
P
os
te
d
on

20
J
an

20
23

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
67
42
29
16
.6
88
88
74
6/
v
1
—

T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Seismic scattering and absorption properties of Mars estimated

through coda analysis on a long-period surface wave of S1222a

marsquake

Keisuke Onodera1, Takuto Maeda2, Kiwamu Nishida3, Taichi Kawamura4, Ludovic
Margerin5, Sabrina Menina6, Philippe H. Lognonne7, and William Bruce Banerdt8

1The University of Tokyo
2Hirosaki University
3Earthquake Research Institute, University of Tokyo
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Abstract

On May 4th 2022, the seismometer on Mars observed the largest marsquake (S1222a) during its operation. One of the most

specific features of S1222a is the long event duration lasting more than 8 hours from the occurrence, in addition to the clear

appearance of body and surface waves. As demonstrated on Earth, by modeling a long-lasting and scattered surface wave with

the radiative transfer theory, we estimated the scattering and intrinsic quality factors of Mars (Qs and Qi). This study especially

focused on the frequency range between 0.05 - 0.09 Hz, where Qs and Qi have not been constrained yet. Our results revealed

that Qi = 1000 - 1500 and Qs = 30 - 500. By summarizing the Martian Qi and Qs estimated so far and by comparing them

with those of other celestial bodies, we found that, overall, the Martian scattering and absorption properties showed Earth-like

values.
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Key Points:13

• We modeled the scattering effect of the largest marsquake (S1222a) using radia-14

tive transfer theory on a spherical Mars.15

• The inversion revealed that the intrinsic and scattering quality factors below 0.116

Hz were 1000 – 1500 and 30 – 500, respectively.17

• We summarized the Martian quality factors derived so far and found that they18

are relatively Earth-like rather than Moon-like.19
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Abstract20

On May 4th 2022, the seismometer on Mars observed the largest marsquake (S1222a)21

during its operation. One of the most specific features of S1222a is the long event du-22

ration lasting more than 8 hours from the occurrence, in addition to the clear appear-23

ance of body and surface waves. As demonstrated on Earth, by modeling a long-lasting24

and scattered surface wave with the radiative transfer theory, we estimated the scatter-25

ing and intrinsic quality factors of Mars (Qs and Qi). This study especially focused on26

the frequency range between 0.05 – 0.09 Hz, where Qs and Qi have not been constrained27

yet. Our results revealed that Qi = 1000 – 1500 and Qs = 30 – 500. By summarizing28

the Martian Qi and Qs estimated so far and by comparing them with those of other ce-29

lestial bodies, we found that, overall, the Martian scattering and absorption properties30

showed Earth-like values.31

Plain Language Summary32

Since February 2019, NASA’s InSight (Interior Exploration using Seismic Inves-33

tigations, Geodesy, and Heat Transport) has been conducting quasi-continuous seismic34

observation for more than three years. The seismic data from Mars has contributed sig-35

nificantly to a better understanding of the interior structure and the seismicity of the36

red planet. On May 4th 2022 (1222 Martian days after landing), another key event oc-37

curred, called S1222a. The event showed the largest seismic moment release (magnitude38

4.7) and extremely long duration (> 8 hours) with intense seismic scattering. As demon-39

strated on Earth, the long-lasting scattered waves are useful for retrieving information40

about the structural heterogeneity within a planet. In this study, by applying the radia-41

tive transfer theory — which considers the energy transportation from the seismic source42

to the observation point — to Mars, we evaluated the energy decay rate due to seismic43

scattering and energy absorption by a medium. By comparing our results with those of44

other solid bodies, we found that the Martian scattering and absorption features were45

closer to the terrestrial ones than to the lunar ones.46

1 Introduction47

After almost three years of seismic observations on Mars, the seismometer installed48

by Interior Exploration using Seismic Investigations, Geodesy, and Heat Transport (In-49

Sight) detected a magnitude 4.7 class event on Sol 1222 (1222 Martian days after land-50

ing). Following the convention of Marsquake Service (MQS), this event was labeled as51

S1222a (Kawamura et al., 2022).52

InSight deployed two types of seismometers: the Very Broadband seismometer (VBB)53

covering from a 0.01 – 10 Hz frequency band, and the Short-Period seismometer (SP)54

covering from 1 – 50 Hz [e.g., Lognonné et al. (2019)]. Quasi-continuous observations since55

2019 brought us new insights into the Martian seismicity and internal structure [e.g., Lognonné56

et al. (2020); Banerdt et al. (2020); Giardini et al. (2020); Khan et al. (2021); Knapmeyer-57

Endrun et al. (2021); Stähler et al. (2021)].58

As described by Kawamura et al. (2022), only VBB was operated on Sol 1222 due59

to the severe power supply conditions. That is, this event is only available for VBB (the60

channel names are XB.ELYSE.02.[BHU, BHV, and BHW], for instance). The remark-61

able characteristics of S1222a are, in addition to clear P- and S-wave arrivals, the exci-62

tation of both Rayleigh and Love waves, which are rarely observed in other marsquakes63

[Kawamura et al. (2022), Kim et al. (2022)]. Figures 1a-c show an example of the time64

series of S1222a. From top to bottom, followed by the spectrogram, the mean squared65

envelope (MS envelope), and the waveform filtered at 0.05 – 0.09 Hz are shown. Inter-66

estingly, the low-frequency energy lasts approximately 8 hours from the arrival (e.g., Fig-67

ure 1b). The gradual decrease from the energy peak is called the coda. In terrestrial seis-68
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mology, it is known that the coda waves are generated due to the heterogeneous struc-69

tures within a planet [e.g., Aki (1969); Aki and Chouet (1975)].70

In this study, to constrain the scattering and attenuation properties of the Mar-71

tian lithosphere, we focus on the decay coda part at a frequency of 0.05 – 0.09 Hz, where72

Rayleigh wave is strongly excited, and the contamination of glitches is smaller than that73

of lower frequencies (< 0.05 Hz). As these parameters have been poorly constrained at74

that frequency, our study fills the missing piece regarding the heterogeneous structures75

of Mars. Because the inhomogeneous structure of a planet strongly reflects the evolu-76

tion processes in the past, understanding the heterogeneous structure would be one of77

the paramount steps toward revealing the history of Mars.78

In the following, we will review the Rayleigh wave features of S1222a, introduce how79

to retrieve the scattering and attenuation parameters from the decay coda, and then show80

the inversion results. Finally, we compare the intrinsic and scattering attenuation prop-81

erties between the Earth, the Moon, and Mars.82

2 The observed Rayleigh wave and its multi-orbital phases83

In Figures 1b-c, the Rayleigh wave arrival (R1), which was identified by Kawamura84

et al. (2022), is shown by the red filled area. The expected arrival times of Rayleigh wave85

traveling along the major arc (R2) and the multi-orbital phases (R3, R4, and R5) are86

shown by the green and red-filled areas. See Figures 1d-e and the caption for the descrip-87

tion of the multi-orbital phases of Rayleigh waves and their group velocity. At first glance,88

the phases following R1 are not clearly seen in our target frequency range. To confirm89

whether such phases are present in the data, we performed a simple demonstration, as90

described below.91

If the Rayleigh wave component is excited, there must be a π/2 phase shift between92

the vertical and radial seismic records. In other words, the multiplication of the verti-93

cal ground velocity Vz(t) and the Hilbert-transformed radial velocity H[Vr(t)] should re-94

turn the one-sided signal during the arrival of the Rayleigh wave components (e.g., the95

positive signal for R1, R3, R5 and the negative signal for R2 and R4). Figure 1f shows96

an example of Rayleigh wave detection. Around 0.2 h lapse time (R1 arrival), the pos-97

itive one-sided signal lasts for approximately 10 min, indicating that the Rayleigh wave98

component arrives during this period. On the other hand, looking at Figures 1g-h, it is99

difficult to find Rayleigh wave-related phases because of the low signal-to-noise ratio. In100

other words, the scattering effect seems strong enough to attenuate both R2 and the multi-101

orbital phases to the level of other incoherent signals, at least in our target frequency102

range (0.05 – 0.09 Hz). This is consistent with the report by Kawamura et al. (2022),103

who could not confirm these phases in this frequency range, either.104

3 Radiative transfer modeling on a spherical Mars105

In terrestrial seismology, the radiative transfer theory has been used to investigate106

the heterogeneous structures [e.g., Aki and Chouet (1975); Sato (1977); Wu (1985)]. Re-107

cently, Menina et al. (2021) and Karakostas et al. (2021) applied this approach to Mars108

and estimated the scattering and attenuation properties. To further advance our under-109

standing of this topic, we will investigate the scattering and attenuation properties at110

a lower frequency (< 0.1 Hz) than before, utilizing the scattering features observed in111

S1222a.112

In the following analysis, we consider a sphere with a Martian radius R = 3389.5113

km on the spherical coordinate system, where the seismic source (S1222a) and a receiver114

(InSight SEIS) are located on (3.0°S, 171.9°E) and (4.502°N, 135.623°E), respectively (Golombek115

et al., 2020; Kawamura et al., 2022). From a source to receiver, the distance along the116

–3–
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Figure 1. (a) Spectrogram of the VBB vertical component. The horizontal axis represents

the lapse time in hours from the origin time, and the vertical axis shows frequency covering from

10−2 to 1 Hz. The orange arrows show the representative glitches seen in this time period. (b)

Mean squared (MS) envelope at the low-frequency band. The deglitched waveform data (see the

text) was bandpass filtered between 0.05 and 0.09 Hz, and the squared time series were smoothed

with a time window of 100 s with 50% overlap. The red line tagged R1 shows the R1 arrival read

by Kawamura et al. (2022). The red and green filled areas show the expected arrival times of the

multi-orbital phases (R2, R3, ...), which are computed based on the group velocity shown in (e).

The horizontal broken line shows the noise level estimated with the median value before the ori-

gin time, which is consistent with the representative noise level for this period of the sol (Figure

S1). (c) The vertical-component waveform filtered between 0.05 and 0.09 Hz. The vertical lines

and filled areas are the same as in (b). (d) Schematic diagram of Rayleigh wave propagation on

a spherical Mars surface. R1 refers to the Rayleigh wave propagating along the minor arc, and

R2 refers to that traveling along the major arc. The subscript number increases by two as the

Rayleigh wave goes around Mars (i.e., R3, R5... for minor arc direction). (e) The dispersion curve

for the group velocity as a function of period. (f)-(h) Time series of Vz(t) × H[Vr(t)] at 0.05 –

0.09 Hz band for the time window of -1 – 1.5 h, 1 – 3.5 h, and 3 – 5.5 h lapse time, respectively.

The red and green areas show the expected arrival times of Rayleigh wave components as in (b)

and (c).
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minor arc θ and the forward azimuth ϕ are measured as shown in Figure 2a. Accord-117

ing to Kawamura et al. (2022), θ = 37 ± 1.6° and ϕ = 281 ± 11°. The last scattering118

point — where the seismic wave radiated from the source encounters before the arrival119

at the receiver — is apart from the source with the distance and the forward azimuth120

being θ′ and ϕ′. Under this geometry setting, let us consider the energy density of the121

fundamental-mode Rayleigh wave for (i) the direct wave component, (ii) the single-scattered122

component, and (iii) the multiple-scattered component to model the observed MS en-123

velope.124

(a) (b)

(c)

R1 R2 R3
R4 R5

R1 R2 R3
R4 R5

Qs=3,000

Qi=3,000

Qi=2,000

Qi=1,000

Qi=3,000

Qs=2,000
Qs=1,000

Qs=500

Figure 2. (a)Geometry of a source, receiver, and the last scattering point on a spherical body.

(b) Comparison of theoretical MS envelopes for the different intrinsic quality factors (Qi=1000,

2000, and 3000) with Qs fixed to 3000. (c) Comparison of theoretical MS envelopes for the differ-

ent scattering quality factors (Qs=500, 1000, and 2000) with Qi fixed to 3000.

Following Sato and Nohechi (2001), the energy density of Rayleigh waves propa-125

gating along the minor and major arcs on a spherical planet can be written as:126

E0(θ, ϕ, t) =
WΦ(ϕ)

2πR2 sin θ

∞∑
n=0

[
δ

(
V t

R
− θ − 2πn

)
+ δ

(
V t

R
+ θ − 2π(n+ 1)

)]
, (1)

where t is the time, W is the scaled energy factor, V is the group velocity, and δ is the127

delta function. Φ denotes the radiation pattern of the source. Because of the large un-128

certainty in the focal mechanism with a single-spot observation, we assumed the isotropic129

radiation for Φ as:130

Φ =
1

2π
. (2)

Normalizing the energy density with W/4πR2 and introducing the intrinsic and scatter-131

ing attenuation factors yields the scaled energy density of the direct wave component ϵ0:132

ϵ0(θ, t;ω) =
2Φ

sin θ

∞∑
n=0

[
δ

(
V t

R
− θ − 2πn

)
+ δ

(
V t

R
+ θ − 2π(n+ 1)

)]
e−(Q−1

s +Q−1
i

)ωt, (3)

where ω is the angular frequency, and Qs and Qi are the scattering and intrinsic atten-133

uation factors, respectively.134

As demonstrated for earthquakes (Sato & Nohechi, 2001; Sato & Nishino, 2002; Maeda135

et al., 2006), the energy density of single-scattered Rayleigh wave ϵS can be expressed136

as:137

ϵS(θ, ϕ, t;ω) =
ωR

πV Qs
e−(Q−1

s +Q−1
i

)ωt

∫ 2π

0

dϕ′ Φns(θ, t)√
(sin τ − sin θ cos(ϕ− ϕ′))2 + (cos θ − cos τ)2

,

(4)
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where τ = V t/R, and the multiple orbit factor ns is given by:138

ns(θ, t) =



0 (τ < θ),
1 (θ < τ < 2π − θ),
2 (2π − θ < τ < 2π + θ),
3 (2π + θ < τ < 4π − θ),
4 (4π − θ < τ < 4π + θ),
...

(5)

To calculate the multiple scattering term, we use the asymptotic form, which has139

been validated as a good approximation for earthquakes (Sato & Nishino, 2002). The140

energy density of the multiple scattering term ϵM can be written as:141

ϵM (t;ω) =

(
1− e−

ωt
Qs − ωt

Qs
e−

ωt
Qs

)
e
− ωt

Qi . (6)

By combining all three terms above, we can theoretically draw the MS envelopes142

as follows:143

E(θ, ϕ, t;ω) =
W

4πR2
[ϵ0(θ, t;ω) + ϵS(θ, ϕ, t;ω) + ϵM (t;ω)]. (7)

Because the scaled energy factor W is unknown, we focus on the relative (or normalized)144

MS envelope and first evaluate the intrinsic and scattering quality factors, and then es-145

timate W using the preferable quality factors (See Sections 5 and 6).146

To clarify how Qi and Qs affect the envelope shape, Figures 2b-c show examples147

of the theoretical envelopes. Qi mostly controls the energy decay rate, and Qs determines148

the peak intensity of Rayleigh waves.149

4 Target frequencies and data processing150

We limit ourselves to studying the frequency range below 0.1 Hz, where the scat-151

tering and intrinsic quality factors have not been constrained yet. Especially we processed152

the data at the four frequencies: 1/12, 1/14, 1/17, and 1/20 Hz.153

To reduce the contamination by glitches, we used the data denoised with the method154

proposed by Scholz et al. (2020). For preprocessing, we performed (i) detrending and de-155

meaning, (ii) applying pre-filtering between 0.005 and 9.5 Hz, and (iii) correcting the in-156

strumental response to convert the raw data into particle velocity. Then, the time trace157

was bandpass filtered using the 4th order Butterworth filter with the corner frequencies158

of 0.9fc and 1.1fc, where fc is the center frequency (1/12, 1/14, 1/17, and 1/20 Hz). As159

we focus on Rayleigh wave and stand on the approach by Sato and Nishino (2002), we160

used the vertical component of VBB in the analysis.161

5 Inversion with grid search method162

In the inversion process, we used the MS envelope normalized with an average value163

between 1.5 and 3.5 h lapse time for the respective frequency bands. In other words, we164

modeled the relative decay trend to obtain the scattering and intrinsic quality factors.165

A grid search concerning the scattering quality factor Qs and the intrinsic qual-166

ity factor Qi was conducted. We varied the Qs and Qi in a range of 200 – 4000 and 500167

– 5000, respectively. The parameter ranges were equally divided into 20 on a log scale.168

The goodness of fit was evaluated with the summation of squared residual value σ, as169

follows:170

σj,k(fc) = Σtmax
tmin

[
log10

(
Sobs(t; fc)

Srtf
j,k(t; fc)

)]2
, (8)
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where tmin (= 1.5 h) and tmax (= 3.5 h) define the time window for the fitting, Sobs and171

Srtf are the MS envelopes for the observation and the theoretical curve (scaled with the172

average value in the time window). The subscripts j and k in Equation 8 are for the var-173

ied Qi and Qs parameters. When j = 1 and k = 1, Qi = 500 and Qs = 200.174

6 Estimated intrinsic and scattering quality factors and scaled energy175

factor176

Figure 3a presents the inversion results for the respective frequencies. The color177

map indicates the distribution of the residual values in the Qi–Qs parameter space, where178

the blue color indicates smaller residual values. Figure 3b displays the best-fitted curves179

for each frequency band (all calculated curves can be found in Figure S2). Looking at180

the residual map, Qi is well constrained, whereas any Qs can provide good fits as long181

as Qi is in the range of 1000 – 1500. As demonstrated in Figures 2b-c, Qi mostly con-182

trols the gradient of the decay coda, whereas Qs affects the peak intensity of Rayleigh183

wave and its multi-orbital phases. Thus, it is reasonable that Qi is more easily constrained184

than Qs.185

To better constrain Qs, we performed an additional analysis considering that R2186

and the multi-orbital phases were attenuated and could not be confirmed within our tar-187

get frequency range (Section 2). Figure 4 shows the examples of parameter studies on188

Qs with Qi fixed to the best-fitted value in the previous inversion. In Figures 4a-b, com-189

paring the first and the second rows gives us the upper limit of Qs, which provides the190

smallest scattering intensity to hide the peaks of R2 and the multi-orbital phases under191

the multiple scattering effects. In turn, Figures 4c-d provides us with the lower limit of192

Qs which is the smallest scattering intensity to diffuse the R1 peak completely. Conse-193

quently, we found that Qs ranged from 60 to 500 for 1/12 and 1/14 Hz and from 30 to194

350 for 1/17 and 1/20 Hz, respectively (Figure 4 and Figure S3). It appears that Qs de-195

pends on the frequency. However, this cannot be concluded because both Qs-ranges re-196

turn similar residual values. Therefore, we conclude that the plausible Qs range is 30 –197

500.198

Together with the estimated Qi and Qs, we evaluated the scaled energy factor W .199

As shown in Figure S4, we calculated the summation of residual for each frequency band200

in the same manner as in Equation 8 and found a preferable W value of (8.5± 1.5)×201

10−9 (m/s)2 · km2.202

7 Intrinsic and scattering quality factors of the Earth, the Moon, and203

Mars204

In this section, to compare the scattering and attenuation properties with the same205

criteria between the Earth, the Moon, and Mars, we review Qi and Qs derived thus far206

on each body. If previous studies provided different parameters, such as diffusivity or207

correlation length, we converted them into Qi and Qs. Because of a large uncertainty208

in the depth and thickness of the Martian scattering layer, a detailed discussion of the209

structures cannot be put forward. Instead, we limit ourselves to showing the compar-210

ative figures for Qi and Qs against frequency and giving a preliminary interpretation.211

7.1 Earth212

Figures 5a-b show the intrinsic and scattering quality factors for the Earth, the Moon,213

and Mars, respectively, where the quality factors for body waves are displayed above 0.1214

Hz, and those for surface waves are presented below 0.1 Hz.215

The Earth’s lithosphere Qi and Qs are estimated through the radiative transfer the-216

ory for isotropic single and/or multiple scattering models, using S-wave scattered waves217
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(a) Residual map (b) Best-fitted curve
1/12 Hz

1/14 Hz

1/17 Hz

1/20 Hz

1/12 Hz

1/14 Hz

1/17 Hz

1/20 Hz

Qi=1318
Qs=200

Qi=1318
Qs=200

Qi=1168
Qs=603

Qi=916
Qs=2129

Figure 3. (a) Grid search results for the respective frequency bands (1/12 Hz through 1/20

Hz from the top to bottom). The horizontal axis shows the intrinsic Q, and the vertical axis

shows the scattering Q. The color map represents the summation of the squared residual (Equa-

tion 8), which is normalized with the maximum value. The red dashed line shows the upper limit

of the scattering Q (See the text for the details). (b) The best-fitted curves superposed on the

observations. For the fitting, the cyan profiles (1.5 – 4.5 h window) were used out of the entire

MS envelopes. The amplitude is normalized with the average value within the time window of 1.5

– 4.5 h. The red profiles show the best-fitted curves. Note that the theoretical curves in red were

move averaged in the same way as the observation in black.

of local earthquakes. The lithosphere’s Qi and Qs for body waves in Figures 5a-b were218

taken from the recent reviews by Sato et al. (2012) and Sato (2019). Both quality fac-219

tors show frequency dependence. Qi ranges 30 – 500 at 2 Hz and 250 – 5000 at 20 Hz.220

Qi for surface waves was computed using Mineos [Masters et al. (2011)] with the Pre-221

liminary Earth model [PREM; Dziewonski and Anderson (1981)]. The upper limit (∼222

900) corresponds to the lithosphere. The value decreases with decreasing frequency be-223

cause Rayleigh wave at a lower frequency becomes more sensitive to the deeper part: the224

asthenospheric structure. The Qs at 0.01 Hz (∼ 10000) was estimated by Sato and No-225

hechi (2001) analyzing the Rayleigh wave and its multiple orbits as performed in this226

study.227
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(a)
R1

R2 R3

(b)

(c) (d)
R1

R1 R2 R3

R1 R1

R1

Figure 4. (a)-(b) Examples of parameter study results for estimating the upper limit of Qs

at 1/12 Hz and 1/17 Hz. The black lines are the direct wave component, the red profile is the

single-scattered component, the blue is the multiple-scattered component, and the green is the

convolved profile. The first row is for Qs = 1000, where the multi-orbital phases can be seen.

The second row is the case for the upper limit of Qs, where the contribution of the multiple scat-

tering is strong enough to bury R2 and the multi-orbital phases. (c)-(d) Examples of parameter

study results for estimating the lower limit of Qs at 1/12 Hz and 1/17 Hz. The first row is for Qs

= 200, where the R1 phase can be confirmed. The second row is the case for the lower limit of

Qs, where the contribution of the multiple scattering is strong enough to bury the R1 phase.

Lee et al. (2003) and Lee et al. (2006) estimated the terrestrial mantle Qs using228

ScS wave scattering. They inverted for the Qs using the Monte Carlo method based on229

the radiative transfer theory with the PREM’s velocity and attenuation structure. Around230

0.1 – 0.2 Hz in Figure 5b, we plotted the upper mantle value compatible with the up-231

per limit of the lithospheric value at 1 Hz.232

The volcanic region is known to be one of the most heterogeneous regions on Earth.233

Previous studies evaluated the scattering parameters in various volcanic areas using body234

waves generated by artificial seismic sources. For example, Wegler (2003) evaluated the235

Qi and Qs at Vesuvius volcano in Italy, Yamamoto and Sato (2010) assessed the qual-236

ity factors at Asama volcano in Japan, and Prudencio et al. (2015) investigated Strom-237

boli volcano in Italy. The complied parameter ranges are shown as the cyan areas in Fig-238

ures 5a-b. When compared with the lithosphere, the volcanic area shows the smaller Qi239

and Qs, indicating the strong scattering and high attenuation rate.240
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Figure 5. Comparison of (a) intrinsic quality factor and (b) scattering quality factor between

the Earth, the Moon, and Mars. See Section 7 for the details.

7.2 Moon241

The latest lunar intrinsic and scattering quality factors were evaluated by Blanchette-242

Guertin et al. (2012), Gillet et al. (2017), and Onodera et al. (2022).243

Blanchette-Guertin et al. (2012) investigated the energy decay of the various types244

of moonquakes (such as deep moonquakes, shallow moonquakes, natural impacts, and245

artificial impacts) at different frequency bands, and systematically assessed the decay246

time and coda Q (Qc). Under the intense scattering conditions, Qc can be regarded as247

the S-wave Qi [e.g., Yoshimoto and Jin (2008)]. In this study, assuming their Qc esti-248

mation as Qi, we show the corresponding Qi range as dark and light grey areas in Fig-249

ure 5a. The Qi ranges from 2000 to 6000 in the middle frequency (0.3 – 1.5 Hz). More-250

over, Qi in the high frequency (2 – 10 Hz) takes a value of 2500 – 6000 at 2 Hz and 4000251

– 12000 at 10 Hz, showing frequency dependence.252
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Regarding the scattering quality factors (black and grey areas in Figure 5b), Gillet253

et al. (2017) estimated the global Qs by introducing the spherically layered geometry in254

the diffusion model. In Figure 5b, the crustal value (3.5 – 12) is presented as the light255

grey area. Nakamura (1976) evaluated the diffusivity of the regolith (surface fine and porous256

layer) as (6.2±0.2) ×10−3 km2/s. It should be noted that we divided his estimation by257

4 because the diffusivity in Nakamura (1976) was defined differently from that ordinally258

used. Using the corrected diffusivity, we estimated the regolith’s Qs as 37 – 83 at 4 – 8259

Hz (the black region in Figure 5b). For the megaregolith — the fractured structure due260

to continuous meteoroid impacts, Onodera et al. (2022) evaluated Qs= 0.6 – 8.3 in the261

middle frequency (the dark grey area in Figure 5b) in a forward approach using full 3D262

seismic wave propagation simulation.263

7.3 Mars264

The initial estimation of the diffusivity and intrinsic attenuation were carried out265

by Lognonné et al. (2020) using both teleseismic events (S0173a and S0235b) and a re-266

gional marsquake (S0128a). As the results for S0128a are integrated with those of Menina267

et al. (2021), we briefly review the scattering parameters for S0173a and S0235b. Based268

on the radiative transfer modeling proposed by Margerin (2017), Lognonné et al. (2020)269

investigated the two teleseismic events. They estimated the diffusivity (200 – 700) and270

intrinsic quality factor (800 – 2400) at around 0.5 Hz. Here, we converted the diffusiv-271

ity into the scattering Q (140 – 977). The red areas in Figures 5a-b correspond to their272

estimations.273

Following the initial outcomes by Lognonné et al. (2020), Menina et al. (2021) eval-274

uated the scattering and attenuation properties at higher frequencies (> 2.4 Hz) using275

Very High Frequency (VF) and High Frequency (HF) events. They took over the approach276

of Lognonné et al. (2020) and estimated Qi and Qs as 3500 – 10000 and 200 – 2000, re-277

spectively (the magenta areas in Figures 5a-b). Recently, using the seismic waves gen-278

erated by a meteoroid impact (S0986c), Garcia et al. (2022) gave an estimation of the279

crustal structure around the InSight landing site. We computed the diffusivity and scat-280

tering quality factor by referring to their supporting materials together with the diffu-281

sion model described by Strobach (1970). Consequently, we obtained Qs = 100 – 435282

at 0.5 – 2.25 Hz (yellow area in Figure 5b). At the low frequency (< 0.1 Hz), this study283

provided the first estimation of Qi and Qs using the largest marsquake (S1222a) by ap-284

plying the radiative transfer theory on a spherical Mars (orange area in Figures 5a-b).285

7.4 Comparison of three solid bodies286

Comparing the Martian Qi with those of the Earth and the Moon, we found that287

the absorption feature coincided with the lunar one at the high frequency, whereas it turned288

into a more Earth-like value at the middle and low frequencies. On the other hand, the289

Martian scattering quality factor is in accordance with the Earth’s lithosphere. These290

results are consistent with the general marsquake features. The event lasts a few tens291

of minutes, which is longer than earthquakes but not as long as moonquakes [e.g., Lognonné292

et al. (2020); Onodera et al. (2022)]. Furthermore, the Martian scattering is not as in-293

tense as the Moon, which makes the seismic phases identifiable like earthquakes. Accord-294

ing to the quantitative comparison in Figures 5a-b, we can preliminarily conclude that295

the Martian absorption and scattering properties are more Earth-like rather than Moon-296

like.297

8 Conclusion298

In this study, we investigated the properties of seismic scattering and intrinsic ab-299

sorption on Mars. In previous studies, these parameters were not constrained at frequen-300
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cies below 0.1 Hz. We provided initial estimations of the scattering and intrinsic Q at301

that frequency, focusing on the long-lasting surface wave coda observed in the S1222a302

marsquake. Using the radiative transfer theory on a spherical Mars, we succeeded in mod-303

eling the observed seismic coda features. As a result, we found Qi = 1000 – 1500 and304

Qs = 30 – 500, respectively.305

In the comparison of the Martian quality factors derived so far with other solid bod-306

ies, we found that the overall scattering and absorption features of Mars appear simi-307

lar to that of the Earth. Because the current estimation is building on only a small por-308

tion of the detected marsquakes, we hope that future works will update our results through309

more systematic and thorough analyses to better illustrate the heterogeneous structure310

inside the red planet.311
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help readers better understand our study. In the following document, we present three 
supporting figures related to (1) the background noise level, (2) theoretical curves related 
to grid search in the main text, (3) constraining Qs, and (4) the scaled energy factor. These 
topics are related to the description in Section 1 and 6 in the main text. 



Supporting Figures S1 – S4 

 

 Figure S1. Comparison of noise level between Sol1221, Sol1222, and Sol1223. The top three 
figures show the vertical mean squared (MS) envelopes (black) and the noise levels (colored) 
at each sol. For Sol1221 and S1223, the noise level was estimated with the median value for 
the nine hour time window. Regarding Sol1222, the noise level was estimated using the time 
window before the origin time (< 0 h). The bottom figure compares the noise levels on 
Sol1221, Sol1222, and Sol1223. The black profile is the deglitched MS envelope on S1222 
including S1222a marsquake. 
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Figure S2. Representation of all of the calculated theoretical curves (colored) superposed 
on the observed MS envelope (black and cyan). For the fitting, the MS envelope for the time 
window of 1.5 – 3.5 h was used. The amplitude is scaled with the average amplitude 
between 1.5 – 3.5 h time window. The red dotted line shows the R1 arrival.  



 
Figure S3. (a)-(b) Examples of parameter study results to estimate the upper limit of Qs at 1/14 
Hz and 1/20 Hz. The black lines are the direct wave component, the red profile is the single-
scattered component, the blue is the multiple-scattered component, and the green is the 
convolved profile. The first row is for Qs = 1000, where the multi-orbital phases are clearly seen 
(e.g., R2 and R3). The second row is the case for the upper limit of Qs, where the contribution of 
the multiple scattering is strong enough to bury the multi-orbital phases. (c)-(d) Examples of 
parameter study results to estimate the lower limit of Qs at 1/14 Hz and 1/20 Hz. The first row is 
for Qs = 200, where the R1 phase is clearly seen. The second row is the case for the lower limit of 
Qs, where the contribution of the multiple scattering is strong enough to bury the R1 phase. 
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Figure S4. (a) Trace of the residual with the scaled energy factor. The summation of residual was 
calculated for each scaled energy factor in the same manner as Equation 8 in the main text. In 
that calculation, Qi for each frequency band was fixed to the best-fitted value presented in Figure 
3 in the main text, and Qs was fixed to the upper limit that is described in Section 6 in the main 
text. (b) Comparison of the best-fitted curve (red) and the observed MS envelope (black). The 
most preferable scaled energy factor for the respective frequency bands is shown in the upper 
right corner in each panel. 
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