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ARTICLE INFO ABSTRACT

Keywords: Moonquakes can provide valuable insights into the lunar interior and its geophysical processes. However,
Moonquake extreme scattering of the lunar seismic waves makes seismic phase identification and source characterization
gignbuted acoustic sensing difficult. In recent years, Distributed Acoustic Sensing (DAS) technology has emerged as a promising tool for

seismic monitoring on Earth by turning a fiber optic cable into a dense array of strainmeters. DAS array can
detect the full wavefield even in highly scattering environments and track scattered phases that were previously
aliased on the standard sparse seismic networks. This study assesses the feasibility of DAS for moonquake
detection. We present synthetic DAS recordings demonstrating its suitability for capturing moonquake signals in
environments with significant scattering and low seismic velocities. By comparing Apollo moonquake signals
with DAS’s current minimum noise floor observed in Antarctica’s quiet conditions, we find that existing DAS
technology can detect more than 60 % of moonquakes previously recorded by Apollo seismic sensors. With
expected and achievable improvements in DAS equipment, detection rates could surpass 90 %. Our findings
suggest that DAS could, on average, detect around 15 moonquakes daily, with large fluctuations depending on
recording during lunar sunrise/sunset for thermal moonquakes and the moon’s distance from perigee/apogee for
deep moonquakes. The deployment of DAS on the Moon could mark a revolutionary step in lunar seismology,
significantly enhancing our understanding of the Moon’s internal structure.

Lunar structure
Scatter
Fiber-optic seismology

1. Introduction moonquakes, offer valuable information about the Moon’s shallow

structure, including the surface regolith (a layer of loose rock and dust)

Moon serves as an important window to Earth’s early history, of-
fering valuable insights into terrestrial planet formation and initial
evolution (Cohen, 2020). The most effective, and often the only method
to get detailed insights into the lunar crust, mantle, and core is through
direct geophysical measurements such as seismic recordings. The pro-
found importance of seismology has been demonstrated historically
through the Apollo missions (Garcia et al., 2019; Goins et al., 1981;
Toksoz et al., 1974) and more recently by the InSight mission to Mars
(Lognonné et al., 2023). In lunar seismology, moonquakes are the key to
studying the deep lunar interior. The seismic sensors deployed during
the Apollo missions identified five primary types of seismic sources on
the Moon: artificial and meteoroid impacts and thermal, shallow, and
deep moonquakes (Civilini et al., 2023, 2021; Nakamura et al., 1981).
Small and local events, typically comprising small impacts and thermal
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and crust. In contrast, larger events, primarily deep moonquakes,
shallow moonquakes, and significant impacts, are critical for investi-
gating the deeper lunar layers. Thanks to the moonquake data captured
by Apollo seismic sensors in the 1970s, our understanding of the Moon
has significantly advanced (see references in Lammlein et al. (1974) and
Garcia et al. (2019)). However, several critical questions remain unre-
solved (Cohen, 2020; Haviland et al., 2022; Kawamura et al., 2022).
These include determining the size, state, and composition of the core,
probing the properties of the lower mantle, unraveling the exact
mechanisms behind shallow and deep moonquakes, understanding their
distribution on the far side, and assessing potential risks they may pose
to future lunar bases, etc.

The coming decade brings new opportunities to solve these unan-
swered lunar mysteries (Cohen, 2020; Haviland et al., 2022). Many
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space agencies are planning crewed and uncrewed missions to the moon,
including Artemis and Chang’e, alongside lunar base construction
(Kawamura et al., 2022). These forthcoming missions present chances to
install the next-generation seismic network on the lunar surface (Cohen,
2020; Haviland et al., 2022; Kawamura et al., 2022; Panning et al.,
2020; Shearer, 2017; Weber et al., 2020). Determining the most suitable
lunar seismic instruments is crucial (Nunn et al., 2020; Yamada et al.,
2011) to unravel the outstanding questions that have not been answered
by the Apollo seismic data. Recent initiatives like the Lunar Geophysical
Network (LGN) (Haviland et al., 2022; Shearer, 2017), the Farside
Seismic Suite (FSS) (Panning et al., 2021; Standley et al., 2023), and the
Autonomous Lunar Geophysical Experiment Package (ALGEP) (Kawa-
mura et al., 2022) propose the deployment of individual seismometers,
including broadband stations (Haviland et al., 2022) and short-period
seismometers (Nunn et al., 2019). Although these modern seismome-
ters outperform those from the Apollo era, significant challenges persist.
Particularly, analyzing the Moon’s known strongly scattered seismic
signals with individual seismometers is a significant challenge. Addi-
tionally, employing advanced array processing techniques in lunar
seismology, such as beamforming and back projection, remains almost
impossible with only a few individual seismometers far apart from each
other.

Distributed Acoustic Sensing (DAS) is an emerging technology in
seismology capable of transforming up to 100 kilometers of an optical
fiber into a dense array of strainmeters, each spaced just a few meters
apart (see references in Zhan (2019) and Lindsey & Martin (2021)). It is
particularly suited for addressing the significant challenge of strong
scattering in seismology (Atterholt et al., 2022; Yang et al., 2022b). By
enabling array processing with thousands of channels (e.g., Li et al.
(2023)), DAS opens a new window in lunar seismology. We believe DAS
is an excellent candidate for instruments in next-generation lunar
seismic networks to answer the unresolved critical scientific questions
mentioned above (Cohen, 2020; Haviland et al., 2022; Kawamura et al.,
2022). However, before deploying DAS on the moon, several engineer-
ing challenges must be addressed. These include deploying fiber on the
Moon, providing power requirements during operation, and strategies
for storing and transporting (either manually or through telemetry) data
recorded by thousands of sensors. While these engineering challenges
are critical, this paper focuses on a fundamental scientific question: Can
DAS effectively detect various types of moonquakes? To address this, we
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undertake a structured analysis comprising the following four key steps.
(1) We present real instances of moonquakes and earthquakes to illus-
trate DAS’s advantages in addressing the strong scattering challenges
inherent in lunar seismology. (2) Synthetic DAS signals are generated to
investigate the influence of scatterers in the lunar subsurface, enhancing
our understanding of their effects. (3) We convert existing Apollo
moonquake data into strain rates. These are then compared against the
minimum noise level of a DAS on Earth. Our following analysis includes
evaluating the moonquake rate and the proportion of different moon-
quake types detectable above the minimum resolution of current and
future DAS systems. (4) Various deployment scenarios for DAS on the
moon are discussed, illustrating potential research opportunities with
different combinations of operational duration and cable length.

2. Advantages of DAS in addressing lunar seismology scattering
challenge

2.1. Apollo lunar seismic data and moonquakes

The moon is the only planetary body other than the Earth to have
hosted seismic networks. The Passive Seismic Experiment (PSE) was
equipped with seismometers at the Apollo 11, 12, 14, 15, and 16 landing
sites, as shown in Fig. 1 (Nunn et al., 2020; Sutton and Latham, 1964).
The Apollo 11 mission’s seismometer had a brief operational life. The
remaining sites, forming approximately a 1000 km-sided triangle,
covered a significant area of the Moon’s near side (the diameter of the
moon is 3475 km). Particularly, Apollo 12 and 14 were less than 200 km
apart, anchoring one corner of this triangular setup. All four stations
were operating continuously from April 1972 to September 1977 (Nunn
et al., 2020). Each PSE station was equipped with a vertical-component
short-period sensor and a three-component mid-period sensor. The PSE
mid-period seismometers had a flat instrument response from about 0.1
Hz to 1 Hz (Nunn et al., 2020; Sutton and Latham, 1964). For this study,
we utilized data from the PSE seismometers at the Apollo 12, 14, 15, and
16 sites, excluding Apollo 11 due to its brief and non-overlapping
operational period with other sensors (Fig. 1).

Apollo 17's Lunar Seismic Profiling Experiment (LSPE) brought 4
geophones (Fig. 1), configured in a roughly 100-meter triangular layout
with an additional central unit (Haase et al., 2019; Kovach et al., 1973).
The LSPE was only periodically activated after installation, with the
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Fig. 1. Map of the Apollo seismic sensors on the lunar nearside. The Passive Seismic Experiments (PSE) seismometers were deployed at the sites of Apollo 11, 12, 14,
15, and 16. Note that the seismometer at the Apollo 11 site was operational for only one lunation. The Lunar Seismic Profiling Experiment (LSPE) geophones were
deployed at the Apollo 17 site. This figure is adapted from Heffels et al. (2017), Nunn et al. (2020), and Civilini et al. (2023). The background image shows the lunar
near side (Image Credit: NASA/Goddard Space Flight Center/Arizona State University).
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longest period from August 1976 to April 1977 (Civilini et al., 2023).
Each LSPE geophone included a single vertical-component short-period
sensor. These geophones have their highest sensitivity range of roughly
4-30 Hz (Kovach et al., 1973). Nunn et al. (2020) provided a detailed
reanalysis of the geophone instrument responses (Text S1).

The Apollo seismometers and geophones recorded thousands of
moonquakes (Fig. 2) contributing significantly to our understanding of
the lunar seismic activity (Civilini et al., 2023, 2021; Nakamura et al.,
1981). These seismic events on the Moon originate from natural
moonquakes and impacts. Moonquakes are categorized into three types:
deep, shallow, and thermal. Deep moonquakes might be triggered by
tidal stresses from Earth and the Sun (Lammlein et al., 1974; Latham
etal.,, 1971; Turner et al., 2022). Shallow moonquakes could be tectonic
events associated with young faults on the Moon (Watters et al., 2019).
Thermal moonquakes, including natural thermal moonquakes and
thermal moonquakes induced by the lunar module, primarily occur due
to temperature changes at the lunar surface during lunar sunset and
sunrise (Civilini et al., 2023, 2021; Duennebier and Sutton, 1974).

2.2. The pronounced scattering phenomenon in lunar seismology

Lunar seismic signals are characterized by emergent arrivals (long
time between first arrival and peak ground movement), significant

(a)
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scattering, and very long decay times, distinguishing them markedly
from the generally well-defined P & S phases on Earth (Fig. S1). The
Apollo stations’ digitizers recorded these signals at low resolutions with
high bit noise (Kovach and Watkins, 1973; McAllister et al., 1969; Nunn
et al., 2020). Bit noise, the erratic fluctuation of the least significant bit,
was a notable issue with these digitizers. These two aspects have made
finding phases in the Apollo seismic waveforms very difficult, because
the first arrival slowly emerges out of the bit noise and the coda from the
first arrival envelops later arrivals that are also emergent. This also
makes it difficult to measure the time of the end of the waveform.

This scattering challenge was particularly highlighted by the Lunar
Seismic Profiling Experiment (LSPE) during Apollo 17 (Fig. 1). The four
LSPE geophones detected thousands of thermal events, attributed to
daily temperature changes (Civilini et al., 2023). However, it is not
possible to identify phases or packets within the wave train that corre-
spond between the geophones, and even the exact first arrivals of events
are difficult to determine (Civilini et al., 2023). Consequently, these
limitations make the accurate localization of thermal moonquakes
impossible. Only the direction of wave origin (back azimuth) from the
geophone array is measurable (Civilini et al., 2023, 2021). Fig. 3a-b
shows one of the largest seismic signals recorded at the geophones,
highlighting the differences between the signals captured by two geo-
phones, only 100 m apart (Fig. 1). This example underlines the inherent
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Fig. 2. Daily counts of moonquakes recorded by the Apollo seismic sensors. The top subfigure presents the (a) thermal moonquakes detected by the geophones of
Apollo 17 (Civilini et al., 2023, 2021). The remaining four subfigures display (b) artificial impacts, (c) meteoroid impacts, (d) shallow moonquakes, and (e) deep
moonquakes as recorded by the seismometers of Apollo 12, 14, 15, and 16 (Nakamura et al., 1981).
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Fig. 3. Examples of observed signals of scattered wave fields of moonquakes. (a) The waveform of a thermal moonquake (1976-10-03T19:30:12 UTC) recorded on
the Apollo 17 geophone#1 (Fig. 1). (b) The waveform of the same event as it is in (a) but recorded on geophone#4, which is about 100 m apart from

geophone#1 (Fig. 1).

difficulty in matching phases or determining the exact initial arrival
across seismometers on the Moon due to the scattering.

In addition to moonquake source analysis, the Moon’s intense scat-
tering effect poses significant challenges in studying the moon’s struc-
ture. For example, Apollo 17 astronauts deployed explosives to generate
seismic sources for the LSPE array to characterize the local seismic ve-
locity structure (Cooper et al., 1974). Despite using known sources, the
uncertainty in the first arrival is so large that a series of papers has
reanalyzed the same data multiple times, resulting in changes to the
identified phases, number of layers, and the inferred velocity structures
(Cooper et al., 1974; Cooper and Kovach, 1975; Haase et al., 2019;
Heffels et al., 2017; Kovach et al., 1973; Kovach and Watkins, 1973).
Velocity measurements in the top few meters varied widely, ranging
from 100 m/s to 327 m/s using the active source. Other attempts that
used the scattered wavefield in the coda of moonquakes found even
slower seismic velocities, in the tens of meters per second range, sug-
gesting these were surface wave measurements (Larose, 2005;
Sens-Schonfelder and Larose, 2010).

Beyond the difficulties in studying the Moon’s shallow layers, the
pronounced scattering effect presents significant challenges in under-
standing its deep structure and deep moonquakes. A fortunate aspect of
deep moonquakes is their tendency to occur in clusters as repeating
sources. This characteristic has enabled researchers to utilize seismo-
gram stacking to identify seismic phases (Bulow et al., 2005; Nakamura,
2005). However, when comparing the stacked data from various studies,
discrepancies emerge. Notably, stacks presumed to be from the same
repeating sources often show low correlation coefficients when
cross-compared in independent analyses (Nunn et al., 2020). The
observed inconsistencies in the stacked data suggest potential mis-
alignments and raise doubts about the accuracy of the identified seismic
phases, implying that they may have been incorrectly interpreted in
these cases.

Leveraging abundant, high-quality seismic data on Earth has
advanced our understanding of Earth’s scattering phenomena (Atterholt
et al., 2022; Nielsen and Thybo, 2006; Yang et al., 2022b). For instance,
the scattering of high-frequency oceanic Pn and Sn waves suggests that
heterogeneities in Earth’s lithosphere exhibit longer horizontal corre-
lation distance than vertical (Kennett and Furumura, 2013). In contrast,
knowledge of scattering on the Moon remains constrained by the
low-resolution data from Apollo missions. To address the unresolved
scientific questions left by Apollo data, next-generation seismic in-
struments for lunar deployment must be carefully designed. These in-
struments should overcome known challenges, particularly the Moon’s
strong scattering effects, a task not readily achievable by simply
updating Apollo seismometers to modern seismometers or deploying

mini arrays of seismometers (Fig. 3).

2.3. Advantages of DAS in highly scattering seismic environments

DAS can convert a fiber optic cable into a dense array of thousands of
strainmeters over a short distance. This innovative technology employs
interferometry of backscattered light passing through the cable to find
femtosecond changes in arrival time that come from changes in strain
along the cable (Lindsey and Martin, 2021; Zhan, 2019). Each DAS
channel functions as a longitudinal strainmeter. The channel spacing can
be finely tuned, ranging from several meters to less than a meter,
forming a dense seismic array. This capability has significantly advanced
our understanding of Earth’s structure and earthquake physics (Ajo--
Franklin et al., 2019; Li et al., 2023; Martin et al., 2017; Spica et al.,
2020; Yang et al., 2022a; Zhai et al., 2024), and proven effective in
extreme environments like submarine (Williams et al., 2019), volcanic
(Biondi et al., 2023; Jousset et al., 2022), and glacial settings (Walter
et al., 2020).

DAS stands out as a highly effective tool for addressing the signifi-
cant scattering issues encountered in seismology, with the potential to
revolutionize lunar seismic studies. Fig. 4a-c demonstrates the ability of
DAS to correlate the seismic waveform from a local earthquake near
Ridgecrest, CA. Some highly scattered parts of the waveform, generated
by faults across the array, are highlighted in Fig. 4b-c (Atterholt et al.,
2022; Yang et al., 2022b). Unlike individual seismograms which strug-
gle to correlate waveforms in such environments (as shown in Fig. 4d-e,
similar to moonquake signals in Fig. 3), DAS leverages the complete data
from the cable to clearly present the coherent wavefield in scattered
regions (Fig. 4c). This suggests that even cables a few hundred meters
long can provide invaluable data unobservable by standalone
seismometers.

DAS measures strain or strain rate along the fiber optic cable.
Theoretically, this means that DAS can efficiently measure seismic
phases, such as surface waves, that travel parallel to the cable’s orien-
tation. Although theoretically less sensitive to waves arriving perpen-
dicular to the cable, DAS has successfully measured near-
perpendicularly arriving P and SV phases from teleseismic earth-
quakes (Yu et al., 2019), as depicted in Fig. 5. This figure showcases a
teleseismic P wave recorded by DAS, arriving almost perpendicular to
the surface and distinctly visible in the data. The clear visibility of these
teleseismic P waves is attributed to near-surface scattering. In Fig. 5b,
the "inverted-V" shaped patterns indicate scattered phases originating
from strong heterogeneities near the surface. The slope of these "inver-
ted-V" shapes reveals the velocity near the surface. Notably, these
scattered phases propagate more slowly than the initial planar P wave
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Fig. 4. Example of a local earthquake recorded on a DAS array in CA. (a) shows a DAS array in Ridgecrest, CA, and a local earthquake (red star), 07/19/2019,
10:47:05.4 UTC, M3.65, Latitude: 35.585, Longitude: —117.35783, Depth: 4.6 km. Distance: 33.2 km. (b) is the waveform of the local earthquake in (a) recorded by
the CA Ridgecrest DAS. (c) is a scattered part of the waveform, a zoom into the dashed box in (b). (d-e) are examples of two individual DAS channels located 100 m

apart, similar to Fig. 3a-b.

(Fig. 5b). It suggests that DAS can effectively detect plane wave arrivals
perpendicular to the cable by capturing the scattered surface waves
(Fig. 5b) that travel parallel to the cable. Consequently, for DAS data
conversion between strain rate and acceleration, we can use the seismic
velocity of the scattered surface waves (Fig. 5b) rather than the apparent
velocity of the teleseismic body wave.

3. Evaluating moonquake detectability with DAS

While DAS has proven effective in capturing seismic signals in
Earth’s harsh environments and offers promising solutions to the Moon’s
scattering issues, it is essential to acknowledge its current limitations.
DAS detects signals through its single horizontal components, making it
less effective in directly capturing body waves. This characteristic raises
questions about its ability to detect deep moonquakes and teleseismic
moonquakes, where body-wave arrivals are perpendicular to the hori-
zontal orientation of the DAS cable. Part of this concern has been
addressed in the previous section (Fig. 5b). However, a more detailed
understanding of scattering effects on DAS recordings is still needed.
Additionally, DAS tends to exhibit higher instrumental noise compared
to modern broadband seismometers (Lindsey and Martin, 2021; Zhan,

2019), particularly at low frequencies. This aspect of DAS technology
introduces doubts regarding its capacity to detect moonquakes. In this
section, we aim to rigorously evaluate the capability of DAS in moon-
quake detection. To achieve this, we will analyze synthetic DAS data and
actual data from Apollo lunar seismic recordings alongside DAS re-
cordings obtained on Earth. This comprehensive approach will provide a
clearer understanding of DAS’s effectiveness and limitations in detecting
moonquakes.

3.1. Generating synthetic DAS signals for moon near-surface scattering
analysis

To illustrate how the near-surface heterogeneities affect the re-
cordings of strain measured by a surface-deployed DAS cable, we
perform four different simulations (Fig. 6, Fig. S2, and Fig. S3) using an
elastic isotropic finite-difference approximation (Biondi, 2021). We
apply a free-surface boundary condition on the top part of the model and
absorbing layers in the other sections of the domain (Robertsson, 1996).
The velocity model (Fig. S2) is described in Heffels et al. (2017), which
presents a shallow velocity layer with seismic velocities of 100 m/s.
Spatial sampling in all synthetic experiments was set at 2 m, with a
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Fig. 5. Example of a teleseismic earthquake recorded on a DAS array in CA. (a)
shows a DAS array at Long Valley, CA, and a teleseismic earthquake (red star),
11/30/2020, 22:54:34.6 UTC, Mw 6.4, Latitude: 140.7971, Longitude:
48.2521, Depth: 589 km. Distance: 69 degrees. (b) is the teleseismic direct P
wave and the following scattered wave of the earthquake in (a) recorded by CA
Long Valley DAS. The green line shows a reference wave speed of 1.0 km/s.

vertically propagating compression wave injected from the bottom. The
simulations feature a source with a dominant frequency of 2 Hz. To
mimic the presence of near-surface scatterers, we introduce Gaussian
anomalies whose size follows a lognormal distribution with velocity
variations uniformly distributed between -5% and 5% (Toksoz et al.,
1974). The simulation of the near-surface scattering behavior is com-
parable to the synthetic scenario considered by Wu et al. (2024), which
is based on the empirical observations of moonquake coda waves
(Blanchette-Guertin et al., 2012; Dainty et al., 1974; Gillet et al., 2017).
Additional details on the simulation parameters can be found in Text S2.

Our synthetic waveform tests (Fig. 6 and Fig. S3) demonstrate DAS’s
capability to effectively detect deep moonquakes. In scenarios without
scatterers, a DAS cable does not record a P wave incident perpendicular
to the cable (Fig. S3a). However, as the number of scatterers increases,
so does the energy conversion from the original vertical P wave to
horizontal motion, thus amplifying the strain rate detected by DAS
(evident from the increasing amplitude in Fig. S3, panels a to d). This
means that we could use what is typically a perceived disadvantage (the
scatterers, Fig. 6a) and have it be an advantage in future lunar seis-
mology with DAS. Prominent scatterers (Fig. 6a) allow for the obser-
vation of scattered phases in the DAS recordings, forming "inverted-V"
shapes over extended durations (Fig. 6b). The slope of these scattered
phases corresponds to the velocity of the upper layer, akin to observa-
tions in Californian DAS arrays (Figs. 4 and 5). Although DAS strain rate
seismograms taken only 100 m apart show no clear coherency (Fig. 6c-
d), DAS’s all-channel recordings effectively reveals the propagating
scattered waves, displaying constructive and destructive interference
within individual seismograms, similar to measurements in California
(Figs. 4 and 5). Our synthetic DAS recordings highlight DAS’s suitability
for detecting seismic activity in highly scattered environments with low
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seismic velocities, conditions that closely resemble the lunar near-
surface.

3.2. Comparing Apollo moonquake signals with the Earth-based DAS
noise level

To evaluate the capability of DAS in detecting moonquakes, we
compare moonquake data recorded by Apollo seismometers and geo-
phones with the DAS noise level obtained on Earth. The terrestrial DAS
data were from the South Pole, selected due to its minimal anthropo-
genic noise, particularly during times when the Amundsen-Scott South
Pole Station is less active, such as local weekends (Anthony et al., 2021).
This site serves as an effective terrestrial analog for the Moon’s quiet
seismic environment.

DAS technology measures strain or strain rate along a fiber optic
cable, contrasting with the displacement, velocity, or acceleration
measurements typical of seismometers. The strain rate is equal to ac-

celeration divided by the apparent velocity along the DAS cable (¢ = —

ti/c) (Yu et al., 2019). Given this difference in measurement parame-
ters, our analysis involves several key steps: (1) Conversion of Apollo
seismometer and geophone data, originally recorded in terms of veloc-
ity, into strain rates. (2) Transformation of these time-domain strain
rates from moonquake signals into the frequency domain. (3) Calcula-
tion of the noise level spectrum of the DAS strain rate recorded in
Antarctica. (4) Comparative analysis between the spectral profiles of
moonquake signals and the DAS noise level. Through these steps, we aim
to comprehensively assess the feasibility and efficiency of DAS in
detecting moonquakes as compared to conventional Apollo
seismometers.

3.2.1. Converting the Apollo lunar seismic data to strain rate

We analyze all the moonquakes recorded by the PSE and the LSPE
listed in the catalogs of Nakamura et al. (1981) and Civilini et al. (2023).
The seismic data were first cut to windows around the arrivals of
moonquakes (Fig. 7a). We removed the mean and linear trend, and then
tapered and despiked the raw PSE and LSPE data. The data were then
converted to acceleration using the instrument response file from the
supporting information in Nunn et al. (2020). This conversion from
acceleration to strain rate depends on the apparent velocity as previ-
ously detailed in Section 2.3. The latest velocity model of the lunar crust
has a velocity of about 300 m/s for the upper 250 m and 1000 m/s below
that (Heffels et al., 2017). The lunar regolith, approximately a 10-meter
thick unconsolidated surface layer, has velocities ranging between 30
m/s and 50 m/s (Civilini et al., 2023; Larose, 2005; Sens-Schonfelder
and Larose, 2010). In this study, we have assumed a conservative ve-
locity of 300 m/s to estimate DAS measurements in strain rate for all
moonquakes. This assumption is based on the scattered waves at the
lunar surface traveling at speeds in the tens of meters per second (Civ-
ilini et al., 2023; Larose, 2005; Sens-Schonfelder and Larose, 2010). In
the supplementary material (Fig S4, Fig S5, and Table S1), we undertake
a comparable analysis for the case of an apparent wave speed of 1000
m/s.

3.2.2. Spectral analysis of Apollo moonquake waveforms in strain rate

The digitizers used for the PSE and the LSPE were very low-
resolution with high bit noise, recording data at 10 and 7 bits, respec-
tively (Kovach and Watkins, 1973; McAllister et al., 1969; Nunn et al.,
2020). Although modern digitizers with oversampling techniques
largely mitigate this problem, the significant bit noise present in many
moonquake recordings suggests that it was a substantial contaminant of
the true seismic signal in the Apollo data (Kovach and Watkins, 1973;
McAllister et al., 1969; Nunn et al., 2020). Owing to the significant bit
noise in the digitizer data, the conventional practice of transforming
waveforms from the time domain to the frequency domain using a
Fourier transform was deemed unsuitable for this study.
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To address these challenges, we employed narrow-band filtering in
the time domain, which allowed us to accurately assess the frequency
content of the recorded signals without the interference of the bit noise
(Clinton and Heaton, 2002). Fig. 7a demonstrates this technique using
an octave-wide narrow bandpass filter on a moonquake recording. For
each bandpass, the peak strain rate was identified and plotted against
the central frequency of the band for all moonquakes (Fig. 7b-f). This
approach prevented the incorporation of bit noise into the spectral
analysis and eliminated the arbitrariness associated with selecting the
window length, thus ensuring a cleaner spectral representation where
the peak amplitude reliably exceeds the noise level (Clinton and Heaton,
2002).

3.2.3. Spectral analysis of the noise level of DAS strain rates in Antarctica

In this study, DAS data from Antarctica is utilized for comparison
with the Apollo seismic data. The Antarctic environment, noted for its
low noise, is the Earth’s closest analog to the lunar surface. The DAS
system was set up along a fiber optic cable running between the South
Pole Remote Earth Science and Seismological Observatory and the
Amundsen-Scott South Pole Station. The chosen data encompasses a
quiet period of half an hour on a Sunday afternoon at the South Pole,
dated January 8, 2023. This particular DAS array consists of 8000
channels with a 1-meter channel spacing and a gauge length of 8.17 m
(the length of the fiber optic segment over which the system averages the
measurements).

To determine the DAS minimum resolution (yellow dashed line in
Fig. 7b-f), we adopted the approach used by Clinton and Heatonn

(2002), which was originally employed to assess the Peterson Low Noise
Model (Peterson, 1993). This involves computing the power spectral
density (PSD) of each channel via a fast Fourier transform. The resultant
frequency-dependent root mean square (RMS) curve for each channel is
then calculated from its PSD, aligning with the octave-wide narrow
bandpass range applied to the moonquake data. The average minimum
resolution of the DAS array is calculated by taking the median of these
RMS curves across all channels.

Acknowledging ongoing advancements in DAS technology, we
anticipate further improvements in signal detection capabilities. In-
novations include engineered fiber optic cables with enhanced back-
scattering or point reflectors (Westbrook et al, 2023) and
multi-frequency interrogation architectures, aimed at increasing optical
signal-to-noise-ratio, robustness against signal fading and non-linearity
during multi-frequency interrogation (Ogden et al., 2021), as well as
developments in frequency-stabilized lasers (Jeon et al., 2023) and
advanced post-processing techniques (Vidal-Moreno et al., 2022) aimed
at improving low-frequency noise and long-term signal stability. For
example, Han et al. (2021) show that the acoustic sensitivity has been
significantly improved by ~10 times by using a novel
sensitivity-enhanced optical cable. Reflecting these technological
strides, we also present an alternative reference DAS noise level (rep-
resented by the green dashed line in Fig. 7b-f) that is projected to be 10
times lower than the current South Pole DAS noise level. This serves as a
benchmark for potential technological enhancements in the coming
years.



Q. Zhai et al.

(a)2 00 Deep Moonquake 73060511‘12 at S12
T 118
« 0.69
e —
E 0.24 e
0 0.14 s
g 008 e
$ 0.05 sttt
5 A
0'0'03 e f
£ 0.02 ST Ay
0.01 No Filter 4 —
0 1200 2400 3600 4800
Time (s)
(C) 1076 gme — 9 Artificial Impacts
10-7 1 DAS Min Resolution (SP)
,a ==+ DAS Min Resolution (SP/10)
—~ 1078
L 100]
©
—_
c 10—10_»—,
o
i‘/_") 10—11_
10—12_
10713 T T
102 1071 100
Frequency (Hz)
(e)10_6 3 —— 28 Shallow Moonquakes
10-71 DAS Min Resolution (SP)
—_ == DAS Min Resolution (SP/10)
£
—
Q
)
©
—
£
©
| -
4
V2]
10713 T T
102 1071 100

Frequency (Hz)

Earth and Planetary Science Letters 635 (2024) 118695

—— 7400 Deep Moonquakes
DAS Min Resolution (SP)
DAS Min Resolution (SP/10)

107! 100

Frequency (Hz)

1072

—— 1741 Meteoroid Impacts
DAS Min Resolution (SP)
DAS Min Resolution (SP/10)

Strain rate (1/s)

10—13 } : I
1072 107t 100
Frequency (Hz)
(f) —— 3250 Thermal Moonquakes
10-5 1 DAS Min Resolution (SP)
—_ ==+ DAS Min Resolution (SP/10)
o
—
~ 10—7 i
[}
]
©
| .
£ 1074
©
j .
+J
n 10—11
10-13 T T

10
Frequency (Hz)

30
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reasonable improvement to DAS technology within the next few years whose noise level is assumed 10 times lower than the current South Pole DAS.

4. Results

Fig. 7 shows the spectral analysis results for all moonquakes exam-
ined. The data in Fig. 7b-e were recorded by the PSE seismometers,
while the data in Fig. 7f were recorded by the LSPE geophones,
explaining the varied frequency ranges. Despite the differing origins of
the seismic signals, they all exhibit similar spectral signatures. This in-
dicates that the seismometers had a very narrow band of frequencies
that they were sensitive to detect, and despite removing the instrument
response, only responded to accelerations in that small bandwidth.
Notably, the geophones likely did not capture the deep moonquakes and
meteoroid impacts recorded by the seismometers during the active pe-
riods of LSPE. This suggests that geophones required significantly larger

signal magnitudes at high frequencies for detection, akin to those from
local thermal moonquakes (Fig. 7f). These observations suggest that
DAS may have the capability to record seismic signals across a broader
frequency range than the Apollo instruments (Paitz et al., 2021). How-
ever, the comparison in this study is constrained by the limited fre-
quency response of the original Apollo seismometer data.

Fig. 8 and Table 1 summarize analytical outcomes from Fig. 7. Our
results show that more than 60 % of the seismic signals recorded by the
Apollo seismometers have peak amplitudes that DAS can detect (Fig. 8).
Potential improvements to the DAS system—specifically to the laser and
cabling—could enhance detection rates significantly. A 10-fold increase
in sensitivity, in line with advances documented in existing DAS studies
(Han et al., 2021), might enable DAS to detect nearly all moonquakes
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Table 1

The expected rates of moonquakes and the percentages of moonquakes above the DAS minimum resolution.

Label Type Min Rate (events/day)  Max Rate (events/day)

Mean Rate (events/day)

Percentage above SouthPole (%) Percentage above SouthPole/10 (%)

Thermal Moonquake 62 12.811

0
Artificial Impact 0 1 0.002
Meteoroid Impact 0 8 0.405
Shallow Moonquake 0 1 0.010
Deep Moonquake 0 18 1.643

100 100
100 100
68.0 94.3
61.6 93.6
63.1 93.6

previously observed. Furthermore, Table 1 provides a projection of the
number of moonquakes detectable per Earth day using Apollo’s seismic
data as a reference. With the current DAS technology, at least one deep
moonquake would be detectable daily on average, with this number
possibly increasing to around eleven (63 % of a maximum of 18
moonquakes/day = 11 moonquakes, Table 1) during the moon’s perigee
phase, where the likelihood of deep moonquakes is higher.

5. Discussion

Our results affirm that DAS has the capacity to detect moonquakes,
providing valuable data on their occurrence over time for different
moonquake types. A recent study by Wu et al. (2024) found that a longer
DAS cable, which offers more channels for waveform stacking, signifi-
cantly improves the signal-to-noise ratio. This is particularly beneficial
for identifying reflective wave phases such as ScS waves at the
core-mantle boundary of the Moon. We explored a range of DAS
deployment scenarios on the Moon, as depicted in Fig. 9. These scenarios
consider various combinations of operational durations and cable
lengths to demonstrate the potential research outcomes under each
condition. Notably, we excluded the scenario involving a short opera-
tional duration with a long cable. The reason behind this exclusion is
grounded in practical considerations: the substantial expense associated
with deploying a long cable does not justify its use for only a brief
period. This decision underscores the importance of balancing the

cost-effectiveness and scientific value in planning lunar DAS missions. In
addition, some curvature in the cable deployment or line segments of
varying orientation could be advantageous for signal back-azimuth
estimation.

In the short term, the most feasible scenario involves a short DAS
cable over a brief period (star A in Fig. 9). A relatively short cable on the
order of hundreds of meters will provide the equivalent of more than
100 seismometers in fine spacing. A cable of this length could easily be
deployed by astronauts as part of the Artemis missions or by robots
(McGarey et al., 2022). There are many thermal moonquakes, especially
during temperature changes in lunar sunrise and sunset (Civilini et al.,
2023). Tens of thermal events should be detectable within a few Earth
days. If the deployment is at the height of thermal seismicity, there will
be more than 100 thermal moonquakes detected. It also makes it feasible
to determine the source location of the thermal moonquakes in the
regolith, something the Apollo 17 four-geophone array could not ach-
ieve (Civilini et al., 2023). The data will also allow for the study of the
local shallow structure (e.g., regolith, crater, and faults).

Expanding the operation time while maintaining a shorter cable
length (star B in Fig. 9). will allow the capture of both deep and su-
perficial thermal moonquakes. This setup is crucial for examining the
temporal patterns of moonquakes and could provide insights into the
mechanisms of thermal moonquakes. There are currently a few theories
of how temperature changes cause moonquakes such as boulder frac-
turing (Molaro et al., 2017) and differential expansion and contraction
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of minerals within the regolith (Duennebier, 1976). Another benefit of
longer-duration catalogs is the ability to do seismic noise correlation
across the DAS cable allowing for very detailed velocity models below
the array (Yang et al., 2022a). This was previously done with the Apollo
17 mini geophone array, which gave a 1D velocity model down toa 10 m
depth (Sens-Schonfelder and Larose, 2010). This type of study would
also be able to identify local structures from impact craters and even
potential lava tubes that may be used to house future moon bases.
However, the study will be limited to areas near the cable.

The most scientifically advantageous but challenging scenario is a
long-term deployment featuring an extended cable (star C in Fig. 9). Wu
et al. (2024) found that cables longer than 10 km are necessary to
measure core phases that allow for an understanding of core structure.
Such a comprehensive deployment could facilitate an in-depth analysis
of the core, as well as local and regional structures, potentially revealing
the nature of impact craters and lava tubes, which are of interest for
future lunar habitation.

6. Conclusion

Our results show that DAS is uniquely suited to measure moonquakes
in highly scattered environments with low seismic velocity near the
moon’s surface. Conventional seismometers or even mini arrays of
seismometers cannot track the seismic wavefield in that environment as
well as DAS. Utilizing DAS noise data from Antarctica as a proxy, we
found that DAS can detect all thermal moonquakes that have been
previously detected on Apollo 17 geophones. DAS is also able to detect
60 % of the meteoroid impacts and moonquakes that were recorded on
all the Apollo seismometers. With achievable and expected improve-
ments in DAS equipment, the detection percentage is expected to
improve to over 90 %. We also show that with existing DAS technology,
an average of approximately 15 moonquakes daily can be detected,
though this number greatly varies during lunar sunrise/sunset and the
moon’s distance from perigee/apogee. DAS in lunar seismology will be a

10

significant advancement in the ability to analyze the wave propagation
on the moon, which will lead to an important understanding of the
moon’s interior, marking a transformative step forward in lunar
geological studies.
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