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Key Points: 14 

• Through full 3D seismic wave propagation simulation, we quantitatively evaluated the 15 

lunar seismic scattering properties. 16 

• We found that a 10 km thick scattering layer with 10% velocity fluctuation well-17 

reproduced the Apollo seismic observation. 18 

• Our results show that the upper lunar crust is about ten times more heterogeneous than 19 

that of the Earth and Mars. 20 
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Abstract  22 

The intense seismic scattering seen in Apollo lunar seismic data is one of the most characteristic features, 23 

making the seismic signals much different from those observed on the Earth. The scattering is considered 24 

to be attributed to subsurface heterogeneity. While the heterogeneous structure of the Moon holds the 25 

evolution and past geological activities, the detailed description remains an open issue. Here we present a 26 

new model of the subsurface heterogeneity within the upper lunar crust derived through a full 3D seismic 27 

wave propagation simulation. Our simulation successfully reproduced the Apollo seismic observations, 28 

leading to a significant update of the scattering properties of the Moon. The results showed that the 29 

scattering intensity of the Moon is about ten times higher than that of the heterogeneous region on the 30 

Earth. The quantified scattering parameters could give us a constraint on the surface evolution process on 31 

the Moon and enable the comparative study for answering a fundamental question of why the 32 

seismological features are different on various planetary bodies.  33 

Plain Language Summary  34 

In the past Apollo missions, several seismometers were installed on the nearside of the Moon and they 35 

brought us the first seismic records from an extraterrestrial body. The derived lunar seismic data surprised 36 

us because of their extremely long duration (1 – 2 hours) and spindle-shaped form, which were barely 37 

observed on Earth. These characteristics different from earthquakes are thought to reflect the subsurface 38 

heterogeneity. However, the inhomogeneous structure within the lunar crust is poorly constrained. To 39 

improve our knowledge of wave propagation on an extraterrestrial body, this study evaluated the 40 

subsurface heterogeneity through 3D seismic wave propagation simulation. After running some 41 

simulations under various structure settings, we found that a certain set of parameters well reproduced the 42 

Apollo seismic data, resulting in a new heterogenous structure of the Moon. The evaluated parameters 43 

were compared with those measured on the Earth and Mars, and we found that the Moon is more 44 

heterogeneous than others by about ten times. This kind of comparison makes it easier to interpret the 45 

observed seismic signals on each solid body. Also, it is useful to explain the differences in their surface 46 

evolution scenarios. We believe that our results contribute to further extending comparative planetology. 47 
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1 Introduction 48 

The intensely scattered seismic waves with a long duration (1 – 2 hours) and ambiguous phase 49 

arrivals (e.g., P, S) are one of the characteristics observed in the Apollo lunar seismic data (Latham et al., 50 

1970). According to the previous studies on Earth, it is considered that this feature is ascribed to the 51 

subsurface heterogeneities such as cracks, igneous intrusions, and faults (Sato et al., 2012 and references 52 

therein). While the intense scattering is the essence of the lunar seismic signals, its properties are poorly 53 

evaluated in a quantitative way. The past studies estimated the diffusivity and the intrinsic attenuation — 54 

the energy decay due to the absorption by medium — by fitting the energy decay part (Figure 1) and 55 

contributed to a better understanding of the long event duration seen in the Apollo data (Dainty and 56 

Toksöz, 1981). The problem was that their approach could not fully explain the energy growth part where 57 

the forward scattering effect is more dominant (Figure 1).  58 

 59 
Figure 1. An example of a lunar seismic wave. The horizontal axis shows time in seconds and the vertical 60 

shows the velocity in nm/s. This is an impact-induced event recorded on July 17 in 1972 with the vertical 61 

component of the long-period seismometer installed at the Apollo 15 landing site. The waveform is 62 

bandpass filtered between 0.3 and 1.5 Hz. This event is estimated to have occurred about 3000 km away 63 

from the Apollo 15 station (Oberst, 1989).  64 

 65 
Generally speaking, estimating the planetary interior using seismic waves relies on precise phase 66 

identifications (e.g., P, S arrivals). Yet, the extremely high scattering environment on the Moon makes it 67 

more challenging to pick up the phases, leading to considerable uncertainty in the resultant structure 68 

model (e.g., Garcia et al., 2019). Thus, it can be said that the scattering is an essential characteristic of the 69 

lunar seismic waves, whereas it is a most severe obstacle for the investigation of the internal structure. 70 

Moreover, the seismic data from Mars also show intensely scattered features (e.g., Lognonné et al., 2020; 71 
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Menina et al., 2021), implying that seismic scattering is not just a specific problem in lunar seismology 72 

but also a common problem in planetary seismology. Therefore, it is valuable to push forward our 73 

understanding of this topic for elucidating the nature of seismic wave propagation on extraterrestrial 74 

bodies. 75 

In this study, by employing a more direct way than before, we quantitatively evaluated the lunar 76 

scattering properties, which have remained an open and severe issue since lunar seismology started. Here 77 

we present the updated scattering properties of the Moon derived through the first full 3D simulation of 78 

seismic wave propagation in lunar seismology. Our high spatiotemporal resolution simulation enabled us 79 

to directly compare the Apollo observation and synthetics at the same frequency range. Moreover, we 80 

successfully reproduced the first part of the coda within a reasonable parameter range, allowing us to 81 

evaluate the scattering attenuation factor quantitatively. Additionally, we compare our results with the 82 

Earth and Mars, and discuss why we observe different seismological features on each solid body. Since 83 

this kind of comparative study helps us infer how the evolution process differs among solid planetary 84 

bodies, we believe that our results not just contribute to deepening our understanding of the Moon but 85 

also pushing forward comparative planetology. 86 

In the following sections, we present the fundamental idea about the 3D seismic wave 87 

propagation simulation and how to compare the simulated results with the observation. Then, we show 88 

the results and discuss the obtained fractured structure within the lunar crust together with the previously 89 

proposed models. Finally, we make a comparison between the Earth, Mars, and the Moon in terms of 90 

seismic scattering and intrinsic absorption. 91 

2 Methodology 92 

In modeling the lunar seismic scattering, we adopted a new approach. The previous works (e.g., 93 

Dainty and Toksöz, 1981; Gillet et al., 2017) inverted scattering and attenuation parameters such as 94 

scattering attenuation factor (Qs) and intrinsic attenuation factor (Qi) based on the radiative transfer 95 

theory, where it is considered how incidence wave loses the energy due to scattering media and how the 96 
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shape of energy envelope varies depending on the intensity of heterogeneity (e.g., Sato et al., 2012). 97 

Under the intense heterogeneity, this approach works well to explain the decay coda, which strongly 98 

reflects the intrinsic attenuation — the energy absorption by medium. Whereas the theory is not fully 99 

capable of modeling the energy growth part (from the first arrival to the energy peak arrival: Figure 1), 100 

where the scattering effects are more dominant. To overcome this problem, we performed forward 101 

modeling with 3D seismic wave propagation simulation, including all possible scattering sources such as 102 

topographies and wave velocity fluctuation, so to speak, full 3D simulation. The idea is to perform wave 103 

propagation simulations under various settings and to find a set of parameters that can well-reproduce the 104 

observations. While such an approach was known to be the most straightforward way to evaluate the 105 

scattering environment, it was unrealistic to take this approach because it requires a vast amount of 106 

computational resources. Recently, accompanied by the significant progress in computational technology, 107 

it is now possible to perform the forward approach. In this study, utilizing one of the best supercomputers 108 

existing (Earth Simulator 4th generation of Japan Agency for Marine-Earth Science and Technology), we 109 

performed the first full 3D simulation in lunar seismology to constrain the scattering properties more 110 

directly. In this section, we summarize the key points of the numerical simulation. 111 

 112 
2.1 Simulation code for 3D seismic wave propagation 113 

We used the Open-source Seismic Wave Propagation Code (OpenSWPC) developed by Maeda et 114 

al. (2017), which is based on the finite difference method with heterogeneity, oceanic layer, and 115 

topography (HOT-FDM; Nakamura et al., 2012). The code enables us to include both lunar topographies 116 

and scattering media that are mandatory functionalities in this study. Another point is that we realized a 117 

stable computation up to 2 Hz, which covers the peak sensitivity frequency band of the Apollo long 118 

period (LP) seismometer (0.3 – 1.5 Hz), realizing the first direct comparison between the synthetics and 119 

the Apollo data at the same frequency range. 120 

 121 
2.2 Reference events and work space 122 
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Since this work is the first attempt of full 3D simulation in this field, it is reasonable to start with 123 

the artificial impacts because of their well-constrained source locations, origin times, and impact 124 

parameters (e.g., kinetic energy, impact angle). Following Onodera et al. (2021) who performed 2D 125 

simulation of the lunar seismic wave propagation, we adopted two SIVB rocket booster impacts: Apollo 126 

16 SIVB and Apollo 14 SIVB impacts recorded at Apollo 12 station (Figure 2a). The computational space 127 

for each event is shown in Figure 2b-c. The detailed configuration of the simulation is summarized in 128 

Text S1. 129 

 130 
Figure 2. (a) Locations of Apollo SIVB impacts and Stations. The yellow inverse triangles show the 131 

locations of the Apollo seismometers and the green circles show the impact locations of the Apollo SIVB 132 

rocket boosters. The background is the digital elevation model (DEM) of the SELENE (Kaguya) laser 133 

altimeter (Araki et al., 2009). (b) Workspace for the 3D simulation of the Apollo 16 SIVB impact. The 134 

bottom and right-hand side panels display the cross-sections of E-W and N-S directions along with the 135 

yellow dotted lines. The grayscale corresponds to the surface topography (SLDEM2015; Barker et al., 136 

2016) and the colored scale shows the density within the crust and mantle. The Moho boundary is 137 

inserted based on GRAIL crustal model by Wieczorek et al. (2013). Note that the first several km 138 

includes random media (i.e., the density fluctuation).  (c) Workspace for the 3D simulation of the Apollo 139 

14 SIVB impact. The color scales and each panel are the same as in (b). 140 

 141 
2.3 Velocity structure 142 

In constructing the velocity model, the gravity data from the Gravity Recovery and Interior 143 

Laboratory (GRAIL) mission and the measurements of Apollo returned samples were considered.  144 
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Regarding the density structure estimated from the GRAIL data, we used the density and porosity 145 

model provided by Besserer et al. (2014). Following their model, the density profile as a function of depth 146 

𝜌(𝑧) can be written as:  147 

𝜌(𝑧) = 𝜌!"#$ + ∆𝜌(1 − 𝑒%&/()        (1) 148 

where 𝜌!"#$ is the surface density, Δ𝜌 is the density contrast between fractured surface materials and 149 

unfractured bedrock, and 𝑑 is the e-folding depth. At the Apollo 12 landing region, these parameters take 150 

the values of 2,308 kg/m3, 786 kg/m3, and 9.8 km, respectively. The porosity as a function of depth 𝜙(𝑧) 151 

can be expressed as: 152 

𝜙(𝑧) = 1 − 𝜌(𝑧) 𝜌)⁄          (2) 153 

where 𝜌) = 𝜌!"#$ + Δ𝜌. Substituting Equation 1 into Equation 2 gives us 154 

𝜙(𝑧) = 1 − *
+!"#$,-+

/𝜌!"#$ + Δ𝜌(1 − 𝑒
%%&)0.     (3) 155 

In terms of the laboratory measurements, we referred an experimental work by Sondergeld et al. 156 

(1979). They constructed an empirical model of the compressional wave velocity 𝑣𝑝(𝑧) based on the 157 

measurements of the lunar anorthosite (Apollo sample: #60025, 174) like:  158 

𝑣.(𝑧) =
/'(

0*%1(&)
exp	 /41(&)

)%561(&)
7(*%1(&))

0    (4) 159 

where 𝑣.) (= 7.15 km/s) is the P-wave velocity extrapolated from high pressure to zero pressure based on 160 

the results by Mizutani and Osako (1974). 𝜉 is an empirical constant and the value ranges from 2 to 24, 161 

covering almost all velocity structure models proposed by previous works (Besserer et al., 2014, 162 

Sondergeld et al., 1979). In other words, 𝜉=2 gives the upper limit of the P-wave velocity structure while 163 

𝜉=24 does the lower limit. Combining Equation 3 with the empirical velocity structure by Sondergeld et 164 

al. (1979) results in the reference model used in the simulations. We employed 𝜉=7 based on the travel 165 

times computed for respective artificial impacts. See Text S2 and S3 for the determination of 𝜉	166 

parameter	and	additional	information	about	topography	model.		167 
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 Figure 3a shows the constructed P-wave velocity model. The model consists of three parts: 168 

megaregolith (the fragmented structure due to meteoroid impacts), crust, and mantle from top to bottom. 169 

It is worth noting that the random media, whose thickness varies from 3.5 to 10 km in the simulation, are 170 

inserted in the megaregolith layer. We will explain the scattering layer in the next section. With regards to 171 

the 𝑉𝑝/𝑉𝑠 ratio, Lognonné et al. (2003) and Gagnepain-Beyneix et al. (2006) suggested that it could range 172 

from 1.7 to 2.0 for high fractured materials. Also, Garcia et al. (2011) employed 2.0 for the top low-173 

velocity layer. In this study, following the previous results, the value in the scattering layer is assumed to 174 

be 2.0. Concerning the consolidated layer, √3 is given for 𝑉𝑝/𝑉𝑠. The intrinsic Q used in the simulation 175 

was provided by combining the results by Nakamura and Koyama (1982), and Blanchette-Guertin et al. 176 

(2012) (Table S1). 177 

	178 

Figure 3. (a) Assumed velocity structure for the simulations. ξ=7 was employed in this work. The structure 179 

consists of three parts: megaregolith, crust, and mantle. The random media is inserted into the megaregolith 180 

layer. The thickness of the layer varied from 3.5 to 10 km in the simulation. (b) Probability density 181 

distribution of the velocity fluctuation of the representative random media used in this study. As the 1σ of the 182 

fluctuation gets larger, the scattering effect becomes stronger. 183 
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2.4 Scattering model	184 

 In terrestrial seismology, the behaviors of seismic scattering have been measured by both 185 

laboratory experiments and data analyses of seismic signals (e.g., Sato and Fehler, 1998; Sivaji et al., 186 

2002; Sato et al., 2012). To quantitatively evaluate the properties of seismic scattering due to the 187 

heterogeneity inside a medium, previous works investigated the distribution of perturbation from an 188 

average velocity and expressed it in a mathematical way using the autocorrelation function (ACF) or 189 

power spectral density function (PSDF) (e.g., Shiomi et al., 1997; Sato and Fehler, 1998). According to 190 

Sato et al. (2012), there are a few types of ACFs: Gaussian, von Karman, and Exponential. Among these, 191 

von Karman or Exponential is usually adopted in the seismological approaches (e.g., Shiomi et al., 1997; 192 

Suzuki et al., 1981; Sivaji et al., 2002). We assumed exponential ACF (which is a specific case of von 193 

Karman ACF). It is defined as:  194 

𝑅(𝑟) = 𝜀7 exp O− #
8
P        (5) 195 

where 𝑟 is lag distance, 𝑎 is correlation length — the characteristic scale of the heterogeneity within a 196 

certain medium, and 𝜀 is fractional fluctuation which determines the velocity perturbation from the mean 197 

velocity structure.  198 

 To simulate the megaregolith (i.e., fragmented rocks by meteoroid impacts), we assumed the 199 

isotropic random media, where the correlation length in each direction takes the same value (i.e., 𝑎𝑥 = 𝑎𝑦 200 

= 𝑎𝑧), and varied the fractional fluctuation 𝜀 from 0.024 to 0.042, corresponding to the 1𝜎 of the velocity 201 

fluctuation from 5 to 10%.  202 

 Here we focus on the four cases, where the typical scale of random media is fixed to 650 m and 203 

1𝜎 of the velocity fluctuation ranges from 5 to 10% (Figure 3b). The larger perturbation corresponds to 204 

more intense scattering (i.e., the scattering effects get stronger from Case 1 to Case 4). The parameter 205 

study about the correlation length is presented in Text S4.  206 

 Note that these are the parameters for the initial runs to find preferable settings before the further 207 

detailed constraints. The additional scattering structure is presented in Section 3.3. 208 
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 209 
2.5 Source model 210 
 As a source model for impacts, there are two approximations; one is the isotropic radiation with 211 

moment tensor and the other is the point force (or body force) expressed with the impulse. In past studies, 212 

either model was used to simulate the impact-induced seismic waves (e.g., Blanchette-Guertin et al., 213 

2015; Daubar et al., 2020; Onodera et al., 2021). Since the detailed description of the impacts in terms of 214 

seismic source modeling is still an open issue, we employed the simplest model — isotropic radiation. In 215 

fact, under the intense scattering structure as considered in this study, the radiation information is lost just 216 

after the energy is released and the difference in the source model does not so much affect the resultant 217 

waveform (i.e., the structure is much more dominant to characterize the seismogram in this case). Readers 218 

can find more details in Onodera et al. (2021) for the source assumption. 219 

 It is worth noting that, through the subsequent simulations, we found that (1.5 ± 0.5) × 10*7	Nm 220 

is preferable as the seismic moment, which is equivalent to the seismic energy of (5.5 ± 1.8) × 109 J 221 

following Teanby and Wookey (2011). This leads to the seismic efficiency of	(1.2 ± 0.4)× 10%:. 222 

Because this is one of the least constrained parameters, we leave a brief note here for future impact 223 

physics works. 224 

 225 
2.6 Quantitative comparison between synthetics and Apollo data 226 
2.6.1 Preprocessing  227 
 First, as generally done in the seismological analysis, a long-term trend is removed from the raw 228 

Apollo seismic data. Concerning pre-filtering, the 4-th order Butterworth filter is applied with the cut-off 229 

frequency being 0.05 and 3.0 Hz. After that, we applied the Tukey window function with the lobe width 230 

being 3% of the data length. Then, the instrumental response of the Apollo LP peaked mode was 231 

corrected, which gave us the velocity time series data. After that, we performed the post-bandpass 232 

filtering around the peak sensitivity of the LP sensor in peaked mode (0.3 − 1.5 Hz).  233 

 Because of the radio-tracking of the artificial impacts, the source locations are well-constrained 234 

(Table S2 and S3), which enables us to obtain the radial and transverse components using the azimuth 235 
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information. Note that the seismometer was not aligned in the usual way for Apollo 12, that is, the 236 

positive direction of LPX is oriented towards 180°N and that of LPY is towards 270°E.  237 

 238 
2.6.2 Estimation of rise-time 239 
 As pointed out by Gillet et al. (2017) and Onodera et al. (2021), the first rise-coda (i.e., from the 240 

first arrival to peak energy arrival) contains the information of the forward scattering while the decay-241 

coda (i.e., from the peak energy to noise floor) more reflects the diffusion and intrinsic attenuation 242 

factors. Since this study focuses on the forward scattering effects, we paid closer attention to the rise-coda 243 

part. In the following analysis, a parameter called "rise-time"—the time to reach the energy peak from the 244 

first arrival—is mainly used. As P or S arrival reading, the rise-time is determined manually (e.g., 245 

Onodera et al., 2021). In the case of the Moon, it is estimated by taking a moving average of the seismic 246 

records and detecting the point where the gradient of energy increase becomes flat. In this work, all the 247 

seismic signals were smoothed with a window of 200 data points (∼30 s). That basically means the 248 

uncertainty of the rise-time corresponds to ±15 s.  249 

 250 
2.6.3 Equivalent energy density 251 
 We looked into the envelope shape in order to track the energy trend in time, which helps us 252 

assess how identical the synthetic data are compared to the real one. The seismic energy is proportional to 253 

the squared amplitude. Thereby, the equivalent energy 𝐸𝑒𝑞 is given by: 254 

𝐸;<= = ∑𝑉=7(𝑡)				(𝑖 = 𝑅, 𝑇, 𝑍)         (6) 255 

where 𝑉(𝑡) is the time-series of velocity signal for the radial, transverse, and vertical components. Since 256 

this study aims to see how the energy develops with time, we divided the time series into some sections 257 

and evaluate the energy density in a certain section instead of computing the total energy. Here, we 258 

introduce a new parameter called "equivalent energy density (EED)" 𝐸𝑑 defined as:  259 

𝐸(* =
*

>*+,%>*
∑ 𝑉=7(𝑡)			(𝑖 = 𝑍, 𝑅, 𝑇; 𝑗 = 1, 2, … , 2𝑁(=/ − 1)
>*+,
?@>*+,       260 

                                                                                                                                                   (7) 261 
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𝜏A =
AB#-!.
C&-/

	(𝑛 = 1,2, … , 2𝑁(=/)           262 

where 𝑇#=!; shows the rise-time, and 𝑁(=/ (=10 in this study) determines how many sections the time-263 

series is divided into. Thereby, the 𝐸𝑑 tells us how much energy is received at a station for a certain 264 

period, which is useful to track how the energy develops with time. 265 

 266 
2.6.4 Amplitude ratio 267 
 As another quantitative criterion, we evaluated how much the amplitude at the rise-time 𝐴#=!; 268 

differs from the mean amplitude 𝐴𝑎𝑣𝑒. Figure 4 shows two different cases. The typical lunar seismic signal 269 

represents a relatively flat feature after reaching the rise-time, which results in the 𝐴rise/𝐴ave ratio of ∼1.4 270 

(Figure 4a). Note that the time window between the first arrival and 2𝑇rise is used to compute the average 271 

value. On the other hand, if a signal has a strong peak as in Figure 4b, the ratio takes a higher value.  272 

 273 
Figure 4. Examples of the amplitude ratio for (a) Apollo data and (b) simulation (Case1). 𝐴rise is the 274 
amplitude at the rise-time, and 𝐴ave stands for the average amplitude between arrival to 2𝑇rise.  275 
 276 

3 Evaluation of scattering property around the Apollo 12 landing site 277 

 As only two events are available in this study, the procedure goes like: (1) constraining the 278 

scattering structure for the closer event (Apollo 16 SIVB impact), then (2) applying the structure to 279 

another event (Apollo 14 SIVB impact) to see whether the same structure can explain both observations. 280 

Unless the structure worked well for two events, a revision in the scattering structure would be given to 281 

minimize the discrepancy between synthetics and the data. Section 3.1 shows the results of rise-time, 282 

energy trend, and envelope shape for Apollo 16 SIVB impact observed at Station 12. Section 3.2 explains 283 

Arise

Aave

(a) Apollo data (b) Simulation (Peaked shape)

Arise/Aave=2.73Arise/Aave=1.44

Figure 26 – Examples of the amplitude ratio for (a) Apollo data and (b) simulation (Case1). �A8B4 is the amplitude
at the rise-time, and �0E4 stands for the average amplitude between arrival to 2)A8B4.

2.3 Results

As only two events are available in this study, the procedure goes like 1) constraining the scattering structure for
the closer event (Apollo 16 S-IVB impact) first, then 2) applying the structure to another event (Apollo 14 S-IVB
impact) to see whether one structure can explain both observations. Unless the structure can work well for two
events, I give a revision in the scattering structure to minimize the discrepancy between synthetics and the data.
Therefore, the first subsection is devoted to showing the results of rise-time, energy trend, and envelope shape
for Apollo 16 S-IVB impact observed at Station 12. The latter sections explain whether the structure based on
the Apollo 16 S-IVB event works for Apollo 14 S-IVB as well and describe how I can improve the scattering
structure.

2.3.1 Comparisons between simulated waves with the Apollo seismic data

Following the approaches presented in the previous sections, I make comparisons between the simulated waves
(from Case 1 through Case 4) and the Apollo seismic data. The first comparisons are made in terms of rise-time.
Figure 27 displays the smoothed envelopes of synthetics (colored) and Apollo data (black). The vertical lines
with shade represent the rise-times. Looking through these envelopes, it is easy to find that synthetics for Case
1 (the weakest scattering condition) shows a clear peak around 100-120 s, which corresponds to surface wave
energy. Also, the rise-time is delayed compared to that of the Apollo. On the contrary, as the scattering gets
stronger (e.g., Case 3 and 4), the peak becomes flatter and flatter, becoming more similar to that of the Apollo.
The rise-times for the simulated envelopes are accumulated in Figure 28. Each colored plot corresponds to each
simulation case shown in Figure 27 and the black is for the Apollo data. As mentioned above, Case 3 and 4
better fit with the data while the rise-times are o� the Apollo’s error ranges for some weaker scattering cases
(the vertical component of Case 1, and the transverse component of Case 2). Thus, in terms of rise-time, both
Case 3 and 4 are preferable to explain the data.

Next, I compare the simulation with the data using the equivalent energy density described in Section 2.2.11.
Figure 29 shows the time development of the EED ratio (Apollo over synthetics), that is, the synthetics (colored)
show a similar trend to the data (dashed black line) as getting closer to 1. Focusing on the vertical components,
it can be found that both Case 3 and 4 (green and blue) take a similar trend to the Apollo while Case 1 and 2
show an obvious discrepancy with the data. On the other hand, two horizontal components display a di�erent
behavior from the vertical. Any cases in the first quarter (⇠0.5) give plots away from the black broken line
although Case 3 and 4 becomes to stay around 1 after that period. In order to judge which model is better Case
3 or Case 4, the EED ratios are compared together with the rise-time (Figure 30). Note that the EED ratio is

44
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whether the structure based on the Apollo 16 SIVB event also works for Apollo 14 SIVB, and Section 3.3 284 

describes how to improve the scattering structure to better explain both events. 285 

 286 

3.1 The initial simulation results for Apollo 16 SIVB impact 287 

Some examples of the simulation outputs are displayed in Figure 5 including snapshots of the 288 

horizontal plane (Figure 5a) and the comparison of smoothed energy envelopes for the radial component 289 

between the Apollo (black profile) and synthetics (colored profile) (Figure 5b). The snapshots show the 290 

time development of wave propagation where the red wave shows the compressional component and the 291 

green does the shear component. The black circle pattern corresponds to the Rayleigh wave (e.g., the 292 

second panel in the first row of Figure 5a), which cannot be confirmed in the Apollo data. Thus, one of 293 

the important constraints in reproducing the Apollo observation is to attenuate the Rayleigh wave energy 294 

to the level of scattered body wave energy. Comparing the four scattering models, it is obvious that the 295 

stronger scattering (e.g., Case 4) diffuses the Rayleigh wave energy more rapidly compared to the weaker 296 

ones (e.g., Case 1) (Figure 5a). This difference can also be seen in the synthetic waves (Figure 5b). While 297 

the synthetic envelope shows a strong peak of the Rayleigh wave in the weak scattering condition (Case 298 

1), as the scattering becomes more intense (Case 4), the surface wave energy is attenuated and the 299 

envelope shape gets more similar to the observation. 300 
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 301 
Figure 5. (a) Snapshots of each simulation on the horizontal plane. The time developments of wave 302 

propagation for Case 1 through Case 4 are shown from the top to bottom row. The yellow cross 303 

shows the location of the source (Apollo 16 SIVB impact) and the seismic station (Station 12). The 304 

red wave corresponds to the compressional component and the green to the shear component. In 305 

this case, the random media displayed in Figure 3b are inserted in the first 5 km. (b) Comparison of 306 

smoothed envelopes of the radial component between the Apollo and synthetics for the respective 307 

cases. All results are filtered between 0.3 – 1.5 Hz, then smoothed with a 30 s time window and 50% 308 

overlap. The black curve corresponds to the Apollo data and the colored ones to the synthetics for 309 

Case 1 through Case 4 from the top to bottom. The vertical lines with shade represent the peak 310 

energy (rise-time) arrivals and their error ranges. The error bar follows the window size for 311 

smoothing. The amplitudes are normalized with the value at the respective rise-times. 312 

 313 
 More quantitative comparison between the observations and synthetics was made by measuring 314 

the rise-time and EED (Figure 6a-c). While Case 1 and 2 are plotted far away from the Apollo, the intense 315 

scattering cases (Case 3 and 4) are in accordance with the observation. Moreover, looking at the results of 316 

the amplitude ratio (Figure 6d), we clearly observe that the ratio gets closer to the observation as the 317 

scattering gets stronger – meaning that the envelop shape changes from peaked-shape to flat one as seen 318 
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in Figure 5b. From these results, we conclude Case 4 is preferable as a base model for the further 319 

investigations in the following sections. 320 

 321 
Figure 6. Rise-time versus equivalent energy density ratio (EED ratio) for (a) the vertical, (b) the 322 

radial, and (c) the transverse components. The black plots show the Apollo, and the colored are for 323 

respective simulation cases. The horizontal axis shows the rise-time with error of 15 s. The vertical 324 

axis shows the average value of the EED ratio between the observation and synthetics over 2𝑇𝑟𝑖𝑠𝑒 325 

with standard deviation. (d) Results of the amplitude ratio values. The colored plots with error bars 326 

show the averaged values of the vertical, radial, and transverse components. The black dotted lines 327 

are the amplitude ratio values for the Apollo data with error range. 328 

 329 
3.2 Application of the estimated scattering model to Apollo 14 SIVB impact 330 

 To observe whether Case 4 — the best model for Apollo 16 SIVB impact — can also explain the 331 

other event, we performed another simulation for the Apollo 14 SIVB impact under the same parameter 332 

settings. Figure 7 compares the simulated envelopes with the Apollo ones. Overall, the envelope shape 333 

shows similar features to the data. The rise-time is in accordance with the error range for all components, 334 

and the amplitude ratio averaged using the three components takes the value of 1.59 ± 0.10 close to that 335 
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of the Apollo (1.30 ± 0.05). However, making a comparison with the Case 4 results for the Apollo 16 336 

SIVB impact (i.e., Figure 5b and Figure 7b), it does not seem that the fitting and the consistency of rise-337 

time is as good as that for the Apollo 16 SIVB case. In the following section, we give some modifications 338 

to the Case 4 structure to see what kind of model can improve the results.  339 

	340 
Figure 7. Smoothed envelopes of Apollo 14 SIVB impact observed at Station 12 in (a) the vertical, 341 

(b) the radial, and (c) the transverse components. The black envelopes are for the Apollo data, and 342 

the magenta profiles are for the simulation assuming Case 4 structure. The vertical lines with shade 343 

show the rise-time arrivals with error ranges. All envelopes are normalized with the value at each 344 

rise-time.  345 

 346 

3.3 Modification of the vertical scattering structure 347 

 To improve the simulation results for Apollo 14 SIVB impact case, we modify the vertical 348 

scattering structure. Since the computation is expensive (28 TB total memory for each run), we prepared 349 

three different structures to roughly confirm what kind of structure improves the synthetics. The assumed 350 

structures (Case 4𝛼, 𝛽, and 𝛾) are shown in Figure 8a. Among these models, Case 4𝛼 shows a gradual 351 

decrease in velocity fluctuation. In Case 4𝛽, the scattering gets rapidly weak at 3.5 km (i.e., thin intense 352 

scattering). Case 4𝛾 keeps the intense scattering layer down to 10 km, then rapidly turns into a 353 

consolidated structure below that depth.  354 

 The simulation results are displayed in Figure 8b-d. Looking at the vertical components, there is 355 

little difference between the three cases. On the other hand, some differences can be confirmed in the 356 

horizontal components. For example, while the rise-times of Case 4𝛽 and 𝛾 (blue and green) coincide 357 

with the data within the error bars, the transverse component of Case 4𝛼 (red) does not. From the 358 

comparison between Case 4𝛼 with the rest of the two, it does not seem that the gradually changing 359 

structure is suitable for the Apollo 12 landing site.  360 

2.3.2 Application of the constrained structure to Apollo 14 S-IVB impact

In order to see whether Case 4, which is the best model for Apollo 16 S-IVB impact, can also explain the other
event, I performed another simulation concerning Apollo 14 S-IVB impact, using Case 4 structure settings.
Figure 33 compares the simulated envelopes with the Apollo ones. Overall, the envelope shape shows similar
features to the data. The rise-time is in accordance with the error range for all components, and the amplitude
ratio averaged using the three components takes the value of 1.59±0.10 close to that of the Apollo (1.30±0.05).
Making a comparison with the Case 4 results for the Apollo 16 S-IVB impact, it does not seem that the fitting
is as good as that for the Apollo 16 S-IVB case. In the following sections, I will give some modifications to the
Case 4 structure to see what kind of model can improve the results.

Figure 33 – Smoothed envelopes of Apollo 14 S-IVB impact observed at Station 12 in (a) the vertical, (b) the radial,
and (c) the transverse components. The black envelopes are for the Apollo data, and the magenta profiles are for
the simulation assuming Case 4 structure. The vertical lines with shade show the rise-time arrivals with error
ranges. All envelopes are normalized with the value at each rise-time.

2.3.3 Modifications of the vertical scattering structure

To improve the simulation results for Apollo 14 S-IVB impact case, I modify the vertical structure, which was
not taken into account in the initial runs. Since the computation is expensive (28 TB total memory for each run),
I prepared three di�erent structures to roughly see what kind of vertical structure makes the synthetics closer to
the data. The assumed structures (Case 4U, V and W) are shown in Figure 34a. Among these models, Case 4U
shows a gradual decrease in velocity fluctuation following exponential function. In Case 4V, the scattering gets
rapidly weak at 3.5 km (i.e., thin intense scattering). Case 4W keeps the intense scattering layer down to 10 km,
then rapidly turning into a consolidated structure below that depth.

The simulation results are displayed in Figure 34b-d. Looking at the vertical components, there is little di�erence
among the three cases. On the other hand, some di�erences can be confirmed in the horizontal components.
For example, while the rise-times of Case 4V,W (blue, green) coincide with the data within the error bars, the
transverse component of Case 4U (red) does not. From the comparison between Case 4U with the rest of the
two, it does not seem that the gradually changing structure is suitable for the Apollo 12 landing site. Concerning
the preference between the thin (Case 4V) or the thick scattering layer (Case 4W), Case 4W looks more similar to
the observation in particular, which can also be confirmed in the averaged amplitude ratio in Figure 35. Thus,
the intense scattering appears to continue down to 10 km at least. As a side note, Case 4 W also works for
Apollo 16 S-IVB impact, showing as good results as those of Case 4 (Figure 36). To summarize, the scattering
structure at the Apollo 12 landing site can be modeled with the autocorrelation function (ACF) with correlation
length of 650 m and (XE/E)'"( = 0.1. The scattering structure is considered to extend at least down to 10 km.
Concerning the source of the heterogeneity, I will discuss in detail in the next sections.

In the end, I show the waveforms, envelops, power spectral densities (PSDs), and spectrograms for the best
cases derived in this study (Figure 37 � Figure 40). Although I do not go much into detail, I just would like to
mention the seismic moment and seismic e�ciency, which was briefly described in the methodology section
(Section 2.2.6). From the comparison of the absolute amplitude between the Apollo and the simulation, it turned
out that the seismic moment takes the value of (1.0� 2.0) ⇥ 1012 Nm which is equal to the seismic energy of
(3.6�7.3)⇥106 J following the model by Teanby and Woonkey (2011). Since the kinetic energy of the S-IVB

48
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 Concerning the preference between the thin (Case 4𝛽) or the thick scattering layer (Case 4𝛾), 361 

Case 4𝛾 is more similar to the observation, which can be confirmed from the averaged amplitude ratio in 362 

Figure 9. In fact, Case 4𝛾 also works well for Apollo 16 SIVB impact (Figure 10). Thus, the intense 363 

scattering appears to continue down to 10 km at least at the Apollo 12 landing site. 364 

 365 
Figure 8. (a) Assumed scattering structures. The black line is Case 4 which was used in the previous 366 

section. The red, blue, and green are Case 4𝛼, 𝛽, 𝛾, respectively. (b)-(d) The comparisons between 367 

the simulation results (colored) with the Apollo data (black) for the vertical, radial, and transverse 368 

components from left to right. The first row is for Case 4𝛼, followed by Case 4𝛽, and Case 4𝛾. The 369 

vertical lines with shade represent the rise-times with their error ranges.  370 

 371 

 372 

Figure 9. Averaged amplitude ratios of the three components. Magenta plot is for Case 4, red for Case 373 

4𝛼, blue for Case 4𝛽, and green for Case 4𝛾. 374 

4 4α 4β 4γ

Figure 35 – Averaged amplitude ratios of the three components. Magenta plot is for Case 4, red for Case 4U, blue
for Case 4V, and green for Case 4W.

Figure 36 – Comparisons of the simulation results of Apollo 16 S-IVB impact between Case 4W and Case 4. The
vertical, radial, and transverse components are aligned from left to right. The black envelopes are for the Apollo
data, and the colored are for the simulated. The first row corresponds to Case 4W, followed by Case 4.
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 375 
Figure 10. The results for Apollo 16 SIVB impact for Case 4 𝛾. (Top row) Simulated waveforms in 376 

nm/s. The vertical, radial, and transverse components are shown from the left to right. The 377 

waveforms are filtered between 0.3 and 1.5 Hz. (Middle row) The vertical, radial, and transverse 378 

waveforms of the Apollo data from the left to right. The same filter is applied to the respective data 379 

as that of the simulation. (Bottom row) Comparisons of smoothed envelopes between the Apollo 380 

(black) and the simulation (colored).  381 

 382 
4 Discussion 383 

4.1 Interpretation of the derived structure 384 

 From the forward modeling, we found that the 10 km intense scattering model (Case 4γ) best 385 

explains the observations. The structural transition at 10 km depth was actually expected in previously 386 

proposed models (Hawke et al., 2003; Yamamoto et al., 2012), although that is more related to the 387 

compositional transition from the mafic-rich materials into the plagioclase-rich anorthosite. It is also 388 

pointed out that the mafic-rich layer has compositional variations due to the continuous meteoroid 389 

impacts in the early history of the Moon (Hawke et al., 2003).  390 

 On the other hand, the numerical simulation of the spatial development of impact fragments by 391 

Wiggins et al. (2019) showed that the fragmentations with several hundreds of meters, which affect the 392 

seismic wave propagation, could develop down to 5 km from the surface. Putting together these pieces of 393 

information with our model, within the 10 km scattering layer, the first several-km layer reflects the 394 

Apollo 16 S-IVB impact at Station 12 (Case 4γ)
!! = 1×10"# ('()

Figure 37 – The best results for Apollo 16 S-IVB impact derived in this study. (Top row) Simulated waveforms in
nm/s. The vertical, radial, transverse components are shown from the left to right. The waveforms are filtered
between 0.3 � 1.5 Hz. (Middle row) The vertical, radial, and transverse waveforms of the Apollo data from the
left to right. The same filter is applied to respective data as that of the simulation. (Bottom row) Comparisons of
smoothed envelopes between the Apollo (black) and the simulation (colored).

Apollo 16 S-IVB impact at Station 12 (Case 4γ)

Figure 38 – Spectral features for the best results of Apollo 16 S-IVB impact derived in this study. (Top row) Power
spectral densities for the vertical, radial, and transverse components from the left panel to the right one. The
shaded area shows the filter band applied to the original data. (Middle row) Spectrograms of the Apollo data for
the vertical, radial, and transverse components from the left to right. (Bottom row) Spectrograms of the simulation
for the vertical, radial, and transverse components from left to right.

51



manuscript submitted to JGR Planets 

 

structural fragmentation and more reflects the compositional variations below that; then the structure 395 

turns into a massive plagioclase-rich crust where the composition and physical structure get more 396 

homogeneous at around 10 km depths.  397 

4.2 Comparison between the Earth, Mars, and the Moon in terms of scattering and 398 
attenuation environment 399 

 The quantified scattering parameter enables us to compare the scattering environment between 400 

the Earth, Mars, and the Moon. Figure 11a compares the three solid bodies from the viewpoint of seismic 401 

scattering, where the intensity of scattering is evaluated with scattering attenuation factor Qs defined as: 402 

𝑄!%* =
A!
D!

         (8) 403 

where 𝑛! is the scattering coefficient corresponding to the reciprocal of the mean free path between 404 

scattering media. Here, we regarded the correlation length as the mean free path. 𝑘! is wavenumber for a 405 

given frequency, that is: 406 

𝑘! =
7E$
F

         (9) 407 

where 𝑓 refers to the frequency —ranging from 0.3 to 1.5 Hz—and V is the seismic wave velocity (S-408 

wave velocity in the megaregolith layer in this study). The smaller Qs value (i.e., larger Qs
-1) means more 409 

intense scattering. In Figure 11a, the lunar and Martian Qs (colored filled area) are superposed on those 410 

evaluated at various sites on the Earth (Sato et al., 2012 and references therein).  411 

Paying attention to the terrestrial Qs
-1, it ranges from 10-1 to 10-5 in the lithosphere and does from 412 

5 × 10%G to 10-4 in the mantle. The volcanic region, whose subsurface structure is heterogenous, shows a 413 

relatively high value of 10-2 compared to the typical values for the lithosphere. Turning to Mars, the first 414 

results from the InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) 415 

mission (Menina et al., 2021) shows a similar value to those observed in the terrestrial lithosphere. Two 416 

filled areas are displayed for the Moon: one is estimated based on the radiative transfer modeling (Gillet 417 

et al., 2017) and the other is through the numerical simulation done in this study. Gillet et al. (2017) 418 
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analyzed various types of moonquakes besides meteoroid impacts whose excited waves are sensitive to 419 

the subsurface heterogeneity) and estimated the global structure of Qs (the crustal value is presented in 420 

Figure 11a). On the contrary, our research focuses on the closely located impacts, which are suitable for 421 

investigating megaregolith — the most heterogeneous region on the Moon. While the lunar crustal Qs
-1 is 422 

comparable with the most inhomogeneous region on the Earth displayed, the lunar megaregolith Qs
-1 423 

shows a higher value than those measured on the Earth and Elysium Planitia on Mars, suggesting the 424 

uppermost part of the Moon is highly heterogeneous.  425 

Our results arise a question; why does the Moon show more intense scattering than others? The 426 

answer can be explained by the difference in gravity conditions. It is known that the compressional 427 

pressure increases more rapidly under larger gravity conditions. In other words, the critical depth — 428 

where the plastic deformation stops — is located shallower as the planet's size gets larger, making it 429 

harder for impact fragments to develop (Wiggins et al., 2019). In addition, the existence of an atmosphere 430 

plays an important role in the surface evolution of a solid body. With an atmosphere, the impact velocity 431 

would be decelerated, resulting in smaller impact energy. Thus, it is reasonable that the Moon has a much 432 

more heterogeneous structure because of its smaller size and the lack of an air shield against continuous 433 

meteoroid impacts over several billion years. 434 

Another comparison is made in Figure 11b where the intrinsic attenuation factor Qi is compared 435 

between the three bodies. The smaller Qi (i.e., larger Qi
-1) indicates that the seismic energy attenuates 436 

more rapidly, generally implying that the medium includes more fluid. On Earth, large Qi
-1 (~10-2) is 437 

obtained at geologically active regions (e.g., volcanic front, active fault) (e.g., Sato et al., 2012). In the 438 

case of the Moon and Mars, much lower Qi
-1 values are obtained, indicating they are in an extremely dry 439 

environment, especially compared to the terrestrial lithosphere. This is consistent with a general view of 440 

the respective planetary environments. Combining these facts with Qs results makes it easier to interpret 441 

the differences in the seismic observations on each body. Since the Moon is in extremely heterogenous 442 

and low attenuation conditions, the seismic waves are highly scattered with less absorption, making the 443 

seismic phases unclear and prolonging the event duration. Mars shows a dry environment, but the 444 
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scattering factor is comparable with that of the Earth’s lithosphere. This explains why marsquakes have a 445 

longer duration than those on Earth with less diffused phase arrivals (such as P, S) than moonquakes 446 

(Lognonné et al., 2020). 447 

 448 
Figure 11. (a) Comparison of scattering attenuation factor between the Earth, Mars, and the Moon. The 449 

horizontal axis shows frequency and the vertical shows the inverse value of the scattering attenuation 450 

factor. The larger Qs
-1 shows the more intense scattering. For the terrestrial case, results for a variety of 451 

areas are plotted. The red hatched area is the first result of Elysium Planitia on Mars in the InSight 452 

mission. The green-filled area shows the previous estimate for the lunar crust and the cyan area shows 453 

our result for the lunar megaregolith. The numbers in the legend correspond to the references 454 

summarized in Table S6. (b) Comparison of intrinsic attenuation factor between the Earth, Mars, and 455 

the Moon. The larger Qi
-1 shows the larger attenuation, implying that the medium holds more fluid. As 456 

in (a), the results for various fields on the Earth and Elysium Planitia on Mars, the crust, and/or mantle 457 

of the Moon are shown together. The numbers in the legend correspond to the references summarized in 458 

Table S7. 459 

5 Conclusions 460 

 In this study, we accomplished the first reproduction of the intensely scattered seismic waves 461 

observed on the Moon through the full 3D seismic wave propagation simulation. This allowed us to make 462 

significant progress in understandings of scattering properties of the most heterogeneous region of the 463 

Moon (megaregolith), which has been a long-standing problem since lunar seismology started.  464 



manuscript submitted to JGR Planets 

 

 The quantified scattering parameters are compared with those evaluated on other planets, helping 465 

us interpret the different characteristics observed in seismic waves on each solid body. Since the seismic 466 

scattering is a common feature seen in planetary seismology, our approach would be helpful in 467 

investigating any other solid planetary bodies in future explorations.  468 

 To summarize, our study not just shed light on one of the most complicated problems in lunar 469 

seismology but also opened a new way for comparative planetology in terms of seismic scattering, which 470 

is expected to give us a paramount key to further understanding of how a planetary surface evolved since 471 

its formation. 472 
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