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Introduction: The seismic data collected by the 

InSight mission have provided unprecedented 
constraints on the interior structure of Mars, including 
the thickness of the crust, mantle structure, and the size 
of the core [1-6]. It also enabled the detection of 
seismic anisotropy, i.e. the directional dependence of 
seismic wave velocity, beneath the lander within the 
topmost crustal layer [7]. Seismic anisotropy is 
commonly studied on Earth and is a powerful tool to 
study deformation processes within a planet. The 
signal observed in [7] was constrained by body waves 
and was shown to be compatible with the presence of 
local East-West oriented fractures or radial dikes 
caused by impact cratering.   

The largest seismic event ever detected on Mars, 
S1222a, with a moment magnitude of 4.7 ± 0.2, 
occurred on 4 May 2022 almost 2,200 km away from 
the seismometer [8]. It was the only event to produce 
both Love and Rayleigh wave signals. Since Rayleigh 
and Love waves are predominantly sensitive to 
different elastic parameters (governing the speed of 
vertically and horizontally polarized shear waves that 
travel horizontally, respectively), this gave us an 
opportunity to study the presence of seismic anisotropy 
over larger scales, away from the landing site [9]. 
Here, we present our analysis of those data and 
demonstrate that seismic anisotropy compatible with a 
vertically transverse isotropic medium is present in the 
crust between the seismometer and the event epicenter.  

Data Analysis: By filtering the seismograms at 
different frequencies, we found that S1222a generated 
surface wave-like energy at periods between about 10 
and 40 s on all components of the seismogram. We 
then conducted an ellipticity analysis of the data in 
multiple period bands, which showed a clear elliptical 
and retrograde motion between periods of 15 and 35 s, 
confirming the Rayleigh wave nature of the 
observations at these periods. We carried out a 
multiple filter analysis [10] of the three seismogram 
components to determine the group velocities as a 
function of time (Fig. 1). We verified that the back 
azimuth uncertainties did not affect the resulting 
dispersion curves. However, we found discrepancies in 
the Rayleigh wave measurements between the vertical 
(Fig. 1(a)) and radial (Fig. 1(b)) components at period 

greater than 30 s, and thus decided to only use data 
between 15 and 30 s.  
 

Fig. 1: Multiple filter analysis of the vertical (a), radial 
(b), and tangential (c) components of the seismogram.  
 

Modeling: The measured Love and Rayleigh wave 
dispersion curves were inverted to obtain velocity 
models representing the average structure between the 
station and the quake. Love and Rayleigh waves 
provide constraints on the speed of horizontally (VSH) 
and vertically (VSV) polarized shear-waves, 
respectively. Radial seismic anisotropy can be 
quantified by parameter 𝜉 = 𝑉!"# /𝑉!$# , and the Voigt 
average velocity is given by V% = &(2V%&# + V%'# )/3. 

We first inverted the Rayleigh wave dispersion and 
used the resulting models to predict Love wave 
dispersion, and vice versa. We were unable to explain 
one type of data with the models obtained by inversion 
of the other data type. This so-called Love-Rayleigh 
discrepancy has been widely observed on Earth and 
can be resolved by introducing radial anisotropy, also 
called vertical transverse isotropy, in the model [11]. 
The period range considered corresponds to sensitivity 
to anisotropy in the upper ∼80 km and to isotropic 
velocities down to ~130 km.     

We tested three different inversion methods, 
hereafter referred to as Method 1, 2, and 3, based on 
different model-space search approaches and different 
forward modeling codes. We also tested whether 
isotropic models could explain the data equivalently 
well by imposing 𝑉!$ = 𝑉!" in our inversions.  

Results and Interpretation: The isotropic 
inversions resulted in models that did not fit the data as 
well as the anisotropic models, and statistical F-tests 
showed that the improvement in data fit when 
anisotropy is introduced is significant. We thus 
proceed with the analysis of our anisotropic inversions.   
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The posterior Voigt average VS model distribution 
displays large uncertainties (Fig. 2) and varies 
significantly between methods in the top 5 km and 
below 30 km depth [9]. Between 5 and 10 km depth, 
Methods 1 and 2 predict VS = 3.0 ± 0.1 km/s and VS = 
3.2 ± 0.1 km/s, respectively, and Method 3 gives VS 
between 2.5 ± 0.3 km/s and 3.0 ± 0.75 km/s. These 
values  are compatible with damaged or altered basalt, 
but also with impact melt, impact breccia, and 
sandstone [12]. Between ∼10 and 30 km depth, VS is 
consistent among the three methods with values around 
3.1–3.5 km/s, compatible with volcanic rocks 
(damaged, altered, or compact basalt) and with impact 
melt.  

 

 
Fig. 2: Anisotropy (a) and velocity (b) models 
resulting from inverse Method 1 applied to the 
measured dispersion curves. 

 
Our results also indicate a robust seismic 

anisotropy signal with VSH>VSV in the 10 – 30 km 
depth range (Fig. 2), which corresponds to crustal 
depths [3, 13]. Lattice Preferred Orientation of 
intrinsically anisotropic crystals in the Martian crust is 
unlikely to explain these observations as it would 
require strain coherent over large scales, such as 
underthrusting or large-scale crustal thinning, and we 
do not have any evidence for it on Mars. We also rule 
out the alignment of cracks as the origin of this signal 
since cracks tend to close at those pressures [14].  

Horizontal layering of isotropic material with layer 
thicknesses much smaller than the dominant 
wavelength is a more likely explanation [15]. While 
such a mechanism could result from sediment deposits 
over large distances, we rule it out because the 

estimated global average thickness of the sediment 
layer is less than 2 km [16]. Alternatively, the presence 
of layered intrusions due to a single or multiple 
impacts [17] or an alternation of basalt layers deposit 
and sedimentation due to multiple volcanic events over 
broad scales might generate an anisotropy signal 
similar to what we observe.    

We note that, owing to the different depth ranges 
and the local vs regional aspect of the two studies,  the 
anisotropy revealed here by the surface waves, i.e., a 
transversely isotropic medium with vertical symmetry 
axis, does not contradict the signal found with body 
waves beneath the lander [7], which itself can be 
reproduced by a horizontally transversely isotropic 
medium.    
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