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1. Introduction
Seismic scattering refers to the redirection and deflection of seismic waves caused by heterogeneities or irreg-
ularities inside a planetary body. When seismic waves encounter changes in the properties of rocks, such as 
density, porosity, and elasticity, they can be scattered in different directions (Margerin, 2011). Characterizing 
and investigating seismic scattering in the shallow crust is crucial for understanding the evolutionary history of 
terrestrial planetary bodies as it reveals subsurface structural heterogeneity, primarily determined by meteoritic 
impacts or geological activity (Latham et al., 1970; Sato et al., 2012). Meteoritic impacts can crush the shallow 
crust, increase porosity, and enhance seismic scattering. Additionally, seismic scattering is also influenced by 
geological activity; for example, many pyroclastic rocks are accumulated in the volcanic area by the volcanism 
and act as scatterers, resulting in seismic scattering (Kumagai et al., 2018).

One of the effects of seismic scattering is the formation of coda waves, which are wave trains that follow direct 
P or S waves and are generated in a heterogeneous medium (Aki & Chouet, 1975; Sato et al., 2012). Coda waves 

Abstract The scattering properties of terrestrial planetary bodies can provide valuable insights into their 
shallow seismic structure, meteoritic impact history, and geological activity. Scattering properties of the 
shallow crusts of Earth, Mars, and the Moon are investigated by constructing P-wave receiver functions (PRFs) 
from teleseismic waveforms with high signal-to-noise ratios. The authors’ analysis reveals that strong coda 
waves lead to significant variations in the PRF waveforms calculated using different time windows, and the 
stability of the PRF is primarily influenced by the fractional velocity fluctuation. Synthetic PRFs for various 
scattering media confirm these observations. Comparing the observed and synthetic PRFs, it is found that the 
fractional velocity fluctuation in the shallow crust is greater than ∼0.2 for the Moon but less than ∼0.2 for Earth 
and Mars. The authors further discuss possible mechanisms that could have affected the fractional velocity 
fluctuation and suggest that the distinct fractional velocity fluctuation between the Moon and Earth/Mars is 
mainly due to differences in the water content of the crustal rocks of the three planetary bodies.

Plain Language Summary Coda waves follow direct P or S waves and comprise scattered waves 
generated when seismic waves travel through a heterogeneous medium. These incoherent coda waves may 
interfere with seismic waves from coherent structures and complicate the interpretation of seismic structures. 
The authors compute P-wave receiver functions (PRFs) of Earth, Mars, and the Moon using teleseismic 
waveforms with high signal-to-noise ratios. It is found that the PRFs of Earth and Mars are reliable and that the 
crustal converted waves can be effectively recovered. However, the PRF of the Moon calculated using different 
time windows is unstable even for direct P waves. The authors demonstrate that the stability of the PRF can 
be used to characterize the strength of the seismic scattering. Increased scattering by the medium leads to the 
degradation of the PRF stability. The PRF stability is mainly affected by the fractional velocity fluctuation of 
the shallow crust, which is larger on the Moon than on Earth and Mars. The fractional velocity fluctuation of 
the shallow crust is smaller on Earth and Mars because their shallow crusts are hydrous, whereas the shallow 
crust of the Moon is anhydrous.
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in seismograms of Earth and Mars typically last a few to dozens of minutes (Lognonné et al., 2020), while those 
of the Moon can last 1–2 hr, indicating more intense seismic scattering (Garcia et al., 2019). Scattered waves can 
interfere with seismic signals related to interior interfaces, causing phase distortion. However, measuring whether 
the seismic phase is true in such a highly scattering medium remains unclear.

The seismic scattering is mainly controlled by the correlation length of the scatterer (a) and the fractional veloc-
ity fluctuation (𝐴𝐴 𝐴𝐴 ) of a scattering medium (Sato et al., 2012). The medium is considered to be approximately 
homogeneous when a is much smaller than the wavelength, whereas the scattering of the medium is strong when 
a is comparable to the wavelength. Meanwhile, the 𝐴𝐴 𝐴𝐴 is a measure of the heterogeneity of the medium, and the 
larger the 𝐴𝐴 𝐴𝐴 , the stronger the seismic scattering (Sato et al., 2012). Sato (2019) compiles results from various 
studies and shows that the Earth's crust has 𝐴𝐴 𝐴𝐴 values of ∼0.01–0.2 (Flatté & Wu, 1988; Fukushima, 2003; Nakata 
& Beroza, 2015; Wu et al., 1994). However, there have been no reports on 𝐴𝐴 𝐴𝐴 values for the Martian crust. For 
the Moon, Weber et al. (2015) generated seismograms similar to real moonquake records by setting the velocity 
fluctuation of the megaregolith to a value of 0.25. Onodera et al. (2021) constrain the scattering megaregolith 
thickness to 10–20 km beneath the Apollo 12 station by setting the velocity fluctuation of the regolith (0.28) and 
the megaregolith (0.14), and by fitting the rise-coda of two artificial impacts. However, Onodera et al. (2021) 
do not discuss other Apollo stations, and the estimation of the megaregolith thickness may have a trade-off with 
the velocity fluctuation, which remains controversial (Blanchette-Guertin et al., 2015; Zhang et al., 2022). Last 
but not least, no study has yet compared the 𝐴𝐴 𝐴𝐴 values of Earth, Mars, and the Moon in the same methodological 
framework.

In this study, we use the P-wave receiver function (PRF) (Langston, 1979; Ligorria & Ammon, 1999) to constrain 
the scattering properties of the shallow crusts of Earth, Mars, and the Moon. We choose the PRF method for 
the following four reasons. (a) The PRF is a common method to study the seismic structures of a planetary 
body (e.g., Durán et al., 2022; Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020; Vinnik et al., 2001; Zhu 
& Kanamori, 2000), but whether the PRF is affected by the a and the 𝐴𝐴 𝐴𝐴 of a scattering medium, which may 
reflect the mechanism and evolution process, is unknown. (b) The scattered waves in the scattering medium vary 
in different time windows, but it is unclear whether the PRFs are stable when calculated using different time 
windows. (c) The PRF method is widely used to study seismic structures of various scales on Earth (e.g., Victor 
et al., 2020; Xu et al., 2018; Zhu & Kanamori, 2000) and has also been successfully applied to Mars (Durán 
et al., 2022; Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020; Shi et al., 2023a). However, for the Moon, 
only S-wave receiver functions beneath Apollo 12 (Lognonné et al., 2003; Vinnik et al., 2001) and no other RFs 
have been retrieved. This knowledge gap is worth investigating to determine whether it is due to the strong seis-
mic scattering of the Moon. (d) The PRF is mainly sensitive to the structure in the vicinity of the station. The 
PRF calculation does not require prior information, such as the source time function, the exact source location, 
or the velocity model.

The rest of this paper is organized as follows. Section 2 describes the data and preprocessing. Then, in Section 3, 
we investigate the effects of different computational time windows on the PRF retrieval, stack PRFs calculated 
from multiple time windows, and compute synthetic PRFs with varying scattering media to assess the scattering 
properties of the shallow crusts of Earth, Mars, and the Moon. Lastly, in Section 4, we discuss potential factors 
that could affect the results and analyze the mechanisms for the differences in the scattering properties of the 
three planetary bodies.

2. Data and Preprocessing
To investigate analogous terrestrial environments to those of Mars and the Moon, we collect broadband seismic 
stations from seven sites (Figure 1a), which have been identified as the best planetary field analogs based on 
the evaluation conducted by the Europlanet society (Thompson & Cane, 2022). (a) The Andes Mountains in the 
Puna region of Argentina (Argentinian Andes (AA) in Figure 1a) are characterized by high UV influx, an arid 
climate with little water, extreme diurnal temperature fluctuations (>40𝐴𝐴

◦
C ), strong winds (up to 400 km/hr), and a 

geological environment dominated by volcanoes. All these features make this region an ideal planetary analog for 
the environments of Mars and other icy planets/moons. (b) The AU Kangerlussuaq Field Site (AK in Figure 1a) 
is at the west of Greenland, one of the few truly extremely cold environments on Earth. (c) The Iceland Field 
Sites-Matis (IM in Figure 1a) has a variety of environments, including lava fields of various ages, volcanic areas, 
active hydrothermal systems, and glacial and subglacial environments. (d) The Rio Tinto (RT)'s hydrated mineral 
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deposits (RT in Figure 1a) are dominated by jarosite and goethite, similar to those on Mars. (e) The Makgadikgadi 
(Makgadikgadi Salt Pans (MSP) in Figure 1a) has layered morphologies and evaporite deposits formed by water 
activity that can be compared to regions near the Martian equator. (f) The Afro-Arabian Large Igneous Province 

Figure 1. Distribution of used seismic events and stations. The white circles represent the selected events, while the red 
triangles represent the seismic stations. Maps of Earth (a) (National Geophysical Data Center, 1993), Mars (b) (Smith 
et al., 2001), and the Moon (c) (Smith et al., 1997) depict the projected locations of these seismic events and stations. On 
the Earth map, we mark the locations of the eight planetary field analogs, namely the Grenville Province, the Argentinian 
Andes, the AU Kangerlussuaq Field Site (AK), the Iceland Field Sites-Matis (IM), the Rio Tinto, the Makgadikgadi Salt 
Pans, the Afro-Arabian Large Igneous Province, and the Qaidam Basin (QDB). We also mark the name of each seismic event 
on the maps of Mars and the Moon. For moonquakes, M and SH represent the meteoritic impact and the shallow moonquake, 
respectively, and the 17S4 is an artificial impact event.
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(AALIP in Figure 1a) is characterized by extensive basaltic lava flows, as is the mare region of the Moon. (g) 
The Qaidam Basin (QDB in Figure 1a) is a high-altitude sedimentary basin with an ultra-arid climate, low annual 
average temperature (as low as 1.9𝐴𝐴

◦
C ), and large diurnal temperature fluctuations (up to 64𝐴𝐴

◦
C ). With many sedi-

mentary deposits, ancient lakes, and rich landscape features, the Qaidam Basin provides an excellent analogy to 
the Martian environment. In addition, we include seismic stations from one additional site (Grenville Province, 
GP in Figure 1a) in eastern Canada with anorthosite massifs (Petrescu et al., 2016) to provide an analogy to the 
highlands of the Moon, which are mainly composed of anorthosite (Wieczorek et al., 2006).

On Mars (Figure 1b), we use the seismometer from the SEIS (Seismic Experiment for Interior Structure) of the 
InSight (the Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport) mission (Banerdt 
et al., 2020). The InSight lander is located in the Elysium Planitia, the youngest volcanic area on Mars (Pan 
et  al.,  2020). This region is characterized by a large shield volcano (the Elysium Mons) and several smaller 
volcanic features, such as volcanic cones, fissure vents, and lava flows (Golombek et al., 2018). We can use the 
seismic scattering property at InSight's landing site to represent that of the northern lowlands of Mars, whereas 
there are no seismic data from the southern highlands, so we cannot constrain the seismic scattering property 
there.

On the Moon (Figure 1c), we selected seismometers from Apollo stations 12, 15, and 16 (Nunn et al., 2020). 
Apollo 12 and 15 are located in mare regions whose surface is covered by extensive basaltic rocks. It is believed 
that there was once a large number of volcanic activities in the mare regions (Jolliff et al., 2006). Apollo 16 is 
in the highlands, mainly composed of anorthosite formed during the cooling of the early lunar magma ocean. 
Volcanic activity in the highlands is generally less than in the mare regions (Jolliff et al., 2006). In addition, we 
do not use seismic data from Apollo stations 11 and 14 due to the short duration of operation for Apollo 11 and 
abnormal data for the vertical component of Apollo 14 (Nunn et al., 2020).

To appropriately calculate the PRF, the epicentral distance used in the calculation must meet specific criteria. To 
ensure a near-vertical incidence of the direct P wave (Langston, 1979; Ligorria & Ammon, 1999), the lower limit 
of the epicentral distance needs to be large enough. Moreover, the upper limit of the epicentral distance is usually 
determined to avoid the influence of the seismic phase from the core–mantle boundary, such as core-diffracted 
P waves (Pdiff). On Earth, the epicentral distance of the teleseismic event used to calculate the PRF is typi-
cally between 30 and 90°. However, for Mars and the Moon, we use different ranges based on their respective 
velocity models: 25°–90° for Mars (InSight_KKS21GP) (Khan et  al.,  2021; Knapmeyer-Endrun et  al.,  2021; 
Stähler et al., 2021), and 25°–140° for the Moon (VPRM: the very preliminary reference Moon model) (Garcia 
et al., 2011). These ranges ensure the near-vertical incidence of the direct P wave and a non-zero transmission 
coefficient of the converted S wave at the crust-mantle boundary (Figure S1 in Supporting Information S1).

For Earth, we collect seismic stations with seismic records over half a year from each planetary field analog and 
select teleseismic earthquakes with Mw > 5.5. For Mars, we collect marsquakes with location quality marked 
as A (i.e., epicentral distance and back azimuth are confidently estimated), according to the InSight Marsquake 
Service (2022). For the Moon, we collect two types of moonquakes—shallow moonquakes and impact events—
whose locations are given by Garcia et al. (2011). We do not use deep moonquakes for two reasons. Firstly, the 
P-wave ground motion of a deep moonquake is usually weak compared with shallow moonquakes and impact 
events, which makes it challenging to identify the direct P wave of a deep moonquake (Nakamura, 2005) and 
results in a very weak P-to-S wave. Secondly, the waveform quality of P waves from deep moonquakes is usually 
poor and cannot be dramatically improved even by stacking deep moonquakes from the same cluster (i.e., the 
same source region). This is because few coherent P waves exist between different moonquakes from the same 
cluster. For example, deep moonquakes, which are from cluster A9 and are recorded in Apollo 12, exhibit a very 
low average correlation coefficient (<0.05) for P waves (the 100-s window before the direct S wave) between 
different events (Figure S2 in Supporting Information S1).

A PRF is generally obtained by deconvolving the vertical component from the radial component (Langston, 1979; 
Ligorria & Ammon, 1999). Thus, the three components of motion need to be rotated to the vertical–radial–trans-
verse (ZRT) system. On Earth, the seismic stations are generally deployed as the vertical–north–east (ZNE) 
system. In the case of InSight's SEIS data, we correct the instrumental response because it slightly differs when 
using the UVW (the three seismic components of InSight's SEIS: BHU, BHV, and BHW) system (Lognonné 
et al., 2019). We then rotate the UVW system to the ZNE system according to the dip and azimuth of InSight's 
SEIS seismic sensors. In the case of moonquake data, we interpolate the original irregularly sampled records to a 
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consistent time interval of 0.151 s using cubic spline interpolation. We also correct the misaligned directions of 
Apollo 12 and 16 (Jarosch, 1977) to the ZNE system. We remove the linear trends and mean from all event wave-
forms and filter the waveforms with a 0.2–0.8 Hz Butterworth bandpass filter. Finally, we rotate the seismograms 
from the ZNE system to the ZRT system based on the back azimuth of each event and compute the radial PRF 
using the time-domain iterative deconvolution method (Ligorria & Ammon, 1999).

The quality of the P-wave waveform can significantly affect the recovery of converted waves. Thus, we only use 
events with high signal-to-noise ratio (SNR). We calculate the SNR of the direct P wave in the vertical and radial 
components for each event:

SNR = 10 ⋅ log10

(

𝐴𝐴𝑆𝑆

𝐴𝐴𝑁𝑁

)2

, (1)

where 𝐴𝐴 𝐴𝐴𝑁𝑁 and 𝐴𝐴 𝐴𝐴𝑆𝑆 are the root mean squares of the noise and signal waveforms (in 40-s windows before and 
after the direct P wave), respectively. Theoretical arrival times of direct P waves are determined using the 
IASP91 model (Kennett, 1991) for earthquakes and are provided by the InSight Marsquake Service. (2022) for 
marsquakes. For moonquakes, we calculate the theoretical arrival times of direct P waves using the catalog and 
the VPRM of Garcia et al. (2011). We select events only when the SNR of the direct P wave is larger than 6.0 dB 
for both the radial and vertical components to ensure the high waveform quality (Figure 2). In this paper, we select 
seismic events based on the SNR of the direct P wave instead of the magnitude, as the PRF is the response of 
the crustal structure near the station and is theoretically not affected by the energy of the seismic source. Table 1 

Figure 2. Radial (left column) and vertical (right column) seismic waveforms of selected events. (a) and (b) show examples of earthquake waveforms recorded by 
station BTIE in the Afro-Arabian Large Igneous Province, with corresponding Y-axis labels indicating the occurrence times of the seismic events. (c) and (d) are 
marsquake waveforms, with the Y-axis labeling the names of the seismic events. (e) and (f) present moonquake waveforms, with the Y-axis denoting the station and 
event pairs for each waveform. The X-axis is the arrival time relative to the direct P wave of each event (pink dotted line), and the left side of each waveform indicates 
the corresponding signal-to-noise ratio of the direct P wave.

 21699100, 2023, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007676 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

SHI ET AL.

10.1029/2022JE007676

6 of 20

lists the number of selected earthquake events and seismic stations in each planetary field analog on Earth, and 
Figures 1a–1c show the retained earthquake, marsquake, and moonquake events.

3. Observations and Modeling
In this section, we analyze the effects of coda waves on the PRFs calculated using different time windows because 
of the distinct characteristics of the seismic coda waves on the three planetary bodies. We then evaluate the scat-
tering properties of the shallow crusts of Earth, Mars, and the Moon based on the stability of the PRFs.

3.1. Effect of the Computational Time Window on the Retrieval of Stable PRFs

On Earth, the PRFs computed from different time windows are usually stable due to the rapid decay of coda 
wave amplitudes, so that the contribution of later coda waves is typically insignificant. The time window used 

Site 
No. Lat (°)

Lon 
(°)

Rad 
(deg) Network code:: Network name (time span used) Ns Ne𝐴𝐴 MR 

Region 1: Grenville Province, Canada

 1 48.5 −72.0 1.5 X8:: Deep structure of three continental sutures in Eastern North 
America (Quebec-Maine Array) (2014–2015)

8 254 0.1 ±0.03

Region 2: Argentinian Andes, Argentina*

 2 −36.0 −70.0 2.5 6A:: Teno Valley seismic network (TENO) (2017–2018) 18 611 0.19 ±0.06

YC:: Slab geometry in the Southern Andes (Southern Andes) 
(2000–2002)

 3 −22.0 −67.0 2.5 YS:: The life cycle of Andean volcanoes: Combining space-based 
and field studies (ANDIVOLC) (2010–2012)

8 111 0.24 ±0.08

Region 3: AU Kangerlussuaq Field Site, Greenland

 4 67.0 −52.0 2.0 XK:: Seismic Arrays for African Rift Initiation (SAFARI) 
(2012–2015)

6 125 0.18 ±0.05

NR:: The Network of Autonomously Recording Seismographs 
(NARS) (2014–2015)

Region 4: Iceland Field Sites, Matis, Iceland*

 5 64.0 −21.0 1.5 XE:: Torfajokull 2002 (Torf2002) (2002–2002) 5 34 0.18 ±0.09

Region 5: Rio Tinto, CAB-CICS, Spain

 6 38.0 −5.0 1.5 XB:: Program to Investigate Convective Alboran Sea System 
Overturn (PICASSO) (2010–2012)

46 1,790 0.19 ±0.1

Region 6: Makgadikgadi Salt Pans, BIUST, Botswana

 7 −20.5 25.5 2.5 XK:: Seismic Arrays for African Rift Initiation (SAFARI) 
(2012–2015)

18 777 0.12 ±0.04

NR:: The Network of Autonomously Recording Seismographs 
(NARS) (2014–2015)

Region 7: Afro-Arabian Large Igneous Province, Ethiopia*

 8 11.5 42.0 4.0 ZF:: Afar Consortium Network (AFAR) (2008–2009) 45 3,477 0.16 ±0.07

XI:: Seismic investigation of deep structure beneath the 
Ethiopian Plateau and afar depression (Ethiopia) (2001–2002)

Region 8: Qaidam Basin, China

 9 38.0 92.0 3.0 X4:: Deep structure of the Northeastern Tibet collision zone: 
INDEPTH IV (ASCENT) (2008–2010)

27 3,393 0.15 ±0.1

Note. The table lists the central position (latitude: Lat, longitude: Lon) and the radius (Rad) of each site. The sites are listed 
in the order of longitude. Ns and Ne represent the number of seismic stations and events used at each site. 𝐴𝐴 MR denotes the 
average misfit reduction for the P-wave receiver function calculation in the corresponding planetary field analog, and the 
superscript is the 2σ uncertainty. Sites located in volcanic areas are marked with asterisks.

Table 1 
Detailed Information for All the Eight Planetary Field Analogs Used in This Study
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to compute the PRF of Earth can be more than 100 s after a direct P wave to extract converted phases from deep 
interfaces, such as the 410- and 660-km discontinuities (e.g., Xu et al., 2018). For the Moon, however, it is uncer-
tain whether the computational time window significantly affects the PRFs due to strong coda waves.

To investigate the effect of coda waves, we choose three seismic events (an earthquake, a marsquake, and a moon-
quake) as examples. The waveforms of the three events exhibit high SNRs (>8.0 dB) and are free of glitches, 
with clear identification of direct P waves (as shown in Figures 3a–3c). Then, we compute the PRFs using four 
different time windows for which the zero time corresponds to the arrival of the direct P wave: w1 (−10–20 s), 
w2 (−10–50 s), w3 (−5–20 s), and w4 (−5–50 s). Figure 3d shows that Earth's PRFs computed with different 
time windows are stable and have almost identical direct P waves and converted S waves (at ∼4 s) from the Moho 
(crust-mantle boundary). Figure 3e shows a slight variation for Mars' PRFs with various time windows. However, 
the Moon's PRFs vary depending on the time window (Figure 3f). Because there are few signals before the direct 
P wave, the start time has little effect on the Moon's PRFs, but the differences in PRFs computed with different 
end times are substantial. Therefore, it is reasonable to hypothesize that the instability of the Moon's PRFs is due 
to more scattering waves being involved as the length of the time window increases.

Figure 3. Examples of P-wave receiver functions (PRFs) of Earth, Mars, and the Moon are calculated using different time windows. The left column shows waveforms 
of the vertical (Z) and radial (R) components of a selected earthquake (a), marsquake (b), and moonquake (c). The waveforms are filtered at 0.2–0.8 Hz to eliminate 
low- and high-frequency noise. The dashed red line indicates the arrival time of the direct P wave, and the four different time windows used to compute the PRFs in (d)–
(f) are marked by horizontal solid lines. The Y-axis labels the corresponding event and station. In the right column (d)–(f), the PRFs computed with the corresponding 
time window are displayed in the same colors as those used in (a)–(c). The X-axis shows the time relative to the arrival of the direct P wave.
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We compute synthetic PRFs of the Moon with different scattering media to test this hypothesis. We set up 
a two-layer crustal model where the first layer is heterogeneous and the second layer is homogeneous. The 
simulation includes a 10-km thick scattering layer with the crust-mantle boundary at a depth of 28 km, based 
on the VPRM of the Moon (Garcia et al., 2011) (see Table S1 in Supporting Information S1). We omit the 
first 1-km low-velocity layer from the VPRM because detection of the 1-km layer is beyond the resolution of 
our PRF and the thickness of the low-velocity layer is controversial (from zero to several kilometers) (Garcia 
et al., 2011, 2019; Onodera et al., 2021). We set a maximum frequency of 0.8 Hz to ensure the same as the 
real filtered data and then computed the 2D wavefield in the P-SV system using the procedure OpenSWPC 
(Maeda et al., 2017). To save computational cost, we place an explosion source (a Küpper wavelet) at a depth 
of 100 km below the receivers to generate a P wave that approximates the plane wave from teleseismic events. 
The grid width is 250 m and the time step width is 0.02 s. Meanwhile, the source duration time was 1.25 s. Our 
benchmark of PRFs for the layered homogeneous medium (Figure S3 in Supporting Information S1) shows 
that converted P-to-S waves of the two crustal discontinuities are recovered. The arrival times of converted 
and multiple waves are in good agreement with theoretical calculations, justifying the source setup and the 
correctness of the computed seismograms.

Subsequently, we set the random heterogeneity in the first layer and use the autocorrelation function (ACF) 
to describe the scattering medium. There are three common types of ACFs: Gaussian, exponential, and 
von Kármán, each with its mathematical expression (see Sato et al., 2012 for a review). In this study, we 
adopt the exponential ACF, which has been widely used in previous studies (Onodera et al., 2021; Sivaji 
et al., 2002) because it provides a simplified version of the von Kármán ACF and is more suitable for mode-
ling short-wavelength random media compared to the Gaussian ACF (Sato et al., 2012). The exponential 
ACF is expressed as follows:

⟨𝜉𝜉(𝑥𝑥)𝜉𝜉(𝑥𝑥 + 𝑟𝑟)⟩ = 𝜀𝜀
2
⋅ 𝑒𝑒

−𝑟𝑟∕𝑎𝑎
, (2)

where 𝐴𝐴 𝐴𝐴  represents the lag distance, and the angle brackets denote the integration over x (Sato et al., 2012). Since 
the wavelength is 3,600 m, we set two values for the correlation length of the scatterer (a): 1,000 m when it is 
less than half a wavelength and 4,000 m when it is comparable with a wavelength. And we test the combination 
of a with  the fractional velocity fluctuation (𝐴𝐴 𝐴𝐴 ) of 0.1 and 0.2. Finally, we compute seismograms for a ground 
receiver with a ray parameter of ∼0.08 s/km, which corresponds to the average ray parameter of the selected 
moonquakes and calculate the PRFs by deconvolving the vertical trace (P) from the radial trace (SV) (Ligorria 
& Ammon, 1999).

Figure 4 shows the seismograms and corresponding PRFs of four distinct scattering media. These results 
reveal how heterogeneity can introduce scattered waves into coda waves, leading to unstable PRFs when 
calculated with different time windows. For weak scattering (𝐴𝐴 𝐴𝐴  = 0.1), the PRF calculated with different 
time windows is relatively stable. However, for strong scattering (𝐴𝐴 𝐴𝐴  = 0.2), the stability of the PRF deterio-
rates. Furthermore, the PRF may have spurious signals, and the direct P wave may have a negative polarity. 
The instability of the PRF in the presence of strong scattering can be attributed to two reasons. Firstly, the 
amplitude of the later scattered waves is substantial, and the scattering effect for a long time window cannot 
be ignored. Secondly, an essential assumption for the PRF calculation is that the structural Green’s function 
of the vertical component near the station can be approximated as a Dirac delta function (Langston, 1979). 
However, this assumption does not hold when the scattering is strong, as the P wave is contaminated by 
scattered waves.

3.2. Stacked PRFs on Earth, Mars, and the Moon

Given that in the case of intense seismic scattering, the calculated PRF may vary significantly depending on 
the time windows used, as shown above. Thus, to obtain a reliable PRF for each event, we compute 85 PRFs 
using 85 different time windows ranging from 10 s before to 15–100 s after the direct P-wave arrival, with a 1-s 
interval. We then average all 85 PRFs to obtain the stacked PRF waveforms of each event (Figure 5). In addition, 
to quantitatively evaluate the reliability of the PRF and how well the real radial component has been recovered, 
we calculate the misfit between the predicted (convolving of the real vertical component with the PRF) and real 
radial components (Ligorria & Ammon, 1999). We define the misfit reduction (MR) for the last iteration of the 
PRF calculation as follows:
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where Z is the real vertical component, and 𝐴𝐴 𝐴𝐴
𝑝𝑝

𝑖𝑖
 and 𝐴𝐴 𝐴𝐴

𝑜𝑜

𝑖𝑖
 are the predicted and real radial components. i and n denote 

the ith sampling point and sampling number. The larger the MR, the less convergence of the predicted radial 
component and the less reliable the PRF is.

Figure 4. The left column displays radial (R) and vertical (Z) synthetic seismograms for different scattering media (a: correlation length and 𝐴𝐴 𝐴𝐴 : fractional velocity 
fluctuation), with the theoretical arrival time of the direct P wave marked by the dashed red line. The right column shows synthetic P-wave receiver functions (PRFs) 
computed using time windows of different lengths. We use four different time windows (w1: −5–20 s, w2: −5–30 s, w3: −5–40 s, and w4: −5–50 s). The PRFs in the 
right column are displayed in the same color as the corresponding time windows in the left column. The dashed gray line in the right column represents the synthetic 
PRF without the influence of scattering, serving as a reference for comparison.
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On Earth, we calculate the average MR of stacked PRFs from all seismic stations in each planetary field analog, 
as listed in Table 1. The Earth's PRFs have average MRs ranging from ∼0.1 to 0.24. Specifically, the lowest 
average MR (∼0.1) is found in the Grenville Province (GP), with the anorthosite massifs located in the Cana-

Figure 5. P-wave receiver functions (PRFs) of Earth (a), Mars (b), and the Moon (c). The PRFs are computed from the 
seismic waveforms shown in Figure 2. The Y-axis is shown in the same manner as Figure 2. For each event, we calculate 85 
PRFs (solid purple lines) using 85 different time windows that span from 10 s before to 15–100 s after the direct P wave. 
The solid pink line represents the average stacked PRF of each event. For Earth (panel a), we highlight the possible crustal 
converted phase with an orange-shaded box, and for Mars (panel b), we indicate the three converted phases detected in 
previous studies (Durán et al., 2022; Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020) with three orange-shaded boxes 
as well. The left side of each RF displays the average misfit reduction (𝐴𝐴 MR ) of the 85 PRFs between the predicted and real 
radial components.
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dian shield, which has a simple crustal structure and few scatterers. In contrast, volcanic areas tend to have 
larger average MRs (>0.15) due to the complex crustal structure and many scatterers. The highest average MR 
(0.24) is observed in the Andes Mountains of Argentina, probably due to the more complex crustal structure 
shaped by the subduction and compression of the eastern Pacific plate and more scatterers caused by the volcan-
ism. In the sedimentary (Qaidam) and evaporitic (MSP) basins, the average MRs range from 0.1 to 0.15. The 
overall MR of Earth's PRFs is small, indicating that Earth's PRFs are reliable and that most converted waves 
can be recovered.

On Mars, the MRs of the PRFs are only slightly larger than those of Earth's PRFs, with an average value of 
approximately 0.25, suggesting that the PRFs of Mars are stable and reliable as well. The stacked PRFs of the 
five marsquake events show four consistent positive signals within 10 s (Figure 5b). The first signal at zero lag 
time represents the direct P wave, while the subsequent signals at approximately 2.5, 5, and 7  s may denote 
the converted S waves of the intra-crustal or crust–mantle boundaries (highlighted in orange-shaded boxes in 
Figure 5b). Previous studies have also detected these three converted waves using different techniques and events 
(Durán et al., 2022; Knapmeyer-Endrun et al., 2021; Lognonné et al., 2020).

In contrast, on the Moon, the large average MR (∼0.4) demonstrates that most of the Moon's PRFs are 
unreliable. The stacked PRFs between different moonquake events vary greatly (Figure 5c). There are few 
consistent signals for the PRFs in the same station, including the direct P wave. The direct P waves of the 
Moon's PRFs could be very weak in amplitude or appear positive and negative in polarity, indicating a large 
uncertainty even for the direct P wave. Additionally, Figure 5c reveals that the PRF of each moonquake 
event, calculated using different time windows, is generally unstable, as evident from the noticeable varia-
tions in the purple lines.

The PRF stability of the three planetary bodies differs due to their distinct crustal scattering properties, as the 
PRF is sensitive to the crustal structure near the station. To determine the main factor influencing the PRF 
stability, we compute stacked PRFs from synthetic seismograms using velocity models of the three planetary 
bodies (refer to Table S1 in Supporting Information S1) incorporating varying scattering media. We test two 
values of a, the same as in Figure 4: 1,000 m, which is less than half the seismic wavelengths of the three plan-
etary bodies investigated in this study (Earth: 6,720 m, Mars: 3,700 m, and the Moon: 3,600 m) or equal to the 
wavelength of moonquakes (1,000 m) if Moon’s low-velocity regolith is taken into account; 4,000 m, which is 
comparable to the wavelength of marsquakes or the wavelength of the moonquakes without the low-velocity 
regolith. Meanwhile, we assign 𝐴𝐴 𝐴𝐴 of 0.05, 0.1, 0.2, and 0.25, with the 0.25 of 𝐴𝐴 𝐴𝐴 corresponding to a velocity 
fluctuation of about 𝐴𝐴 ± 100%. We perform experiments with different combinations of scattering parameters 
and obtain an average stacked PRF and 2𝐴𝐴 𝐴𝐴 uncertainty with 20 distinct media generated by random seeds 
(e.g., Figure S4 in Supporting Information S1). To assess the reliability and stability of the synthetic PRF, 
we also calculate the average MR with 2𝐴𝐴 𝐴𝐴 for the synthetic PRF. The ray parameters of the synthetic PRFs 
are the same as the average ray parameters of the selected earthquakes (∼0.06 s/km), marsquakes (∼0.12 s/
km), and moonquakes (∼0.08 s/km). Note that the ray parameter of synthetic seismic waveforms does not 
affect the result because we reach a similar outcome when we use different ray parameters (e.g., Figure S5 in 
Supporting Information S1). In addition, we obtain a similar result from the 3D seismic wave simulation (e.g., 
Figure S6 in Supporting Information S1) and the teleseismic wave simulation (e.g., Figure S7 in Supporting 
Information S1). Considering the computational cost, we focus on the 2D case and simulate the plane wave 
near the receiver.

The synthetic PRFs show less influence due to the a, whereas the 𝐴𝐴 𝐴𝐴 is identified as the main factor affecting PRF 
stability (Figure 6). As the 𝐴𝐴 𝐴𝐴 increases, the stability of the stacked PRFs of the three planetary bodies degrades, 
and the MR of a PRF increases (Figure 7). When 𝐴𝐴 𝐴𝐴 is equal to 0.2, the average MRs of synthetic PRFs for the three 
planetary bodies are approximately 0.2 (Earth), 0.32 (Mars), and 0.38 (the Moon). For the observed PRFs, the 
average MR of PRFs calculated from the eight planetary field analogs on Earth is about 0.17 (Table 1), and  the 
average MRs below the InSight lander and the Apollo stations are ∼0.25 (Figure  5b) and ∼0.4 (Figure  5c). 
Therefore, we estimate that the 𝐴𝐴 𝐴𝐴 value of the shallow crust of Earth and beneath the InSight lander on Mars is 
less than ∼0.2, but for the shallow crust beneath the Apollo stations on the Moon, it is estimated to be greater 
than ∼0.2 (Figure 7).
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4. Discussion
Our results indicate that the seismic scattering in the shallow crust of the Moon is stronger than that of Earth and Mars. 
The difference in the scattering properties of the three planetary bodies mainly lies in the different fractional velocity 
fluctuations in their shallow crusts. For the Earth's shallow crust, the estimated fractional velocity fluctuation (𝐴𝐴 𝐴𝐴  < ∼0.2) 
is compatible with the results of previous studies (Flatté & Wu, 1988; Fukushima, 2003; Nakata & Beroza, 2015; Wu 
et al., 1994), where 𝐴𝐴 𝐴𝐴 values range from ∼0.01 to 0.2. For the 𝐴𝐴 𝐴𝐴 value of the Martian shallow crust, although not previ-
ously reported, a different method of multiscattering analysis of earthquakes, marsquakes, and moonquakes confirms 

Figure 6. Synthetic stacked P-wave receiver functions (PRFs) and velocity models of Earth (a and b), Mars (c and d), and the Moon (e and f) with different scattering 
media. In the synthetic PRFs (a, c, and e), the solid orange lines and shaded areas represent the average PRFs and their associated 2σ uncertainties, respectively. The 
solid light blue line represents the PRF of a layered homogeneous medium for reference. The Y-axis labels the correlation length (a) and fractional velocity fluctuation 
(𝐴𝐴 𝐴𝐴 ) corresponding to each PRF. On the left side, we display the average misfit reduction (𝐴𝐴 MR ) of each PRF with its 2σ uncertainty. The pink arrows indicate the 
theoretically converted waves from the corresponding velocity model.

 21699100, 2023, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007676 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

SHI ET AL.

10.1029/2022JE007676

13 of 20

that the strength of the crustal seismic scattering of Mars is Earth-like (Menina et al., 2021), but is weaker than that 
of the Moon (Lognonné et al., 2020). This can also be verified by surface waves, which have been observed in the 
event waveforms of marsquakes (Charalambous et al., 2022; Kim et al., 2022; Z. Xu et al., 2023) but have never been 
detected in moonquakes. This is because strong scattering results in the rapid diffusion of surface-wave energy to that of 
scattered body waves, leading to the absence of surface waves (e.g., Onodera et al., 2022). For the Moon, previous seis-
mic studies also prefer the large velocity fluctuation in the shallow crust. Zhang et al. (2022) constrain the maximum 
perturbation of the Moon to be at least 50%, within which the velocity perturbation is uniformly distributed, and the 
magnitude decays exponentially with depth. Blanchette-Guertin et al. (2015) set a random perturbation of an average 
of ±35% of the background model. Weber et al. (2015) and Onodera et al. (2021) mention that they present 25% and 
28% velocity fluctuations in the regolith and 14% in the megaregolith.

Throughout the rest of this section, we delve deeper into the factors that may affect the estimation of the 𝐴𝐴 𝐴𝐴 value, 
including the velocity model, the SNR, and the seismic anisotropy, as well as explore potential mechanisms that 
could account for the observed differences in fractional velocity fluctuations in the shallow crusts of Earth, Mars, 
and the Moon.

4.1. Influence of the Velocity Model

The simulation results reveal that the estimation of the 𝐴𝐴 𝐴𝐴 value may be influenced by the velocity model. For example, 
when 𝐴𝐴 𝐴𝐴 is 0.2, the MRs of the stacked synthetic PRFs (shown in Figure 6) are different for the velocity models of Earth 
(∼0.2), Mars (∼0.3), and the Moon (∼0.4). Therefore, it is necessary to check the influence of the velocity model on the 
result. For the Moon, both the thickness of the low-velocity layer and the megaregolith of the lunar crust are disputed. 
The former can range from zero to several kilometers (Garcia et al., 2011, 2019; Onodera et al., 2021), and the latter 
could be more than tens of kilometers (Gillet et al., 2017; Hiesinger, 2006; Jaumann et al., 2012). Therefore, we test two 
additional cases for the Moon (Figure 8): case 1 features two scattering layers with a 10-km low-velocity layer (rego-
lith) (Vp: 1 km/s; vs.: 0.5 km/s) atop a 10-km megaregolith (Figure 8b); in case 2, we set a 20-km thick megaregolith 
(Figure 8d). In both cases, we slightly increased the depth of the crust-mantle boundary to 35 km to prevent overlapping 
of the converted waves of the 20 km and the crustal-mantle discontinuities in the PRF.

For case 1, the synthetic PRFs in a layered homogeneous medium show that the crustal converted waves can be 
recovered (Figure S8 in Supporting Information S1), suggesting that the low-velocity layer does not act as a wave-
guide layer, impeding the generation of the converted waves. Subsequently, we assign the same 𝐴𝐴 𝐴𝐴 value to both 
the regolith and the megaregolith, and compute the synthetic PRFs with various scattering media (Figure 8). The 
resulting synthetic PRFs of Case 1 (Figure 8a) indicate that when 𝐴𝐴 𝐴𝐴 is small (<0.2), the three crustal converted 
waves can be extracted, but when 𝐴𝐴 𝐴𝐴 reaches 0.2, the PRFs are unreliable, and the associated MR of the PRF is 
approximately 0.4. Similar results are observed for Case 2, where the PRF becomes unstable for values of 𝐴𝐴 𝐴𝐴 
greater than 0.2, and a similar MR is obtained (∼0.4 when 𝐴𝐴 𝐴𝐴  = 0.2) (Figure 8c). Therefore, the low-velocity layer 
and the thickness of the scattering layer of the Moon have little effect on the 𝐴𝐴 𝐴𝐴 estimation of the lunar crust, and 
the stability of the PRF is primarily affected by the fractional velocity fluctuation of the scattering medium.

Figure 7. Variation of the misfit reduction (MR) of the P-wave receiver function of Earth (a), Mars (b), and the Moon (c) with the fractional velocity fluctuation (𝐴𝐴 𝐴𝐴 ) of 
the scattering medium. In each panel, we plot the MR of synthetic PRFs corresponding to the correlation length (a) of 1,000 m (solid line) and 4,000 m (dashed line). 
We mark the average MR of observed PRFs with the solid gray line and the associated 1𝐴𝐴 𝐴𝐴 with the shaded gray area.
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4.2. Influence of the Signal-To-Noise Ratio

The waveform quality of marsquakes and moonquakes appears to be inferior to that of earthquakes (Figure 2). 
To investigate whether the instabilities of PRFs observed in this study are attributable to low waveform quality, 
we conduct an experiment in which we generate synthetic noise based on the amplitude spectrum of the real 
seismic noise from the three planetary bodies. Specifically, for each planetary body, we stack the amplitude 
spectrum of the real seismic noise (100 s before the direct P wave) from all selected events to obtain the average 
amplitude spectrum. We then use the phase spectrum of random noise and the amplitude spectrum of the real 
noise to generate the synthetic noise (see Figure 9). Next, we add the synthetic noise, which has an amplitude 
spectrum similar to the real seismic noises of the three planetary bodies, to the synthetic seismograms. The SNR 
is controlled by setting the amplitude of the synthetic noise. Finally, to evaluate the quality of the PRF waveforms, 
we compute the correlation coefficient between the PRFs calculated from noise-containing and noise-free wave-
forms. We repeat this procedure 50 times for each amplitude level of noise and compute the average SNR and 
correlation coefficient. Figure 10 shows that the correlation coefficient between the PRFs calculated from the 
noise-containing and noise-free waveforms increases as the SNR increases. The PRF is reliable when the SNR of 
the direct P wave is higher than 6.0 dB because the correlation coefficient with the PRF calculated from noise-
free seismograms is approximately 0.9. This result is also consistent with the outcome obtained from the addition 
of synthetic Gaussian noise being added.

To further rule out the possibility that real seismic noise is polarized or correlated in the three seismic compo-
nents, affecting the PRF stability, we also test the influence of real seismic noise on PRF recovery. First, we cut 
the 100-s real seismic noise (a 100-s time window before the direct P wave) in the radial and vertical components 
for the selected seismic event waveforms (Figure S9 in Supporting Information S1); Second, we normalize the 
real seismic noise of each trace according to its maximum value; Third, we add the real seismic noise of Earth, 
Mars, and the Moon to the synthetic seismograms of the corresponding planetary body. The SNR is controlled 
by setting the amplitude of the seismic noise. Finally, we compute the correlation coefficient between the PRFs 

Figure 8. Synthetic stacked P-wave receiver functions (PRFs) for two additional crustal velocity models of the Moon with 
different scattering media. The figure is plotted in the same way as Figure 6. (a) Shows synthetic PRFs for a model with a 
10-km low-velocity layer atop of a 10-km megaregolith (b). (c) Displays synthetic PRFs for a 20-km megaregolith model (d).
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calculated from noise-containing and noise-free waveforms. Figure S10 in Supporting Information S1 demon-
strates that the average correlation coefficients are more than approximately 0.85, and the PRF is stable when the 
SNR reaches 6.0 dB. Therefore, we select events with the direct P wave SNR greater than 6.0 dB in this paper, 
excluding the influence of waveform quality on the PRF stability.

Another fact that supports excluding the waveform quality factor is that the Moon’ PRFs are unstable and unre-
liable even if the SNR is very high. The PRFs calculated from marsquakes are generally stable, and the average 
SNR of the marsquakes used in this study is 13.75 dB, as shown in Figures 2c and 2d. In contrast, although the 
SNRs in both radial and vertical components of moonquakes M13 (in Apollo 15: 25.09 and 7.85 dB), M14 (in 
Apollo 16: 39.31 and 18.84 dB), and SH4 (in Apollo 16: 18.64 and 14.8 dB) are already higher than 13.75 dB 
(as shown in Figures 2e and 2f), the PRFs calculated from these three moonquake events are unstable and exhibit 
dramatically different waveforms, as depicted in Figure 5c. Therefore, the instability of the lunar PRF observed 
in this paper cannot be attributed to the waveform quality.

4.3. Influence of Seismic Anisotropy

Seismic anisotropy can affect the PRF by causing systematic variations in the arrival time, amplitude, and polarity 
of the converted waves based on the back azimuth of the seismic event (Nagaya et al., 2008). Seismic anisotropy is 
common in the Earth's crust (e.g., Han et al., 2020), and it has been detected in the Martian crust on the InSight lander 
(J. Li et al., 2022) as well as weak azimuthal anisotropy in the lunar subsurface (0–1 km depth) at the Apollo 14 site 
(Nishitsuji et al., 2020). Thus, it is reasonable to suspect that similar PRF waveforms for selected marsquake events 

Figure 9. The normalized noise amplitude spectrum of the radial and vertical components for seismic noise which is obtained from real seismic data of Earth (a and b), 
Mars (c and d), and the Moon (e and f). The noise data correspond to the 100 s before the direct P wave for selected events shown in Figure 2. The solid gray and black 
lines represent the amplitude spectrum of the real seismic noise for each event and the average amplitude spectrum, respectively. The blue lines represent the amplitude 
spectrum of synthetic random noise.

 21699100, 2023, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007676 by Portail B
ibC

N
R

S IN
SU

, W
iley O

nline L
ibrary on [28/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Planets

SHI ET AL.

10.1029/2022JE007676

16 of 20

are because the back azimuths of all marsquakes used in this study are concentrated within 40–90° (Figure 1b). 
However, seismic anisotropy cannot explain the instabilities of the PRFs of the Moon for the following three reasons: 
(a) the back azimuths of moonquake events M17 (∼293°) and SH5 (∼295°) from Apollo 16 are very close to each 
other, yet the PRFs calculated from the two events are unstable and dramatically different, with direct P waves of 
opposite polarity (Figure 5c); (b) seismic anisotropy may influence the amplitude of the direct P wave in the radial 
PRF without changing its polarity. However, there are direct P waves with negative polarity in some PRFs of the 
Moon; (c) it is unclear whether crustal seismic anisotropy exists beneath the Apollo stations used in this paper. 
Therefore, the instability of the PRFs of the Moon is independent of the seismic anisotropy.

4.4. Mechanism of the Different Fractional Velocity Fluctuations for the Three Planetary Bodies

This paper reveals different fractional velocity fluctuations of the shallow crusts of Earth, Mars, and the Moon. 
Here, we discuss three plausible mechanisms that may affect the fractional velocity fluctuation of the shallow 
crust of a planetary body: (a) the fractured crust generated by meteoritic impacts; (b) the compositional heteroge-
neity of the crustal rocks; (c) the water content of the crustal rocks.

Firstly, meteoritic impacts can crush the shallow crust and thus increase the fractional velocity fluctuation. Mars 
has approximately 385,000 impact craters ≥1 km in diameter (Lagain et al., 2021; Robbins & Hynek, 2012), 
and the Moon has approximately 1.3 million craters of similar size (Robbins, 2019). Although there are an order 
of magnitude more craters on the Moon than on Mars, the number of craters on Mars is still much greater than 
on Earth today (only 198 confirmed impact craters) (Kenkmann, 2021). Small fractional velocity fluctuations 
(𝐴𝐴 𝐴𝐴  < 0.2) in the shallow crusts of Earth and Mars suggest that meteoritic impacts are not the primary reason for 
explaining the 𝐴𝐴 𝐴𝐴 discrepancy. This is reinforced by two observations: (a) The average MR beneath the AA on 
Earth (Table 1) is ∼0.24, which is close to that beneath the InSight lander on Mars (∼0.25). This indicates that 
the 𝐴𝐴 𝐴𝐴 of the shallow crust beneath the AA on Earth is comparable to that beneath the InSight on Mars, while 
there are more craters near InSight than on Earth; (b) On the Moon, the average MR beneath Apollo 12 (∼0.41) 
is slightly larger than that from Apollo 16 (∼0.39) (i.e., a larger 𝐴𝐴 𝐴𝐴 in Apollo 12 than in Apollo 16), while the 
number of craters near Apollo 12 is smaller than that near Apollo 16. These two observations suggest that 𝐴𝐴 𝐴𝐴 does 

Figure 10. The correlation coefficient between P-wave receiver functions calculated from noise-containing and noise-free seismograms varies with the signal-to-noise 
ratio (SNR) of the direct P wave. The discrete gray point represents the average SNR and correlation coefficient of 50 simulations, and the solid blue line is the 
fourth-order fitting cure for these data points. The hollow red box denotes the correlation coefficient corresponding to an SNR of 6.0 dB.
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not increase linearly with the number of impact craters; thus, the variation in fractional velocity fluctuation of the 
shallow crust of the three planetary bodies is not primarily due to the heterogeneity caused by meteoritic impacts.

Secondly, the compositional heterogeneity in the shallow crust may determine the velocity fluctuation since 
the velocity of different rocks may vary greatly (Christensen,  1996). Compositional heterogeneity may arise 
from volcanism or plate tectonics. Volcanism can introduce mantle-derived material into the crust and mix with 
crustal materials, leading to heterogeneous crustal composition (e.g., Liao et al., 2018). However, the effect of 
volcanism on the 𝐴𝐴 𝐴𝐴 discrepancy of the three planetary bodies can be ruled out for two reasons: (a) Apollo 12 and 
15, which are located in the mare regions once with massive volcanism, have the similar MR of PRFs (∼0.4) to 
Apollo 16 located in the highlands with rare volcanism (Wieczorek et al., 2006). (b) The Afro-Arabian region on 
Earth used in this study is a Large Igneous Province, and the InSight lander is also at volcanic area on Mars (Pan 
et al., 2020). However, their PRFs are stable and reliable and the estimated 𝐴𝐴 𝐴𝐴 values are small (𝐴𝐴 𝐴𝐴  < 0.2), implying 
that volcanism-induced crustal composition heterogeneity is not the main factor. In addition, plate tectonics may 
contribute to the compositional heterogeneity of crustal rocks, which varies across different tectonic settings due 
to various geological processes. Rocks in stable tectonic areas (e.g., shield) are generally simple, whereas those 
in active tectonic areas are more heterogeneous (e.g., subduction zone and orogenic belt) (Rudnick & Gao, 2003). 
This is in agreement with our observation that the PRF is stable and the MR is small in the GP of the Canadian 
shield, whereas in the AA of the western pacific subduction zone, the PRF is less stable and the MR is slightly 
large (Table 1). However, plate tectonics cannot explain the unstable PRFs on the Moon, as there is no plate 
tectonics on the Moon (Jaumann et al., 2012). Furthermore, the crustal rock compositions of the three planetary 
bodies are similar in some places; for example, the GP on Earth (Petrescu et al., 2016) and the highlands on the 
Moon (Wieczorek et al., 2006) are both located on anorthosite massifs, and the surfaces of the AALIP on Earth, 
the Elysium Planitia on Mars, and the mare regions on the Moon are all covered by basalts. Therefore, heteroge-
neity of rock composition in the shallow crust cannot account for the small 𝐴𝐴 𝐴𝐴 in the shallow crusts of Earth and 
Mars and the large 𝐴𝐴 𝐴𝐴 in the shallow crust of the Moon.

Thirdly, the velocity fluctuation can be influenced by the water content of the crustal rocks. The seismic 
wave velocity is generally larger in wet porous media than in dry porous media (e.g., El Sayed et al., 2015; Ji 
et al., 2019). This is because the seismic wave velocity of a porous medium is determined by the equivalent 
density and equivalent elastic modulus of the medium (Kuster & Toksöz,  1974; Toksöz et  al.,  1976), which 
are larger for a wet porous medium than for a dry one. Meanwhile, the seismic velocity of porous media also 
decreases when the porous media is in a vacuum because seismic waves are mechanical waves (Shearer, 2009) 
that cannot propagate through a vacuum. Therefore, the seismic wave velocity of porous media in dry and vacuum 
environments deviates far from that of the groundmass of the rocks, resulting in large velocity fluctuations. 
On Earth, water in the upper continental crust exists in hydrous minerals or fluid inclusions, estimated to be 
approximately 0.9 wt% (Johnson, 2006). On Mars, geomorphic and geophysical evidence, such as deltas, alluvial 
fans, and a deep sedimentary structure, advocate that there was once abundant water (Hobiger et al., 2021; C. 
Li et al., 2022; Nazari-Sharabian et al., 2020). A recent simulation proposes that the present-day Martian crust 
may preserve 30%–99% of the initial water of Mars through crustal hydration (Scheller et al., 2021), and the 
water in the present-day Martian crust exists either as ice in pore spaces or as structural water in hydrous miner-
als (Carter et al., 2013; Nazari-Sharabian et al., 2020; Titus et al., 2003). The mass fraction of the water of the 
Martian crust is estimated to be ∼0.5–3.0 wt% based on the analysis of remote sensing and the Martian meteorites 
(Mustard, 2019). Furthermore, crustal seismic intrinsic attenuation on Mars (Lognonné et al., 2020) and the rock 
physical modeling (Manga & Wright, 2021) indicate that the Martian crust may contain some volatiles or water. 
In contrast, on the Moon, the plagioclases in the crust of the lunar highland present water contents of ∼6 ppm 
in sample 60015 and ∼2 ppm in sample 76535 (Hui et al., 2013). In addition, remote sensing analysis suggests 
a water content of 10–1,000 ppm in the lunar rocks and soils (Clark, 2009), also implying that the lunar crust is 
water-poor, and the lunar subsurface is in a vacuum environment (Colwell et al., 2007). As a result, the difference 
in scattering properties is most likely because the shallow crusts of Earth and Mars are hydrous, whereas the 
shallow lunar crust is anhydrous.

5. Conclusions
In this paper, we demonstrate that the PRF can be utilized to constrain the scattering properties of the shallow 
crust of a planetary body. The fractional velocity fluctuation of the shallow crust is the primary factor affecting 
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the reliability and stability of the PRF. Our investigations indicate that the fractional velocity fluctuation of the 
shallow crust on Earth and Mars is less than ∼0.2, while that on the Moon is greater than ∼0.2 due to its extremely 
dry shallow crust. Additionally, our research reveals that seismic phases in a highly scattering medium, such as on 
the Moon, can be significantly distorted and, therefore, unreliable. In such cases, seismic phase-based techniques, 
for example, the receiver function method, will not work. Therefore, suppressing or separating scattered waves is 
necessary to study interior seismic structures.

Data Availability Statement
The seismic data of earthquake events are downloaded from the Incorporated Research Institutions for Seismol-
ogy (IRIS) Data Center and are available at Shi et al. (2023b). Seismic data of InSight SEIS are provided by 
InSight Mars SEIS Data Service., (2019). The seismic waveforms of moonquakes are referred to Nunn (1969). 
All seismic data and codes used in this study are archived in Shi et al. (2023b). The Mars Seismic Catalog is 
provided by the MQS (InSight Marsquake Service., 2022). The receiver functions are calculated by Seispy (M. 
Xu & He, 2023). Figures are plotted by Matplotlib (Hunter, 2007).
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