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Abstract The seismometer onboard InSight NASA Mars mission discovered a seismically active planet.
We focused on the strongest event named S1222a (4 May 2022, M,, ~ 4.7), which was recorded by the Very
Broad Band sensors and associated channel ELYSE and is located 37.2° away from InSight. We use two
different methods based on a point source approach for an elastic, horizontally layered medium to retrieve
source parameters of S1222a. In the first case, the seismic moment tensor inversion of high-frequency
seismogram data is calculated using a matrix method for the direct waves. The process includes the generation
of records in displacement using the frequency-wavenumber integration technique. A method of inversion of the
moment tensor of direct P- and S-waves, less sensitive to path effects than reflected and transformed waves, is
presented, which significantly increases the accuracy and reliability of the method. In the second case, tensors
were calculated using common low-frequency full-waveform inversion and the tests to verify the plausibility of
this solution obtained from the single station calculation were performed and the uncertainty estimations for
inversions can be useful in future research.

Plain Language Summary The paper presents the seismic moment tensor solution and the focal
mechanism for the largest event S1222a (4 May 2022, magnitude M,,4.7) recorded at one seismic station on
Mars. We consider two different basic approaches to address the problem of the unavoidable inaccuracy of
seismic waves modeling: focusing only on direct waves and using low-frequency full-waveform inversion. The
moment tensor and focal mechanism of the S1222a event were obtained, as well as the optimal depth of a source.
Despite the range of possible, it is encouraging that independent studies based on different methodologies, and
using different structural models, point to reasonable solutions. The estimates of the focal mechanism when the
single-station inversion is calculated are taken into account and the stability tests to verify our solutions were
performed. The importance of this study lies in expanding the possibilities of how to calculate this kind of tasks.

1. Introduction

Seismic data recorded by the SEIS experiment (Lognonné et al., 2019, 2020) onboard the InSight mission
(Banerdt et al., 2020) have shown that Mars is seismically active with more than 1,300 events detected and
cataloged by the InSight Marsquake Service (MQS) (Ceylan et al., 2022; Clinton et al., 2020; Giardini
etal., 2020). The global seismic event rate sets Mars as moderately active, between the weak lunar activity and the
terrestrial intraplate seismicity (Banerdt et al., 2020) and provided enough seismic records to perform the first
structure inversions of the planet (see Lognonné et al., 2023 for a review of the results). On 4 May 2022, NASA's
InSight Mars lander detected the largest “extraterrestrial” quake ever observed on another planet: an estimated
magnitude M, 4.7 temblor that occurred on the 1,222nd Martian day, or Sol, of the mission (Kawamura
et al., 2022). We can state that the double couple is very likely a valid approximation due to the small magnitude
of the quake and the fact that only relatively long-period (LP) waves are used, while a 1D model is an assumption
we know to be far from reality, especially due to the large scattering we do see on seismic waves (Karakostas
et al., 2021; Lognonné et al., 2020; Menina et al., 2021).
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The basis for quantifying the sources of seismic events is the seismic moment tensor (MT). The inversion of full
waveforms for MT parameters is a widely used approach applicable to all scales: from small to large earthquakes.
The accuracy and reliability of MT inversions depend on whether two major assumptions hold. First, it is assumed
that the point source approximation is valid and second, that the effect of Mars's structure on seismic waves is
modeled correctly. If either of these assumptions does not hold, the resulting MT may contain a large non-double-
couple component, even if the source mechanism is a double-couple. To comply with the point source approx-
imation in the MT inversion presented here, seismic waves are used only with wavelengths longer than the fault
plane dimensions. Also, the analytical expressions are drawn out relating the components of MT to the com-
ponents of displacements in the immediate vicinity of the source. The second assumption provides challenges
because Green's functions used in MT inversions depend on the structure between the source and receiver, which
is not precisely known. Obviously and until more seismic stations constrain Mars, these two limitations will
remain for SEIS data analysis.

The first study of the focal mechanisms of three well-recorded events on Mars (S0173a, S0183a, S0235b) is
presented by Brinkman et al. (2021). They have shown a method that is adapted to the case of a single, multi-
component receiver and based on fitting waveforms of P and S waves against synthetic seismograms
computed for the initial crustal velocity model. Later, Jacob et al. (2022) developed a method of seismic moment
tensor solution and applied it to nine tectonic Marsquakes. For this purpose, body waves P and S waveforms were
inverted, and amplitudes of secondary phases (PP, SS, PPP and SSS). More information about Marsquakes
detected during the InSight mission can be found in for example, Giardini et al. (2020), Clinton et al. (2020),
Stihler et al. (2021), Ceylan et al. (2022).

Therefore, the aim of this study is to determine the focal mechanism of high- and low-frequency waveform
analysis of the Marsquake of Sol 1222. To achieve this goal, the authors consider two different methods. One of
them uses only the direct waves which are less sensitive to path effects than reflected and transformed waves
(Malytskyy, 2010, 2016; Malytskyy & Mikesell, 2021). Second method (low-frequency full-waveform MT
inversion) is based on ISOLA software (Sokos & Zahradnik, 2008). Here is an opportunity to show the advantages
and disadvantages of each of them.

2. Theory: Waveform Inversion

Two different approaches were chosen to address the problem of the unavoidable inaccuracy of seismic waves
modeling: (i) focusing only on direct waves and (ii) using low-frequency inversion. The choice of these methods
is associated with high-frequency and low-frequency analysis of waveforms to determine the focal mechanism of
the Marsquake of Sol 1222.

2.1. Theory—High Frequency Analysis (i)

In the first case we propose to invert only the direct waves instead of the full field. An advantage of inverting only
the direct P- and S- waves is that, compared to reflected and converted waves, they are less sensitive to the
structural model used in the inversion. For example, waveforms of converted and reflected waves depend strongly
on velocity contrasts below the source and receiver, and thus imprecise knowledge of subsurface structure will
lead to inaccurate modeling. Waveforms of direct phases are less sensitive to subsurface layering, and scattering
and may carry a less distorted imprint of the source. The advantage of choosing a matrix method for calculating
synthetic seismograms is its ability to analytically isolate direct waves from the full wave field. In the earlier
version of our method, as well as in most other MT inversions, waveforms at several seismic stations are
simultaneously inverted (Malytskyy & D Amico, 2015; Malytskyy, 2016). Although much more information on
the source should be contained in the waveforms from several stations, we show in our study that all the com-
ponents of seismic moment tensor contribute to the waveforms at only one station and, at least theoretically, can
be retrieved from them.

We use a point-source approximation, assuming the location and origin time proposed by Kawamura et al. (2022).
Based on forward modeling, a numerical technique is developed for the inversion of observed waveforms for the
components of seismic moment tensor M(t), obtained by generalized inversion (Malytskyy & Mikesell, 2021).

Our method enables us to obtain the solution of the focal mechanism using records at only one station. Moment
tensor solution by waveform inversion consists of two parts: forward modeling (mathematic modeling of seismic

MALYTSKYY ET AL.

20of 14

858017 SUOWILWIOD BA1ee10) 3|l (dde aus Aq peusenob afe saolie YO ‘@SN JO S8|nJ 10j ARIq1T8UIUO /8|1 UO (SUOTPUOO-PUR-SLUIBY0 A8 |IM" Afe.q1BuJUO//Sd1Y) SUOTIPUOD pue swia | 3y} 88s *[z02/€0/c2] Uo AriqiTauliuo Aelim ‘NSNI SUNDA!E [!eMod Ad Z/2800VaEZ02/620T 0T/10p/wod A 1m Ariq1jeuliuosgndnBe;/sdny wouy papeojumod ‘€ 202 ‘Y80SEEEZ



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2023EA003272

East

0

x waves in layered media by matrix method) and inverse modeling (spectra of

source

i

g moment tensor components are calculated using a solution of generalized

@ North

_ inversion). Thus, based on the Thomson and Haskell matrix method (Has-
station kell, 1951; Thomson, 1950), we develop a new analytical approach to
calculate synthetic seismograms on the upper surface of layered inhomoge-
7 neous media and present an approach for determining the seismic MT and

source time function (STF) from observed waveforms. We use the point
source model. The source is located inside a layer and is represented by

seismic moment tensor (Malytskyy, 2016).

2.1.1. Forward Modeling

Figure 1. Cylindrical and Cartesian coordinates of the source and the station We consider the equation of motion in an elastic layered medium. The vector
(Malytskyy & Mikesell, 2021).

of displacement is represented through vector and scalar potentials (Malyt-
skyy, 2016). The solution of the equation of motion for scalar and vector
potentials is represented in the form of FBM (Fourier-Bessel-Mellin) integrals. As a result, we obtain components

of displacements u§0>(t, r¢), uO(,r,¢) and u(O)(t r,¢) on the free surface in the matrix form Malytskyy (2010)
and Malytskyy and Mikesell (2021):

(0) 3
( ] 2 kzliL“ [mig;] dk.u = Z kZJ,«L‘l (84 dk M

o) 3

where

my = My, cos ¢ + M,, sin p, my = M, m3 = cos? ¢p-M,, + sin2¢-Myy+ sin2 ¢-M,
my=—co82 ¢ M+ cos2 ¢ My —2sin2 ¢-M,, ms =M, cos ¢ — M, sin ¢,
me = sin2¢-M,, —sin2 ¢-M,, —2cos 2 ¢p-M,,,

The source is located at r = 0 and represented by six independent seismic moment tensor components: M., M,,,
M. M, M, _ M,.

X2 yy? yz» 2z

. . . . . . T
@ and k are the station's azimuth and horizontal wave number respectively (Figure 1). Functions g; = (gzi,g,l-)
and g,,; contain parameters of structure model and propagation effects between the source and the receiver.

Ji 0 Jo O
I, = (01 ), I, = (00 ) Iy =1,,J5 = Jy, Jg = J, are the Bessel functions, and L™ is the inverse Laplace
Jo Ji

transform.

Equation 1 is then expressed for the direct P- and S-waves at one station in the spectral domain (Malytskyy, 2016):

U0 =Kk-M )

T
where vector U® = (U)(CO)P LU, U OF U s yor, UEO)S> contains the components of displacement of direct P-

and S- waves, vector M = (sz,M) oMo, M, Mer>) consists of the six independent components of MT, and
matrix K contains parameters of the structure model. Mathematical expressions for the parameters of the matrix K

can be found in the article by Malytskyy and Mikesell (2021).

2.1.2. Inverse Modeling

Following Aki and Richards (2002), vector M can be obtained from Equation 2 in the matrix form (a generalized
inversion):
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M=K ~K)’1i<* uo, 3)

where the wave denotes complex conjugation and transposition, and —1 inversion.

The seismic moment tensor M(w) is calculated using Equation 3 and can be transformed into M(?) by applying the
inverse Fourier transform:

M;(t) = M; - STF(t) 4)

where STF{(1) is the source time function and M;; is the seismic moment tensor.

In the article Vavrycuk and Kuhn (2012) is shown that the focal mechanism depends on the frequency range of the
studied seismic waves. We obtained the results of seismic tensor solution (Equation 3) and time-independent focal
mechanism using records at one station for only direct P- and S- waves. Thus, the inverse problem consists of
determining six independent components of the moment tensor M under the conditions that the source location
and structure model are known.

2.2. Low-Frequency Full-Waveform Moment Tensor Inversion (ii)

In this case the standard MT inversion was performed. This method (low-frequency full-waveform MT inversion)
is based on ISOLA software (Sokos & Zahradnik, 2008), and it is commonly used for local seismic networks. The
method closely follows the description outlined in previous work (e.g., KiiZova et al., 2016). We consider a
seismic source at a point (Aki & Richards, 2002)

3
M,—(Z) = Z z Mpq * Gip,q (5)

p=1 g=1
where u stands for displacement which is changeable in time and could be represented as convolution * of
moment tensor M and Green's tensor G inscribed using Cartesian coordinates p, g. Then MT could be represented
by six elementary moment tensors

Myy = aMy. i=1,....6. (6)

According to AXITRA code (Bouchon, 1981; Coutant, 1989)

010 0 0 1 0 0 0

M =|1 0 of M*=]|0o 0 of M=[0 0 -1

0 0 0 1 00 0 -1 0
@

-1 0 0 0 0 O 1 00

M=]l0 0 of M=|0 -1 0of M=[0o 10

0 0 1 0 0 1 0 0 1

The final MT could be written as
—a4+a6 a a)
M = ag —ds + dg —daj (8)
[2%) _a3 a4+as+a6
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The M’ to M° tensors in Equation 7 represent five DC (double-couple) focal mechanisms, M° is a purely isotropic
MT so only the parameter ag carries information about the isotropic part of MT (as = Tr(M)/3).

When we convolve elementary MT from Equation 7 with Green's function then we get elementary seismogram E;
each for every elementary MT. We get overestimated linear inverse problem for displacements
6 33 6 :
w(t) =, a,( D M)« Gi,,,q) =Y aE/D) )
j=1 p=1 g=1 Jj=1

=
which could be solved by least-squares method (Tarantola, 2005)
a” = (E'E)"'E"u. (10)

The comparison between real u and synthetic s seismograms during moment tensor inversion is also standard. We
are trying to maximize the waveform fit between real (observed) and synthetic seismograms, here is represented
by global variance reduction VR

2
yr=1-1W=" (11)

Jw

We calculate full MT and deviatoric MT. The deviatoric inversion is just a simplification when the parameter a, is
set to zero. The deviatoric MT is an approximation and can be used only when a negligible isotropic component of
MT is assumed.

The main uncertainty comes from insufficient knowledge of Green's function (which is connected with inaccurate
crustal model and errors in event location) and 3D structure. To reduce the influence of input parameters un-
certainties we try to use as lowest frequencies as possible. During the inversion the MT is searched together with
centroid position and origin time. This inverse problem is linear in MT and is solved using the least square method
but is non-linear in time and space, so a grid search is used. The low-frequency full-waveform MT inversion is
used to minimize the errors of MT components in accordance with Vavrycuk (2007), where the authors mentioned
that complete MT can't be determined only from the P and S wave amplitudes when we have data from a single
three-component station. Limitations in determining the focal mechanism due to the use of only one station
(gﬂeny et al., 2022) are taken into account for the low-frequency full-waveform inversion. To show how the
obtained solutions are affected by using only one station we calculate synthetic seismograms where we added
three more fictional stations (forward simulation). Synthetics correspond to the solutions given in Maguire
et al. (2023). We made full- and deviatoric- MT inversion using one, two, three or four stations. The tests were
made with noise free data and additional uncertainties estimation with random noise were also performed.

3. Inversion Results for S1222a

In this section, we present the inversion results for the S1222a event on Mars (2022-05-04, P-arrival 23:27:45,
3:54 LMST, M,, 4.7, back azimuth 109°; Kawamura et al., 2022) which is located on Aeolis Southeast at 37.2°
distance from InSight. (station name XB.ELYSE). We used the S1222a waveform data (InSight Mars SEIS Data
Service, 2019a, 2019b) provided by the VBB sensors (Lognonné et al., 2019, 2020). The raw data have only been
corrected by the instrument transfer function and rotated. As it was mentioned above, the two different approaches
were applied in this study.

3.1. Results—High Frequency Analysis (i)

Like a validation tests we first present the focal mechanism of the S0235b event on Mars (26 July 2019), located
25° from the epicenter (Brinkman et al., 2021). We compare the two methods: in the first, we propose to invert
only direct waves (Malytskyy, 2016), and in the second we consider direct inversion for the full moment tensor
(Brinkman et al., 2021). We tried three different source depths: 17, 32, and 56 km. The TAYAK velocity model
was used (Jacob et al., 2022). The focal mechanisms for the source depth of 32 km shown in Figure 2 look very
similar to each other.
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(@)

(b)

Plane 1: (290, 82, -77)
Plane 2: (51, 15, -148)

-

Plane 1: (280, 79, -79)
Plane 2: (54, 15, -134)

Figure 2. (a) Focal mechanisms of the S0235b event obtained by inversion of only direct waves (Malytskyy, 2016) and (b) by
direct inversion for the full moment tensor (Brinkman et al., 2021) for a source depth of 32 km.

The focal mechanisms at depths of 17 and 56 km were also very similar.

In the next step, we consider seismic moment tensor solution for the S1222a event on Mars (2022-05-04, P-arrival
23:27:45, 3:54 LMST, M,, 4.7, back azimuth 109°).

(1) We use the direct P- and S- waves. Only the beginning of the P and S waveforms are needed and there were

free of glitches (Lognonné et al., 2020; Scholz et al., 2020). Modification of the TAYAK velocity model
(Lognonné et al., 2020) used in the inversions of waveforms and for calculation of seismic tensor is listed in
Table 1. The velocity model includes the upper crustal model based on Lognonné et al. (2020). The original
displacement seismograms are filtered correspondingly between 0.2 and 9.0 Hz (see Figure 3a). The durations
of direct P- and S- waves at the station are estimated visually from the records and delays of the reflection-
conversion phases at the respective epicentral distance and source depth are considered. For the event S1222a,
we estimate them to vary between 1.1 and 4.5 s for the P-wave (Figure 3b), and 1.4 s and 3 s for the S-wave
(Figure 3c) at the station XB.ELYSE. The highest frequency, on the other hand, is controlled by the
assumption of the point source and corresponds to a wavelength larger than the linear dimensions of the fault
(often less than 1 km in small earthquakes). We know the time when the direct wave (P and S) arrives. The
duration of the direct wave segment in the record corresponds to the duration of the process in the source.
After the end of the direct wave, the record should be zero, unless other phases have arrived. Since we do not
know the duration of the source, we cut off the segment of the direct wave in places where the amplitude of the
direct wave is zero.

The component of the moment tensor resulting from the inversion of the direct P- and S- waves forms at only the
station ELYSE (at epicentral distance of 37.2°) using Equation 3 and the corresponding focal mechanism are

shown in Figure 4.

Table 1

Modification of the TAYAK Velocity Model Used in the Inversion of
Waveforms and for Calculation of Seismic Tensor (This Model Differs From
Jacob et al., 2022)

Thickness [km] Velocity V,, [km/s] Velocity V [km/s] P [kg/ms]
10 3.800 1.850 2304
14 4.500 2.800 2570
24 6.224 3.753 2863

Figure 5 shows the fit of synthetic waveforms to the observed ones for direct
waves with Qmu = 600 in the crust and mantle. Synthetics are calculated
using data of moment tensor inversion for the direct P- and S-waves at a
source depth of 22 km (see Figure 4b). They were computed in displacement
for E, N, and Z components using the modified TAYAK velocity model. We
also used Instaseis (van Driel et al., 2015) and AxiSEM (Nissen-Meyer
et al., 2014). Prior to waveform fitting, we obtained the vertical Z, transverse
T, and radial R components of synthetic and observed waveforms. Direct P-
and S- waves were filtered between 3 and 12 s. We manually select the
windows to fit seismic waveforms: the vertical Z and radial R components
(Pz, Pr) for the direct P waves, and radial R and transverse T components (Sg.
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Figure 3. (a) The waveforms (converted to displacements) of the event S1222a. (b and c¢) The durations of direct P- and S-
waves at the station. Records were filtered in the frequency range between 0.2 and 9 Hz and are shown for N, E and Z
components in green, blue and red lines respectively.
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Figure 4. (a) Components of seismic moment tensor obtained for the event S1222a by inversion of direct P- and S-
waveforms, delta (tp) = 1.4 s, delta (ts) = 1.4 s, depth = 22 km. (b) A version of the focal mechanism solution corresponding
to the seismic tensor: strike = (48, 225), dip = (43, 47), rake = (92, 88).

S7) for the direct S waves. The alignment was done based on cross correlation between the vertical components
(for the P wave) and the transverse component (for the S wave). Estimated scalar moment of S1222a is
My =3 x 10" Nm.

3.2. Results—Low-Frequency Full-Waveform Moment Tensor Inversion (ii)

(i1) In this case we obtained the origin time and centroid depth using a grid search during MT inversion. As an
initial condition the origin time 23:23:07 and epicenter 171°E; 5°S (Panning et al., 2022) was chosen and the
depth was 22 km (same as in the previous case = High frequency analysis (i)). Although we also performed
calculations in the 1D layered velocity model mentioned in Table 1, we finally decided to present the results only
for the slightly modified model Kim et al. (2023) (Table 2) used in the paper Maguire et al. (2023). After testing
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Table 2

Modification of Velocity Model Used in the MT Inversion (The Model Is

Based on Kim et al. (2023))

0 10 20 30 40 0 10 20 30
time (s)
BHR

0 10 20 30 40 0 10 20 30
time (s) time (s)

Figure 5. Waveform fits of body waves at 22 km depth using the modified TAYAK velocity model. Direct P- and S- waves
are filtered between 3 and 12 s. The synthetic direct waves are shown in red and the observed ones in black lines respectively.

several frequency ranges, the solutions for the interval 0.028-0.072 Hz were chosen to illustrate outcome from the
full-waveform MT inversion. This range was used in Maguire et al. (2023).

For the S1222a event, for which a faulting origin is most likely. Data from the single station does not have enough
information to constrain an isotropic signature in the data and we only use a, from MT Equation 8 like parameter
which stabilized inversion and with no physical meaning except contribution to the final value of scalar seismic
moment M,,. The isotropic component for the full MT solution is most likely associated with differences between
the selected model and the real averaged structure along the source-station path and might include furthermore the
signature of scattering and other 3D seismic structures not modeled. Despite of this fact the tests with synthetic
data showed that for single station MT inversion is suitable to calculate full MT instead of commonly used
deviatoric MT inversion. It is clearly visible in Figures 6a and 6b, where we at first in forward simulation
calculated input data (for the depth 6 km and focal mechanism with strike = 292°, dip = 36°, rake = 61°) and then
obtained solution for low-frequency MT inversion. In Figure 6a for full MT inversion you can see how the focal
mechanisms changed less for different depths than in case of deviatoric MT inversion (Figure 6b). Because input
data were without noise it is obvious that the best solution with highest
correlation is in both cases right and it is in the depth of 6 km. This is the
reason why we prefer to show the results for the full MT inversion and
consider them more realistic. As has been written above, calculation of MT

Thickness [km]

Velocity V, [km/s]

. could be simplified by setting parameter a6 = 0 in Equations 9-11 only in
Velocity V [km/s] .. . . . .
case when negligible isotropic component is assumed. In such cases solutions

5
15
5

Halfspace

4.525
5.430
5.973
6.154
6.335
6.516
6.697
6.878
7.400

2.500 for full MT and deviatoric MT inversions should be considered as almost the
3.000 same if the accurate crustal model and huge data set are available. Although
3.300 deviatoric MT inversion used to be more stable and it is widely used for
3400 tectonic events on Earth, in this special case when the single station was
250 available and due to glitches in seismograms we assumed the deviatoric MT
inversion is not suitable for this data set.

3.600

3700 The focal mechanism for full MT as a result of inversion is shown in Figure 6¢
3.800 at the depth of 20 km. (strike, dip, rake: 63°, 82°, 5° and 333°, 84°, 172°;
4150 parameters of MT a;—ag[Nm]: -.134286 E + 17 -.831269 E + 15

0.329354 E + 15 0.249088 E + 17 -.103406 E + 17 -.143920 E 4+ 17) We can
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Figure 6. Solutions for the frequency range 0.028-0.072 Hz. (a) The variability of focal mechanisms for different depths are
shown for synthetic test for full MT inversion. (b) The variability of focal mechanisms for different depths are shown for
synthetic test for deviatoric MT inversion. (c) The full MT solution—Results for grid search beneath epicenter.
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T see the stability of the focal mechanism close to the best solution and differ
able 3

The Order of Solutions With Prescribed Focal Mechanism of Low-Frequency ~ 1€ss than 5% in each parameter strike, dip and rake. Figure 6c is only cutout

Full-Waveform Inversion for Frequency Range 0.028-0.072 Hz

from the more extensive grid search in depths 5-30 km and in many origin

Solution Strike [°] Dip [°] Rake [°] Depth [km]  time shifts.
AL 327 35 —87 7 (and 21) Even though comparing the results of different methods does not guarantee
145 54 —91 that the identical solutions are correct, we try to calculate inversion with fixed
B* 265 56 33 6 (and 21) mechamsm.s pTesented in Magu'lre et al. '(2(?23). Hef used “cut and paste
08 3 100 method which is less affected by inaccuracies in velocity model because the P
and S waves are during calculation separated from the surface waves, but the
LC 291 35 61 6 (and 21) . o
main idea of the calculation is similar like in this study. In Table 3 there are
1= = 2 focal mechanisms for four solutions ordered from the best to the worst and the
D 274 39 46 6 (and 21) found depth for global and local variance reduction (correlation) maximum
144 61 119 for these prescribed mechanisms is also presented here.

In the uncertainty tests we prescribed due to real noise variance in data

samples 5.0e—15 in all cases and we make calculations for the 100 possible
solutions across the depths used in inversions (for more details see Sokos and Zahradnik (2013)). Here we show
more interesting results in Figure 7 (results for our best solution and best solution in Figure 7a). In Figure 7b is
obvious that we can easily obtained solution with opposite rake angle and reverse mechanism. The Figure 7¢
shows that deviatoric solution is more scattered than full MT solution (Figure 7b). Synthetic tests with more
stations showed that solution for the single station ELYSE (Figure 7d) is more ambiguous than results obtained
from the two or more stations (in this case is azimuth and distance: 129° + 1,195 km; 52° + 1,202 km;
254° 4+ 1,261 km; 289° + 2,190 km). Just for illustration (Figure 8) we demonstrate that in the case of large
distances between the seismic source and the receiver and noisy data we can obtain only partial agreement for real
and synthetic seismograms. It is shown on the example of surface waves, which are crucial for our calculations.

4. Discussion and Conclusions

In our study, we first explored the possibility of retrieving source parameters of the S1222a event on Mars (2022-
05-04, M,, 4.7). Addressing the problem, we've chosen to invert only the direct waves instead of the full field. An
advantage of the direct P- and S- waves consists in their much lesser distortion, if compared to reflected and
converted waves, by inaccurate modeling of velocity contrasts. So, the advantage of the matrix method of
calculating the wave field that we have developed is its ability to mathematically isolate direct waves from the full
field.

We presented a method to obtain the moment tensor solution of the direct waveforms at only one station. The
method that we used in this study is based on an inversion approach described in Malytskyy (2016). The inversion
scheme consists of two parts: forward modeling (propagation of seismic waves in vertically inhomogeneous
media is considered and a version of the matrix method for calculation of synthetic seismograms on the upper
surface is developed); inverse modeling (spectra of moment tensor components are calculated using a solution of
generalized inversion). So, as another option modification of ISOLA software was used and uncertainty tests were
performed, although it is primarily intended for local and regional distances.

Recently, Maguire et al. (2023) used waveform fitting of body waves and surface waves to estimate the moment
tensor solution of S1222a and found that either an E-W to SE-NW striking thrust fault or normal fault can explain
the data. For the same structural model and frequency range used in this study and in Maguire et al. (2023) for
low-frequency MT inversion waveform (within the estimated error) similar solutions were found. For example,
the full-moment tensor solution we find here based on long-period waveform inversion (Figure 6¢ with error
estimation in Figure 7a) closely resembles the reverse solution of Maguire et al. (2023). Additionally, both studies
find a similar optimal source depth approximately 20 km. Brinkman et al. (2021) used waveform inversion of
polarization of filtered body waves and found a NW-SE striking thrust fault solution best explains the data. This is
similar to the direct P- and S- wave inversion solution we find here (Figure 4), although we find the best fitting
fault planes strike NE-SW. Despite the range of possible moment tensor solutions of S1222a, it is encouraging
that independent studies based on different methodologies, and using different structural models, point to similar
solutions. However, further work should be done to understand the sources of uncertainty in single station
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Nodal plot P(0)-T(+) axes plot

e) Nodal plot P(0)-T(+) axes plot

Figure 7. Variation of nodal lines and P, T axes for 100 results of uncertainty tests. (a) our best low-frequency full-waveform
MT solution (b) solution “C” from Table 3 (c) solution “C” from Table 3 when we consider deviatoric MT (d) solution for
synthetic data for mechanism “D” for single station ELYSE (e) solution for synthetic data for mechanism “D” for four
stations.
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Figure 8. The normalized real (black) and synthetic (red) seismograms for north-south and east-west component showing a
match for the part of surface waves in the frequency range 0.028-0.072 Hz.

moment tensor inversions of marsquakes, which may help us understand the discrepancies between solutions and
provide more robust constraints.

The differences among solutions obtained in this article are due to different approaches and frequency ranges.
Method (i) does not use surface waves in contrast with method (ii), but absence of this part of the waveform in the
first mentioned case is not considered important for us to compare the two proposed methods for determining the
focal mechanism. In each case the best results were grid searched in several depths to obtain best fit between real
and synthetic data.

Data Availability Statement

Waveform data are available from the IPGP Datacenter and IRIS-DMC (InSight Mars SEIS Data Service, 2019b).
Seismic waveforms are also available from the NASA PDS (National Aeronautics and Space Administration
Planetary Data System) (https://pds.nasa.gov/) (InSight Mars SEIS Data Service, 2019a). All Martian interior
models used in this paper are published in previous papers quoted in Section 3. As indicated there, modification of
the TAYAK velocity model used in the inversion of waveforms and for calculation of seismic tensor is published
in Brinkman et al. (2021). The source code for the moment tensor inversions and the output seismograms to
produce Figures 3 and 4 are made available at Malytskyy (2023). This is InSight contribution 296.
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