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Highlights

e Construct a virtual active-source shot gather using the shots inside two geophones

e Use multichannel analysis of surface waves (MASW) with continuous wavelet transform
e Estimate S wave velocity from surface to 10 m depth from noisy data of Apollo 14

e Gradual increase in S wave velocity from surface (~50 m/s) to a depth of 6 m (~100 m/s)

e S wave velocity deeper than 3 m at the Apollo 14 site is higher than the Apollo 17 site.
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Abstract

We used active source seismic data at the Apollo 14 landing site to investigate the shallow §
wave velocity structure (from the surface to a depth of 10 m) of the Moon. We applied seismic
interferometry to data from shots located between two geophones to construct a virtual shot
gather for multichannel analysis of surface waves (MASW). We included continuous wavelet
transform processing in the MASW analysis to improve the signal-to-noise ratio of the data
before estimating the S wave velocity Vs profile. The resultant profile showed gradual increase
in S wave velocity from the surface (Vs =~50 m/s) to a depth of 6 m (Vs =~100 m/s), followed by
a harder layer with S wave velocity of 110 m/s. This study demonstrated that future
extraterrestrial active seismic surveys can be accomplished faster, with simpler field geometry,
and using fewer shots and receivers than past missions, thus reducing the payload and cost of

future exploration missions.

1 Introduction

Understanding the structure of the shallow lunar subsurface is a prerequisite for future
building of bases on the Moon and identifying ice resources to provide water for them. In a
recent study, a lunar penetrating radar system aboard a Chinese rover deployed on the far side of
the Moon was used to investigate the shallow lunar subsurface structure (Li et al., 2020).

Data from active and passive seismic experiments performed using Apollo Lunar
Surface Experiments Packages (ALSEPs; Murtaugh, 2012) deployed during Apollo missions can
be used to investigate the structure of the shallow lunar subsurface. The active seismic
experiments are more efficient for determining such structure because they are not reliant on the
characteristics of ambient noise and can be used to estimate subsurface structures over wider
areas of the Moon in a short time. Cooper et al. (1974) used active seismic data recorded during
Apollo missions 14, 16, and 17 to identify a low-velocity layer (P wave velocity ~100 m/s)
extending from the surface to 10 m depth that they interpreted to represent a regolith layer
underlain by a layer with a P wave velocity of 300 m/s. Tanimoto et al. (2008) applied a cross-

correlation approach based on seismic interferometry to ambient noise in Apollo 17 data to
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produce an S wave structure model from the lunar surface to 15 m depth. Dal Moro (2015)
analyzed the Rayleigh-wave group velocity dispersion curve and the horizontal-to-vertical
spectral ratio of the active and passive seismic data of the Apollo 14 and 16 missions. However,
the validity of the dispersion curve Dal Moro (2015) derived from a single-channel group
velocity analysis was compromised by the limited number of available seismic stations and
sources (a common problem for analyses of seismic data from Apollo missions).

A promising approach that may improve the stability of S wave velocity estimations is
to extract dispersion curves by multichannel analysis of surface waves (MASW; Park et al.,
1999). However, Apollo mission active seismic data are not suitable for MASW because of the
limited number of seismic receivers in the ALSEPs. We therefore investigated the possibility of
using seismic interferometry to construct a virtual shot gather to overcome the use of too few
geophones and seismic sources during acquisition of the Apollo mission seismic data. Although
seismic interferometry analyses usually use only data from seismic sources that lie outside the
geophone array, in this study we used virtual seismic sources located between geophones to
increase the number of seismograms obtained. By using multiple shots between geophones,
MASW is possible with only two geophones. Moreover, because of the poor quality of the active
source data, we applied MASW with continuous wavelet transform (CWT; Ikeda & Tsuji, 2019)
to enhance surface wave signals. MASW with CWT suppresses noise unrelated to the surface
wave signals, thus improving analyses of noisy data and enabling analysis of seismic data
recorded with limited numbers of seismometers and seismic sources.

This approach to the use of active seismic data previously recorded by ALSEPs to
investigate the shallow lunar subsurface has implications for the design of future seismic surveys

on the Moon and Mars.

2 Data

Active seismic experiments (ASEs) were carried out during Apollo missions 14 and 16.
In this study, we used the active seismic data recorded using a thumper energy source during the
Apollo 14 mission. The ASE data were recorded on 6 February 1971 between 18:09 and 18:37
GMT. Thirteen of 21 thumper shots at 4.572 m intervals were recorded at three geophones at
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45.72 m intervals (Figure 1a). Eight shots were unavailable because of either misfires or
operational time constraints. The sample interval was 1.887 ms and record lengths were 5 s.

A representative raw data record (Figure 1b) shows signal propagation from shot 17 to
the three geophones. The clearest and most stable dispersion curve was derived from the data
recorded by geophones 1 and 2 and shots 11, 12, 13, 17, 18, 19, 20, and 21. Conversely, the data
recorded by geophone 3 exhibited substantial noise and significantly lower amplitude compared
to the others. While we did not discuss the specific sources of noise of the geophone 3, it may be
partially due to the wave scattering. Given that our velocity estimation method, as described
later, utilizes the initial arrival portions of the direct surface wave, we excluded the data from
geophone 3 in our analysis. We used only the data represented by the black symbols in Figure 1a

for our S wave velocity estimation.

(@)

Geophone 1 Geophone 2 Geophone 3
+++++ +++ + +++ 4+
21 20 19 18 17 13 12 11 7 4 3 2 1

(b)

Shot 17 Geophone 1 5 Shot 17 Geophone 2 0.4 Shot 17 Geophone 3
4 L
2
2 0.2-
) o 1 o)
© © ©
2 2 2
50 50 5 0
€ S 1S
< < <
] -0.2
_2 L
4 3 0.4
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s) Time (s)

Figure 1. Survey geometry and examples of recorded waveforms. (a) Source—receiver
configuration during the thumper source Apollo 14 ASE. Shot numbers are labelled only for the
13 available shots. The ASE data used for MASW analysis in this paper are those from the two
geophones and 8 shot locations shown here in black. (b) Raw data from shot 17 as recorded by
the three geophones (note different amplitude scales). Because geophone 1 is closer to shot 17
than geophone 2, a stronger first arrival signal arrived earlier at geophone 1. However, geophone

3 includes much noise.
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3 Methods and Results

3.1. Construction of Virtual Shot Gathers

Constructing shot gathers is an essential step in MASW analysis. Seismic interferometry
is a technique that enables the extraction of a Green's function from data recorded at two
receivers by means of cross-correlation calculations between the two observation points. This
allows for the reconstruction of a single source-receiver data by utilizing the responses of two
receivers (Wapenaar, 2004). Because cross-correlation functions can be calculated for each
source—receiver pair, a shot gather can be constructed by sorting cross-correlation functions as a
function of distance between stations. However, if we were to use only the seismic data from
sources that were not located between the two geophones (i.e., geophones 1 and 2) as in the case
of Apollo 14 data, there would only be one available geophone interval (Figure 1a) and it would
be difficult to obtain shot gather for the MASW analysis. To address this issue, we aim to
overcome the limited seismometers and inadequate geometry of sources and receivers for
MASW (Figure 2).

By assuming a horizontally homogeneous structure beneath the array, we were able to
synthesize a virtual shot gather for five geophone intervals by using seismic data whose shots
were located between the geophones (Figure 2). First, we moved geophone 1 (located to the left
of shot 17 source in Figure 2a) to a virtual location to the right of that source with same distance
from shot 17 (i.e., 18.288 m). We then calculated the distance between these two geophone
locations (i.e., 9.14 m in Figure 2a), which we defined as the virtual receiver spacing because
there was no corresponding spacing in the original data. Then we constructed a virtual shot
gather based on that virtual receiver spacing (Figure 2b). Here, we made 2-fold stacks of the
waveforms of shots 11 and 21, shots 12 and 20, and shots 13 and 19 in constructing the virtual
shot gather, because the virtual receiver spacings for each of these pairs were the same. In
computing the cross-correlation functions, receiver stations for virtual sources were defined at
the observation point closer to the source. The resulting virtual shot gather calculated from the 8
shots and 2 geophones had 5 receiver spacings, which corresponds to a shot gather from one

seismic source with 5 geophones (Figure 2b).
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We estimated cross-correlation functions by transforming the observed seismic
waveforms to the frequency domain and then calculating the complex coherence (e.g., Nakata et
al., 2011). To emphasize surface wave signals, we calculated the complex coherence for seismic
data for time windows mainly including direct surface waves. The influence of a choice of time
windows will be discussed in a later part. The resultant cross-correlation functions for each
station with each shot (Figure 3a) show a clear signal from the seismic sources in the 0—1.5 s.
Subsequently, we generated a virtual shot gather by considering the receiver spacing, as

illustrated in Figure 3b.
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140  Figure 2. Constructing a virtual shot gather. (a) Original configuration of geophones 1 and 2,
141  andshots 11, 12, 13,17, 18, 19, 20 and 21. The distances from shot 17 to geophones 1 and 2 are

142 D; and D,, respectively. By relocating both geophones to one side of the shot location, the virtual
143 receiver spacing can be obtained (e.g., |D1 — D] for shot 17). (b) Configuration of all virtual shot
144 gathers.
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149 to the virtual source. (b) The virtual shot gather from the Apollo 14 ASE calculated from 8 shots
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and 2 geophones. The virtual receiver spacing is the distance between the virtual geophones,
calculated from the difference of the distance between the shot and each geophone (see Figure
2b). Each trace represents a cross-correlation function between two stations after 12-22 Hz
bandpass filtering. The first arrivals of the signal propagated from the virtual seismic source are

observed in the interval 0—1.5 s.

3.2. Calculation of Dispersion Curve from Noisy Data

Surface wave velocity can be approximated by the S wave velocity of the interval from
the surface to the depth of the wavelength. For Rayleigh wave phase velocity dispersion curves,
one-dimensional S-wave velocity profiles can be approximately estimated by plotting S-wave
velocity corresponding to 1.1 X phase velocity at depth of the one-third wavelength (e.g.,
Hayashi, 2008). The phase velocity dispersion curve of the surface wave can be estimated by
using MASW to calculate the peak of each frequency from the frequency—phase velocity
spectrum (Park et al., 1999). However, the Apollo 14 ASE data are too noisy to allow extraction
of clear dispersion images from a virtual shot gather by MASW (see “4 Discussion and
Implications"). To reduce the influence of the noise, we estimated the phase velocity dispersion
curves by MASW with continuous wavelet transform (CWT; Ikeda & Tsuji, 2019). The MASW
with CWT method first estimates group velocity from the time when the waveform amplitude of
a shot gather is at its maximum. Then it estimates the phase velocity from the phase of the group
wave arrival time (Ikeda & Tsuji, 2019). Because this analysis focuses on phase around the
dominant group wave arrival time, it helps to suppress any noise that is unrelated to the signal of
the surface waves. The MASW with CWT method of Ikeda and Tsuji (2019) can be summarized
as follows.

The stacked cross coherence CC,3 between the data recorded by receivers 4 and B at

receiver spacing d; for the jth receiver pair (i.e., the virtual shot gather in this study) is described

by the equation

CCas(f,d;) = exp (—ifo];d-), (1)

where f is the frequency and c is the phase velocity.
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Based on the wavelet propagator derived by Kulesh et al. (2005) and Holschneider et al.
(2005), Ikeda and Tsuji (2018) presented the relation of the wavelet transform of cross-coherence

W as
Wee,, (t.f,d) = exp (—iandj (2- 5)) w(c-45), @

where ¢ is time, Wec, . (t, f, d-) is the wavelet transform of cross coherence for the jth receiver
pair, u is the group velocity, and W; is the wavelet transform of 1 in the frequency domain. We
used the Morlet wavelet as the mother wavelet.

To distinguish surface wave signals from noise, we calculated the arrival times of
dominant group waves. We computed amplitude spectra in the frequency—group-velocity domain

as
U(u, f) = ZjlWCCobS(u'fJ d)l, (3)

where u (= d;/t) is the group velocity, and W , is the wavelet transform of the observed shot
gather. The group velocity at each frequency is defined as the group velocity with maximum
amplitude in the amplitude spectra U.

Then, we estimated the phase velocity dispersion curve by using phase information
corresponding to the arrival times of estimated group waves. We computed amplitude spectra in
the frequency—phase-velocity domain by using the wavelet propagator of equation (2) and the

group velocity dispersion curve of equation (3) as

CCobS(tulf'dj) WCCAB(tu:C;f;d])

CCops (tu:f'dj)| |WCCAB (twe.f.dj)

ce ) =2, : 4)

where the overbar signifies a complex conjugate and ¢, is the arrival time of group waves. We
calculated the phase velocity at each frequency with maximum C in equation (4). However, the
phase velocity dispersion curve for inversion was determined by picking continuous phase

velocities with local maximum C in equation (4).

10
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The estimated group velocity dispersion curve obtained by MASW with CWT (Figure
4a) is clearly observed at 7-15 Hz and corresponds to velocities of about 37—41 m/s. The phase
velocity dispersion curve (Figure 4b) appears at 7-15 Hz and corresponds to velocities of about
50-70 m/s. To estimate S wave velocity models to satisfy estimated group and phase velocity
dispersion curves (blue lines in Figures 4a and 4b), we used both group and phase velocities for

inversion of S wave velocity.

3.3. 8 Wave Velocity Structure
By applying surface wave inversion to the estimated dispersion curves, we constructed

a 1D layered S wave velocity structure by using an iterative least-squares inversion based on
algorithms in Computer Programs in Seismology (CPS) by Herrmann (2013). The initial model
was a stepped gradient based on the work of Tanimoto et al. (2008) as follows. Ten horizontal
layers, each 1 m thick, were constructed. Density at the surface was set at 1800 kg/m? and P and
S wave velocities at 80 and 40 m/s, respectively (blue line in Figure 4d). At 10 m depth, density
was set at 1933 kg/m3, and P and S wave velocities at 193 and 97 m/s, respectively. The
velocities and densities for each layer were based on linear interpolations between 0 and 10 m
depth with the interpolated values at the midpoint of each layer applied to the whole of that layer.
In the inversion, we searched the S wave velocity of each layer. The P wave velocity of each
layer was estimated from the S wave velocity assuming the Poisson’s ratio is constant (0.33 in
our study). The density of each layer was fixed for the initial model during inversion.

The good agreement between the observed dispersion curve of phase and group velocities
and the ones obtained from the inverted S-wave velocity structure (Figure 4c) indicates a
satisfactory inversion. The inverted S wave velocity model (red line in Figure 4d) shows a
gradual increase in S wave velocities down to a depth of 6 m ( ~100 m/s). To assess the depth
resolution of our inversion, we computed the depth sensitivity of fundamental mode Rayleigh
waves of phase and group velocity for S wave velocity (CPS; Herrmann, 2013) (Figure 5a). Our
analysis indicates high sensitivity at depths of 1-3 m within the frequency band used for
inversion (6.9—15 Hz), which then decreases with depth. For lower frequencies, the analysis

showed the sensitivity of our inverted results to be reasonable to a depth of 7 m.

11
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Figure 4. Dispersion curves of (a) group velocity and (b) phase velocity calculated by MASW
with CWT. In panel (a) hotter colors represent larger values of U(u, f) in equation (3), and in
panel (b) they represent larger values of C(c, f) in equation (4). The color scale is normalized by
the maximum value. The gray dots in panels (a) and (b) are the maximum velocities at each
frequency of the spectrum. The blue lines are the picked dispersion curves for inversion. (c)
Theoretical and observed phase and group velocity dispersion curves. The dashed lines are the
theoretical dispersion curve calculated from the initial model (blue line in panel d), the solid lines
are the theoretical curve for the inverted model, and the green line is the phase velocity estimated
by MASW with CWT. (d) Comparison of the inverted S wave velocity structure (red line) and
the initial stepped gradient model (blue line). Note that the inverted S wave velocity structure is

final model in this study.

12



Submission to Icarus

(a) o Phase velocity Group velocity

2 L
—~ 4 i
£
= @
Q.
a
—7 Hz —7 Hz
—9Hz —9Hz
10] 12 Hz 10 12 Hz
—15Hz —15Hz
12 : 12 :
0 0.05 0.1 0 0.1 0.2
Sensitivity Sensitivity

I&_. —This study
2 LN
\
Larose et al. (2005)
— 4] |~ (Apollo 17)
E
= 6
8 Tanimoto et al. (2008)
-~ gl | T (Apollo 17)
107 1 Dal Moro (2015)
(Apollo 14)
12 : .
0 50 100

. S-wave velocity

253 Figure 5. (a) Depth sensitivity kernels of fundamental mode Rayleigh waves of phase and

254 group velocities for S waves at frequencies 7, 9, 12, and 15 Hz. We use phase and group

255 velocities in the frequency range 6.9—-15 Hz for our inversion. (b). Comparison of the inverted S
256  wave velocity models (red line) with the previous models by Larose et al. (2005) using Apollo
257 17 data, Tanimoto et al. (2008) using Apollo 17 data, and Dal Moro (2015) using Apollo 14 data.
258



259

260

261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279

Submission to Icarus

4 Discussion and Implications

As we described, the virtual shot gathers were calculated from seismic data for the time
window mainly including direct surface waves. Specifically, we defined the time window
corresponding to velocity from 20 to 200 m/s. One may consider using later arrival times would
be suitable because cross correlation of the coda part may make it possible to retrieve the
Green’s function between stations due to large scattering of seismic waves on the Moon.

To investigate the influence of a choice of the time window, we compared virtual shot
gathers and resulting dispersion images including the case with the conventional MASW without
CWT for different time windows (Figure 6). We compared three cases: (1) whole 5 sec time
window, (2) earlier time window corresponding to arrival times of wave velocities from 20 to
200 m/s, and (3) later time window corresponding to arrival times of wave velocities from 40
m/s to 5 sec. The results show when using the earlier time window, direct surface waves are
clearly observed in the virtual shot gather (Figure 6b). The phase velocity dispersion images
derived from the conventional MASW without CWT do not show clear signals when using the
whole latter time windows (Figures 6j and 1). However, applying MASW with CWT extracts
clear phase velocity dispersion images from noisy shot gathers (Figures 6g and 1), indicating the
robustness of MASW with CWT for noisy data. On the other hand, using the earlier time
window, dispersion signals are observed in the phase velocity dispersion image without CWT
(Figure 6k), although the fluctuation is suppressed with CWT (Figure 6h). Therefore, we

analyzed seismic data for the earlier time window in this study.

14
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Our virtual multichannel analysis of surface waves from Apollo 14 ASE data showed that
gradual increase in S wave velocity from the lunar surface (~50 m/s) to a depth of 6 m (~100
m/s). Below this surface layer, we identified a harder layer with S wave velocity of 110 m/s.
Here we compare the results of the S wave velocity structure of the shallow lunar subsurface at
the Apollo 14 landing site with those of previous research. Cooper et al. (1974) identified a
regolith layer extending from the surface to a depth of about 10 m at the Apollo 14, 16, and 17
landing sites by seismic refraction analysis. This velocity structure aligns with our S wave
velocity structure (Figures 4d, 5b). However, our S wave velocity structure (red line in Figure
5b) differs from that of Dal Moro (2015), who analyzed the same Apollo14 data (light blue line
in Figure 5b). There are several potential reasons for this discrepancy. First, Dal Moro (2015)
used both joint inversion of the group velocity dispersion from the Apollo 14 dataset and the
horizontal-to-vertical spectral ratio, whereas we used phase velocity dispersion curves derived
from 8 shots and 2 geophones. Second, Dal Moro (2015) used a higher frequency dispersion
curve than that of our study, considering higher modes of surface waves and horizontal to
vertical spectral ratio.

To evaluate the variations in shallow geological structures, we compared our results
with seismic velocity models obtained from a different landing site (Apollo 17). The shallower
sections of our S wave velocity profile (0-3 m depth) are similar to those of Larose et al. (2005)
(blue line in Figure 5b) and Tanimoto et al. (2008) (black line in Figure 5b), both of whom
analyzed Apollo 17 data. Larose et al. (2005) and Tanimoto et al. (2008) analyzed group velocity
dispersion curves in the frequency range from 4 to 10 Hz and 5 to 9 Hz, respectively, while we
analyzed group and phase velocity dispersion curves in the frequency range from 6.9 to 15 Hz.
Therefore, our investigation depth is shifted to the shallower part. These three models should be
sensitive to S-wave velocity at ~3 m depth, and this similarity indicates that the lunar surface
layer (<3 m depth) at the Apollo 14 and 17 landing sites have similar characteristics. However, at
deeper than 3 m depth, our S wave velocity at the Apollo 14 site is higher than that observed at
the Apollo 17 site.

In comparison to the passive approaches employed by Larose et al. (2005) and
Tanimoto et al. (2008), our active source-based approach offers a notable advantage in terms of
data recording time efficiency. We used ASE data that took less than 30 minutes for recording,

while Larose et al. (2005) and Tanimoto et al. (2008) used passive seismic data that required a
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longer recording time. Although our approach necessitates the preparation of an active seismic
source, the utilization of a minimal seismic source with minimal energy consumption could
prove valuable for lunar or Martian exploration. For instance, a portable active seismic source
(PASS) capable of generating a broad frequency signal (Tsuji et al., 2023a) has been recently
designed for the purpose of exploring the Moon. Despite its small size (a 4 cm diameter motor),
the PASS achieved signal propagation up to 1 km for horizontal distance on Earth by stacking
repeated seismic source signals. Utilizing such a minimal seismic source, along with a limited
number of seismometers, enables the imaging of the subsurface structure of the Moon (see
Figure 8 in Tsuji et al., 2023b).

By using ASE data (i.e., active seismic data with limited numbers of receivers and
active sources), we successfully obtained a reliable S wave velocity profile within a short
timeframe and without having to rely on unpredictable ambient noise data. Moreover, our
approach using MASW with CWT effectively handled noisy data. Our results demonstrate that
shallow seismic surveys in extraterrestrial environments can be carried out more effectively
(faster, more flexibly, and therefore at lower cost) using less equipment and simpler source—
receiver geometry than in the past, thereby reducing the payload necessary for future

extraterrestrial exploration missions.
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