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Abstract: 
 
For the first time, from early 2019 to end of 2022, Mars shallow and deep interior have been 
explored by seismology with the InSight mission. Thanks to the performances of its 
seismometers and quality of their robotic installation on the ground, more than 1300 seismic 
events have been detected, including about 90 marsquakes at teleseismic distances, with Mw 
from 2.5 to 4.7 and 6 impacts, the largest ones with craters larger than 130m. A large fraction 
of these marsquakes occurs in Cerberus Fossae, demonstrating active regional tectonics. 
Records of pressure induced seismic noise and of heat flow penetration seismic signal have 
provided subsurface models below the lander. Deeper, direct and secondary body wave 
phases travel time, receiver function and surface waves analysis have provided the first 
interior models of Mars, including crustal thickness and crustal layering, mantle structure, 
thermal lithospheric thickness and core radius and state. 
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1. Introduction: past missions and InSight’s birth 
 

Mars seismology was long a dream before becoming a reality. It started with the Viking 
landers at the end of 1976 (Anderson et al. 1977). The Viking 1 seismometer failed to unlock, 
but the Viking 2 seismometer provided nearly 19 months of continuous records. However, its 
location on the lander’s deck instead of ground meant it was overly sensitive to the wind 
(Nakamura and Anderson 1977, Lognonné & Mosser 1993) with no conclusive event 
detection. This pioneering mission nevertheless returned an important result, as summarized 
by D. L.  Anderson: “One firm conclusion is that the natural background noise on Mars is low 
and that the wind is the prime noise source.” This turned out to be a key specification for any 
future Mars seismology project. 



         Decades passed without any further seismic data from Mars. The Mars 96 mission, 
with 4 landers or penetrators with seismometers, failed post-launch in November 1996. 
Several other proposals failed to reach mission implementation (see Lognonné 2005, 
Lognonné & Johnson 2015 or Lognonné et al. 2019 for a list of these projects). 
         Finally, in 2012, NASA selected InSight (Interior Exploration using Seismic 
Investigations, Geodesy and Heat Transport, Banerdt et al. 2020) as the 12th Discovery mission, 
almost 30 years after the end of Viking 2 operation. With the seismic suite SEIS (Seismic 
Experiment for Interior Structure of Mars) as the primary instrument (Lognonné et al. 2019), 
the mission aimed to deploy the first Martian geophysical station equipped with a very-broad 
band (VBB) instrument comparable to those used by the Earth Global Seismic Network (Ringler 
et al. 2022).  Additional payload elements were a high-precision tracking system for geodesy, 
a heat-flow experiment, a 3-axis magnetometer and more importantly for SEIS, a set of wind 
(TWINS, Temperature and Wind for INSight) and pressure sensors (Banfield et al. 2019, 2020) 
and a robotic arm and cameras, required to deploy SEIS on the ground. See Banerdt et al 2020 
for further details.  
         Launched on May 5,2018, InSight landed successfully in Elysium Planitia (Golombek et 
al. 2020) on November 26, 2018 and deployed its seismometer shortly after. SEIS was still 
operating at the time of this writing in mid-2022 and this review presents the scientific results 
of almost 3.5 years of SEIS operation, since the start of its nominal operation in February2019. 
         After presenting the SEIS signal stream showing the recorded seismic and non-seismic 
noise, and introducing operation activities and data products, we will review the 
achievements of SEIS in terms of marsquake and impact detection, source characterization, 
and shallow subsurface, crust and deep-interior inversions and interpretation We will 
conclude with some lessons learned for future missions. 

2. SEIS on Mars 
 

SEIS has two 3-axis seismometers:  Very Broad Band (VBB) and Short Period (SP). Both 
are mounted on a leveling system and include thermal and wind protection (Lognonné et al. 
2019). Figure 1 illustrates the installation (details in Yana et al. 2022), which was critical for 
mission success as SEIS on the lander deck was twice as sensitive to wind as Viking (Panning 
et al. 2020). 
         The first seismic noise records (Lognonné et al. 2020) from the ground confirmed D. L. 
Anderson’s predictions, with ultra-low night noise (down to 2x10-10 m/s2/Hz1/2 between 0.1-
1Hz) but much larger amplitudes during the windy day, up to a few times 10-8 m/s2/Hz1/2. At 
night this is 1/500 of the low noise model (LNM, Peterson 1993) but during the day noise is 
above the Apollo minimum although still 1/10 of LNM (Figure 2). Despite the ground 
installation and shielding, comparison between SEIS noise and wind amplitude shows a 
significant sensitivity (Figures 3 A-B). The quietest periods mainly occur during early evenings 
in spring and summer when winds are below the resolution of TWINS. During windy periods 
and below 1 Hz, the noise is ground roll associated with the wind-carried pressure fluctuations, 
generating a larger noise on the vertical than horizontal (Figures 3 C-D). This was predicted 
(Lognonné & Mosser 1993, Murdoch et al. 2017) but is amplified by the very low rigidity of 
the near subsurface. Noise is therefore significantly polarized (Stutzmann et al. 2021). As 
predicted, pressure drops associated with atmospheric vortices (i.e., dust devils) contribute to 
this signal (Lorenz et al. 2015, Kenda et al.  2017). They have been extensively analyzed 
(Banerdt et al. 2020, Lognonné et al. 2020, Kenda et al. 2020, Lorenz et al. 2021, Murdoch et 



al. 2021), along with complementary orbital characterization (Banerdt et al. 2020, Perrin et al. 
2020), and have been used to invert for subsurface rigidity (see section 6.1).  Part of this 
pressure loading noise can be corrected with pressure data (Garcia et al. 2020). 
         Lander vibrations are the major noise source above 1 Hz. Amplitudes are coherent with 
the quasi-static ground deformation from lander loading (Murdoch et al. 2017, Mimoun et al. 
2017), but larger amplitudes are found around lander resonances suggesting SEIS rotation 
(Fayon et al. 2018) generated by tether motion. The amplitudes of these resonances depend 
strongly on wind and their frequency depends on ambient temperature (Dahmen et al. 2021). 
The Load Shunt Assembly (LSA), which partially decouples SEIS from cable motion (Hurst et al. 
2021), generates weaker resonances in the SEIS signal. Lander resonance amplitudes 
nevertheless provide a remarkable indirect wind measurement (Dahmen et al. 2021). This 
allows development of co-modulation techniques (Charalambous et al. 2021) critical for wind-
noise assessment of low amplitude seismic phases (e.g. Stähler et al. 2021), especially when 
wind sensors are not powered. 
         Whereas temperature variations for the martian atmosphere (and thus the 
unprotected tether) are larger than 80K, variations at the VBB sensor level are strongly 
reduced by the thermal protection to about 20K, (Lognonné et al. 2020, supplementary 
section 1). Insolation variations during eclipses can also be detected by SEIS (Stähler et al. 
2020). Thermal variations generate deformation of the ground, thermal stresses in the tether 
and glitches, which are generally large compared to the seismic signal (Scholz et al. 2021, 
Ceylan et al. 2020). Glitch occurrence is not random, with daily repetition occurring at similar 
local time (e.g. Scholz et al. 2020 and Figure 3). Furthermore, glitches can occur in the form of 
sequences with stable time delays (Barkaoui et al. 2021). As shown by Kim et al. (2021), 
glitches impact auto-correlation analyses performed on raw data (e.g. Deng & Levander 2020) 
and therefore such analyses should only be made on deglitched data (e.g. Compaire et al. 
2021) or on periods without glitches (e.g. Schimmel et al. 2021). Due to their impact on data 
time series, including during marsquakes (Figure 4), deglitching techniques have been 
proposed (Scholz et al. 2021) including machine-learning approaches (Barkaoui et al. 2021, 
Wuchuan et al. 2022). 
         SEIS is operated by CNES SISMOC (SeIS on Mars Operation Center). The data curation 
and archiving are led by the IPGP Mars SEIS Data Service (MSDS) for all SEIS data (Insight Mars 
SEIS Data Service 2019). VBB data are available with very little interruption from sol 73 to sol 
1243, after which the VBBs operated partially each sol due to lander energy limitations. 
Daytime data from SP is available while SEIS was still on the lander deck, and SP was 
continuously monitored on the ground from sol 25 through sol 1061, when it stopped due to 
energy constraints. SP’s self-noise prevents it from recording the background noise at the 
quietest times of the sol (Figure 3). Most of the analyses reviewed here are made with VBB 
channels. 
         The generation of the seismicity/event catalog is made by the MarsQuake Service, 
(MQS, Clinton et al. 2018, Clinton et al 2021, Ceylan et al, 2022), led by ETHZ. MQS catalogs 
(InSight Marsquake Service 2020 for the first one) and MSDS SEIS data were released every 3 
months. By the time of this review publication, all SEIS data through the end of 2022 (and 
therefore likely all mission data) is scheduled to be released, including the MQS catalog 
version 13 (InSight Marsquake Service 2023) covering the last trimester of 2022.  
 



3. Marsquakes 
 

Event detection was performed by MQS. Although tested before launch (Clinton et al. 
2017, van Driel et al. 2018), the detection processes were significantly updated due to the 
intense scattering observed in marsquake records (Lognonné et al. 2020, Giardini et al. 2020). 
Although not as strong as on the Moon, seismic multi-path diffusion smooths impulsive 
arrivals and generates long codas (Lognonné et al. 2020, Menina et al. 2021, Karakostas et al. 
2022), which reduces the number of events with clear P and S ballistic phases. In addition, 
waveform contamination by atmospheric disturbances, glitches and other non-seismic 
features of the SEIS data (Ceylan et al. 2021) challenged MQS operators. See Clinton et al. 
2021, Ceylan et al. 2021, 2022 for more details on the techniques implemented. 

When an event was confirmed, MQS provided, when possible, seismic phase arrival 
times assigned to crustal Pg and Sg; mantle-going P and S arrivals; or, rarely, their surface 
reflections (PP and SS, respectively).  Secondary phases have also been reassessed for the 
purpose of interior model inversions (see section 6). Event quality is assigned to each event, 
ranging from A (best - located) to D (worst - very weak energy, possibly speculative), based on 
the phase picking and back-azimuth errors. 

A rich set of seismic events have been observed by InSight; the majority have signal 
duration of 10s of minutes and a frequency-content classification has been made (Giardini et 
al. 2020, Clinton et al. 2021). During low background noise periods, the seismic data has a 
strong resonance at 2.4Hz (see Figure 2), excited by seismic events and weakly sensitive to 
wind (Dahmen et al. 2021). Hobiger et al. (2021) find it can be explained by a resonance in the 
geological structure beneath the seismometer.  

The first family of events has energy predominantly below 2.4Hz, extending down to 
10 seconds and sometimes even below.  They are called low frequency (LF) if energy is only 
below 2.4Hz and broadband (BB) if energy also includes or exceeds this frequency. These 
events have similar characteristics and frequency content to teleseismic events observed on 
Earth, and P and S waves are often identified. The first significant LF event to be observed is 
shown in Figure 4 while the full collection of quality A and B LF/BB events is shown in Figure 
5. 

High frequency family events, shown in Figure 6, exhibit energy predominantly at and 
above 2.4Hz. Phases from these events are assigned as Pg and Sg and are interpreted as crustal 
guided waves (van Driel et al. 2021). Three types of events are observed.  “2.4 Hz” events are 
those exciting only a narrow band around 2.4Hz. If energy is seen above 2.4Hz but not 
exceeding 10Hz they are labeled as High frequency (HF). Those with dominant horizontal 
components rising up to and beyond 10Hz are called very high frequency (VF). The last family 
is super high frequency (SF) events with a very short duration of ~10s, mostly on horizontal 
components and only above 5Hz. They occur predominantly around sunset on Mars, and are 
interpreted as local thermal cracking. A large number of these events have been identified 
using template matching (Dahmen et al. 2020). 

Over 1300 LF/BB/SF MQS events have been identified as of 7/21/2022. 94 are LF family 
with 14 quality A and 20 quality B. 1223 are HF family, with 49, 76 and 25 of quality B for 2.4 
Hz, HF and VF respectively. About 1300 SF events complete this list. Machine learning was 
recently used to explore the martian dataset and identify transient features (Barkaoui et al. 
2021). Stott et al. (2022) detected additional seismic events using the wind and pressure 
channels. With a CNN approach and synthetic marsquake training dataset, Dahmen et al. 
(2022) generated a catalog replicating about 90% of the MQS events and extending the total 



number by 60%. Additionally, Sun & Tkalcic (2022) used template matching of S-waves and 
found another 49 events. 

When possible, event location is made with a probabilistic single-station procedure 
(Khan et al. 2016, Böse et al. 2017) that independently computes distance and back azimuth. 
Only three of the largest events include direct surface waves: two impacts (S1000a, S1094b, 
Kim et al. 2022, Posiolova et al. 2022) and one marsquake (S1222a, Kawamura et al. 2022). 
Only the latter has multi-orbit surface waves enabling its location (Panning et al. 2022) with 
the pre-launch R1-R2-R3 method (Panning et al. 2015, 2017). MQS located events only using 
direct body phase arrivals, e.g. the first arriving P and S-phase, without constraining depth. 
While pre-landing interior models (Clinton et al. 2017) were initially used for locating LF family 
events, since v11 MQS uses inverted models (Stähler et al. 2021, Ceylan et al. 2022). For HF 
family events, a simple single layer crustal model is used (van Driel et al. 2021).  Amplitude-
magnitude relations (Böse et al. 2018 and Böse et al. 2021 for post-launch recalibrated ones) 
provide the magnitude of those events assigned a distance. The back azimuth, when it can be 
ascertained, is obtained using polarization analysis of the first seconds of P and S body wave 
arrivals (Zenhäusern et al. 2022). Figure 7 shows the locations of about 25 LF events, with an 
area indicating locations for the HF cluster (Stähler et al. 2022).  Figure 8 shows the distribution 
of marsquakes with respect to magnitude and epicentral distance. Only VF events are 
observed close to the lander, and have been observed out to 35°. HF and 2.4Hz events cluster 
between 20-30°. LF family events are also dominant at distances between 25-32° though some 
events are seen beyond the core shadow zone out to about 130° (Horleston et al. 2022). LF 
family events have the largest magnitudes, with S1222a reaching Mw4.7 and 3 others at or 
above M4.0. S1222a has very large amplitudes at high frequencies (Kawamura et al. 2022) and 
has likely generated avalanches near its epicenter (Lucas et al. 2022). Only one VF (S0976b) at 
16° reaches Mw4, although another high amplitude VF signal was located at 50 km from 
InSight, with Mw3 (S1034a). Figure 7 also shows the magnitude detection threshold, as low as 
M1 for VF close to the lander and rising to M2 at 30°. For LF, it is about M2.5 and only M4 
events and greater are seen beyond 100°.  

Figure 9 shows how event amplitudes compare with the evolving background noise. 
The majority of events are only marginally above the lowest 10th percentile of noise, and can 
be detected only during the quiet period. Only a handful of events are clearly above the 
noisiest periods and could be identified at any time of the mission. Knapmeyer et al. (2021) 
demonstrate that the changes in HF event rates during the first Martian year cannot be 
explained by background noise alone. There is a remarkable similarity between both 
background noise and event occurrence across the 2 Martian years monitored. Even if the 
largest events have all occurred during the second Martian year, the LF event rate in the 
second year is similar to the first year but the HF event rate is significantly higher (Ceylan et 
al. 2022, Dahmen et al. 2022). 

4. Meteoroids airbursts and impacts 
 

Detection of impacts was expected to be challenging given the estimated pre-launch 
rate of 1-10/year for impacts (Teanby et al. 2011, Lognonné & Johnson, 2015, Daubar et al. 
2018) and 10-200/year for airbursts (Stevanović et al. 2017). 

No clear seismic impact signal was identified during the first Martian year, including 
from a small, close (Daubar et al. 2020) and the arrivals of Mars landers (Fernando et al. 



2021a,b). In contrast, 6 impacts have been detected and located during the second Martian 
year, which invites a re-analysis of the complete event catalog in the future. 

Two different methods were used for locating impacts. For impactors closer than 
300km, infrasound simulations predicted an acoustic waveguide close to the surface during 
the night (Garcia et al.2017, Martire et al. 2020). Dispersive acoustic signals from this 
waveguide were detected for 4 VF seismic events in the form of dispersive chirps with strong 
elliptical polarization pointing toward the impact source (Garcia et al. 2022). This allows 
location using differential times between among P, S and acoustic waves (Millour et al. 2018). 
CTX and HiRISE images confirmed fresh craters associated with these locations (Garcia et al. 
2022). 

At distances larger than 500 km, acoustic waves cannot be observed due to 
attenuation in the Martian atmosphere (e.g. Lognonné et al. 2016, Garcia et al. 2017). 
Consequently, the MQS location can be used for orbital imaging search. Two large fresh 
craters with diameter > 130m were associated to S1000a and S1094b (Posiolova et al. 2022) 
with high resolution imaging and a <3-sol time uncertainty, thanks to the global MARCI 
imaging system (Bell et al. 2009). 

These impacts provide a relationship between crater diameter, impactor momentum 
and the seismic source parameters (seismic moment, source-time function). This is illustrated 
by Figure 10, with seismic moment estimated from the amplitudes of seismic waves (Garcia 
et al. 2022, Posiolova et al. 2022), and the impactor vertical momentum estimated from 
impact simulations constrained by size and distribution of ejecta (Collins et al. 2022). This 
confirms a power-law relation between seismic moment and impactor vertical momentum as 
predicted by models (Daubar et al. 2018 for review; Wójcicka et al. 2020). Source-time-
function cutoff frequencies are 8-9 Hz, for crater diameters 4-6 m respectively, falling to 3 Hz 
at 130 m (Garcia et al. 2022, Posiolova et al. 2022), consistent with impact source models 
(Gudkova et al. 2015) once differences between the lunar and martian sub-surface have been 
taken into account. Apart from the source cutoff, no major waveform differences are found 
between impacts and marsquakes occurring at similar distances (Figure 5). 

The known location is also critical for single-station inversions of differential seismic 
travel times, either in the crust (Garcia et al. 2022) or in the deep mantle (Posiolova et al. 
2022), as well as surface wave analysis (Kim et al. 2022).  

Finally, acoustic waves from airburst and impacts constrain the atmospheric 
temperature and wind structure (Garcia et al. 2022; Xu et al. 2022a), as well as the entry 
process in the atmosphere (Garcia et al. 2022).  

5. Tectonics interpretation and source analysis  
 

The clustered seismicity of Cerberus Fossae (CF, e.g. Perrin et al. 2022) (Figure 11a) is 
a major discovery of SEIS. Several 10s of LF and possibly more HF quakes originate from CF, 
including S0173a and S0235b with MQS Mw3.4-3.6 (Giardini et al. 2020, Clinton et al. 2021), 
later re-estimated by Centroid Moment Tensor inversion (CMT) to Mw2.9-3.2 (Brinkman et al. 
2021, Jacob et al. 2022). Depth phases from these events provide depths ranging from 27-38 
km (Duran et al. 2022) and 18-35 km (Drilleau et al.2022), similar to those found by CMT 
studies. As illustrated by Figure 11b, S0173a, S0409d, S0809a and S0820a have mechanisms 
close to the general direction of CF grabens (Jacob et al. 2022), and the strike direction of 
S0235 normal fault is also along this direction (Brinkman et al. 2021, Jacob et al. 2022). Jacob 
et al. (2022) also demonstrated that these mechanisms did not excite surface waves above 



the VBB long period noise. This is indirectly confirmed by S1222a with its modest SNR for R1 
surface waves (Kawamura et al. 2022). 
         Source cutoff and attenuation have inherent trade-offs for single station analysis.  With 
Q𝜇 > 800 at 0.5 Hz from coda analysis of S0235b (Lognonné et al. 2020), lithospheric shear Q𝜇 
is on the higher side compared to the pre-launch analysis (Smrekar et al. 2019).  Giardini et al. 
(2020) suggested larger apparent Qs deeper in the mantle. Due to the low Q𝜇 at Phobos tidal 
period (e.g. Lognonné & Mosser, 1993), this suggests a frequency dependence of attenuation 
greater than for the Earth (Bagheri et al. 2019, Harada, 2022). Assuming intrinsic attenuation 
to be dominant along P and S paths, Stähler et al. 2022 proposes slow rupture processes for 
the ~15 LF/BB events located near CF as the consequences of warmer conditions at 
seismogenic depth. They suggest a CF present seismic activity of 1-5 1015N/yr, about 1-2% of 
the 10My average (Taylor et al. 2013). Although the moments of the largest CF events are an 
order of magnitude too large to be tremors (Kedar et al. 2021), the CF activity could be 
compatible with dyke-induced seismicity (Rivas-Dorado et al. 2022, Stähler et al. 2022), from 
small but still active intrusions (Sun and Tkalčić, 2022). On a global scale, Mars seismicity 
(Banerdt et al. 2020) is significantly lower than pre-launch estimation (Plesa et al. 2018, 
Knapmeyer et al. 2019) and was re-estimated to 6.5-17 1015N/yr (Knapmeyer et al. 2022). See 
da Silva and Corso (2021) for further comparison with Earth.  

6. Interior structure analysis 
6.1 Subsurface 
 

Vp and vs in the uppermost decimeters below SEIS were obtained by using the 
hammering of the HP3 heat flow probe (Spohn et al. 2019) as a repeatable, active source 
(Lognonné et al. 2020, Brinkman et al. 2022). This required synchronization of clocks between 
HP3 and SEIS and special data processing (Sollberger et al. 2021, Brinkman et al. 2019, Kedar 
et al. 2017). Analysis provided vp and vs in the range of 98-163 m/s and 56-74 m/s respectively 
in the first 30 cm (Brinkman et al. 2022), close to pre-mission estimates (Morgan et al. 2018) 
and in line with the surface rigidity constrained ground resonances (Lognonné et al. 2020).  

Other subsurface constraints come from passing dust devils, which can be measured 
both in pressure recordings in the form of abrupt pressure drops and by SEIS in the form of 
ground tilt. This constrains the ground rigidity, i.e. the compliance, and through inversion 
provides a depth profile of Young’s modulus and, by extension, seismic velocities (Lorenz et 
al. 2015, Kenda et al. 2017). Initial results with 150 sols of data provided constraints to about 
20 m depth, with a clear increase in Young’s modulus with depth, compatible with a regolith 
thickness between 0.7 and 7 m, and a significantly stiffer layer below (Lognonné et al. 2020, 
Kenda et al. 2020). A complementary analysis hinted at possible variations in elastic ground 
properties around SEIS, with harder, less deformable ground to the west, where rocky terrain 
is located (Murdoch et al. 2021). The full data set and refined analysis will allow an increase in 
vertical resolution and constrain deeper structure (Onodera, 2022). 

Additionally, SEIS’s VBBs horizontal-to-vertical spectral ratios (H/V) were used to 
constrain the shallow subsurface structure (e.g. Knapmeyer-Endrun et al. 2018). An initial 



analysis considered frequencies between 1.5 and 8 Hz (Hobiger et al. 2021), including a 
pronounced H/V trough at 2.4 Hz related to a spectral peak on the vertical component. 
Assuming Rayleigh waves as the main component of the ambient background wavefield, the 
H/V inversion revealed several layers with altering high and low velocities. Subsequent 
analysis focused on the S-wave coda of marsquakes (Carrasco et al. 2022), since the ambient 
wavefield could be biased by amplitudes close to the instrument self-noise for periods of low 
wind and the influence of lander modes for higher winds (Mahvelati & Coe, 2021, Xio & Wang 
2022). In the 0.4-10 Hz bandwidth, an additional H/V peak around 8 Hz was found and inverted 
with a diffusive wave field approach, i.e. considering body and surface wave contributions.  
Due to the depth-velocity trade-off inherent in H/V inversions, models are non-unique, but all 
share some common features, regardless of whether the 2.4 Hz trough is included in the 
inversion or not. The data require a shallow high-velocity layer beneath the surficial regolith, 
with vs increasing somewhere in the top 15 m from less than 500 m/s to more than 1000 m/s. 
Below this high-velocity layer, interpreted as Amazonian lava flows, lower velocities 
compatible with a sedimentary layer could extend to 85 m deep. Below this, velocities increase 
again, but remain lower than in the Amazonian lavas, which could indicate a more physically 
or chemically weathered basaltic unit. These layered models down to 100 m depth are 
compatible with the lower-resolution compliance data (Carrasco et al. 2022). 

While the early Suemoto et al. (2020) analysis on subsurface seismic velocity variation 
with temperature is likely corrupted by the temperature sensitivity of the 6.8Hz lander 
resonance (Kim et al. 2021), recent analyses (Compaire et al. 2021) used long term climatic 
variations, which diffuse deeper in the ground, and find at 8Hz seismic variation of 0.25%/°C. 

6.3 Crust 
 

The first constraints on crustal layering were derived from receiver functions (RF), 
using P-to-S converted phases from two CF marsquakes (Lognonné et al. 2020). They identified 
a first interface at 8-11 km depth beneath InSight, with low SV-wave velocities of 1.7-2.1 km/s 
above. Such low velocities require more than 20% unfilled porosity in basalt (Heap 2019) and 
exclude the presence of an aquifer (Manga & Wright 2021). This depth was confirmed by Li et 
al. (2022a), who found even lower SH-velocities. The velocity difference can be explained by 
10-30% radial anisotropy caused by approximately East-West oriented intrusions, e.g. gas-
filled fractures or igneous dikes. The thickness was again confirmed by SsPp phase detections 
(Li et al. 2022b), with vp proposed in the range of 2.5-3.3 km/s and a porosity of 21 to 31%. 

The deeper crustal structure beneath InSight was investigated with RFs and 
autocorrelations (Knapmeyer-Endrun et al. 2021). This confirmed the first layer, but 
additionally required either a single second discontinuity, 20±5 km deep, or two discontinuities, 
the first again located at 20±5 km depth, and a second weaker one at 39 ± 8 km depth.  In both 
cases, the deeper discontinuity is interpreted as the crust-mantle interface (Figure 13a). Due to 
the overlap between direct conversions and multiple converted and reflected phases in the P-
to-S RFs, and the inability to clearly identify multiple arrivals in the noisier later part of the 



data, this analysis could not distinguish between the two possible model classes. Vertical 
component autocorrelations (Deng & Levander 2020, Compaire et al. 2021; Schimmel et al. 
2021) contain clear P-wave reflections from the first two discontinuities, but cannot exclude 
the existence of a deeper, third discontinuity. The layered structure is also in agreement with a 
refraction seismic interpretation of P-wave arrivals from impacts within 300 km of InSight 
(Garcia et al. 2022); however, due to the small number of data points, this analysis is not unique. 
Later RF studies including additional events (Duran et al. 2022), phases (Kim et al. 2021), or 
more sophisticated data analysis (Joshi et al. 2022) favor the three-layer crust on the order of 
40 km thickness beneath InSight. This seismic anchor point has been used for a global crustal 
thickness map (Wieczorek et al. 2022) based on orbital gravity and topography measurements 
(Figure 13) and suggests a global mean crustal thickness in the range of 30-72 km for the three-
layer model. 

The crustal structure away from the landing site has been constrained with the PP and 
SS precursors S0976a, about 146° epicentral distance (Li et al. 2022c), with a bounce point 
halfway along the raypath (Figure 13e-f). They show a clear signal from a discontinuity about 
20 km deep, with S-wave velocities around 2.2 km/s above, as in the second crustal layer 
beneath the lander, but no indication of any shallower strong impedance contrast (Figure e). An 
impedance contrast comparable to the one below InSight at 40 km depth cannot be resolved. 
This suggests that the shallowest discontinuity at about 10 km beneath InSight is not a global 
feature, a point corroborated by surface wave analysis of the largest impacts (Kim et al. 2022) 
and marsquakes (Li et al. 2022d, Xu et al. 2022). 

Velocity models derived from the Rayleigh wave group velocities of two impacts north 
of the hemispheric dichotomy, averaging over the crust along the ray paths, find rather constant 
vs around 3.2 km/s for depths between 5 and 30 km (Figure 13b-c), but no shallow, low-velocity 
layer as beneath the landing site (Kim et al. 2022). They also imply a higher crustal density 
away from the lander, which could be related to differences in composition or a reduction in 
porosity. S1222a provides additional dispersion measurements along both minor and major arc 
(Figure 13d), covering ray paths also traversing highland crust (Beghein et al. 2022, Li et al. 
2022d, Xu et al. 2022b). While results for the lowlands are comparable to those derived from 
impacts, larger velocities beneath the highlands are required. 

6.4 Mantle and core 
 

Several studies have constrained the seismic velocities of the martian mantle and the 
core radius. These studies have relied upon matching secondary travel times of seismic phases 
in addition to the direct P and S phases (Figure 11). This includes phases reflecting from the 
surface (PP, PPP, SS, SSS) and from the core-mantle boundary (ScS) (Khan et al. 2021; Stähler 
et al. 2021; Duran et al. 2022; Drilleau et al. 2022; Khan et al. 2022). This is complementary to 
models fitting the free core nutation (Le Maistre et al. 2022) as determined by RISE (Folkner 
et al. 2018). 

The studies above use different aspects of the   seismic data, based on models with 
differing constraints (Mars measured moment of inertia, k2 tidal Love numbers, and free core 
nutation estimates). All studies included event relocation during the velocity inversion 



process. While the overall dataset of travel times across these studies converges (albeit with 
more events included in later studies and some differences in precise travel-time picks), the 
remaining differences seen in the velocity models relate to the choices made in the inversion 
process. While most use a similar Bayesian inversion (e.g. Panning et al. 2017), several 
different approaches for parameterizing the forward models are used. These can be divided 
into three classes: 1) seismic models which directly parameterize the seismic velocity and 
density, 2) geophysical models which parameterize the chemical composition of the mantle 
and core and a range of assumed temperature profiles and then calculate the resulting seismic 
profiles using mineral assemblages calculated from Gibbs free energy minimization (e.g. Khan 
et al. 2021), and 3) geodynamic models which perform an additional step to determine 
possible thermal profiles from modeling thermal evolution of Mars using a range of 
rheological properties for the planet (e.g. Drilleau et al. 2021). Stähler et al. (2021) describe 
these classes of models in more detail. Despite this range in approaches, the general patterns 
resolved for seismic structure within the mantle (Figure 13) are very similar across the models. 
In particular, the shear velocity shows negative gradients as a function of depth down to ~400-
600 km. This is consistent with a steeper temperature gradient (estimated at 2-2.9 K/km, 
depending on the study) within a thermal lithosphere down to this depth, with a more 
adiabatic temperature gradient in the convecting mantle below. The thermal profile at this 
greater depth is often defined by a mantle potential temperature, but estimates of this vary 
from relatively cool values of 1600-1750 K (Khan et al. 2021, Duran et al. 2022) to a warmer 
1800-1900 K (Drilleau et al. 2022). Most models also show a significant jump in seismic velocity 
near ~1000 km depth, although this feature is primarily driven by a predicted mineral phase 
transition in the geophysical and geodynamic models, and is not yet directly constrained by 
the seismic observations as demonstrated by the lack of a sharp transition in the seismic 
models of Drilleau et al. (2022). The recent detection of Pdiff (Horleston et al. 2022) from the 
S1000a impact (Posiolova et al. 2022) will add new constraints on vp near the core-mantle 
boundary. 
  To date, the core radius has only been constrained seismically by core-reflected S 
phases (ScS; Stähler et al. 2021), which are visible in several events after polarization filtering 
that emphasizes the near-vertically propagating S waves reflecting from the core. Such data 
can be combined with nutation measured via the RISE experiment (Le Maistre et al. 2022), 
which also gives information about core-density structure. The amplitude of the observed ScS 
phases supports a liquid core, and after inverting for both core radius and mantle velocity 
structure, a core radius of 1830 +/- 40 km is estimated. This is at the large end of pre-mission 
expectations (e.g. Smrekar et al. 2019), and implies a relatively low-density core (5.7-6.3 
g/cm3) in order to match constraints such as mass and moment of inertia.  Mantle models with 
basal layers (Samuel et al. 2021) might provide alternatives for a smaller core (Le Maistre et 
al. 2022) but remain to be confirmed. 

 

6 Lesson learned for future missions 
  

InSight confirmed Mars to be a seismically active planet with elevated seismicity at 
Cerberus Fossae in addition to a weaker global activity. But half of the planet remains 
unexplored, as quakes < M3.5 cannot be detected in the core shadow zone.  

Completing global coverage will therefore be a key objective for future projects. 
However, Anderson's admonition remains ironically valid. Major improvements in terms of 



noise could be reached if VBB-like seismometers are deployed on bedrock, in order to reduce 
wind-induced surface deformations. This will lower the daytime detection threshold and 
better record the seismic noise of the planet, including its hum (Nishikawa et al. 2019). Most 
likely this will require mobility and a rover able to carry the geophysical package to such a 
bedrock, in addition to a thin cable able to decouple sensors from thermo-elastic stresses 
affecting the cable. This is the most promising direction for improving post-InSight deep 
interior models of Mars with new seismic data. 

A complementary project would be to target Cerberus Fossae (Stähler et al. 2022b) 
and its regional crustal structure and seismicity. Seismic signals, especially those above 1 Hz, 
will have larger amplitudes closer to the epicenter, perhaps enabling a less sensitive 
seismometer compatible with regional networks implemented with semi-hard landing 
techniques and smaller landers. 

7 Conclusion 
 

InSight and SEIS are close to the end of their mission due to dust accumulation on solar 
panels. The comprehensive data set from SEIS provides major constraints on not only Mars 
seismicity and internal structure down to the core, but also seismo-acoustic coupling, both 
from impacts and atmospheric activity. 

Future work will improve interior models, search for hidden seismic or infrasound 
events (Garcia et al. 2021, Ortiz et al. 2022), particularly with machine learning (Dahmen et 
al., 2022, Stott et al., 2022) and search for phases or long period signals not yet confirmed, 
including PKP phases (Irving et al. 2022), surface wave overtones (Xu et al. 2020), normal 
modes (Lognonné et al. 2022) and tides (Pou et al. 2021).  As has been seen for the Apollo 
Lunar Surface Experiment (Bates et al. 1979), we can expect decades of scientific analysis with 
SEIS and InSight data. 
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Figure 1: SEIS on Mars. This composite figure shows pictures taken by InSight cameras (Maki 
et al. 2018) during the different phases of SEIS installation on Mars performed by InSight’s 
robotic arm (Trebi-Ollennu et al. 2018), from its post-landing extraction from the lander deck 
(sol 20), its surface installation (sols 22 and 37), tether deployment and azimuth determination 
(Savoie et al. 2021), Windshield deployment (sol 66) and start of operation in final 
configuration (sol 71). Two additional pictures show SEIS long after HP3 deployment, and SEIS 
after the tether burial effort. The artistic view provides a general view of SEIS with respect to 
the lander and HP3, as well as a cut-away illustrating the 3 layers of thermal protection, e.g. 
VBB vacuum chamber, Thermal Blanket and wind shield. See Lognonné et al. 2019 for further 
details.   
  



 
 
Figure 2: VBBZ ground velocity spectral density noise statistics for 4 weeks during sols 320 and 
348 (sol is martian day; landing = sol 0). This corresponds to a period during which the early 
night low noise seismic window is the quietest (See Figure 3).  Noise probabilities are shown 
in color. The VBBZ instrument self noise is shown by the solid line, while the SPZ self noise is 
shown by the dotted line. Apollo noise, made as composite from both the peaked LP and the 
SP (Lognonné & Johnson, 2015) is the dashed dot line. Earth Low Noise Model is the long dash 
line. During the late evening until almost midnight, a very stable low noise is achieved, 
revealing a resonance at 2.4 Hz. See main text for further discussion of the 2.4 Hz resonance. 
Outside this low noise period, broadband noise is observed, relatively flat in ground velocity, 
with an amplitude increasing during the day and reaching maximum around noon. Bimodal 
noise distributions are observed during 15-18 hr LMST and 21-24 hr LMST, corresponding to 
alternating low/high wind. Spectral amplitude estimates are made with 200 sec windows and 
the data have been corrected for the 1 Hz tick noise, a data acquisition artifact (Zweifel et al. 
2021). Note above 1 Hz several sharp resonances associated with the lander (Dahmen et al. 
2021) or tether system (Hurst et al. 2021). 
  



 
 
Figure 3:  Seasonal variation of the VBB recorded ground acceleration noise, for the Z 
component (A and C) and for the East component (D). (A) is for the bandwidth 0.1-0.95 Hz, 
while C and D are for the bandwidth 1.5-8 Hz. All amplitudes are in db with respect to 1 
m2/s4/Hz acceleration spectral power, from -200db (10-10 m/s2/Hz1/2) to -140db (10-7 
m/s2/Hz1/2). Figure B provides the amplitude of the wind, as recorded by TWINS. All images 
cover the period from Sol 80 to 1200. The gaps in wind data (in white) are related to power 
limitation during the extended mission or to wind speeds below the sensor resolution. On the 
VBBs, small structured dots are associated with glitches occurring mostly during the cooling 
phase.  See main text for more discussion. 
 
  



 
Figure 4:  First low frequency event (S0173a), detected on May, 23, 2019. Data shown are 
those from the VBB output, when sampled at 2sps. The data have been deglitched using the 
IPGP deglitching techniques (Lognonné et al. 2020, Scholtz et al. 2021). Raw data are in red, 
while deglitched data are in black. The first line provides the outputs in Digital Units (DU) of 
the VEL VBB High Gain, after equalization of the V and W transfer functions with U and rotation 
into Z, N, E. The second line provides the ground acceleration for Z, N, E directions. The 
amplitude of this quake in terms of ground acceleration is < 10-8 m/s2 in the 0.1-1 Hz 
bandwidth, illustrating the need for a low noise-high resolution sensor such as the SEIS VBB. 
Spectrograms for each component are shown, after deglitching on the third line, while the 4th 
line shows the glitches only. Unit for spectrograms are acceleration spectral  density, in db 
with respect to 1 m2/s4/Hz. 
 



 
 
Figure 5: Collection of all 34 Quality A and B LF and BB events detected until S01222a. The 
three columns provide the vertical deglitched VBB acceleration in the 0.5mHz-1Hz bandwidth, 
the 0.1 Hz-1Hz bandpass signal and its rms envelope, with a moving window of 15 sec. All data 
are aligned with respect to the P arrival, or PP for the two events occurring in the shadow zone 
of the core (S1000a and S0976a). The S (bottom panel) or SS (top panel) arrival times are 
provided with red circles. Alignment is made with the P or PP measured travel time. Note that 
for S-P differential travel times around 175s the clusters are possibly associated with 
aftershocks or close active faults of events occurring in the Cerberus Fosse area. Note also that 
the envelope of S0185a marsquake is very similar to S1000a impact below 1Hz, when 
amplitude scaled. 
 



 
Figure 6: Envelopes for quality B high-frequency family events. (a) HF and VF aligned on the 
Sg arrivals, sorted by distance with regular spacing, and (b) HF and 2.4Hz events ordered by 
Ts--Tp differential times. The events reported in the V3 catalog are plotted in gray, while 
colored envelopes show V9 events. The envelopes are normalized and computed using the 
vertical component of VBB. The figure follows van Driel et al. 2019. 
 



 
 
Figure 7: (A) Map of seismicity on Mars. Orange triangle indicated position of InSight lander. 
Black ellipses indicate LF family event location uncertainty ellipses from V12 MQS catalog 
(preferred), with additional events from Zenhäusern et al. (2022) and Drilleau et al. (2022). 
Purple colors indicate location of events detected by SEIS and confirmed as impact by satellite 
imaging - diamonds indicate large impacts at teleseismic distances, and circles smaller impacts 
within a few 100km of the lander. The white circle indicates the location of the HF events 
cluster described in Stähler et al. (2022a). The dotted white line is at 90° distance from InSight. 
Background color map uses Mars Orbiter Laser Altimeter elevation data (Smith et al. 2001). 
(B) Details of the CMT mechanisms proposed by Jacob et al. 2022 and, when specified, 
Brinkman et al. 2021. Locations are those of MQS for the three events analyzed by Brinkman 
et al. (2021) and those of Drilleau et al. (2022) for those of Jacob et al. (2022). The map also 
provides the main faults near the CF system. 
 
  
  



 
Figure 8: Distance and Mars-calibrated moment magnitude (MwMa) distribution of the events 
included in the V12 catalog. The magnitudes are computed following Böse et al. (2021). The 
events with M≥ 3.9 are labeled. Two of them are impacts (S100a and S1094b) for which these 
magnitudes should not be seen as those of marsquake sources (Posiolova et al. 2022). Markers 
with thicker edges indicate the events that have a distance from alignments. Other events 
have been located using the MQS phase picks. 
 



 
 
Figure 9: Summary image showing the evolving Martian background noise as recorded by the 
VBB vertical component as well as the occurrence, amplitude and distances of LF family (top) 
and HF family (bottom) marsquakes in the V12 catalog. Symbols indicate the marsquake event 
type and color bar shows event distances. Percentiles of the noise for each sol are indicated. 
Note the clear evolution of noise amplitudes across the seasons and the repeating noise levels 
from year to year. The first full Martian year ends on sol 740, indicated by the vertical dashed 
line. The extended periods of low noise in spring and summer coincide with the routine 
detection of HF events. The noise evolution at longer periods and at 2.4 Hz follow the same 
trends. The largest event, S1222, at -140dB, is not shown.  
 
  



 
 

 
 
Figure 10: Seismic moment as a function of crater diameter (on the left) and impactor vertical 
momentum (on the right) estimated for 4 located impacts with moment and impulse 
estimations (Garcia et al. 2022; Posiolova et al. 2022), for Lunar artificial impacts (Lognonné 
et al. 2009), and for various impact/seismic models (Gudkova et al. 2015, Teanby & Wookey 
2011, Wójcicka et al. 2020). See Daubar et al. (2018) for details on models. 

 



 
 
 
 
Figure 11: Comparison between hodochrones computed from published models and the 
different arrival times provided by MQS and the associated publications. The hodochrones 
provide the first arrival times, as function of epicentral distance of P, PP, PPP (red-tone colors), 
S, SS, SSS (green tone color), ScS (blue), SKS (black), Pdiff (magenta). See Legend for colors. 
These hodochrones show, in contour lines, the 10%, 35%, 75% of the a-posteriori probability 
of arrival times from the different sets of models from Stähler et al. 2021, Duran et al. 2022, 
Drilleau et al.  2022. Observed travel times from MQS (InSight Marsquake service, 2022, v11) 
are shown with black stars for the P and S arrival times and in colored dots with gray circles 
for secondary arrivals, with the same color code as the hodochones. Observed travel times 
from Duran et al. 2022 are shown with blue stars for P and S, and same convention as above 
for the secondary phases, but with a yellow circle. Cyan stars are used for impacts (4.25° for 
S981c, 58.5° for S1094b and 126.09° for S1000a) together with associated MQS arrival times. 
The Pdiff MQS arrival time of S1094b (Horleston et al. 2022) is also indicated with black/cyan 
stars overlaying the magenta Pdiff hodochrones. 
 
 
 
 
 
 
 



 
 
Figure 12:  Map of the global crustal thickness of Mars, based on the seismic measurements 
beneath the InSight lander and orbital gravity and topography measurements (Wieczorek et 
al. 2022). The map is based on a crustal thickness of 39 km beneath InSight, a uniform crustal 
density of 2900 kg/m³ and mantle and core densities from Khan et al. (2022). The outline of 
the dichotomy boundary is taken from Andrews-Hanna et al. (2008), and the topographic 
relief from the Mars Orbiter Laser Altimeter (Smith et al. 2001). Insets show modes based on 
specific seismic measurements and the locations they refer to: a) S-wave velocities beneath 
the InSight lander (Knapmeyer-Endrun et al. 2021) b) S-wave velocities along the raypath 
between S1094b and the lander. Shaded areas are not well resolved (Kim et al. 2022) c) S-
wave velocities along the raypath between S1000a and the lander. Shaded areas are not well 
resolved (Kim et al. 2022) d) S1222a surface waves spectrograms for the first 20 minutes of 
the VBBZ signal, for 200 sec windows with clear dispersion pattern of the surface waves. 
Structure inversions are in progress (Beghein et al. 2022, Xu et al. 2022) e) and f) P- and S-
wave velocities at S0986a bounce point, shaded in gray on the map (Li et al. 2022c)  



 
 

 
Figure 13: Compilation of the different mantle models obtained from joint inversions of direct 
(P,S) and secondary phases (PP, PPP, SS, SSS, ScS). From left to right for (A) seismic shear-wave 
velocities vs, (B) seismic compressional-wave velocities vp. Radius is on the left and depth is on 
the right, both in km.  Model references are provided in the legend of figure (A), with the same 
color codes in A and B. For each family of models, the solid line provides the mean model, 
while the dashed lines provide the 1-𝜎 uncertainty. The gray background represents the a-
posteriori dispersion of these models, in terms of probability, assuming that each family of 
models has the same probability. Note that below 800 km depth (2600 km radius), no P wave 
travel time constraints directly the P-wave velocity profiles. The latter are therefore indirectly 
constrained by ScS travel times, by vp/vs ratio from models of mineralogy and temperature 
and by depth correlations with vp profiles above 800 km. Resolution in the mantle transition 
zone, for radius smaller than 2400 km, is also poor for S-waves, as shown by the larger 
dispersion of the published models.   
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