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The scattering of seismic waves is the signature of random heterogeneities, present in the
lithospheric structure of a terrestrial planet. It is the result of refraction and reflection of the seismic
waves generated by a quake, when they cross materials with different shear rigidity, bulk modulus,
and density and therefore different seismic wave velocities, compared to the ambient space. On
Earth, the seismic waves show relatively weak scattering, identified in later arriving coda waves that
follow the main arrivals of body waves and decay with time. In contrast, seismic wave scattering is
much more significant on the Moon, where the high heterogeneous structure of the lunar
megaregolith, produced through millions of years of impact bombardment, is a structure that
creates an extreme scattering environment.
The landing of the NASA InSight mission on Mars in 2018, which carried and deployed a
seismometer for the first time on the Martian ground, offered a pristine dataset for the investigation
and analysis of the characteristics of the scattering attenuation of the Martian crust and uppermost
mantle which is important for understanding the structure of the Martian interior. Lognonné et al.
(2020) used a methodology based on the radiative transfer model (Margerin et al., 1998) to offer
the first constraints for the scattering and attenuation in the Martian crust. In this study, we
performed a further examination based on more and newer events of the Martian Seismic Catalog
(InSight Marsquake Service, 2021).
The Marsquake Catalog contains events that are categorized according to the frequency content of
the seismic signal (Clinton et al., 2021). In this study, we used 19 events of 4 different families,
namely the Low Frequency, Broadband, High Frequency, and Very High Frequency events, for our
investigation. We focused our investigation on the characteristics of the S-coda waveforms and for
this reason, we worked on the respective energy envelopes. We manually picked the envelopes,
defining the time window of the S-coda waves, as well the frequency range for each event, directly
from the spectrograms of the events' signals, using an appropriately developed visual tool.

We used a modeling approach (Dainty et al., 1974) that was developed for the computation of the
energy envelopes of shallow events (Lunar impacts) and a diffusive, highly scattering layer, sitting
over an elastic half-space. The energy envelope depends on the thickness of the diffusive layer, the
range of the seismic ray, the diffusivity and the attenuation in the top layer, and the seismic wave
velocity in the underneath elastic half-space. We analyzed all the tradeoffs between the terms of the
modeling equation, namely the geometrical relationship of the velocity contrast between the
diffusive layer and the elastic half-space with the seismic ray range and the diffusive layer thickness,
the diffusivity with the diffusive layer thickness, and between the diffusivity and the velocity contrast
of the two examined layers.
The presence of the aforementioned tradeoffs made the definition of a unique model a very hard
task, as the information for the azimuthal characteristics of the signal is not available for the
examined events. This is a limitation that exists in seismology only while working with one station,
with the InSight seismometer being the only station on a planet, and the amplitude of the seismic
signal is not big enough to perform a specific polarization analysis and derive the azimuthal origin of
the recorded signal. For this reason, we reviewed the fit between the modeling and the data,
depending on the frequency content of the events.
The Low Frequency and the Broadband events, which have a frequency content mainly below the
tick noise detected at 1 Hz, could not satisfy the modeling approach of a simple diffusive layer. The
spectral envelopes of the S-coda waves of these events are decaying very rapidly, which suggests
an origin in a more elastic environment. This is in agreement with previous studies (Giardini et al.,
2020) that suggest that these events are generated deeper in the Martian mantle. For this reason,
we applied another approach to these signals, with an energy envelope equation designed for deep
moonquakes (Dainty et al.,1974), but it was not either capable to fit the examined data envelopes,
suggesting the absence of a very thick megaregolith structure on Mars.
Based on the results of the High Frequency (HF) and Very High Frequency (VF) events we observed
a range of possible paths and diffusivities that can satisfy the data and we investigated the tradeoffs
between the parameters of a modeling equation that control the shape of the energy envelope for
the events. The analysis of these tradeoffs does not permit us to make any assumptions about the
depth of the diffusive region in the Martian crust and the upper mantle as their azimuthal
characteristics are unknown and therefore it is not feasible to tell if the difference in the result
analysis reflects vertical or lateral variations of the uppermost diffusive layer in the Martian
lithosphere.
The results of this study illustrate one of the challenges in working with single-station seismic data
where event location information, including distance, azimuth, and depth are crucial for
understanding the lateral variation in seismic properties of a planet. The existence of a seismic
network on the planetary scale will improve the ability of phase peaking and location identification of
the events and therefore it will give additional constraints for a similar analysis.
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