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Supplemental Material

Internal structures of the Moon are key to understanding the origin and evolution of
the Earth–Moon system and other planets. The Apollo Passive Seismic Experiment
detected thousands of lunar seismic events and vastly improved our understanding
of the Moon’s interior. However, some critical questions like the state and composition
of the core remain unsolved largely due to the sparsity of the Apollo seismic stations
and the strong scattering of seismic waves in the top layer of the Moon. In this study,
we propose the concept of a fiber seismic network on theMoon and discuss its potential
in overcoming the challenges in imaging deep Moon structures. As an emerging tech-
nique, distributed acoustic sensing (DAS) can provide a cost-efficient solution for large-
aperture and dense seismic network deployment in harsh environments. We compute
lunar synthetic seismograms and evaluate the performance of DAS arrays of different
configurations in retrieving the hidden core reflected seismic phase ScS from the strong
scattered waves. We find that, compared to a sparse conventional seismic network, a
fiber seismic network using tens of kilometers of cable can dramatically increase the
chance of observing clear ScS by array stacking. Our results indicate that DAS could
provide new opportunities for the future lunar seismic surveys, but more efforts
and further evaluations are required to develop a space-proof DAS.

Introduction
Internal structures of other terrestrial planets (i.e., Mercury,
Venus, and Mars) and the Moon are key to our understanding
of their and the Earth’s thermochemical states, origins, and evo-
lutions in comparative planetology. The Moon is of particular
interest, due to not only its close distance to the Earth, which
makes a space mission much easier, but also because the scien-
tific questions of its origin, evolution, and mechanical behaviors
are closely tied to those of the Earth (Canup and Asphaug,
2001). Much of our present knowledge about the Moon’s
interior comes from geophysical investigations, including seis-
mic, gravity, heat flow, magnetic, and ground-penetrating radar
surveys in the last few decades (Hood, 1986; Wieczorek et al.,
2006; Garcia et al., 2019). Of these methods, seismic waves can
penetrate the deep Moon and therefore help us reveal a rather
detailed structure (e.g., Nakamura, 1983; Lognonné et al., 2003;
Gagnepain-Beyneix et al., 2006; Garcia et al., 2011; Weber et al.,
2011; Khan et al., 2014; Matsumoto et al., 2015). As a pioneering
planetary seismic exploration program, four seismometers were
deployed on the Moon during the Apollo missions (12, 14, 15,
and 16) in 1969–1976, and provided the unique data to inves-
tigate the Moon seismic activities and structures (Fig. 1; Latham
et al., 1970; Nakamura et al., 1982).

During the seven years of operation, the Apollo seismom-
eters detected thousands of seismic events from the near side
of the Moon, which can be generally classified to four groups:
shallow moonquakes, meteorite impacts, artificial impacts, and

deep moonquakes (Toksöz et al., 1974; Lammlein, 1977;
Nakamura, 1983; Nunn et al., 2020). Most of these moonquakes
have very small magnitudes (e.g., M < 3, Goins et al., 1981) but
have been recorded in high quality, benefiting from the
extremely quiet seismic environment and low attenuation on
the Moon, as well as the high sensitivity of the Apollo seismom-
eters (Latham et al., 1970).

Based on the Apollo seismic data, several 1D models of lunar
interior structure have been developed (e.g., Nakamura, 1983;
Lognonné et al., 2003; Gagnepain-Beyneix et al., 2006; Garcia
et al., 2011; Weber et al., 2011; Khan et al., 2014; Matsumoto
et al., 2015), but large uncertainties are still present, especially
about the core. The most prominent feature of the moonquake
seismograms is the emergent first arrival with a long duration of
coda waves (Fig. 2; Nakamura, 1977; Nunn et al., 2020), which is
distinct from the relatively impulsive signals from earthquakes.
This feature is also seen on the marsquake seismograms
(Banerdt et al., 2020), and attributed to the strong scattering
effects in the top porous regolith and crustal fractures created
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by impactors (Dainty et al., 1974; Blanchette-Guertin et al., 2012;
Gillet et al., 2017). These scattered waves obscure any later arrival
phase, such as the S waves and reflected waves from internal

discontinuities (e.g., core-mantle
boundary reflected phases PcP
and ScS), therefore result in
large uncertainties in moon-
quake locations and deep Moon
structures (Weber et al., 2011).
The recent efforts in combining
multiple geophysical constraints
and developing new methods to
reanalyze the Apollo seismic
data have enabled scientists to
partially overcome the difficul-
ties caused by contaminating
coda waves and sparse stations
(see Garcia et al., 2019). For
example, Wieczorek et al.
(2013) combined the high spa-
tial resolution of GRAIL gravity
data with other constraints
including Apollo seismic data,
and revealed a more detailed
distribution of the lunar crust
thickness and porosity. Weber
et al. (2011) applied polarization

filtering on the data from deep moonquakes, and provided a new
estimate of the size and state of the core.

The Apollo seismic data provided important insight into the
lunar mechanical properties and interior structures. However,
many outstanding scientific questions of lunar seismology
remain unsolved. For example, some shallow moonquakes
might be associated with the Moon tectonics (Watters et al.,
2019), but why do deep moonquakes occur at the depths of
700–1100 km (Fig. 1), where ductile deformation, instead of
brittle failures, is expected (Toksöz et al., 1977; Cheng and
Toksöz, 1988; Koyama and Nakamura, 1980; Frohlich and
Nakamura, 2009)? What is the reason for the lack of detected
moonquakes from the Moon far side (Nakamura, 2005)? Many
puzzling questions regarding lunar structure have also been
raised, such as the existence of partially molten lowermost man-
tle (Nakamura et al., 1973; Nakamura, 2005; Weber et al., 2011;
Khan et al., 2014), the existence of dichotomy lunar mantle
structure (Qin et al., 2012; Laneuville et al., 2013), and the prop-
erties of the core (Yamada et al., 2014; Garcia et al., 2019).
Particularly, constraining the structure of core is always one
of the top goals in planetary geophysical missions, due to the
important role of the core playing in planetary evolution, geo-
dynamo, and habitability. Although the Apollo data provided
some hints on the status of the core (Weber, 2011; Garcia
et al., 2011), studies about its size and properties are still incon-
clusive (Fig. 1b, Yamada et al., 2014; Garcia et al., 2019).

Answering these questions requires more seismometers
(Nunn et al., 2020), preferably dense seismic arrays, to form a
network and reduce the contamination effects of scattered waves.

(a) (b)

Weber et al. (2011)

Garcia et al. (2011)

Figure 1. Lunar seismicity and the 1D shear velocity models of the Moon. (a) A cartoon of lunar
seismicities and interior structures. Modified fromWieczorek et al. (2006). The black squares represent
the four Apollo seismometers. The black circles illustrate the deep moonquakes detected at the near
side and their questionable presence at the far side. The white circles are shallow moonquakes, and
the red arrow indicates a meteorite impact. The red line shows the path of core phase ScS. (b) Two
depth profiles of shear velocity of the Moon proposed by Garcia et al. (2011) (red line) and Weber
et al. (2011) (blue line). “?” indicates that the existence of these moon structure’s properties is
uncertainwith our community’s current understanding. The color version of this figure is available only
in the electronic edition.

(a)

(b)

Figure 2. (a) Observational data and (b) 1D synthetic seismogram of a
deep moonquake. (a) A 0.2–2 Hz filtered horizontal component
recorded by long-period sensor at the Apollo station 14 from a deep
moonquake within the cluster A1. This moonquake is located at a
depth of 918.5 km (Garcia et al., 2011), but a large uncertainty is
present. (b) A horizontal component of 1D synthetic seismogram
using the 1D velocity model by Garcia et al. (2011), which does not
replicate the strong scattered coda of the observed data. “?”means
that the signal ScS should arrive at that time, but we cannot clearly
identify it due to the contaminating signals. The color version of this
figure is available only in the electronic edition.
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Constrained by the high cost, planetary seismology has mostly
been focusing on deployments of single device (e.g., Mars
InSight; Banerdt et al., 2020; Lognonné et al. 2019, 2020) or a
few stations (e.g., Apollo seismometers). As an emerging tech-
nique, distributed acoustic sensing (DAS) provides a scalable sol-
ution for dense array deployment with a relatively low cost and
has demonstrated a wide range of successes on the Earth (see
recent reviews by Zhan, 2020 and Lindsey and Martin, 2021).
In this study, we conduct synthetic tests and explore the potential
of a fiber seismic network deployed on the Moon for better lunar
structure imaging, particularly recovering the core phase within
the strongly scattered waves.

Potential Applications of Fiber Seismic
Network on the Moon
DAS can turn every few meters of a tens of kilometers long
optical fiber into a seismic sensor by attaching an interrogation
unit to one end of the fiber (Zhan, 2020). DAS works by shin-
ing a laser pulse into the fiber from one end and interrogating
the “echo” of Rayleigh scattering from intrinsic fiber defects
(Fig. 3). If a fiber section is strained, the relative positions
of the fiber defects within the section will change, and so will
the corresponding backscattering in both amplitude and phase.
DAS measures the changes at a high sampling rate (e.g.,
10 kHz) and converts them to strain measurements.

Applications of DAS on seismic imaging, earthquake source
studies, and seismic hazard assessment have been well demon-
strated in a number of field experiments on the Earth (see com-
pilation in Lindsey andMartin, 2021). It turns out that almost all
of the mature seismic imaging methods developed for conven-
tional seismometers can be transferred to DAS data with some
necessary adaptations. For example, DAS data with small array
spacing are suitable for high-resolution subsurface structure
imaging based on either passive or manmade sources. Reports
of teleseismic waves are fewer, but the preliminary study by Yu
et al. (2019) shows promising results of surface-wave dispersion
measurement and receiver function constraints on crust struc-
ture. Combining the array stacking and template matching
method, DAS shows comparable or even better performance
of detecting small earthquakes than conventional network (Li
et al., 2021). Another advantage of DAS is its relatively simple
procedure of deployment and strong survival capability under
harsh conditions. Thus, DAS would be much favored in the
regions with harsh environments (Lindsey et al., 2019; Sladen
et al., 2019; Williams et al., 2019; Walter et al., 2020), in which
conventional electronic seismic sensors are costly and less sus-
tainable due to the limited power supply.

The successful applications of DAS on the Earth inspire the
idea of deploying a fiber seismic network on the Moon, which
may help us overcome some of the difficulties that the sparse
Apollo stations had. The first goal of such a fiber network is
to detect as many lunar seismic events as possible. Although
the experiments on the Earth show great capability of detecting
small earthquakes, seismic signals from moonquakes are much
weaker and demand high sensitivity of any lunar seismometer.
In addition, the harsh environments on the Moon are another
common challenge of designing a planetary seismometer. Fiber-
sensing cables could be engineered to survive harsh lunar envi-
ronments more easily than individual sensors with sensitive
electronics. Solving these two problems needs efforts from sci-
entific and engineering communities, and we leave some more
detailed discussions to the last section of this article. In this
study, we focus more on the scientific question of exploring
the potential of fiber network on imaging the deep Moon struc-
ture. As a specific example, we numerically simulate the wave
propagation in a 1D Moon structure model with small-scale
heterogeneities present in the crust and investigate the possibil-
ity of recovering the core phase ScS—the shear waves reflected at
the core-mantle boundary (CMB) from the DAS synthetic data.

Synthetic Investigation of Retrieving
Lunar Core Phase ScS
Synthetic method and model setup
Accurate 3D seismic synthetics would be ideal for us to
investigate the scattered waves, but it is too computationally
expensive. Thus, we use a more computationally efficient
tool—AxiSEM (Nissen-Meyer et al., 2014) to compute lunar
DAS strain synthetics. AxiSEM assumes an axis-symmetric

Figure 3. A conceptual lunar fiber seismic network (background
lunar surface image from National Aeronautics and Space
Administration [NASA]). The base station provides space and
power for the distributed acoustic sensing (DAS) interrogator, data
processing unit, and telecommunicating system. The cables (yel-
low belt) can be deployed by a lunar rover. DAS uses the Rayleigh
backscattered light by intrinsic fiber defects (red dots in the
enlarged cable section) to detect the longitudinal strain. The color
version of this figure is available only in the electronic edition.
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spherical body (i.e., 2.5D structure) such that a 3D wave propa-
gation problem can be efficiently solved by a full numerical
simulation in a 2D domain and combining it with the analyti-
cal solution on the third dimension of azimuth. The 2D wave
propagation simulation is computed using the spectral element
method, in which many complex structures, such as disconti-
nuity topography, anisotropy and attenuation, can be conven-
iently incorporated. AxiSEM has been widely used to model
seismic wave fields at a global scale on the Earth, including
scattered waves in the deep Earth (e.g., Wu and Irving,
2017; Haugland et al., 2018).

The synthetic model used in our study is formed by combin-
ing the 1D structure by Garcia et al. (2011) with heterogeneities
distributed in the 27 km of crust and the top 1 km of regolith
(Fig. 4). We note that discrepancies are present between the 1D
models derived from different data and inversion methods (e.g.,
Nakamura, 1983; Lognonné et al., 2003; Gagnepain-Beyneix
et al., 2006; Garcia et al., 2011; Weber et al., 2011; Khan
et al., 2014; Matsumoto et al., 2015), especially in the crust
and core (Fig. 1). However, the goal of our study is to recover
ScS from the scattered waves, and we expect similar conclusions
when other 1D models are used. The heterogeneities in the crust
are represented by stochastic models generated with an exponen-
tial autocorrelation function (ACF) as shown in Figure 4a. The
ACF is described by the autocorrelation length, a, and root mean
square (rms) perturbations of S-wave velocity, VS, P-wave veloc-
ity, VP , and density, ρ. Other kinds of ACFs, such as Von
Karman and Gaussian ACFs, have also been used to describe
stochastic models of heterogeneities in the Earth (see chapter
2 of Sato et al., 2012). These ACFs predict different spatial pat-
terns of heterogeneities and therefore cause different frequency
dependent effects in seismic wave propagations. Thus, they could
be resolved by investigating scattered waves across different
frequencies. However, it would be difficult to distinguish them
if only a narrow frequency band of data is available, which is
the case for Apollo seismic data. In other words, any ACF model
can be chosen if only a narrow frequency band is considered
(Wu et al., 2019).

The 2D AxiSEM domain is meshed using 14,693 elements to
resolve 2 Hz seismic waves. We refine the meshes in the top

regolith to match its extremely low seismic velocities (Fig. 4),
and the heterogeneities contained in this thin layer are uncorre-
lated with their counterpart in the underlying crust (Fig. 5). We
place a source at a relatively large depth of 900 km, which would
produce less scattered waves than that from a shallow moon-
quake (Blanchette-Guertin et al., 2015). The previous analyses
indicate that clustered deep moonquakes may occur on nearly
horizontal planar faults (Nakamura, 1978; Koyama and
Nakamura, 1980; Wang et al., 2013). Thus, we use a double-cou-
ple source focal mechanism with a dip angle of zero degrees. DAS
is placed on the azimuth of 180° relative to the fault-slip direc-
tion, which produces a radiation pattern with the strongest trans-
verse component ScS. The central location of DAS array is placed
at a distance of 75.5°. Because DAS is most sensitive to axial
strain, we set the DAS orientation to 45° off the azimuth from
the source to the DAS central location to maximize ScS signals.
We choose the transverse component ScS, because the complete
reflection of ScS at the CMB increases the chance of observing
ScS. In other words, the transverse component ScSH plays an
important role in detecting a lunar outer core (Garcia et al.,
2011; Yamada et al., 2014). In the next subsection, we will com-
pute the strain synthetics of DAS array, and assess its perfor-
mance with different cable lengths and channel spacings in
retrieving ScS, in terms of signal-to-noise ratio (SNR).

Retrieving the core phase ScS
In the last decades, stacking techniques based on array seismic
data have been widely used to analyze and retrieve weak signals

Figure 4. Heterogeneity model and synthetic seismograms.
(a) Heterogeneities in the crust and regolith. The blue–red colors
show a stochastic model of VS perturbations generated using the
exponential autocorrelation function with a = 2 km and root
mean square (rms) = 6% in the 27 km crust and top 1 km
regolith. (b) Normalized displacement and radial strain synthetic
seismograms (0.2–2 Hz) corresponding to the heterogeneity
model in panel (a). The dashed line indicates the predicted ScS
arrival time. ScS is hidden in the scattered waves produced by the
heterogeneities. The color version of this figure is available only in
the electronic edition.
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from the deep Earth (Rost and Thomas, 2002). In the follow-
ing, we will apply the simple linear stack method to synthetic
seismograms of DAS array for retrieving ScS from the scattered
waves. At first, we will show the results from the case of rel-
atively weak heterogeneities in the crust. Then, we will discuss
the possible ways to improve the SNR of retrieved ScS when
stronger heterogeneities are present.

The autocorrelation length, a, describes the characteristic
scale of heterogeneities and affects how scattering happens
at different frequencies. To our knowledge, there has not been
any reliable estimation of this parameter for the Moon.
Numbers ranging from 1.3 to 9.1 km with the Van Karman
ACF have been used in the previous numerical simulations
(Yao, 2016; Jiang et al., 2015) but have not been tested by sys-
tematically comparing their predictions to observational data.
Actually, the trade-off between a and rms perturbations of VS,
VP and ρ does not permit tight constraints on these parame-
ters, if only a narrow frequency band of seismic data is avail-
able, which is the case of the Apollo data. Thus, we set a to
2 km (Fig. 4), which is close to the wavelength of S wave in
the crust for strong scattered wave genesis. The rms perturba-
tions of VP, VS, and ρ are given as dVS=VS � 6%,
dVP=VP � 3%, and dρ=ρ � 3%, respectively. Similar as the
observed data, these heterogeneities produce scattered waves,
which obscure the late arrival phase ScS (Figs. 2 and 4b).

We incorporate the heterogeneities in AxiSEM, simulate the
axial strain synthetics of DAS, and filter them to 0.5–1.0 Hz.
The spacing of DAS channels is specified as 0.1 km, which is
much shorter than the S wave wavelength in the low-velocity

regolith layer. Similar to the Apollo data, the scattered waves
produced by the heterogeneities dominate the seismograms,
and ScS is hidden (Fig. 6a,c). To retrieve ScS, we apply the lin-
ear stack to the synthetics for suppressing the less coherent and
slower scattered waves across DAS channels. To demonstrate
the role of cable length, we design experiments with two differ-
ent lengths of 20 km (Fig. 6a,b) and 80 km (Fig. 6c,d), which
are composed of 200 and 800 individual channels, respectively.
In the 80 km long case, we successfully retrieve ScS signal
(Fig. 6c) at its expected arrival time and apparent velocity
of 26.36 km/s (Fig. 6d). In contrast, the length of 20 km is too
short to effectively reduce the energy of scattered waves, so ScS
is still invisible on the stacked seismogram (Fig. 6a). In both the
cases, we can see ubiquitous inclined stripes with high ampli-
tudes in the synthetic profiles (Fig. 6a,c), and these waves
correspond to the high-energy part with apparent velocities
of 0.5–4 km/s in Figure 6b,d. We attribute them to the scattered
waves trapped in the crust and regolith, which explains their
apparent velocities close to the background shear velocities in
the crust and regolith (Fig. 1b). The dramatically different
apparent velocities between ScS and scattered waves allow
us to separate them from each other.

The SNR of retrieved ScS depends on not only the cable
length but also the spacing of array elements. As Figure 7 shows,
successfully retrieving ScS relies on a sufficiently long cable and
an adequate number of channels. For this particular model of
heterogeneities, a 40 km or longer cable with a 0.1 km or smaller
channel spacing would give us a good chance to retrieve ScSwith
SNR > 2.0. The SNR is defined as the peak-to-peak amplitude
ratios of ScS to noise. The ScS amplitude is measured in a time
window between 5 s before and 10 s after the ScS arrival time
predicted using the 1D model by Garcia et al. (2011). The time
window of noise is taken from 25 to 5 s before the ScS arrival
time. A longer cable length generally increases the SNR of
retrieved ScS as long as the travel-time anomalies of ScS due
to heterogeneities are not too large to affect coherent stacking
of ScS. Given a fixed cable length, increasing the number of array
elements is also helpful. However, it reaches a saturated SNR
when the spacing gets much smaller than the wavelength,
because waveforms between consecutive channels become
almost identical, and adding more interpolated channels just
provides redundant seismograms. As Figure 7a shows, this sat-
uration happens at a channel spacing of roughly 0.1 km, which is
much larger than the common DAS channel spacing of ∼1–
10 m. In other words, a great advantage of DAS data is the supe-
rior intersensor spacing, which permits high-quality array analy-
sis of seismic waves with frequencies up to tens of Hertz.

We note that ScS is usually observed at relatively low
frequencies (i.e., <0.2 Hz) on the Earth, because their high-
frequency components dramatically decay due to the high
attenuation. For the Moon, the intrinsic attenuation is much
weaker than that in the Earth (Nakamura and Koyama, 1982;
Blanchette-Guertin et al., 2012; Gillet et al., 2017), which is

1737.1 km

Crust (28 km)

Regolith (1 km)
(a) (b)

Figure 5. The 2D meshes of the Moon used in AxiSEM. (a) The
half-circle model shows the layered structure of the Moon,
including a solid inner core in the center (pink), a fluid outer (red),
a thick mantle (blue), and a thin layer of crust (including the
barely visible regolith) at the top (lower crust in gray and upper
crust in brown). (b) The 1 km regolith layer is meshed using
refined meshes to match its low seismic velocities. The 2.5D
structure simulated by AxiSEM is formed by rotating the 2D
domain along the vertical symmetrical axis. The color version of
this figure is available only in the electronic edition.
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supported by the stronger S wave than P wave even at short
periods (Fig. 1). Thus, observing lunar ScS across a wide fre-
quency band is possible, and its frequency-dependent features
would inform us about more detailed properties of the core
mantle boundary, such as sharpness and topography. On the
other hand, scattering in the Moon’s crust must also has fre-
quency-dependent behaviors that would affect the retrieval of
ScS at different frequencies. Thus, we also repeat to stack the
strain synthetics at another two frequency bands (0.2–0.5 Hz in
Fig. S1a, available in the supplemental material to this article,
and 1–2 Hz in Fig. S1b) and compare their results to that at
0.5–1 Hz (Fig. 7a). Given the same cable length and channel
spacing, the retrieved ScS at lower frequencies generally shows
higher SNRs. In the readily observable domain (i.e., cable

length larger 40 km and chan-
nel spacing smaller than
0.1 km), SNRs are generally
higher than 3 at 0.2–0.5 Hz,
become weaker but still higher
than 2 at 0.5–1 Hz, and drop
below 2 at 1–2 Hz. This trend
might be caused by multiple
factors, including frequency-
dependent scattering strength
and less coherent ScS stacking
at higher frequencies. It has
been known that scattering
intensity or attenuation are
maximized when the wave-
length is comparable with the
autocorrelation length of struc-
ture heterogeneities (Sato et al.,
2012). Thus, the wavelengths
of 0.2–0.5 Hz Swave in the crust
are much larger than the speci-
fied autocorrelation length of
2 km, and weak scattered waves
would be expected that result in
higher SNRs. In contrast, the
scattering intensity at 1–2 Hz
becomes stronger. In addition,
the travel-time anomalies due
to heterogeneities become com-
parable with the dominant
period of 1–2 Hz waves and
therefore cause less coherent
ScS stacking. These results indi-
cate that working on lower
frequencies would increase the
chance of retrieving ScS,
although the instrument sensi-
tivity is another issue, which
we will discuss later.

Because of different sensing principles, DAS systems typically
measure strain or strain rate when conventional seismometers
usually record displacement, velocity, or acceleration of ground
motion. To compare their performance in retrieving lunar ScS,
we use displacement synthetics, instead of axial strain, for stack-
ing and find dramatically improved SNRs (Fig. S2). For example,
a 40 km array composed of 400 conventional sensors can provide
us with a SNR up to 10 (Fig. S2), much higher than the
SNR of 2–3 from the stacking of axial strain synthetics
(Fig. 7a). We propose that the major reason for this is the ampli-
fied scattered waves in the axial strain synthetics. Assuming
plane-wave incident, the axial strain is inversely proportional
to phase velocity (Yu et al., 2019). The coda waves are trapped
in the crust and mostly propagate along the horizontal direction,

(a)

(c) (d)

(b)

Figure 6. Array analysis of DAS synthetics at 0.5–1 Hz. The corresponding model of heterogeneities has
an autocorrelation length of 2 km and rms perturbations of dVS=VS � 6%, dVP=VP � 3%, and
dρ=ρ � 3%. (a) A 20 km long DAS synthetic profile (bottom) and its stacked seismogram (top). The
stacked seismogram is obtained by shifting and stackingwaveforms of each channel using an apparent
velocity of 26.36 km/s. The inset cartoon shows the source (black star), DAS sensors (blue triangles),
and a ray path of ScS. Time zero is the arrival time of ScS predicted using the 1D model by Garcia et al.
(2011). Note that DAS sensors follow an orientation of 45° off the source–receiver azimuth, but they
are simply projected to this 2D plane for visualization convenience. (b) Array analysis of DAS synthetics
in panel (a). The black circle marks the expected ScS arrival time and its apparent velocity of 26.36 km/s
according to the 1D model by Garcia et al. (2011). (c,d) The same as panels (a) and (b) but for a 80 km
long DAS array. “?” indicates the signal ScS is weak, and we can see some energy, but it is con-
taminated by noises. The color version of this figure is available only in the electronic edition.
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so they have almost one order of magnitude lower apparent
phase velocities than the more vertically incident ScS (Fig. 6b,
d). This dramatic difference amplifies the coda wave by a factor
of ∼10 on the axial strain (e.g., the stronger S wave in the dis-
placement seismogram than that in the radial strain in Fig. 4b).
This amplification makes retrieving ScS using displacement syn-
thetics much easier than that based on strain synthetics.
Although typical DAS systems using a simple horizontal opti-
cal-fiber cable is only sensitive to the strain along the fiber axis,
the recently proposed broadside-sensitive DAS uses more com-
plex fiber geometries (e.g., helical wound) to enhance broadside
sensitivities and has the potential to measure the full strain ten-
sor, from which three-component displacement can be derived
(Kuvshinov, 2016; Hornman, 2017; Lim Chen Ning and Sava,
2018). This new type of DAS sensing cable would dramatically
enhance our capability of detecting ScS and other core phases if
deployed on the Moon.

In the earlier simulation, a model of relatively weak hetero-
geneities is used, whereas the lunar crust and regolith might be
more heterogeneous than that (Blanchette-Guertin et al., 2012;
Gillet et al., 2017). To test the performance of DAS when
stronger scattered waves are present, we regenerate a stochastic
model using increased VS, VP and density perturbations of
15%, 15%, and 15%, respectively, while keeping the autocorre-
lation length at 2 km. Consequently, the simulated scattered
waves become stronger, which results in a failure of retrieving
ScS based on the strain synthetics at 0.5–1.0 Hz. In addition,
the SNR of retrieved ScS also depends on the source focal
mechanism and the DAS deployment location. An unfavorable
radiation pattern for ScS can also lead to low SNR (Fig. S3). To

increase the SNR of stacked
ScS, a straightforward solution
would be expanding the cable
length, but it requires addi-
tional costs on mission pay-
load, deploying and data
processing, and so on.
Another less costly solution
would be taking advantage of
broadside-sensitive DAS to
increase the deep Moon signals
in each DAS channel. For
example, using 0.2–0.5 Hz
broadside-sensitive DAS data
with a 20 km or longer cable
would allow us to retrieve ScS
with SNR > 4 for the strong
scattering wave case (Fig. S4).
The SNR is low if only a hand-
ful of sensors (e.g., conven-
tional seismometers) are
available, and retrieving clear
ScS can only be achieved by

deploying a sufficient number of sensors, for example, broad-
side-sensitive DAS array.

Discussion and Conclusion
Dense seismic arrays on the Earth have many unique advantages
in detecting small earthquakes, retrieving weak signals from the
deep Earth and imaging shallow structures with an unprec-
edented high resolution. DAS has proved to be a cost-efficient
solution for many of these applications by an increasing number
of field experiments. In this article, we have discussed the pos-
sibility of detecting the core phase ScS by deploying a fiber seis-
mic network on the Moon. Besides deep Moon research, a fiber
seismic network could also improve our capability of imaging
shallow and deep Moon structures, and recording small lunar
seismic activities. For example, stacking array data can reduce
any random environmental seismic noises and therefore permits
small-magnitude moonquake detections. This detection capabil-
ity will also be useful for detecting, locating, and characterizing
impacts as done with Apollo data (e.g., Oberst and Nakamura,
1991). Without the atmospheric filtering of small impactors,
impact studies on the Moon are valuable for looking at impact
processes throughout the solar system (e.g., Daubar et al., 2018).
Reliable estimations of crustal thickness through receiver func-
tions (Vinnik et al., 2001; Yu et al., 2019) can be jointly inverted
with satellite gravity data (Wieczorek et al., 2013), by which the
global distribution of crust thickness and porosity can be better
mapped out. Imaging shallow structures, such as the top frac-
tured zone, underneath the tens-of-kilometer-long cable would
provide us with critical insights into the associated processes of
meteorite impactor and magma activities.

Figure 7. Signal-to-noise ratios (SNRs) and stack waveforms of retrieved ScS with different cable
lengths and channel numbers of DAS array. The heterogeneity model has an autocorrelation
length of 2 km and rms perturbations of dVS=VS � 6%, dVP=VP � 3%, and dρ=ρ � 3%. (a) SNRs
of retrieved ScS. The black dashed line corresponds to a DAS channel spacing of 0.1 km. (b) The
stack waveforms of ScS. Time zero is the arrival time of ScS predicted using the 1D model by Garcia
et al. (2011). The number above each stacked seismogram represents the length of DAS used. The
channel spacing is 0.1 km for all of these stacked seismograms. The color version of this figure is
available only in the electronic edition.
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Achieving these goals requires usage of seismic signals with
distinct periods, so it is desired to deploy a fiber network that
has high sensitivities to a relatively broad band of frequencies.
For example, it would be much easier to retrieve ScS at the low
frequencies, while the relatively high-frequency waves would
be more useful for imaging shallow structures with high spatial
resolution. Different from the Earth, the Moon has a much
lower environment noise level and weaker intrinsic seismic
attenuation, which helped the Apollo seismometers to record
the extremely weak signals from various types of seismic activ-
ities (Fig. 8). However, many of these signals were only
observed at the high-frequency part (i.e., >0.2 Hz). The corre-
sponding low-frequency signals are higher than environmental
noises, but they drop below the instrument sensitivities of
Apollo seismometers. Thus, instrument sensitivity is a key
factor in designing planetary seismometers. The Apollo seis-
mometers, when quite sensitive, were also limited by coarse
digitization (Nunn et al., 2020). However, modern planetary
seismic sensors are capable of even greater sensitivity (e.g.,
the very broadband sensor of InSight, Lognonné et al., 2019),
and ongoing development of planetary seismometers focused
on lunar operation, such as the micromachined Silicon Seismic
Package-lunar (Nunn et al., 2021), are expected to have
improved sensitivities, which would enable us to record even
weaker signals. Currently, the sensitivities of DAS used in the

field experiments on the Earth depend on many factors,
including instrument type, environment conditions, and spe-
cific installations, so they vary substantially from one experi-
ment to another. However, some typical experiments already
show promising results of recording high-frequency seismic
signals at >1 Hz, which have comparable power spectral den-
sity with that from shallow moonquakes (Fig. 8). Although the
instrument noises of current DAS are still high, especially at
the low-frequency part, and not qualified for planet missions
yet, we expect them to be significantly improved in the future.
For example, a large portion of the noise comes from the
environment conditions, such as temperature variations, and
electronic noises. In contrast to the Earth, the temperature var-
iations on the Moon are extremely weak at short-time scales
comparable with periods of seismic waves, even though they
vary greatly between lunar day and night. Thus, a fiber seismic
network on the Moon may not suffer from this problem as
much. In the laboratories, DAS is already able to reach pico-
strain/Hz sensitivity when these noise factors are well-con-
trolled (Costa et al., 2019; Fig. 8). We expect a future
specialized lunar DAS with a similar or even lower noise level,
and the signals from small, deep moonquakes would become
observable at individual channels of this lunar DAS. Stacking
data from all the channels could further reduce the noises and
improve SNRs of weak signals. Although optical noise of the
DAS laser source causes common-mode noise that can be not
canceled by stacking, more stable laser sources should be used
for lunar DAS and will reduce the common-mode noise sub-
stantially (Araki et al., 2022). Another limitation of current
DAS is the reduced strain sensitivity away from the cable axis.
Because the scattered waves travel more horizontally with a
lower apparent phase velocity and get amplified on the axial
strain DAS seismograms, it is more difficult to detect the hid-
den deep Moon signals, which in contrast tend to have more
energy on the current DAS insensitive off-axis. Thus, efforts to
develop a space-qualified broadside-sensitive DAS are impor-
tant, especially for imaging deep Moon structures.

It is also possible to combine DAS with other cable-based
lunar programs to maximize the scientific returns. For exam-
ple, it has been proposed to place a radio telescope on the far
side of the Moon, which can avoid the radio noises from the
Earth and detect the most sensitive radio signals from the uni-
verse. The idea of this telescope is to deploy a cable-linked
antenna in a natural crater at the far side of the Moon
(Hallinan et al., 2021). Thus, the fiber optic cables laid down
could enable the deployment of both DAS and telescope with
the minimum additional cost. Fiber deployment may be com-
pleted through several means. Artemis mission, astronauts
may deploy the cable via crewed rovers (towed cable-plows
are currently used to simultaneously trench and bury cables
on Earth), or autonomous rovers may perform similar tasks.
If a smaller lander is employed, such as with a Commercial
Lunar Payload Service mission, fibers may be deployed across
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Figure 8. Power spectral density (PSD) of signals from seismic
activities on the Moon, instrument self-noise, and ambient noises
on the Earth. The blue lines show the PSD of signals observed by
DAS from two typical field experiments by Spica et al. (2020) and
our group. The red, brown, and orange lines represent the signals
from a deep moonquake, shallow moonquake, and meteoroid
impact (Yamada et al., 2009). The two black dashed lines show
the new high-noise model (NHNM) and the new low-noise model
(NLNM) of the Earth by Peterson (1993). The color version of this
figure is available only in the electronic edition.
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the surface using small rockets or mortars. Although the cable
tested in this study features a 1D linear geometry, more com-
plex configurations, like a petal-shaped array, would be pref-
erable for improved array performance. Expanding the 1D line
array into a 2D network would offer additional resolution in
the other direction, enhancing its ability to identify and retrieve
seismic phases. In addition, these two facilities may also share
other systems of power supply, environmental protection, and
data processing/telemetry, which helps reduce cost further.

In conclusion, DAS can provide a cost-efficient solution for
the future lunar dense seismic array deployment. Comparing to
a sparse conventional seismic network (e.g., Apollo), a dense
array enables us to detect more lunar seismic activities and over-
come the challenges for improved deep Moon structure imag-
ing. In this study, we compute lunar synthetic seismograms,
which contain strong scattered waves due to small-scale hetero-
geneities in the top layer of the Moon, and demonstrate the
advantage of DAS in retrieving the core reflected shear-wave
ScS. For example, clear ScS can be retrieved from the scattered
wave dominated seismograms by stacking data of a tens-of-kilo-
meter-long DAS array when the heterogeneity velocity and den-
sity perturbations are up to 15 percent. Although only ScS is
tested here, similar performances are expected for other deep
mantle and core phases (e.g., core-reflected compressional-wave
PcP and inner core reflected phase PKiKP). The advantages of
DAS in seismicity detections and seismic structure imaging have
been demonstrated in a number of experiments on the Earth,
but more efforts and further evaluations are required to develop
a space-proof DAS, which can undertake a long-term seismic
monitoring task under the lunar environment conditions and
record the extremely weak signals from small moonquakes.

Data and Resources
The wave propagation numerical tool AxiSEM can be downloaded
from http://seis.earth.ox.ac.uk/axisem/ (last accessed February 2024).
The Apollo seismic waveform data used in this study can be obtained
from the Incorporated Research Institutions for Seismology Data
Management Center (IRIS-DMC) doi: 10.7914/SN/XA_1969. The sup-
plemental material contains signal-to-noise ratios (SNRs) of retrieved
ScS with different cable lengths and channel numbers of distributed
acoustic sensing (DAS) array. The supplemental material includes four
supplement figures showing SNRs of retrieved ScS with different loca-
tions, cable lengths, and channel numbers of DAS array.
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