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Zurich, Switzerland (doyeon.kim@erdw.ethz.ch), 2Department of Geology, University of Maryland, College Park,
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Overview: After more than 4 Earth years (∼1450
sols) of operations on the martian surface monitoring
the planet’s ground vibrations, the InSight’s seismome-
ter is now retired. Throughout the mission, analy-
ses of body waves from marsquakes and impacts have
led to important discoveries about the planet’s interior
structure of the crust, mantle, and core [1-5]. Recent
detection of surface waves, together with gravimetric
modeling enabled the characterization of crustal struc-
ture variations away from the InSight landing site and
showed that average crustal velocity and density struc-
ture is similar between the northern lowlands and the
southern highlands [6-7].

These new constraints obtained by surface wave
measurements provide an important opportunity to re-
fine and verify our previous radially symmetric mod-
els of the planet’s interior structure. As part of this ef-
fort, we obtain the average crustal and uppermost man-
tle velocities of Mars using Rayleigh waves orbiting the
planet multiple times.

These higher-orbit Rayleigh wave observables in-
dependently constrain the average crustal and upper-
most mantle velocities, and crustal thickness, which
are found to be consistent with previous InSight stud-
ies. Successful incorporating of these velocity con-
straints into the existing joint inversion framework used
for modeling body wave travel times [8], geophysical
[9], and geodynamic parameters [10] will improve the
current reference 1D interior models of Mars.

Higher-orbit Rayleigh waves in S1222a record:
The largest event detected during the mission is
marsquake S1222a (MMa

W 4.6). Its waveform contains
Rayleigh and Love waves, overtones, and multiple-
orbit Rayleigh waves up to R7 (Figure 1A-B). Group
velocities of R2-R7 are measured by using Nth-root
stacking of vertical component data across different pe-
riods. Two distinctive group velocities of 2.88 km/s and
3.81 km/s for R2-R7 in S1222a are observed at 30 s
and 85 s periods, respectively (Figure 1C). Unlike typ-
ical, smoothly-varying surface wave dispersion curves,
the observed group velocities show apparent jumps in
velocity, which we show to be due to large lateral vari-
ation of crustal properties along the paths.

3D wavefield s imulation o f higher-orbit 
Rayleigh waves: Previously, we have reported little 
deviation in travel times for R1-R3 between the great-
circle propagation and the ray theoretical path based on 
3D crustal models of Mars [7]. To obtain more realistic 
3D sensitivity kernels for higher-orbit surface waves 
beyond R3, we perform 3D wavefield simulations 
using the spectral-element method [11]. We replace the 
crust in the 1-D reference velocity model of KKS21 
[4] by [7] and extrapolate globally based on the crustal 
thickness model constrained by gravity data [12].

Our preliminary synthetic record of S1222a repro-
duces Rayleigh wave group velocities observed in the 
data with the abruptness of dispersion curves that has 
been caused by the 3D crustal effect (Figure 1B). While 
average crustal velocity in the short-period stack is con-
sistent with that of the 3D synthetics, we find average 
uppermost mantle velocity in the long-period stack is 
12% larger than the values obtained by our synthetics 
(Figure 1C-D).

This result illustrates that the uppermost mantle ve-
locities in the previously obtained interior models of 
Mars are not fully representative for all source-receiver 
paths. We are currently computing 3D sensitivity ker-
nels for R2-R7 to quantify the volumetric sensitivities 
for the observed group velocities in S1222a and to con-
strain globally-averaged crust and uppermost mantle 
velocities.

Average crustal properties of Mars: The ex-
pected outcome from this study will provide the pos-
terior distributions of average crustal and uppermost 
mantle shear velocity (VS) and Moho thickness on 
Mars that better represent global variations. Accurate 
knowledge of structure along diverse source-receiver 
paths is important for locating and constraining source 
mechanisms of marsquakes. Therefore, our surface-
wave constrained models provide both an important op-
portunity to constrain a globally-representative refer-
ence model for Mars and to improve understanding of 
seismo-tectonic environments on Mars.
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Figure 1: Vertical component envelopes of the S1222a deglitched waveform filtered between (A) 25-35 s  and (B) 
50-100 s periods. Shaded areas indicate the predicted time windows of R1-R7 arrivals base on the group velocities
ranging from 2.4-3.0 km/s to 3.6-4.0 km/s for short- and long-period data, respectively. Glitches are shown by gray
lines. Envelopes in magenta are based on 3D wavefield simulations. Abruptness of dispersion for >R3 is visible in
the spectrogram of the vertical component synthetic waveform. Variation in amplitudes for R3, R5, R7 vs. R2, R4,
R6 likely result from (de)focusing by lateral variations in velocity [13]. Dashed lines are the group velocity
prediction windows for 3.2-3.8 km/s. Group velocity measurements of R2-R7 are obtained by Nth-root stacking of
data across different periods shown in (A-B) for (C) data and (D) synthetics.

MSDS IRIS-DMC and PDS for delivery of SEIS data
and operating the InSight mission.
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