
1. Introduction
On 26 November 2018, the mission team for the Interior Exploration using Seismic Investigations, Geodesy and 
Heat Transport (InSight) successfully installed a very broad-band (VBB) seismometer, among other instruments, 
on the surface of Mars. This instrument, the Seismic Experiment for Interior Structure (SEIS), is the first seis-
mometer on the surface of Mars capable of detecting seismic waves propagating through the interior of the planet 
(Banerdt et al., 2020). Using this data, seismologists have gained a better understanding of the current processes 
shaping the red planet as well as investigated the early formation processes of the rocky planets of our inner solar 
system (Knapmeyer-Endrun & Kawamura, 2020).

Characteristics of the seismic signals aid in enhancing the current models of the interior structure and contrib-
ute to our knowledge of the ongoing evolution of Mars. Mars has no active plate tectonics and cooled rapidly 
during its formation, thus fixing information about its early formation within (Carr, 1999; Knapmeyer-Endrun 
& Kawamura, 2020). This is in contrast to Earth, where dynamics related to plate tectonics and a slower cooling 
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history continue to rejuvenate the planetary interior and surface. Models of the interior have been hypothe-
sized for decades based on reasonable assumptions about the composition, temperature and pressure gradients 
in the Martian interior (Bertka & Fei,  1998; Dreibus & Wanke,  1985; Okal & Anderson,  1978; Zharkov & 
Gudkova, 2005).

Globally, the thickness of the Martian crust has been estimated to fall between 24 and 72 km (Knapmeyer-Endrun 
& Kawamura, 2020; Neumann et al., 2004). In the vicinity of the InSight landing site, the Martian crust has been 
estimated to be 27–45 km thick from analyses of P-to-S and PP-to-S receiver functions and one S-to-P receiver 
function (Kim et al., 2021; Knapmeyer-Endrun et al., 2021). The landing site falls within a degraded impact 
crater in the Martian lowlands, Elysium Planitia, which is about 5 km shallower than the Martian highlands to the 
south and about 3 km higher in elevation than the average elevation in the lowlands (Neumann et al., 2004; Smith 
et al., 2003). The crust beneath the Martian highlands is inferred to be thicker than the crust beneath the martian 
lowlands. Therefore, we expect the crust beneath the landing site to be on the low side of average thickness shown 
in Knapmeyer-Endrun et al. (2021) and Knapmeyer et al. (2006), which is consistent with the 27–45 km estimate 
of Kim et al. (2021). For comparison, Earth's crust is known to be 6–10 km thick under oceans and 30–70 km 
under continents.

Earth's lithosphere, including the crust, is subdivided into about a dozen tectonic plates that move atop a viscous, 
mostly solid mantle due to convection currents. Conversely, the lithosphere of Mars is not subdivided into indi-
vidual tectonic plates and is postulated to have well defined layers due to a lack of convection (Carr,  1999; 
Lognonné et al., 2019). The density, rigidity, and incompressibility of these layers, which change with compo-
sition, constitution, temperature, and pressure, determine how seismic waves propagate through the interior of 
Mars. Therefore, seismic waves can be used as a tool to map these layers as well as draw inferences about early 
planetary formation processes (Knapmeyer-Endrun & Kawamura,  2020; Lognonné et  al.,  2019). In order to 
study the interior structure of Mars, knowledge of the origin times, locations, and characteristics of these seismic 
events is needed. In this paper, we studied features of individual marsquake events, specifically the ones that 
generated significant low-frequency signals that are thought to have traversed the mantle and crust of Mars (Khan 
et al., 2021).

Without seismically active boundaries between individual tectonic plates, intraplate tectonics and meteorite 
impacts were expected to be the major contributors to the seismicity of Mars (Clinton et al., 2018; Lognonné 
et al., 2019). The InSight lander is located about 1,600 km west of Cerberus Fossae, which was hypothesized to 
be an active tectonic structure based on evidence of faulting in pre-mission orbital images (Banerdt et al., 2020; 
Taylor et al., 2013). Shortly after the onset of this study, Giardini et al. (2020) located epicenters of two marsquakes 
with the clearest low-frequency signals recorded by InSight during year one, S0173a and S0235b, near Cerberus 
Fossae.

For this study, we explored the 465 marsquake-type events detected and reported by the Marsquake Service 
(MQS) in Version 2 of the Mars Seismic Catalog and identified the strongest candidates for representing signals 
from Earth-like quakes, that is, shear dislocation on a fault plane, hereafter called marsquakes. We investigated 
the events categorized as either low frequency, which is defined as events where all three components show 
energy below 2.4 Hz, or broadband for features that indicated marsquake origins for the events. This included 
examinations of the signal in different frequency bands and over the three components for signatures of P and S 
wave energy in the particle motion of the possible wave's arrival time window. We confirmed that events S0173a 
and S0235b had the most prominent marsquake signatures and their waveforms were used as reference for select-
ing and analyzing additional events within the MQS catalog.

The project focused on these low frequency and broadband events as they were the most likely to have body 
waves which traveled through both the mantle and crust of the planet (Giardini et al., 2020). Body waves include 
primary waves, or P-waves, which are longitudinal, and secondary waves, or S-waves, which are transverse. The 
P-waves cause particle motion back and forth along the direction of wave propagation and tracing that motion can 
be used to estimate the direction to the epicenter relative to the lander. SV-waves are S-waves with particle motion 
that is, like P-waves, within the vertical plane through the lander and epicenter, and, unlike P-waves, perpendic-
ular to the direction of wave propagation. SH-waves are S-waves with horizontal particle motion perpendicular to 
the vertical plane through the lander and epicenter, and thus perpendicular to the direction of wave propagation. 
S-waves propagate slower than P-waves, so the delay in arrival time at the seismometer can be used to estimate 
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the epicentral distance (Gutenberg & Richter, 1941). Considering the relative 
amplitudes of the three types of body waves can also provide clues about the 
type of faulting associated with a marsquake (Langston, 1979). We calculated 
the epicenters of the two reference events, S0173a and S0235b, as described 
in the Methods section, and verified them against the epicenters reported 
by the InSight mission team (Brinkman et  al.,  2021; InSight Marsquake 
Service, 2021). We then selected an additional event, S0325a, and calculated 
its epicenter using the same method. Additionally, we explored the origins 
associated with these seismic signals by measuring and analyzing the relative 
amplitudes and polarities of the recorded P- and S-waves and assessing the 
possible faulting mechanisms.

2. Methods
2.1. Locating the Marsquakes

The InSight SEIS waveform data were downloaded directly from the Incorporated Research Institutions for Seis-
mology (IRIS) database (InSight Mars SEIS Data Service, 2019) for each of the events using a function of the 
Python package ObsPy (Krischer et al., 2015). The instrument of interest for this project is the VBB seismome-
ter, characterized by network name XB and station name ELYSE. We accessed the 20 samples per second data 
stream by using sensor location code 02, and raw, broad-band, high dynamic range sensor components BHU, 
BHV, and BHW. The seismogram for each component was converted to ground displacement via deconvolution 
with the component's response function. The raw data streams from the components, labeled U, V, and W, were 
then recombined to reflect ground motion in the north, east, and vertical directions, using information provided 
by Suemoto et al. (2020) on the orientation of the seismometer on the planet's surface as well as the components 
within the instrument.

Using Equation 1 from Supporting Information S1 of Suemoto et al. (2020) we rotated the data streams u(t) as 
follows.

⎛
⎜
⎜
⎜
⎜
⎝
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⎟
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⎠

 (1)

where ui(t) represents ground displacement for component i as a function of time t, φi represents the dip angle of 
component i, and θ represents the azimuth of component i. The values used for φ and θ are listed in Table 1, as 
documented in Suemoto et al. (2020).

Next, both the raw and the rotated data was filtered over different frequency ranges to visually inspect the wave-
trains, confirm the identification of the P- and S-wave energy, and take note of glitches that would affect our 
analyses. Data selected for further analysis and presented below was uniformly bandpass-filtered between 0.125 
and 1 Hz for all events.

The three rotated and perpendicular components were used to plot the particle motion of the arriving body 
waves. These results were used to confirm the energy resembled P- and S-waves as well as estimate back azimuth 
(direction) from which the event originated. Using our calculated difference in arrival time between the two body 
wave arrivals and an estimated source depth of 35 km, we approximated the horizontal distance to the epicenter 
using travel time plots created by the TauP toolkit (Buland & Chapman, 1983; Crotwell et al., 1999). This depth 
was chosen because the incidence angles derived from the particle motion plots aligned, within uncertainties, 
with those calculated from our favored interior structure models at 35 km depth. Our investigation showed that 
changing the depth by 20 km would typically result in the epicentral distance changing by less than one degree. 
However, all depths modeled had calculated incidence angles within the uncertainties, making it difficult to 
constrain the depth from the observed incidence angle.

Azimuth (°) Dip (°)

U 135.1 −29.4

V 15 −29.2

W 255 −29.7

Table 1 
This Table Presents the Azimuth and Dip Angles of Seismometer 
Components
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We selected our favored interior structure model by analyzing 13 previously published velocity models based 
on pre-mission estimates of the Martian interior from Clinton et al. (2017) in addition to two models adapted 
from Zharkov and Gudkova  (2005) and Knapmeyer-Endrun et  al.  (2021), which used InSight data to inform 
the published structure model. The models varied in their estimations of the core depth, ranging from 1,539 to 
1,870 km, as well as the Moho depth, which ranged from 32 to 90 km. Only three models, Gudkova, MAAK, and 
TAYAK, in addition the New Gudkova and the Combined model presented in this paper, could recreate the differ-
ential travel times calculated for our events (Khan et al., 2016; Zharkov & Gudkova, 2005). These models are 
shown in Figure 1. The remaining 10 models from Clinton et al. (2017) had low velocity zones which produced 
a S-wave shadow zone that included our measured travel time differences for one or more events. Further anal-
ysis revealed the Gudkova model was most consistent with the observations of different event parameters. This 
model, however, included multiple shallow velocity changes due to thin layers of unconsolidated regolith, sand, 
and dust on the surface that produced extremely steep incident angles not seen in our observations. Therefore, 
the New Gudkova model was created by removing these shallow boundaries completely and was used as the 
preferred model throughout the remainder of this study. In July 2021, over a year after the onset of our study, the 
first models of the Martian interior structure using InSight observations were published by Knapmeyer-Endrun 
et al. (2021). Their proposed structure included a thicker crust than our preferred New Gudkova model in addi-
tion to lower body wave velocities within the crust and a discontinuity between 20 and 25 km. By combining 
the average model parameters presented by Knapmeyer-Endrun et al. (2021) with the New Gudkova model,  the 
Combined model presented in Figure 1 was created. Results from this model were largely consistent with earlier 
results from the  preferred pre-mission models and fell within our uncertainty estimates, indicating that our 
conclusions are not strongly model dependent. We illustrate this in Appendix A.

Once the epicentral distance was estimated, we calculated the back azimuth by determining the angle at which 
the energy on the transverse component of the seismogram was minimal at the time of the P-wave arrival, 
using the methods presented by Olugboji (2020) (Braunmiller et al., 2020; Dannemann Dugick et al., 2021; Ojo 
et al., 2019).

For all three marsquakes, the epicentral distances (estimated from S–P arrival time differences) and the back 
azimuths (estimated from rotating the horizontal components until P energy was minimized on one horizontal 

Figure 1. The P and S velocity over the top 100 km of the Gudkova, MAAK and TAYAK Martian interior structure models 
as published in Clinton et al. (2017). The New Gudkova model above was derived using observations from the InSight data 
and from the original pre-mission Gudkova model (Zharkov & Gudkova, 2005). The Combined model presented above is an 
adapted version of the New Gudkova model and the model presented in Knapmeyer-Endrun et al. (2021).
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component) were cross referenced with particle motion plots and found to be consistent with estimates of observed 
incidence angles and back azimuths.

2.2. Estimating the Faulting Mechanism

We modeled waveform amplitudes for a range of possible double couple faulting mechanisms to compare to the 
observed P, SH, and SV waveform amplitudes. In the absence of sufficiently accurate knowledge of the marsquakes' 
seismic moment and the density, geometrical spreading, layer-boundary, and attenuative properties of the Martian 
interior, we modeled relative rather than absolute amplitudes of the direct P and S body waves. Relative P, SV 
and SH body wave amplitudes, A P, A SV, and A SH, respectively, were modeled using expressions for far-field body 
waves (Aki & Richards, 1980; Stein & Wysession, 2009). After converting to the vertical-radial-transverse coor-
dinate system conventionally used in observational seismology, the expressions are:

�� (�, �) ∼
(

��
(

3cos2(�) − 1
)

− ��sin(2�) − ��sin2(�)
)

∕�3

���(�, �) ∼ (1.5��sin(2�) + ��cos(2�) + 0.5��sin(2�)) ∕�3

��� (�, �) ∼ (�� cos(�) + ��sin(�)) ∕�3

 (2)

where

𝑠𝑠𝑅𝑅 = sin(𝜆𝜆)sin(𝛿𝛿) cos(𝛿𝛿)

𝑞𝑞𝑅𝑅 = sin(𝜆𝜆) cos(2𝛿𝛿)sin(𝜓𝜓 − 𝜙𝜙) + cos(𝜆𝜆) cos(𝛿𝛿) cos(𝜓𝜓 − 𝜙𝜙)

𝑝𝑝𝑅𝑅 = cos(𝜆𝜆)sin(𝛿𝛿)sin(2(𝜓𝜓 − 𝜙𝜙)) − sin(𝜆𝜆)sin(𝛿𝛿) cos(𝛿𝛿) cos(2(𝜓𝜓 − 𝜙𝜙))

 (3)

and

𝑝𝑝𝐿𝐿 = sin(𝜆𝜆)sin(𝛿𝛿) cos(𝛿𝛿)sin(2(𝜓𝜓 − 𝜙𝜙)) + cos(𝜆𝜆)sin(𝛿𝛿) cos(2(𝜓𝜓 − 𝜙𝜙))

𝑞𝑞𝐿𝐿 = −cos(𝜆𝜆) cos(𝛿𝛿)sin(𝜓𝜓 − 𝜙𝜙) + sin(𝜆𝜆) cos(2𝛿𝛿) cos(𝜓𝜓 − 𝜙𝜙)
 (4)

where ϕ is the ray paths' azimuth, i is the P-wave exit angle (take-off angle), j is the S-wave exit angle, ψ is the 
fault strike, δ is the fault dip, λ is the slip rake, α is the P-velocity at the source depth, and β is the S-velocity at 
the source depth.

The exit and incidence angles of the body waves were calculated using the TauP toolkit (Buland & Chapman, 1983; 
Crotwell et al., 1999) and based on the velocity model as well as the estimated epicentral distance of the event. 
The azimuths used for the modeled amplitudes are based on the estimated epicenters of the events and the loca-
tion of the seismometer.

To measure the amplitude of body waves in the direction in which they are polarized, we first rotated the hori-
zontal north and east components of the seismogram to the also horizontal radial and transverse components. 
For reference, the radial component points from the seismometer into the opposite direction of the epicenter and 
the transverse component points in a horizontal direction rotated 90° clockwise from the radial component. If 
one considers a cross-sectional vertical plane through the epicenter and station, then the radial component is the 
horizontal component along the length of the cross section and the transverse component is perpendicular to the 
cross-sectional plane. The vertical component points upwards.

In a laterally homogeneous planet, P-waves will produce energy on only the vertical and radial components, not 
on the transverse component. S-waves, on the other hand, will produce energy on both the radial as well as the 
transverse component. The S-waves predominantly recorded on the radial component are called SV-waves while 
those predominantly recorded on the transverse component are called SH-waves. Next, and within this vertical 
plane, we rotated the vertical and radial components by io, the P incidence angle at the seismometer, such that 
the L component of the resulting L and Q components aligns with the direction of P-wave propagation. We then 
measured the P amplitude on this L component. The vertical and radial components were rotated in the same 
sense by jo, the SV incidence angle at the seismometer, such that the Q component of the resulting L and Q compo-
nents aligns with the polarization of the incident SV wave and the horizontal component of the Q component 
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continues to point in the radial direction. The SV amplitude was measured on this Q component. SH amplitudes 
were measured on the transverse component, T.

Because of the relatively high quality of the low-frequency event signals, we were able to adapt, combine, and 
apply established methods of fault plane determination based on first-motion polarities and amplitude ratios of P, 
SV, and SH body waves recorded by a single seismometer (Ebel & Bonjer, 1990; Langston, 1979; Schwartz, 1995). 
Shang and Tkalčić (2020) take first-motion polarities and amplitude ratios into account as separate observations 
and show that this can lead to better-constrained, more complex source mechanisms compared to methods that 
take only polarities or amplitude ratios into account. Hardebeck and Shearer (2003) point out that using body 
wave amplitude ratios alone can allow noise to have outsized effects, especially if body waves leave the source 
near a nodal plane in the radiation pattern. Our method takes relative amplitudes and the signs of the amplitudes 
(first-motion polarities) into account simultaneously, and is less sensitive to nodal-plane radiation by not explic-
itly using amplitude ratios.

Using the measured amplitudes of the observed direct P, SH, and SV waves on the L, T, and Q components, 
respectively, we performed a grid search across a range of possible double-couple faulting mechanisms to find 
acceptable solutions and determine the best fitting solution. This grid search was performed over a tightly gridded 
range of strike, dip and rake values varying by 2° on each pass in addition to varying the depth from 15 to 55 km 
by 10 km. While fitting the observations, we upweighted the P amplitude and its estimated error by a factor of 5 
to counteract its relatively small effect on the misfit resulting from the division by α 3 in Equation 2. Each mecha-
nism was tested in each set of parameters to produce synthetic amplitudes which were compared to the observed 
amplitudes using our misfit function defined in Equation 5.

The misfit function treated the individual and signed P, SV, and SH amplitude values of the observations, as well 
as the amplitudes produced by the synthetic fault planes, as components of three-dimensional vectors. We defined 
the misfit value as the angle between the two vectors, which was calculated in three-dimensional amplitude space 
for each synthetic faulting mechanism to determine how closely it predicted the observed relative amplitudes. 
Through this method, the signs of the amplitudes were preserved, zero-valued amplitudes were accommodated, 
and the resulting misfits calculated were stable over the entire amplitude domain investigated. In other words, this 
approach avoids the pitfalls of working with ratios. The angle ζ between the observed and synthetic amplitude 
vectors, 𝐴𝐴 𝐴𝐴𝑜𝑜 and 𝐴𝐴 𝐴𝐴𝑠𝑠 respectively, was obtained from their inner product as follows:

𝜁𝜁 = arccos

(
𝐴𝐴𝑜𝑜 ⋅ 𝐴𝐴𝑠𝑠

‖𝐴𝐴𝑜𝑜‖‖𝐴𝐴𝑠𝑠‖

)
, (5)

where 𝐴𝐴 𝐴𝐴 =
(
𝐴𝐴𝑃𝑃 ,𝐴𝐴𝑆𝑆𝑆𝑆 , 𝐴𝐴𝑆𝑆𝑆𝑆

)𝑇𝑇  , that is, a vector containing the amplitudes of seismic phases P, SV, and SH. We 
define the unit vector 𝐴𝐴 �̂�𝐴 = 𝐴𝐴∕‖𝐴𝐴‖ , for use below.

We successfully tested this method of estimating a double-couple faulting mechanism from P and S displacement 
waveform amplitudes on the shallow M6.2 earthquake near Naalehu, Hawaii on 10 October 2021. Results of this 
test are in Appendix D.

Estimated observational errors, σ P, σ SV, and σ SH, in the measured amplitudes form a trivariate Gaussian distribu-
tion around 𝐴𝐴 𝐴𝐴𝑜𝑜 , the contours of which outline confidence ellipsoids. We define the following three error vectors 

from these estimated uncertainties, 𝐴𝐴 𝐴𝐴𝐴𝑃𝑃 =
(
𝐴𝐴𝑃𝑃 , 0, 0

)𝑇𝑇  , 𝐴𝐴 𝐴𝐴𝐴𝑆𝑆𝑆𝑆 =
(
0, 𝐴𝐴𝑆𝑆𝑆𝑆 , 0

)𝑇𝑇  , and 𝐴𝐴 𝐴𝐴𝐴𝑆𝑆𝑆𝑆 =
(
0, 0, 𝐴𝐴𝑆𝑆𝑆𝑆

)𝑇𝑇  . Given that 
our method compares relative amplitudes, the components of the error vectors that are parallel to 𝐴𝐴 𝐴𝐴𝑜𝑜 do not 

contribute to detectable uncertainty. Using only the error vector components within a plane orthogonal to 𝐴𝐴 𝐴𝐴𝑜𝑜 , we 
approximate the error ellipse in this plane as a circle with radius e, where

𝑒𝑒 =

√
‖�⃗�𝜎𝑃𝑃

⟂
‖2 + ‖�⃗�𝜎𝑆𝑆𝑆𝑆

⟂
‖2 + ‖�⃗�𝜎𝑆𝑆𝑆𝑆

⟂
‖2, (6)
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and

�⃗�𝜎𝑃𝑃
⟂
= �⃗�𝜎𝑃𝑃 −

(
�⃗�𝜎𝑃𝑃

⋅ �̂�𝐴𝑜𝑜

)
�̂�𝐴𝑜𝑜,

�⃗�𝜎𝑆𝑆𝑆𝑆

⟂
= �⃗�𝜎𝑆𝑆𝑆𝑆 −

(
�⃗�𝜎𝑆𝑆𝑆𝑆

⋅ �̂�𝐴𝑜𝑜

)
�̂�𝐴𝑜𝑜,

�⃗�𝜎𝑆𝑆𝑆𝑆

⟂
= �⃗�𝜎𝑆𝑆𝑆𝑆 −

(
�⃗�𝜎𝑆𝑆𝑆𝑆

⋅ �̂�𝐴𝑜𝑜

)
�̂�𝐴𝑜𝑜.

 (7)

Finally, we use the radius of the approximate error circle to estimate an angle of tolerance ϵ, which outlines a 
cone around 𝐴𝐴 𝐴𝐴𝑜𝑜 .

𝜖𝜖 = arctan

(
𝑒𝑒

‖𝐴𝐴𝑜𝑜‖

)
 (8)

Every 𝐴𝐴 𝐴𝐴𝑠𝑠 that makes an angle ζ with 𝐴𝐴 𝐴𝐴𝑜𝑜 that is smaller than the tolerance angle ϵ (i.e., falls within the cone) is 
considered an acceptable fit for the measured amplitudes. However, we do favor the predicted amplitude vector 

𝐴𝐴 𝐴𝐴𝑠𝑠 that produces the smallest misfit ζ with the vector of observed amplitudes, 𝐴𝐴 𝐴𝐴𝑜𝑜 .

3. Results
We analyzed three high-quality marsquake events labeled S0173a, S0235b, and S0325ab listed in Table 2. We 
used results from the InSight team’s previous analysis of the first two events in (Brinkman et al., 2021), as refer-
ences for validating our analysis methods. Our analysis includes event hypocenters and double-couple faulting 
mechanisms, as well as estimates of the uncertainties surrounding the presented solutions.

Event parameters used for our analysis are listed in Table 2 and their epicentral areas are shown in Figure 2 super-
imposed upon Mars' topography from Smith et al. (2003). S0173a and S0235b occurred to the east of the lander 
with radial distances of 28.4° and 27.3°respectively and falling within an area containing the Cerberus Fossae. 
These results are consistent with those determined by the InSight team (Brinkman et  al.,  2021; Zenhäusern 
et al., 2022). The third event, S0325ab, was weaker and thus harder to locate. Our analysis shows that S0325ab 
likely occurred to the south-east of the lander with a radial distance of 38.4°, uniquely placing it near the bound-
ary between the Martian highlands in the south and the lowlands in the north. Event S0325ab was preceded by an 
even weaker event, S0325a, with a more ambiguous epicenter due to a low-signal to noise ratio. One possibility 
for S0325a's epicenter is south-east of the lander, near the epicenter of S0325ab. The other possible epicenter 
is north-east of the lander and is the preferred location for S0325a presented by Zenhausern et al. (2022). Both 
possibilities are presented in Figure 2.

After the initial P and S arrivals, InSight Marsquake Service (2021) indicates a second arrival of P and S wave-
forms in the seismograms from S0173a and S0325a. Upon inspection, we found that these secondary arrivals did 
not agree with predicted pP, sP, pS or sS arrival times by the published seismic-velocity models. The second P 
arrival had similar particle motion as the initial P arrival albeit with a slightly different horizontal polarization, 
indicating an associated, modest shift in back azimuth for the second events (Figures 3a and 3b).

Source parameters S0173a S0173ab S0235b S0325a S0325ab

Back-azimuth (°) 90 86 72 123 139

Epicentral distance (°) 28.4 28.4 27.3 38.3 38.4

Epicenter 3.95°N 5.86°N 11.22°N −23.94°N −23.94°N

164.09°E 164.11°E 162.04°E 162.102°E 162.10°E

Origin Date 2019-05-23 2019-05-23 2019-07-26 2019-10-26 2019-10-26

Origin Time (UTC) 02:19 02:19 12:16 06:54 06:54

P-wave arrival time (UTC) 02:22:59.48 02:23:03.30 12:19:18.70 06:58:58.0 06:59:08.23

S-wave arrival time (UTC) 02:25:53.27 02:25:56.9 12:22:05.7 07:02:49.3 07:02:59.9

Note. The arrival times listed are the times we choose as the first arrivals. Using these times an arrival time difference was 
determined and used to calculate the epicentral distance using the New Gudkova model and a depth of 35 km.

Table 2 
Table Summarizing the Event Parameters Used in Our Analysis
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For S0173a, the second P-like arrival occurred about 4 s after the initial one and indicated a shift in the epicenter 
about 4° toward the north, which falls within the confidence region for S0173a's epicenter (Figure 2). The second 
S-like arrival also arrived about 4 s after the first. A hypocenter and origin time for the second pair of body wave 
arrivals was also determined and the event was labeled S0173ab and listed in Table 2.

For S0325a, the second P- and S-like arrivals occurred nearly 11  s after the initial ones and with higher S 
amplitudes than the first (Figure 3d). We associated the second arrivals with a distinct marsquake at a similar 
distance as S0325a and labeled the second event S0325ab. The low-amplitude arrivals associated with S0325a 
allow for two distinct back azimuths: One similar to and within uncertainties of the S0325ab back azimuth 
toward the south-east from the lander, and the other pointing north-east from the lander, in the direction of where 
Zenhäusern et al. (2022) estimated its epicenter.

3.1. S0173a and S0173ab

Events S0173a and S0173ab were analyzed as discrete events, about four seconds apart, with measurable P and 
S amplitudes (Figure 4). Both were found to be located within the Cerberus Fossae region between a distance of 
28°and 29°and with slightly different back azimuths (Figure 2). Each event produced a unique faulting mecha-
nism solution shown in Figure 5. Because of their proximity in epicenter locations and arrival times, this doublet 
event likely consisted of two subevents with different mechanisms 4 s apart.

Our grid search for S0173a found a range of mechanisms that fit the measured amplitudes within the tolerance 
level determined by the pre-arrival noise. This group of mechanisms is dominated by thrust faults with relatively 
N-S striking fault planes (Appendix C). The best-fitting mechanism is shown in Figure 5. For event S0173ab, 
the best-fitting mechanism is strike-slip, but the complete solution set appears to favor normal faulting. If the 
S0173ab mechanism is normal faulting, then this implies a mechanism reversal of E-W compression, for S0173a, 

Figure 2. Estimated epicentral locations, marked by X, for each event superimposed on Mars Orbiting Laser Altimeter 
(MOLA) shaded relief as presented in Smith et al. (2003). Colored lines around the X symbols outline regions of estimated 
uncertainty for each event. The location of the InSight lander (purple triangle) is shown with respect to the four events 
discussed: S0173a (3.95°N and 164.09°E) in red, S0173ab (5.86°N and 164.11°E) in red, S0235b (11.22°N and 162.04°E) 
in green, S0325a* (−23.94°N, 162.102°E) in blue, and S0325ab (−23.94°N and 162.10°E) in blue. S0325a* is our preferred 
location for the event however we show a second possible location, S0325aˆ.
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followed by E-W tension, for S0173ab. If the S0173ab mechanism is transform faulting, then the T axes of all 
acceptable strike-slip mechanisms are relatively similar. The N and P axes seem to rotate around a relatively 
stable, median T axis that is roughly oriented WSW-ENE.

Neither of these mechanisms were in agreement with the almost vertical dip slip mechanism that was the proposed 
solution by InSight as presented in Brinkman et al. (2021). Treating our proposed solutions as components of a 
composite mechanism, however, can successfully recreate the previously published results (see Section 4 below).

3.2. S0235b

The S-labeled phase for S0235b has SH and SV waves that do not begin at the same time and start to align around 
167 s after the P-wave arrival, where we measured their amplitudes. S energy on the T component before that time 
is similar to the preceding noise and unconvincing as an SH arrival, while the S energy preceding the SV amplitude 
pick is considerable and of opposite sign to the SV amplitude (Figure 6). As suggested by Knapmeyer-Endrun 
et al. (2021); Kim et al. (2021), this precursor could be a P-wave generated by the SV-wave encountering a layer 
interface at depth d in or at the bottom of the crust or both. Using an S-wave ray parameter of 0.17 s/km, along 
with P and S velocities of 3.5 and 2 km/s, respectively, for the uppermost crustal layer in the Combined model 
would produce a Sdp wave arriving around 2.3 s earlier with up to 30% the amplitude of the incident S-wave. 
However, an Sdp wave with this amplitude is not evident on the L component, increasing uncertainty around the 
deduced mechanism for S0235b.

Using the P- and S-wave arrival times in Table 2, while ignoring the possible S to P converted arrival on the 
Q component, our measured amplitudes best agree with a near vertical dip-slip faulting mechanism (Figure 7). 
The strike of the vertical fault plane is roughly aligned with the trends of Cerberus Fossae. Another solution 
that fits the observed amplitudes almost as well is a reverse faulting mechanism with a north-west oriented P 

Figure 3. The three particle motion cross sections of P-wave and S-wave arrival times for each event are shown. Each color represents 0.5 s of data.
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axis. Appendix A shows that this mechanism can become the best-fitting one for different hypocentral depths 
or seismic-velocity models. However, the complete solution set of all possible mechanisms remains stable with 
respect to change in hypocentral depth or seismic-velocity model. Both mechanisms differ from the mechanisms 
proposed by the InSight team. Brinkman et al. (2021) shows a normal faulting mechanism and is possibly influ-
enced by later parts of the waveforms than where we measured our amplitudes.

If we pick the SV amplitude 2.37 s earlier than where we measured its amplitude, it aligns with a zero SH ampli-
tude. Together with the P wave amplitude this produces a best-fitting faulting mechanism that would represent a 
strike-slip fault.

3.3. S0325ab

There is considerably more uncertainty with the observed amplitudes for S0325ab and thus with the inferred 
mechanisms. This is because of difficulties in picking the waveforms due to the P-and S-wave signals being close 
to the noise level and the SH amplitude is small and out of phase with the SV amplitude (Figure 8). Therefore, we 
chose to set the SH amplitude to 0 ± 0.425 nm. A small local maximum in the T component waveform precedes 
the timing of the SV amplitude pick and a local minimum succeeds it, but both choices produce solutions that are 
similar to our presented solution in Figure 9. The relatively low signal to noise ratio for S0325ab and the ambig-
uous SH arrival produce a large group of mechanisms with misfits within the tolerance determined by pre-arrival 
noise levels as shown in Appendix C. Because of the even lower signal to noise ratio for S0325a and its multiple 
possible epicenters, we initially did not attempt to find a faulting mechanism for this event, though we speculate 
about it in Appendix B. For the second event in this doublet, S0325ab, the best fitting mechanism at a hypocentral 
depth of 35 km is represented by normal faulting with a roughly N-S oriented T axis, a minor strike-slip compo-
nent, and one fault plane slightly steeper than the other (Figure 9).

Figure 3. (Continued)
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4. Discussion
In the data from InSight spanning 1 January 2019–12 December 2019, we found three plausible marsquakes 
defined by their measurable P- and S-wave amplitudes. Our investigation of the remaining events reported by 
InSight Marsquake Service (2020) during that time were either unconvincing or did not have compelling P- and 
S-wave arrivals necessary for our methods. For example, S0183a, another marsquake analyzed by Brinkman 
et al. (2021), was marked by convincing P-wave energy arriving on 3 June 2019 02:27:45 UTC. However, the 
S-wave arrival was marked by a very weak signal possibly due to a S-wave low velocity zone in or beneath the 
lithosphere (Brinkman et al., 2021; Giardini et al., 2020; Smrekar et al., 2018). The other weaker signals reported 
by MQS may have also been caused by smaller or farther marsquakes, by volcanic tremor (Kedar et al., 2021), or 
by environmental events.

Our single-station relative body-wave amplitude method for determining faulting mechanisms was tested on a 
recent earthquake with a known faulting mechanism, as described in Appendix D. The result of this test suggests 
that our method can be successfully applied to seismic data from the InSight lander on Mars and potentially other 
seismically active planetary bodies. The robustness of the presented faulting mechanism estimation method is 
a result of the definition of misfit, which is based on relative P and S amplitudes and does not have ambiguities 
with respect to the sign of these amplitudes or become unstable when one or more of the amplitudes vanish. 
Classical definitions, such as a least-squares estimate of the sum of differences in computed and observed ampli-
tude ratios, become unstable when one of the amplitudes approaches zero. Other possible misfit definitions, 
for example, the shortest geometrical distance in 3-D amplitude space between the point representing observed 
amplitudes (for P, SV, and SH arrivals) and the line that represents computed amplitude ratios, do not preserve the 
signs of the observed amplitudes. Our misfit definition, the angle in 3-D amplitude space between the vector of 
observed amplitudes and the line of computed amplitudes, is stable over the entire domain and preserves polarity 

Figure 3. (Continued)
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information in the amplitudes, making it a robust and widely applicable misfit definition. Even so, error estimates 
are large and a number of assumptions needed to be made due to the exploratory nature of this study, facilitated 
by the first marsquake data recorded.

When measuring the P- and S-wave displacement amplitudes, the noise levels in the waveforms were reasonably 
high. This resulted in many possible double-couple faulting solutions for each marsquake due to the relatively 
high misfit tolerance determined by the pre-arrival noise level in the seismograms. However, one double-couple 
solution was produced for each marsquake that matched the observed relative amplitudes better than the others, 
and this is the preferred mechanism presented here. Other acceptable mechanisms are provided in Appendix C 
and were superimposed into a single beachball figure shown alongside the preferred (best-fitting) mechanisms 
for each marsquake (Figures 5,7 and 9).

While describing the characteristics and source mechanisms above, a major assumption was made that all the 
events included had originated from a point source and were due to a purely double-couple faulting mechanism. 
In other words, our grid search did not include explosive components or compensated linear vector dipoles, 
CLVD, in the source mechanisms. Doublet-events S0173a and S0325ab showed the most ambiguity as to whether 
this was a valid assumption. The arrival times shown in Table 2 were chosen as the strongest candidates for P 
and S wave arrivals in the double-event type situation where two sets of potential body waves arrived in close 
succession. The relative arrival times of these P, SV, and SH, respectively, are the same and that is not possible if 
the secondary arrivals are reflected seismic phase arrivals, such as so-called depth phases. Thus, we considered 
the possibility of a mechanism that started with one type of shear dislocation and was followed by a different one 
at the same or nearby location.

Specifically with S0173a, the InSight team predicted an almost vertical dip slip mechanism in Brinkman 
et al.  (2021) which did not agree with our grid-search solution for either set of arrivals. Figure 4 shows that 

Figure 3. (Continued)
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Figure 4. The long waveforms shown on the top of the figure are the E, N, and Z components. The L component shown on the bottom are zoomed-in to the P-wave 
arrival window while the T and Q components show the S-wave arrival window. The vertical black dashed line represents the first arrival times used for our analysis 
and the horizontal blue dashed lines are our measured amplitudes. The results of the modeled amplitudes for our best fitting fault mechanism solution is presented with 
the horizontal green line. Additionally, the red horizontal line represents the waveform amplitudes calculated from the mechanism published in Brinkman et al. (2021). 
The black error bar shown represents our estimated noise level and therefore the error estimation used in our analysis. All modeled amplitudes were computed using the 
New Gudkova model at a depth of 35 km. A glitch was also found and was marked by the gray box.

 21699100, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JE

007309 by N
orthw

estern U
niversity, W

iley O
nline L

ibrary on [25/10/2022]. 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

SITA AND VAN DER LEE

10.1029/2022JE007309

14 of 30

the synthetic amplitudes produced for InSight's mechanism more closely resemble the motion over an entire 
inversion time window as the increased SH and SV energy predicted is inconsistent with our amplitude meas-
urements of the first-arriving direct body waves. By taking this into consideration, we considered our source 
mechanisms for S0173a and S0173ab as the minor and major double couple components of a composite source 
mechanism, computed by summing the associated moment tensors for the major and minor double couple mech-
anisms (Figure 10). The second mechanism is weighted more heavily in this sum (weight = 0.6) than the first 
(weight = 0.4) on account of the overall larger amplitudes of the recorded body waves in the later portion of the 
time window.

Our composite source mechanism successfully recreates the InSight mission team's vertical dip-slip mechanism. 
The two mechanisms we presented were estimated from the amplitudes of two sets of seemingly direct body waves 

Figure 5. Presented is the best fitting solution for events S0173a and S0173ab at 35 km using the New Gudkova interior 
structure model. The complete set of solutions is also presented to show the error estimate of the fault plane determination.

Figure 6. The long waveforms shown on the top of the figure are the E, N, and Z components. The L component shown on the bottom are zoomed-in to the P-wave 
arrival window while the T and Q components show the S-wave arrival window.The vertical black dashed line represents the first arrival times used for our analysis 
and the horizontal blue lines are our measured amplitudes. The results of the modeled amplitudes for our best fitting fault mechanism solution is presented with the 
horizontal green line. Additionally, the red horizontal line represents the waveform amplitudes calculated from the mechanism published in Brinkman et al. (2021). All 
modeled amplitudes were computed using the New Gudkova model at a depth of 35 km. The black error bar shown represents our estimated noise level and therefore 
the error estimation used in our analysis.
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that arrived 4 s apart, with identical S–P differential travel times. It is possi-
ble that these two mechanisms mark the sudden beginning and sudden end of 
a 4 s long event, or are brittle side effects of a more prolonged, non-seismic 
event such as magmatic activity.

Rubin  (1992) showed how propagating magmatic dikes can induce 
volcano-tectonic faulting in its surroundings by changing stresses in different 
ways in different areas surrounding the dike. Roman and Cashman  (2006) 
add that volcano-tectonic quakes with different characteristics can also be 
induced by dike inflation. These stress fields move and change with the dike 
as it propagates and stalls, allowing for a range of faulting mechanisms in 
the vicinity of underground magmatic activity. Events S0173a and S0173ab 
could be due to such a magma intrusion, as the start, propagation, and stall-
ing of a dike intrusion creates changes in the stress field with potential to 
generate earthquakes (Roman & Cashman,  2006; Rubin,  1992). Addition-
ally, migrating magma or buoyancy loading can create opposite stresses on 
different sides of the intrusion (Farrell et al., 2009). On Earth, hydrothermal 
fluids escaping from rising magma within the crust have been suggested to 
find their way to existing fault planes causing a sudden onset and sudden 

halt of earthquake swarms, in which different earthquakes in the swarm can have different faulting mechanisms 
(Roman & Cashman, 2006; Rubin, 1995; Shelly et al., 2013). We do not know whether Martian magma releases 
fluids deep within the Martian crust, but they may not be needed for a rising dike or plume(s) of magma to cause 
different types of sudden slip within the brittle lithosphere on different sides of their whereabouts.

It is unlikely that S0173ab is dynamically triggered by seismic waves of S0173a because S0173a's seismic waves 
seem too weak to generate sufficient stresses and do not travel fast enough if the mean epicenters are correct. 
However, the two epicenters for S0173a and S0173ab are within each other's error ellipses and therefore we 
cannot rule out that they could be co-located and represent opposite slip directions on the same fault. Something 

Figure 7. Presented is the best fitting solution for event S0235b at 35 km 
using the New Gudkova interior structure model. The complete set of solutions 
is also presented to show the error estimate of the fault plane determination.

Figure 8. The long waveforms shown on the top of the figure are the E, N and Z components. The L component shown on the bottom are zoomed-in to the P-wave 
arrival window while the T and Q components show the S-wave arrival window.The vertical black dashed line represents the first arrival times used for our analysis 
and the horizontal blue lines are our measured amplitudes. The results of the modeled amplitudes for our best fitting fault mechanism solution is presented with the 
horizontal green line. The black error bar shown represents our estimated noise level and therefore the error estimation used in our analysis.All modeled amplitudes 
were computed using the New Gudkova model at a depth of 35 km.
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like this can be caused by a volume of magma that propagates as a dike 
intrusion, then cools, stalls, or partially deflates some seconds later, activat-
ing slip on fractures or faults in surrounding rock. A recent analysis by Sun 
and Tkalčić (2022) found many marsquakes in the area of Cerberus Fossae, 
many of which have smaller signal to noise ratios than S0173a but contain 
similar waveforms. Based on this repetitive nature of the seismicity, Sun 
and Tkalčić  (2022) concluded that a magmatic origin was the most likely 
explanation.

The best-fitting faulting mechanism for S0235b has one relatively horizontal 
and one relatively vertical potential fault plane, just like the faulting mecha-
nisms estimated by the InSight team for this event. The strikes of the verti-
cal planes in the various estimates are relatively aligned with each other as 
well as with the strike of Cerberus Fossae. However, the P and T axes of 
our mechanism, with a slight reverse faulting component, are flipped with 
respect to those of the InSight team's mechanism, which shows normal fault-
ing (Brinkman et al., 2021). We postulate that this flip in polarity of predicted 
body wave amplitudes between our's and the InSight team's mechanism is a 

result of emphasizing different parts of the 10+ seconds-long P and S wave trains, which begin at very low ampli-
tudes and grow increasingly above the noise level with time (Figure 6). We cannot exclude that this body wave 
train represents arrivals from a doublet event, perhaps with opposing faulting mechanisms, but for the moment we 
prefer the simpler solution of picking the P and S amplitudes at the earliest time they are significantly above the 
noise. The InSight team's waveform fitting approach emphasizes later, higher amplitude parts of the body wave 
trains, resulting in a similar faulting mechanism as ours, but with opposite polarity. As shown in Appendix A, 
using  a different Mars model weights different possible solutions somewhat differently, but does not include 
normal faulting.

Our investigation of the third event, S0325ab, generated questions and uncertainties as its signals are weaker and 
did not seem to originate from the Cerberus Fossae region. The body wave arrival times for S0325ab are listed 
in Table 2. The epicenter for event S0325ab falls near the boundary between the Martian highlands in the south 
and the lowlands in the north. Based on orbital images provided by Knapmeyer et al. (2006), there are a number 
of tensional and compressional faults in the general region. The lack of depth resolution in our methods lead to 
uncertainties in the true depth of the event and, therefore, the inferred fault planes might be sufficiently deep to 
not require a resemblance to surface faults. Recently Zenhäusern et al.  (2022) estimated epicenters for events 
S0105a, S0784a, S0918a, in this same region.

As discussed earlier, S0325ab was initially identified as a secondary arrival of a doublet event. Analysis showed 
that the seismic waves from the primary event, S0325a, had even lower signal to noise ratios than those from 

Figure 9. Presented is the best fitting solution for event S0325ab at 35 km 
using the New Gudkova interior structure model. The complete set of solutions 
is also presented to show the error estimate of the fault plane determination.

Figure 10. The moment tensors for S0173a and S0173ab shown on the left were combined with weights of 0.4 and 0.6 
respectively to produce the composite mechanism.
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S0325ab and proved insufficient to either confidently locate its epicenter or constrain its faulting mechanism. 
Figure 2 shows two possible locations for the epicenter of S0325a and Appendix B shows the associated fault-
ing mechanisms for each location. The possible faulting mechanism for the potential epicenter north-east of the 
lander has a strong strike-slip component. Conversely, the possible faulting mechanism for the potential epicenter 
south-east of the lander represents normal faulting with a roughly east-west oriented T axis. Both mechanisms 
differ from the estimated faulting mechanism for S0325ab, the clearer and stronger event (Figure 9). We have a 
slight preference for the south-east location for S0325a, because it would allow the S0325a and S0325ab doublet 
to have a similar volcano-tectonic origin as discussed above for S0173a and S0173ab. However, we decided not 
to further consider this event on account of the low signal-to-noise ratio of the body wave arrivals.

The results presented here are uncertain to reported extents and may be limited due to the following assumptions:

1.  The arrival times for the P- and S-waves reported by the MQS are correct,
2.  All arrivals used for amplitude measurements were direct body waves, rather than surface-reflected waves or 

waves reflected or converted at a layer boundary,
3.  The faulting mechanisms associated with the marsquakes are pure double-couple mechanism (pure shear 

dislocations),
4.  The seismic velocity model used has a minimal effect on the calculation of synthetic waveform amplitudes,
5.  Hypocentral depth used during the investigation has minimal effect on the resulting best fitting mechanism 

produced by our methods.

Assumptions 1 and 2 have been verified to the best of our current abilities, as discussed above. Assumption 3 was 
deemed reasonable as Brinkman et al. (2021) suggests that the contributions form non-double-couple compo-
nents in the mechanisms are small. Assumptions 4 and 5 have been verified within existing uncertainties and are 
further discussed in Appendix A.

5. Conclusions
The InSight mission produced a rich, fascinating collection of seismic waveforms recorded on Mars. Among the 
first set of seismic events reported by the MQS were three relatively low-frequency events with measurable P and 
S displacement amplitudes, particle motion, and differential arrival times. These events had small magnitudes and 
were recorded with relatively low signal-to-noise ratios in an unfamiliar noise environment. Although we have 
estimated errors, some errors are not as easily quantifiable, for example, as related to phase identification by us or 
the InSight Marsquake Service (2021). To counteract these uncertainties, we provided all data processing details 
in this paper, for readers to evaluate.

We estimated epicenters for these events by measuring the arrival time difference between P and S waves in 
three-component data from the Very Broad Band (VBB) seismometer installed as part of the mission and by esti-
mating back azimuths from minimizing P energy on the T component and validating the results with visualized 
particle motion directions. Our estimated epicenters for S0173a and S0235b are near Cerberus Fossae, east of 
the lander, and agreed well with those determined by the InSight team (Brinkman et al., 2021). We additionally 
located event S0325ab to the south-east of the lander, near the border between the northern lowlands and southern 
highlands of Mars.

These representative low-frequency marsquakes are low in magnitude and likely occur relatively deep in a thick, 
rigid crust or the upper mantle, so they are unable to generate notable surface waves, which are a common tool for 
estimating faulting mechanisms on Earth. Instead, we estimated shear dislocation faulting mechanisms for these 
events by fitting the relative P and S wave displacement amplitudes.

In order to compare observed and computed relative P and S amplitudes in a robust manner that allows for 
vanishing amplitudes and the conservation of polarity, we defined and present a new, geometric definition of 
fit. Along with this robust misfit definition, we also provide a misfit tolerance that depends on the observational 
noise levels, estimated from the displacement waveforms' standard deviation before the arrival of body waves. 
The mechanisms for the marsquakes in the Cerberus Fossae region range from near-vertical dip slip along a fault 
plane that strikes roughly parallel to the fossae, to compressional and transtensional faulting. The faulting mech-
anism for the event south-east from the lander is also transtensional though with a different T axis azimuth than 
the transtensional event near Cerberus Fossae.
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It is possible that S0173a was a doublet composed of two events, 4 s apart, with epicenters within each other's error 
ellipses. The best-fitting faulting mechanism for the first event, S0173a, is a reverse faulting mechanism with an 
east-west oriented P axis. The best-fitting faulting mechanism for the second event, S0173ab, has a P axis that is 
one quadrant rotated from that for S0173a, and a near-horizontal T axis, that is, representing oblique strike-slip or 
transtensional faulting. A weighted linear combination of these two successive mechanisms produces a composite 
mechanism that resembles the source mechanism estimated by the InSight Team from waveform modeling of the 
entire wave train in and beyond the time window analyzed (Brinkman et al., 2021).

The best-fitting faulting mechanism for event S0235b is a near vertical dip-slip mechanism. The alignment 
between the vertical fault plane and the Cerberus Fossae suggests that the fossae may indeed be tectonically 
active features. However, this mechanism is different from the normal faulting solution presented by Brinkman 
et al. (2021). We consider this disagreement to likely be a result of the differences between our choice in time 
window used to measure the direct waves' amplitudes and for waveform fitting of the InSight team. We cannot 
rule out that S0235b also represents a doublet of two events, which would have occurred in rapid succession.

Lastly, for S0325ab, the best-fitting faulting mechanism was an oblique normal faulting mechanism with a 
roughly north-east oriented and slightly tilted T and P axes. It is possible that event S0325ab was a second event 
in a doublet, but the seismic waves generated by the preceding event had an insufficient signal to noise ratio to 
constrain either its epicenter or its faulting mechanism (see Appendix B).

The diversity of these epicenters and fault plane solutions suggest that a range of intraplate tectonic or volcanic 
processes might be operational in the Martian lithosphere. We argue in the Discussion section above that a likely 
explanation for these marsquakes is that they are the result of changing stresses concomitant with migrating 
magma in the lower crust, including propagating dikes.

Our work independently confirms some of the analyses of the InSight team (Brinkman et al., 2021; Giardini 
et al., 2020; Zenhäusern et al., 2022), and provides additional detail and perspective. Overall, our multifaceted 
analyses of observed body waves from three low-frequency marsquakes produced plausible results, allowing this 
investigation to work as a proof of concept for applying this method to additional data collected by InSight as well 
as data collected on future missions to other potential planetary bodies or low-magnitude earthquakes in sparsely 
instrumented regions.

Marsquakes in the current data set have come from a variety of different locations, including Cerberus Fossae, 
and the P- and S-wave amplitudes can be explained by a range of faulting mechanisms, including normal, reverse, 
oblique strike-slip, and vertical dip-slip faulting. Our concluding hypothesis is that these marsquakes are the 
result of volcano-tectonic stresses related to magmatic processes active in Mars' lower crust.

Appendix A: The Effect of Depth and Model Choice on Event Solution Output
In this appendix we present the results of our investigation of the choice of hypocentral depth and interior struc-
ture model on the solution set output of our methods. Overall, the preferred mechanisms presented in this paper 
appeared in the top 1% of solutions however it was not always the best fitting solution for every model and at 
every depth tested.

The faulting mechanism presented for S0235b using the New Gudkova model at a depth of 35 km is a near 
vertical dip-slip mechanism is also preferred by the same model at a deeper 55 km depth (Figure A1a). At shal-
lower depths for this model a purely compressional fault with different fault plane strikes is preferred. This is 
the preferred solution among the other models across all depths, except for the A1c model, which also shows a 
vertical dip-slip mechanism, albeit with a slightly different fault strike (Figure A1).

S0173a and S0173ab showed similar behavior across depths and models tested. The complete solution set of all 
possible mechanisms remains stable but which of the well-fitting mechanisms becomes the best-fit one differs 
slightly with depth and model and less so than for S0235b. Similar to what is shown in Figure 5, S0173a is 
dominated by reverse faults with an almost N-S striking fault plane and S0173ab is modeled by predominately 
normal faulting with a strike-slip component. This is true across all depths and models tested.

The orientations for the complete set of solutions for S0325ab were less stable across depth and models tested, 
however a tensional mechanism was preferred throughout.
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Figure A1. The complete set of solutions across multiple depths and models for event S0235b. The best fitting mechanisms correspond to the darker beachballs while 
worst fitting mechanisms that are still permissible correspond to the transparent beachballs. (a) The complete set of results for S0235b using the depths of 15, 35, and 
55 km and the New Gudkova model. (b) The complete set of results for S0235b using the depths of 15, 35, and 55 km and the Combined model. (c) The complete set of 
results for S0235b using the depths of 15, 35, and 55 km and the TAYAK model.
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Figure A1. (Continued)
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Appendix B: Further Investigation of S0325a
Presented in this appendix are the results of our analysis of the event S0325a. Figure B1 shows the measured and 
predicted body wave amplitudes for the two possible locations for S0325a presented in Figure 2. Figure B2 shows 
the body waves' low-signal-to-noise ratios and ambiguous polarization, which allow for two possible locations. 
Lastly, for each possible epicenter, Figure B3 shows the complete solution set of acceptable faulting mechanisms.

Figure B1. The long waveforms shown on the top of the figure are the E, N, and Z components. The L component shown on the bottom are zoomed-in to the P-wave 
arrival window while the T and Q components show the S-wave arrival window. The vertical black dashed line represents the first arrival times used for our analysis 
and the horizontal blue lines are our measured amplitudes. The black error bar shown represents our estimated noise level and therefore the error estimation used in our 
analysis. All modeled amplitudes were computed using the New Gudkova model at a depth of 35 km. (a) The results of the modeled amplitudes for the best fitting fault 
mechanism solution given our calculated back azimuth of 123° is presented with the horizontal green line. (b) The results of the modeled amplitudes for the best fitting 
fault mechanism solution given the back azimuth of 57° is presented with the horizontal orange line.
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Figure B2. The three particle motion cross sections of P-wave and S-wave arrival times for each event are shown. Each color represents 0.5 s of data. A black dashed 
line is shown to highlight the back azimuth determined in our analysis, 123° and a red dashed line shows the back azimuth of 57° presented in Zenhäusern et al. (2022).
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Figure B3. Using a depth of 35 km and the New Gudkova model, the complete set of possible solutions were computed for 
S0325a. The best fitting mechanisms correspond to the darker beachballs while the worst fitting mechanisms, that are still 
permissible, correspond to the transparent beachballs. (a) The complete set of solutions given a back azimuth of 57°. (b) The 
complete set of solutions given a back azimuth of 123°.
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Appendix C: Complete Sets of Beachball Solutions
Presented in Figures C1, C2, and C3 are the complete collections of acceptable double-couple solutions for each 
of the events discussed in the main body of this paper. These fault plane solutions are deemed acceptable as their 
misfit values calculated using our definition fall below the tolerance value set by the error estimated from the 
noise level of each seismogram.

Figure C1. The complete set of solutions for S0173a and S0173ab at our chosen depth of 35 km for the New Gudkova 
model.The best fitting mechanisms correspond to the darker beachballs while worst fitting mechanisms that are still 
permissible correspond to the transparent beachballs. (a) The complete set of results for S0173a using a cutoff value of 0.024 
radians. (b) The complete set of results for S0173ab using a cutoff value of 0.034 radians. The ideal depth of 35 km was used 
for both figures along with the New Gudkova model.

Figure C2. The complete set of results for S0235b using the New Gudkova model at a depth of 35 km and a cutoff value of 
0.025 radians.The best fitting mechanisms correspond to the darker beachballs while worst fitting mechanisms that are still 
permissible correspond to the transparent beachballs.
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Appendix D: Earthquake Test
The methods used for determining the faulting mechanism solutions were validated using a randomly selected 
earthquake that occurred on 10 October 2021, SSE of Naalehu, Hawaii. The reference faulting mechanism for this 
earthquake is shown in Figure D4. Using the source parameters published on the USGS website for the Earth-
quake Hazard Program (USGS, 2021), we calculated the first motion amplitudes of the waveforms upon their 
arrival at two different stations of the Global Seismograph Network (Albuquerque Seismological Laboratory 
(ASL)/USGS, 1988).

We measured P, SV, and SH displacement amplitudes of 1.04, −1.55, and −2.74 ± 0.10 μm in data recorded in 
Albuquerque, New Mexico, at station ANMO as shown in Figure D1. Using station COR in Corvallis, Oregon, we 
measured P, SV, and SH displacement amplitudes of 1.54, −2.19, and −2.34 ± 0.10 μm (Figure D2). All faulting 
mechanisms that produce well fitting relative amplitudes to these observations are shown in Figures D3 and D5. 

Figure C3. The complete set of results for S0325ab using the New Gudkova model at a depth of 35 km and a cutoff value of 
0.054 radians. The best fitting mechanisms correspond to the darker beachballs while worst fitting mechanisms that are still 
permissible correspond to the transparent beachballs.
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Figure D4 shows that the best fitting mechanism has similar fault planes and principal axes as the official USGS 
mechanism, as is true for many of the solutions producing acceptable relative amplitude fits to the observations.

However, solutions that are similar to the official solution are not the only solutions that fit the observation. Other 
groups of mechanism can produce acceptable relative amplitude fits. What these mechanisms have in common 

Figure D1. ANMO Station: The black dashed line represents the arrivals used for our analysis. The results of the modeled amplitudes for our best fitting fault 
mechanism solution based on the amplitudes gathered from station ANMO is presented with the horizontal orange line.

Figure D2. COR Station: The black dashed line represents the arrivals used for our analysis. The results of the modeled amplitudes for our best fitting fault mechanism 
solution based on the amplitudes gathered from station COR is presented with the horizontal green line.
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is a T axis northwards from the take-off azimuth and a relatively vertical W-E striking fault plane. This group of 
mechanisms include vertical dip-slip mechanisms as well as strike-slip mechanisms, illustrating that body waves 
measured at one station can constrain faulting mechanisms, but not tightly. For this reason, and throughout this 
paper, we show all faulting mechanisms with acceptable fits, rather than only the best fitting ones.

Repeating this analysis for station COR reveals similar faulting mechanisms (Figure D5), where the best fitting 
mechanism represents oblique normal faulting or a tilted strike-slip mechanisms, while the second best fitting mech-
anism based off our misfit determination has fault planes and principal axes similar to the official one. However, we 
do not reproduce or attempt to reproduce the CLVD component of the mechanism published by the USGS.

Figure D3. The complete set of solutions produced by the amplitudes recorded at ANMO for the 10 October 2021 
earthquake, SSE of Naalehu, Hawaii.The best fitting mechanisms correspond to the darker beachballs while worst fitting 
mechanisms that are still permissible correspond to the transparent beachballs.
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Figure D4. The best fitting solutions from station ANMO and COR as compared to the published solution by USGS (2021). 
The best fitting mechanisms correspond to the darker beachballs while worst fitting mechanisms that are still permissible 
correspond to the transparent beachballs.

Figure D5. The complete set of solutions produced by the amplitudes recorded at COR for the 10 October 2021 earthquake, 
SSE of Naalehu, Hawaii.
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Data Availability Statement
Data from the ESA/NASA InSight mission are publicly available through multiple portals including Data 
Services offered by IRIS (InSight Marsquake Service, 2020, 2022). We did not generate additional data. Visuali-
zations were created with PyGMT (Wessel et al., 2019) and Matplotlib (Hunter, 2007), data were processed with 
NumPy (Harris et al., 2020), Pandas (The Pandas Development Team, 2021) and ObsPy (Krischer et al., 2015). 
Parameters describing our results are provided in tables and figures throughout this paper. The source code for 
the seismogram plots and moment tensor solution sets to produce Figures 4–9 are made available in a public 
repository (Sita, 2022).
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