of crustal thickness. The color scale represents the thickness of crust
deduced from GRAIL data by Wieczorek et al. (2013). (c) Distribution of regolith thickness. The color scale shows the
layer thickness of regolith in km. (d) Distribution of megaregolith thickness. The color scale shows the layer thickness
of megaregolith in km. For (a) and (b), we downloaded the original data from the GRAIL Crustal Thickness Archive
(https://zenodo.figshare.com/articles/GRAIL_Crustal_Thickness_Archive/6915155/1). GRAIL, Gravity Recovery and
Interior Laboratory; S-IVB, Saturn IV rocket booster.

the regolith and megaregolith, respectively (Heiken et al., 1991). In the latter section, we extend the scatter-
ing layer to 20 km depth to observe the influence on the resulting waveforms.

We modeled the regolith and megaregolith structures as follows:

(D (303) - Dae (50

1

Dreg (x, y) = Dy¢ (x, y) +

ONODERA ET AL. 6of 14



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Planets 10.1029/2020JE006406

(a) Apollo16 S-IVB and Station12
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Figure 4. Vertical plain between impact point and the Apollo station (a) Apollo16 S-IVB impact and Station12;
(b) Apollo14 S-IVB impact and Station12. S represents Station while AXS-IV represents Apollo X S-IVB impact,
respectively. S-IVB, Saturn IV rocket booster.

Deryse (x, y) - Dsurf(x’ y)) 2

G

(53] = D)

where x and y represents longitude and latitude (—40° < x < 0°, —=20° <y < 20°), and Dy, Dy » Dy, »
and Dy, correspond to the depth of each boundary from the lunar mean radius to the surface bounda-
ry, surface-Moho boundary, regolith-megaregolith boundary, megaregolith-crust boundary, respectively. C;
and C, are constants that make the average thickness of the regolith and megaregolith to be 5 and 10 km,
respectively, near the Apollo 12 and 14 landing sites (C; = 5.84, C, = 2.92), resulting in the distribution
shown in Figures 3c and d. Figure 4 illustrates the vertical plain along each event listed in Table 1. For the
Apollo16 S-IVB and Station12 case (subsequently referred to as A16S12), the crustal thickness beneath both
station and impact point is identical, and Moho undulation is about 5 km. For Apollo14 S-IVB and Station12
case (A14S12), while the Moho undulation is compatible with that of A16S12 case, it has relatively thinner
crust at the impact point (~25 km).

2.3.3. Seismic Source Assumption for Impact

As discussed by the previous studies (e.g., Melosh, 1989; Teanby & Wookey, 2011), impacts are considered
as an analog of explosions. Following the assumptions made by some numerical studies on impact-induced
seismic wave (Blanchette-Guertin et al., 2015; I. Daubar et al., 2018; 1. J. Daubar et al., 2020), the seismic
source which isotropically radiates P-waves was placed at one grid point below the surface. This means that
all components of the moment tensor are equal to 0 except the diagonal components. Since the intensity
is normalized, M; =1/ \/5 (i = 1,2,3) . We assumed a source time function (STF) proposed by Gudkova

et al. (2011) and (2015) who estimated the STF of the Apollo S-IVB impacts from spectral analysis of Apollo
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Figure 5. Smoothed envelopes of the two Apollo artificial impacts data considered in this study. Horizontal axis shows time from first arrival. The arrival times
of Apollo artificial impacts were referred from Lognonné et al. (2003). Each signal is normalized with the maximum amplitude of each filtered Apollo envelope
shown in black. The red lines show the smoothed envelopes with time windows of 7.5 s (50 samples). The vertical yellow lines represent the rise-time for each
event with error bars of 7.5 s.

seismic data. This STF has a characteristic time scale of 0.65 s, resulting in the dominant frequency around
1.5 Hz (Figure S3).

2.4. Energy Peak Arrival

In the analysis, the Apollo seismic data were converted from digital unit to velocity using ObsPy (Beyreuther
et al., 2010). We calculated the poles and zeroes based on the information by Horvath (1979) and Yamamoto
et al. (2019). After that, we filtered the velocity signals using the fourth order of Butterworth filter with the
frequency range between 0.2 and 1.5 Hz at which the sensitivity of LP peaked mode attains its maximum.
We also applied the same bandpass filter to the velocity signals of synthetic waves, allowing us to compare
with the data in the same physical unit and frequency range.

To read the rise-time, we smoothed the seismic signals with a 7.5 s time window. This study used a rela-
tively smaller time window compared to previous studies (e.g., 20 s; Gillet et al., 2017) to look into smaller
signal variation of the rise-coda. The rise-times were read by searching the point that the amplitude reaches
around the maximum and stabilizes. Figure 5 illustrates the estimated rise-times for the Apollo data.

3. Results

First, we compare the simulation results with the Apollo data in terms of rise-time arrival and see which
model is preferable to explain the data. Second, we show the results for additional simulations in which sev-
eral patterns of scattering layers' thickness were varied to observe whether rise-time can be better matched
from the first proposed models. Finally, we determine the best velocity model for each event case from the
comparison of trend of coda energy with time.

3.1. Rise-Time Arrival

Figure 6 compares the rise-time arrivals of simulations for Models 0-2 with that of the Apollo data. While
the Apollo data of A16S12 and S14S12 show the rise-time of ~85 s and ~120 s, respectively, those for simu-
lations are delayed by about 30-40 s from the data. From the comparison among velocity structure models,
it seems that Models 1 and 2 show smaller discrepancies with the data compared with Model 0. Considering
that Models 1 and 2 have larger V; than Model 0 (i.e., smaller V,/V; ratio), the S-wave component plays a
paramount role in determining the rise-time. As suggested by Lee (2003) and Sato et al. (2012), the V,/V;
ratio becomes smaller under the dry and porous environment. Basically, this trend is also consistent with
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Figure 6. Rise time readings of (a) A16S12 and (b) A14S12 cases. We scaled each envelope is scaled with the amplitude at each rise time. The black, blue,
green, and red envelopes are smoothed envelopes of the Apollo, Model 0, Model 1, and Model 2, respectively. Note that the envelopes beyond the analysis
window are shown in the dotted line. The colored vertical lines with shade show the rise-time with a 7.5 s error.

Table 3

Structure Settings for Additional Simulations

some measurements of the Apollo samples (e.g., Kanamori et al., 1970, 1971). Our results that the smaller
elastic velocity ratios can better explain the lunar seismic data are more consistent with our understanding
that the Moon is drier than the Earth.

Next, in order to fit the rise-time better, we conducted additional simulations under different layer-thick-
ness of the regolith and megaregolith, especially for Models 1 and 2. Here, we changed only the thickness of
the scattering layers (Table 3). We set the average boundary depth from the surface to 2.5, 5.0, and 7.5 km for
the regolith and to 10 and 20 km for the megaregolith. Notably, that the other parameters besides the thick-
ness of the scattering layers (e.g., P-wave, S-wave, and intrinsic Q) are the same as those listed in Table 2.

Figure 7 shows the results of the rise-time readings for the additional simulations. In both cases (A16S12
and A14S12), a thicker scattering layer (~20 km) relatively worked well to reduce the discrepancy of rise-
times between the simulations and data (i.e., the rise-time matches the data within the error bar). In addi-
tion, the Model 2 cases appear to better fit the rise-time than the Model 1 cases. As an example of A16512,
taking the average difference of the rise-time between the data and simulation, Model 1 has a time-offset of
40.1 s while Model 2 has 23.6 s. The same trend is seen for A14S12 case. Since the Model 2 has larger S-wave
velocity and its P-wave velocity is fixed, the smaller elastic velocity ratio
seems preferable for explaining the Apollo data. By focusing on reconcil-
ing the rise-time, Model 2 fits the data better, and a thicker layer of 20 km

is required. To quantitatively evaluate which model is the best, we com-

Regolith boundary depth Megaregolith pare the synthetics and the data in terms of energy in the next section.
Model (X =1, 2) (km) boundary depth (km)
Model X-1 25 10 .
3.2. Comparison of Energy Growth Trend
Model X-2 5.0 10
Model X-3 75 10 In addition to the rise-time, we investigated the seismic energy as it is an
important criterion to assess if the synthetics are identical to the data.
Model X-4 2.5 20 . .. . . .
Since the seismic energy is proportional to the squared amplitude, we cal-
EEllGE >0 20 culated the equivalent seismic energy for the models consistent with the
Model X-6 7.5 20 rise-time of the Apollo within the error bars. Notably, since the rise-times
ONODERA ET AL. 9of 14
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Figure 7. Plots of the rise-time for the simulations and the Apollo for each event case (a) A165S12, (b) A14S12. The colored filled symbols are for Model 1
velocity model cases and the open ones for Model 2 cases. Regarding the symbol color, black corresponds to the Apollo data, blue to 2.5 km regolith case, green
to 5.0 km regolith case, and red to 7.5 km case. For symbol shape, the point plots correspond to the Apollo, squared plots to the models of 10 km megaregolith-
boundary depth, and triangles to 20 km cases. We determined error bars from the time window for the moving average of envelopes (7.5 s). Gray shade
represents the error range of the Apollo rise-time. Table S2 summarizes the values for the figure.

slightly differ among the results, we used the equivalent energy density (EED) in time domain, which is
expressed as follows:

Trise 2
EED = ZAenv(t) /Trise (3)
t=0

where A, represents the amplitude of smoothed envelope, ¢ is time, and T corresponds to rise-time. In
addition, we also calculated the EED every 10% of T for each model in order to observe the time variation
of energy fitting.

As a quantitative criterion for the determination of the best model, we calculate the average of absolute
value of error (AAE), which is given by:

1.0
AAE = Y
7=0.1

EEDy,,(7)

| —— S J
EED,,, ()

IN (7=1/Ty) @

where EED,;,, and EED Apo A€ the equivalent energy densities for the simulations and the Apollo, respec-
tively, and N is the sample number. As the AAE is calculated every 10% of Ty, N = 10 for this study. In this
study, we selected the model that has the smallest AAE as the best structure among the models fitting the

Apollo rise-time.

The left column of Figure 8 shows the time variation of EEDs scaled with the Apollo ones, and the right col-
umn displays the envelopes of the Apollo and the best simulation model for each event case (Models 2-6 for
A16S12, Models 2-3 for A14S12). For A16S12 (Figure 8a), while Models 2-5 takes 70%-80% energy ratio in
average, Models 2-6 is more consistent with the Apollo data (90%-105%) when 7z > 0.3, indicating Models
2-6 is more preferable to explain the Apollo envelope. In the case of A14S12, it seems both Models 1-4 and
2-6 are lack of energy until they reach the rise-times. On the other hand, Models 2-3 and 2-5 have larger
EEDs especially over 7 = 0.4. While Models 2-5's EED remains excess over that of Apollo till it reaches
the rise-time, Models 2-3 shows good agreement with the Apollo between 7 = 0.8 ~ 1.0, resulting in the
smaller AAE by the half of the other models. In summary, Models 2-6 is preferable for A16S12 case and
Models 2-3 better for the case of A14S12.

4. Scattering Structure Around Apollo 12 Landing Site

From the best-fitting results of our simulations (Models 2-3 and 2-6 for A14S12 and A16S12 cases, re-
spectively), we propose the scattering structure in the vicinity of the Apollo 12 landing site. Considering
that A14S12 path runs from the southern portion of the region from the Apollo 12 landing site, Models
2-3 corresponds to a representative structure of Mare Cognitum (Figure S2). On the contrary, as A16S12
path comes from northern region from the landing site, Models 2-6 might represent the structure for Mare
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Figure 8. (Left column: a-1 and b-1) Time variation of EED. We calculated EEDs every 10 % of T} and scaled them with those of Apollo. (Right column: a-2
and b-2) Envelopes for the best cases. Each black envelope corresponds to the Apollo and red to the best cases. We normalized all envelopes with the amplitude
at each rise-time. The vertical lines with shade show the rise-times and their errors. EED, equivalent energy density; EEDs, equivalent energy densities.

Insularum (Figure S2). In these regions, the subsurface structure could be modeled with two different scales
of scattering media. One is the 200-m-scale scatterers with 28 % velocity fluctuation, and the other underly-
ing layer consists of the 600-m-scale heterogeneity with 14% velocity fluctuation. The first scattering layer
(we call it as the regolith) is 7.5 km thick in both regions, whereas the second layer (the megaregolith in this
study) continues down to 10 or 20 km depth depending on the path.

In the Oceanus Procellarum including both regions of interest (Mare Cognitum and Mare Insularum), the
thin basalt layer (0.4-1.0 km; Gong et al., 2016) covers the ejecta blanket from Mare Imbrium (Figure S2),
which is thought to be placed on the underlying anorthosite crust (Swann et al., 1971). Moreover, consid-
ering that the crater depth of Copernicus (Figure S2) is about 4 km depth and the different material can
be confirmed inside (Swann et al., 1971), the total thickness of the basalt and the underlying ejecta layers
seems to be equivalent to the order of the crater depth. Thus, we consider that the first scattering layer main-
ly shows the mixed scattering properties of the basalt and the ejecta layers, while the second layer exhibits
that of the underlying crust. Regarding the second scattering layer, we can observe a difference between
the northern and southern path. The results tell us that the northern path requires thicker scattering layer
than the southern one. As this trend is consistent with the distribution of the crustal thickness shown in
Figure 3b, the difference in the second scattering layer might reflect the lateral variation of the crust.

Figure 9 compares our velocity structure models with those previously proposed. Note that our models
(Models 2-3 and 2-6) are representative structures for Mare Cognitum and Mare Insularum, respectively
(Figure S2) while other studies show those for the wider range of region (such as near-side of the Moon).
Our models have the lower velocity layer up to several km depth compared to other ones, whereas the
velocity profile is relatively consistent with each other at the deeper part (>10-20 km). Regarding the
V,/V; ratio, we find that our results require a smaller ratio (1.25 and 1.39 for the regolith and megaregolith,
respectively) than the previous models (>1.7 by Lognonné et al., 2003; Nakamura et al., 1983). As the en-
vironment becomes drier and more porous, the V,/V; ratio becomes smaller (Lee, 2003; Sato et al., 2012).
Therefore, our results seem consistent with the laboratory measurements as well as our understandings on
the lunar environment. In general, it is more difficult to read the S-wave arrivals precisely from the Apollo
seismic data compared to the P-wave arrivals and usually the uncertainty of the S-phase reading becomes
larger (e.g., Ganepain-Beyneix et al., 2006; Lognonné et al., 2003). Since our numerical approach focused on
the relation between the elastic velocity ratio and the shape of envelope, it allows us to discuss the S-wave

ONODERA ET AL.

11 of 14



-~
AGU

Journal of Geophysical Research: Planets 10.1029/2020JE006406
Vp (km/s)
0 2 4 6 8
0 '''''''' R scostosseseossesssessosrestostsssssssossessssseg 6 6 6 606 60 0/000000000000
5
10 .'-'.‘..........ll..;‘....:
95 | — 1 0 lescnmimen 3
S
-". ;
", 3

------- Nakamura et al. (1982)

Depth (km)
S

25 | L Lognonné et al. (2003)
Garcia et al. (2011)
30
------- Weber et al. (2011)
35 ——This study (North from Station12)
+seeeThis study (South from Station12)
40

Figure 9. Comparison of crustal velocity structure. The horizontal axis shows P-wave velocity and the vertical axis
shows depth from the surface. Note that each P-wave velocity is the averaged or median value. The black lines represent
our models (solid: northern path, dotted: southern path), and the colored lines correspond to previously proposed
models.

velocity structure in a different way. In other words, our numerical approach gives us an opportunity to
interpret the lunar seismic data from the different point of view, helping us improve our knowledge on the
seismic wave propagation within the Moon and the internal structure.

5. Conclusions

To constrain the subsurface scattering structure near Apollo 12 landing site, this study conducted two-di-
mensional simulations of seismic wave propagation under the lunar-like environment. From the parameter
studies about the V,/V; ratio and the thickness of scattering layers, it turned out that our simulation suc-
cessfully reproduced the seismic signals induced by the Apollo artificial impacts, thereby resulting in the
constraint on scattering properties of the northern and southern region from Apollo 12 landing site. In these
areas, it is considered that the scattering structure consists of two different scale heterogeneities. The first
layer has 200 m scale scatterers and extends down to 7.5 km at both areas, and the second layer with 600 m
scale heterogeneity underlies up to 20 km depth for the northern path and 10 km depth for the southern
path, respectively. Combined with the geological viewpoints, it is estimated that the first layer reflects the
scattering properties of basalt and ejecta blanket from Mare Imbrium, while the second layer corresponds
to the heterogeneity within the underlying anorthosite crust.

As for velocity structure, our model requires the lower velocity for the first several km compared with
those proposed before. However, while the previously proposed model covers wider ranges of regions, our
structure shows the representative structure around Apollo 12 landing site. Thus, further numerical studies
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enable us to discuss the general characteristics of lunar scattering layers as well as to investigate the lateral
variation of heterogeneity within the lunar crust.

Concerning the elastic velocity ratio, it turned out that the smaller value (1.25 and 1.39 for the first and sec-
ond layers, respectively) is necessary compared to those conventionally used (>1.73). Considering that the
dry and porous samples show smaller velocity ratios, our result seems reasonable and consistent with the
general picture of the lunar environment.

As this study conducted two-dimensional simulations, we solely focused on rise-coda part due to some
constraints, such as geometrical attenuation. However, our future work will perform full three-dimensional
simulations, hence allowing us to compare the simulated waves and the data for a longer period, including
both rise- and decay-coda, which helps us expand the strategy for a better understanding of the heterogenei-
ties within the lunar crust. In addition, since our method is applicable to other planetary bodies (e.g., Mars
[Onodera et al., 2020]), this kind of forward approach would be a strong tool to support our interpretations
in the field of planetary seismology.

Data Availability Statement

The Apollo seismic data used in this study were collected from Data Archives and Transmission System
(DARTS) by the Center for Science-satellite Operation and Data Archive (C-SODA) of the Institute of
Space and Astronautical Science of the Japan Aerospace Exploration Agency (https://darts.isas.jaxa.jp/
planet/seismology/apollo/index.html). The maps were made with Generic Mapping Tool (GMT; Wessel &
Smith, 1991). The relevant data analyzed in this study are found in GitHub repository (Onodera, 2020).
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