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Introduction: The internal structure of the Moon has 

been investigated using the seismic data obtained in the 
Apollo missions. So far, several 1-D inner structure mod-
els have been proposed (e.g. [1]-[3]). However, these 
models show some discrepancies and sometimes the dif-
ferences exceed their error bars, implying we can interpret 
the lunar interior in some different ways even if the simi-
lar data set is used. One of the most serious problems is 
the intense scattering which keeps us from a precise de-
termination of arrival times of seismic waves, leading to a 
large error in a resulting structure model. As for the lunar 
seismic scattering, the subsurface fractured layers called 
regolith and megaregolith is considered to have a strong 
contribution [4]. Therefore, understanding the scattering 
structure of the lunar subsurface will be a key to improve 
our knowledge of the internal structure of the Moon.  

The objective of this study is to constrain the subsur-
face scattering structure by conducting seismic wave 
propagation simulations under different structure settings 
and comparing synthetics with the Apollo seismic data. 

Simulated Seismic Events: This study focused on 
the Apollo artificial impacts because of their well-
constrained impact locations, origin times and impact 
parameters. Since the OpenSWPC [5], which is a simula-
tion code used in this study, dealt with only Cartesian 
coordinate system, we selected the artificial impacts hav-
ing the epicentral distance less than 300 km (~10 deg) 
beyond which the influence of curvature clearly shows 
up. In addition, Lunar Module (LM) impacts were ex-
cluded. Since these are very oblique impacts (< 10 deg 
from the horizon), we considered it would be difficult to 
model the seismic source for LM impacts. Therefore, 3 
events from Saturn IVB (S-IVB) impacts whose impact 
angles are closer to 90 deg than LM ones were selected 
(Table 1). Note that Apollo 13 S-IVB impact was ruled 
out due to its saturation around energy peak. 
Table 1. Selected Apollo Artificial Impacts 

 
Inputs for Simulations: As for velocity structure, 

we constructed 2 models basically referring to 
VPREMOON [3] (Table 2). Note that the different Vp/Vs 
ratio was given for each case. One was referred from the 
experimental results on the Apollo 12 samples by Kana-

mori et al. (1971) [6] (Vp/Vs ratio = 1.59, 1.82 for regolith 
and megaregolith), while the other was determined based 
on the results of the lunar seismic wave simulations by 
Onodera et al. (2019) [7] (Vp/Vs ratio = 1.25, 1.39 for 
regolith and megaregolith, which correspond to that of 
very dry samples on earth [8][9]). Since random media 
was inserted in the regolith and the megaregolith layer, 
the seismic velocity within these layers fluctuated about 
28 and 14% respectively. The typical scale of the random 
media was set to 200 m for the regolith and 600 m for the 
megaregolith [4]. Intrinsic Q was given from the results 
by the previous studies [3][4][10].  
Table 2. Velocity Structure Models 
*Since the random media was inserted in the regolith and the 
megaregolith layer, the seismic velocities fluctuate by 28 and 14% 
respectively in each layer. 

 
In addition to the random media, we introduced to-

pographies in our simulations because these are consid-
ered to have an influence on the development of scatter-
ing as well [4][5]. For the crustal structure, we adopted 
Model 2 of Wieczorek et al. (2013) [11] which was con-
structed from the GRAIL gravity data combined with the 
Apollo seismic data, producing the average crustal thick-
ness of 35 km. In order to evaluate how the envelope 
grows under different structure settings for scattering 
layer, we prepared 6 different scattering structure models 
(Table 3). In the models, the regolith-megaregolith 
boundary depth varies from 2.5-7.5 km whereas 
megaregolith and crust boundary depth does from 10-
20km. 
Table 3. Regolith and Megaregolith Structure Models 
K represents Kanamori1979 velocity model and O shows On-
odera2019 model. 

Model 
(X = K or O) 

Regolith boundary 
(km) 

Megaregolith boundary 
(km) 

Model X-1 2.5 10 
Model X-2 5.0 10 
Model X-3 7.5 10 
Model X-4 2.5 20 
Model X-5 5.0 20 
Model X-6 7.5 20 

S-IVB impact Seismic Station Distance (km) 
Apollo 16 Station 12 153.7 
Apollo 14 Station 12 175.3 
Apollo 15 Station 14 185.5 

 

Layer 
Kanamori1979 Onodera2019 Intrinsic Q 
Vp  

(km/s) 
Vs 

(km/s) 
Vp 

(km/s) 
Vs 

(km/s) 
Qp Qs 

Regolith 1.38* 0.80* 1.38* 0.87* 6750 6750 
Megaregolith 3.20* 1.76* 3.20* 1.76* 5000 5000 

Crust 5.50 3.18 5.50 3.18 4000 4000 
Mantle 7.55 4.36 7.55 4.36 3750 1500 
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      We assumed an isotropic radiation of P-wave as a 
seismic source and Kupper wavelet with excitation time 
of 0.65 s as a source time function [7]. 

Under these conditions, the simulations were per-
formed in 2-D P-SV system along each event’s path. 
Since, in the OpenSWPC [5], the amplitude of 2-D simu-
lation outputs is not precise as much as 3-D ones, all 
seismic waveforms were basically normalized in the anal-
ysis. 

For the comparison between the simulated waves and 
the Apollo data, all seismic signals were converted into 
velocity unit, and the same bandpass filter (0.2 – 1.5 Hz 
[7]) was applied, allowing us to compare the simulated 
waves and the Apollo data in the same physical unit and 
frequency band. We especially focused on the build-up of 
the scattering coda (i.e. from the wave arrival to the ener-
gy peak) which strongly reflect the scattering properties 
[12]. In the analyses, each seismic envelope was 
smoothed with time window of 7.5 s, and we compared 
the synthetics and the real data from the viewpoint of rise 
time and seismic energy, and evaluated which structure 
model is the best to explain the Apollo data. 
      Results and Discussions: We firstly looked into the 
rise time to investigate whether each velocity model can 
explain the Apollo data. In Figure 1, while filled colored-
symbols correspond to the rise times of Kanamori1971 
velocity model, open ones to those of Onodera2019 mod-
el. Overall, the rise times for Onodera2019 model show 
better agreement with those of the Apollo especially in 
the case of Apollo 14 S-IVB observed at Station 12 (here-
after termed like A14S12). This means that the smaller 
Vp/Vs ratio is more appropriate than those by the previous 
studies in order to model the rise time arrival of the Apol-
lo. In fact, since the ratio of Onodera2019 model repre-
sents an extremely dry condition, this result seems con-
sistent with the unique environment on the Moon. 

 
Figure 1. Rise Times for Apollo and Simulated Waves 
Rise times with 7.5 s error bars are exhibited for each case (a: Apol-
lo 16 S-IVB received at Station12, termed as A16S12, b: A14S12, c: 
A15S14). 

Next, for the models whose rise-times are comparable 
to the Apollo data, we calculated the equivalent energy 
density (EED) defined as equation (1),  

 
where Aenv(t) represents the scaled amplitude of the 
smoothed envelope and Trise shows rise time for each 
case. Table 4 exhibits the EEDs of the 2 best models for 
each simulation case in term of energy, normalized with 
those of the corresponding Apollo ones. The station re-
ceives about 85% seismic energy of the Apollo in the case 
of A14S12 whereas A16S12 and A15S14 cases get nearly 
70%. From these results, it is considered that the assumed 
velocity structure might be a representative for the 
A14S12 path mainly traveling Mare Cognitum region. 
Looking at Figure 2, since Model O-6 runs short of ener-
gy at the first 60 seconds, Model O-3 seems more prefer-
able to explain the data. 
     In summary, our results indicate that (i) the smaller 
Vp/Vs ratio (1.2-1.4) than those proposed by past studies 
well explains the Apollo rise time, (ii) megaregolith layer 
exists up to 10 km depth with 7.5 km thick regolith layer 
in the Mare Cognitum. 
Table 4. Equivalent Energy Density for Each Case 

 

 
Figure 2. Smoothed Envelopes for A14S12 Best Cases 
Each colored envelope shows smoothed envelopes of Apollo 
(black), Model O-3 (red) and Model O-6 (blue) respectively. Enve-
lopes are normalized with amplitude at each rise time. Colored 
vertical lines with shade indicate rise time arrival with error of 7.5 s. 
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Event Model EEDSim/EEDApo 

A16S12 Model K-5 0.67 
Model O-6 0.71 

A14S12 Model O-3 0.86 
Model O-6 0.83 

A15S14 Model O-5 0.70 
Model O-6 0.65 
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