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Introduction: When a meteoroid hits on the surface of 
a planetary body, its kinetic energy is considered to be 
converted into some different kinds of energy, resulting 
in causing other phenomena (e.g. cratering, seismic shak-
ing). However, its energy partitioning rate remains to be 
solved. As for impact-seismic efficiency which is a ratio 
of kinetic energy of an impactor and seismic energy, 
several studies (e.g. [1]-[3]) have been carried out, result-
ing in a wide range of estimation (10-7-10-2). Since the 
impact-seismic efficiency is closely related to resurfac-
ing rate [4], a large uncertainty in the efficiency leads to 
an unreliable estimation of the age of planetary surface. 
Therefore, the determination of the impact-seismic effi-
ciency is significant for better understanding not only the 
impact physics itself but also the evolution of planetary 
surface. 
  In this study, we estimated the impact-seismic efficien-
cy k in order-scale through both numerical simulations 
and the Apollo seismic data analyses. Although Gü-
ldemeister and Wünnemann [3] has already evaluated k 
using numerical simulation, they focused on “pressure 
field”. This means the seismic efficiency was not evalu-
ated directly because pressure stress needs to be convert-
ed into seismic energy using a simplified theory in the 
course of the analysis [5]. On the contrary, this study 
simulated “seismic wave field”, which enabled us to 
estimate the seismic efficiency more directly. In addition, 
since the simulation included both detailed lunar topog-
raphy (surface and Moho boundary) and various types of 
random media, the comparison of the output waveforms 
with those of the Apollo allowed us to evaluate the sub-
surface structure of the Moon simultaneously. 

Method: We focused on the Apollo artificial impact 
events (especially S-IVB impacts) because of their 
known impact locations, origin times and impact pa-
rameters. The simulations were performed in 2-D P-SV 
system, applying OpenSWPC [6], which is a well-
established simulation code in the field of earthquake, to 
the Moon. 

The lunar structure (4 Layers: regolith, mega-regolith, 
crust and mantle) was constructed based on both the 
crustal structure by Wieczorek et al. [7] and the velocity 
structure by Garcia et al. [8]. Notice that we firstly as-
sumed each layer as an ideal elastic body, i.e. Vp/Vs=1.73 
(Table 1). As for regolith and mega-regolith layers, ran-
dom media with 5 km thickness in average was inserted 
into each layer in order to consider intense scattering. 
Table 2 shows the characteristics of each random media 
which was characterized by exponential PSDF.   

In order to simulate impacts, the seismic source which 
isotropically radiates P-wave was placed at one grid be-

low from the surface. As for source-time function, Kup-
per wavelet was adopted with excitation time 0.65 s [9]. 
  Under these conditions, the 2-D simulations with 20 m 
spatial resolution were carried out for the different im-
pact-seismic efficiency (k=10-6-10-4). In order to estimate 
k, we compared seismic energy in the frequency range of 
0.2 -1.5 Hz (corresponds to LP peak band) between the 
simulations and the Apollo data. In fact, since seismic 
energy is proportional to squared amplitude, we used 
SSA (Summation of Squared Amplitude) for the compar-
ison. In the analysis, time window was set between the 
origin time and before peak arrival due to the following 
reason. In the simulation, although the line source meth-
od [10] is introduced in order to approximate 2-D simu-
lated waves to 3-D ones, the method does not correct the 
difference in geometrical attenuation between 2-D and 3-
D. As shown in Figure 1 and Table 3, a simulated wave 
has a sharp peak because surface waves do not attenuate 
with distance in 2-D case. Thus, the first body wave part 
was used for the analysis so that the influence of surface 
wave was minimized. 

Table 1. Structure Model for Ideal Elastic Body Case 

 
*Since random media were inserted into regolith and mega-regolith layer, 
density, P-wave velocity (Vp) and S-wave velocity (Vs) fluctuate in each 
layer. Fluctuation rate is shown in Table 2. 

Table 2. Characteristics of Random Media 

 
 

 
Figure 1. Example of Simulated Waveform 

Table 3. Geometrical Attenuation for Direct Wave with distance r 
(km) in 2-D and 3-D simulation 

 
Results & Discussion: In order to minimize the influ-

ence of the different attenuation rate between 2-D and 3-
D, we firstly focused on the case of Apollo13 S-IVB 
impact received at Station12 (A13S12) which has the 

Layer Density 
(g/cm3) 

Vp 
(km/s) 

Vs 
(km/s) Qp Qs 

Regolith 2.600* 1.38* 0.80* 6750 6750 
Mega-Regolith 2.600* 3.20* 1.80* 6750 6750 

Crust 2.762 5.50 3.17 6750 6750 
Mantle 3.360 7.80 4.51 3375 1500 

�

 Regolith Mega-regolith 
Characteristic scale (km) 0.1 0.5 
Velocity fluctuation (%) 28.0 14.0 
Density fluctuation (%) 22.4 11.2 
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smallest epicentral distance among all S-IVB impacts. 
From Table 4 and Figure 2, k=10-5 looks better to explain 
the Apollo data. However, looking at other S-IVB cases, 
we found the peak arrival was delayed in the simulated 
waves compared to those of the Apollo (Figure 3), mak-
ing the gap in seismic energy between the simulations 
and the Apollo larger. This seems to be caused by a pri-
ori assumption that each layer is an ideal elastic body. 
Indeed, as Kanamori et al. [11] suggested, the Vp/Vs ratio 
becomes smaller than 1.73 near the lunar surface. There-
fore, setting the Vp/Vs ratio to 1.25 and 1.39 for regolith 
and mega-regolith respectively, additional calculations 
were carried out for 3 different epicentral distance events 
under the similar conditions to those of ideal elastic body 
case. As shown in Figure 4, it is clear that the peak arri-
val was much improved. Moreover, the build-up of am-
plitude for the revised structure case looks more similar 
to that of the Apollo compared to the ideal elastic body 
case. Since the shape of waveform depends on velocity 
structure, characteristics of scattering and intrinsic Q [12], 
the results support the plausibility of the revised velocity 
structure model. In terms of the SSAs for k=10-5 (Table 
5), the simulation results are consistent with those of the 
Apollo within the factor of 2. 

Next, we attempted to correct the geometrical attenua-
tion. Since our simulations included some complex fac-
tors (e.g. multi-layer, random media, topography), it is 
not so simple to evaluate the difference in the attenuation 
rate between 2-D and 3-D precisely. Here, the attenua-
tion of 2-D body waves was roughly corrected using the 
relation shown in Table 3. From Table 6, k=10-4 looks 
better to explain the Apollo data than k=10-5. However, 
notice that multi-layer and low velocity layer with scat-
tering media are considered to keep the energy near the 
surface. Thus, qualitatively, it is expected that the modi-
fied SSAs are underestimated. As a result, it is concluded 
that the lunar impact-seismic efficiency is expected to be 
in the range between 10-5 and 10-4. 

Our result is consistent with those studies which esti-
mated the seismic efficiency from the analyses of seis-
mic records by impact experiments [1][2]. Also, our re-
sult represents similar value obtained by Latham et al. 
[13] who analyzed the seismic data of the Apollo S-IVB 
impact (10-6-10-5). Their estimates are slightly smaller 
compared to this study. In their analyses, different results 
were obtained depending on what is a dominant cause 
(dispersion or scattering) for the lunar seismic reverbera-
tions. For dispersion hypothesis in which lateral variation 
of topography and layer thickness are considered to de-
velop the coda wave, k=10-5 was obtained. As for scatter-
ing hypothesis in which the scattering effect from rego-
lith layer is dominant, k=10-6 was obtained. While Lat-
ham et al. [13] did not evaluate the mixed effects of dis-
persion and scattering in detail, this study considered 
both lateral variations and random media. Thus, the dif-
ference in the estimated range of k between this study 
and Latham et al. [13] is considered to be originated 
from whether the combined effects of regolith scattering 
and lateral variations are taken into account or not. Alt-
hough we did not handle this problem so much in this 
study, it might be able to give us a significant idea to 
solve the scattering mechanism of the moonquake. Fur-
ther discussions and analyses about this topic will be 
done in the future. 
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Table 4. Comparison of SSA for A13S12 (Time Window: 0 – 180 s) 

 

 
Figure 2. Waveforms of the Apollo (black) and Simulation (red) for 
Ideal Elastic Body Case (A13S12, k = 10-5) 

 
Figure 3. Waveforms of the Apollo (black) and Simulation (red) for 
Ideal Elastic Body Case (A14S12, k = 10-5) 

 
Figure 4. Waveforms of the Apollo (black) and Simulation (blue) for 
Revised Structure Case (A14S12, k = 10-5) 
Table 5. Comparison of SSA for Revised Structure Cases (k = 10-5) 

 
Table 6. Comparison of Modified SSA (k = 10-5, 10-4) 

 

Data SSA 
Apollo 2.80×106 

Simulation (k = 10-4) 1.84×108 

Simulation (k = 10-5) 1.84×106 

Simulation (k = 10-6) 1.84×104 
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S-IVB Station Time Window (s) SSA of Simulation 
(nm2/s) 

SSA of Apollo 
(nm2/s) 

A16 S12 0 – 170 2.17×106 2.56×106 
A14 S12 0 – 200 4.43×106 4.86×106 
A17 S12 0 – 380 1.75×106 7.40×105 

�

S-IVB Station 
Epicentral 

Distance (km) 

Modified SSA of 
Simulation (nm2/s) 

[k = 10-5] 

Modified SSA of 
Simulation (nm2/s) 

[k = 10-4] 

SSA of Apollo 

(nm2/s) 

A16 S12 153.76 1.41×104 1.41×106 2.56×106 
A14 S12 175.34 2.88×104 2.88×106 4.86×106 

A17 S12 337.62 5.18×103 5.18×105 7.40×105 
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