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For 2 years, the InSight lander has been recording seismic data on Mars that are vital to constrain the structure
and thermochemical state of the planet. We used observations of direct (P and S) and surface-reflected

(PP, PPP, SS, and SSS) body-wave phases from eight low-frequency marsquakes to constrain the interior
structure to a depth of 800 kilometers. We found a structure compatible with a low-velocity zone associated
with a thermal lithosphere much thicker than on Earth that is possibly related to a weak S-wave shadow
zone at teleseismic distances. By combining the seismic constraints with geodynamic models, we predict that,
relative to the primitive mantle, the crust is more enriched in heat-producing elements by a factor of 13 to
20. This enrichment is greater than suggested by gamma-ray surface mapping and has a moderate-to-elevated

surface heat flow.

he Interior Exploration Using Seismic

Investigations, Geodesy and Heat Trans-

port (InSight) mission () touched down

on Mars in Elysium Planitia (2) at the

end of 2018 and has been acquiring high-
quality seismic data with the Seismic Experi-
ment for Interior Structure (SEIS) instrument
(8) since early 2019 (4, 5). SEIS’s main instru-
ment is a three-component very-broadband
seismometer (6), and to date (sol 676), >1000
distinct seismic events have been identified
by the Marsquake Service (MQS) (7). A pri-
mary goal of the InSight mission (7) is to image
the interior structure of Mars from observa-
tions of seismic events and to use this to im-
prove our understanding of its formation and
evolution.

The compilation of travel-time tables of seis-
mic body waves by Jeffreys and Bullen (8) was
of fundamental importance for establishing
the first radial average structure of Earth’s
interior. Earth’s seismic velocity structure has
been constrained by a plethora of seismic ob-
servations including body waves, surface waves,
and normal modes (9-12). However, replicating
this progress on the Moon has been more
difficult. For the Moon, strong scattering in
the shallow parts of the lunar crust has largely
limited seismic observations to the main P-
and S-wave arrivals (13) and core reflections
(14, 15), from which averaged radial seismic

profiles of the crust, mantle, and core could be
deduced (16). Relative to the four-station seis-
mic array that operated on the Moon, travel-
time inversions on Mars are complicated
because accurate epicentral distance and origin-
time measurements of marsquakes are diffi-
cult to obtain with only one seismic station.
Only event distance can be estimated from
arrival-time measurements of direct P- and
S-waves (5). To obtain information on interior
structure, we need observations of additional
seismic phases such as planet-circling surface
waves (17, 18), normal modes (19, 20), or re-
flected and refracted body waves that have in-
teracted with the surface or internal boundaries.
As we have yet to positively identify planet-
circling waves or normal modes on Mars, we
used observations of P- and S-wave differen-
tial travel-time measurements together with
surface-reflected body-wave phases PP, PPP,
SS, and SSS (fig. S1) to jointly invert for both
epicentral distance and interior structure. This
strategy allows us to construct a quantitative
model of the seismic velocity structure of the
martian mantle.

Marsquakes have been divided into two main
categories based on their frequency content.
The low-frequency (LF) events have energy
dominantly below 1 Hz, and high-frequency
(HF) events have energy dominantly above
1 Hz (5, 7). InSight has recorded far more HF

events, and these events often lack clearly
identifiable P- and S-wave arrivals and po-
larizations. Here, we focused on eight high-
quality LF events of the 43 recorded to date
by InSight (21), labeled by mission sol of oc-
currence and sublabeled alphabetically for sols
with more than one event: S0167b, S0173a,
S0185a, S0189a, S0235b, S0325a, S0407a, and
S0484b. Each of these events has a high signal-
to-noise ratio with identifiable P- and S-waves,
which allows for epicentral distance estima-
tion (7). We determined the back azimuth of
three events (S0173a, S0235b, and S0325a)
from polarization and found that all were
located in the Cerberus Fossae region (7). These
eight events occurred in the distance range
~25° to 75° and had moment magnitudes My,
between 3.0 and 4.0 (7).

An example broadband-filtered seismogram
from marsquake event S0235b is shown in
Fig. 1A and includes our picks of the direct P-
and S-wave arrivals. Marsquake waveforms
are characterized by codas produced by scat-
tering (4, 5), which, like their lunar seismogram
counterparts, complicate the identification of
seismic body-wave phases. Consequently, we
do not identify seismic arrivals directly in
the time series, but instead use narrowband-
filtered time-domain envelopes (Fig. 1B) called
filter banks (6). Figure 1B shows a zoom-in
around the main P- and S-wave arrivals for
event S0235b and our identification of surface-
reflected body-wave phases PP, PPP, and SS
that were made on the filter banks (bold black
lines). We made our picks on the envelope
peaks rather than the phase onsets because
arrival onsets are more difficult to discern for
the later-arriving seismic phases. Filter banks
for the eight LF events considered here are
shown in fig. S9.

To provide an independent verification of the
filter bank-based picks, we used complement-
ary methods for the identification of seismic
phases. These include (i) polarization filtering
and vespagrams, and (ii) waveform matching
(6). Despite the independent nature of the
three analysis methods, our picks (table S4)
are consistent within the overlapping uncer-
tainties as illustrated in fig. S9. To ensure
that the arrivals identified in the envelopes
were not due to noise, we compared the ob-
served waveforms to the pulse shape of the
direct P- and S-wave arrivals. As we expected
for multiply reflected body waves, the wave-
forms we observed are consistent with shifts
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in phase of 90° and 180° for PP/SS and PPP/
SSS, respectively (6). On the basis of absence
of surface waves and dispersion in the LF
seismograms, we assumed that the events oc-
curred below the crust-mantle interface (5, 22)
at a depth of 50 km. We found that varying
assigned event depth in the range 50 to 70 km
produced little difference in inversion results.
We note that for some events, possible depth
phases are discernable (Fig. 1B) but are not
considered in the inversion.

We used the travel-time picks based on the
visual inspection of filter banks (table S4, bold
numbers) as our preliminary differential travel-
time dataset to simultaneously invert for epi-
central distance (A) and elastic seismic wave
velocity structure (18, 23). We modeled Mars
as a spherically symmetric planet, although we
acknowledge that it varies laterally in crustal
thickness (24, 25) and possibly in seismic pro-
perties (20, 26). Global and regional synthetic
seismograms that we computed for one- and
three-dimensional (1D, 3D) Mars models (23, 26)
yielded generally small travel-time differences
between 1D and 3D models for the direct P-
and S-wave arrivals (<3 s). Thus, picking un-
certainty (5 to 10 s) should be larger than what
we expect for 3D effects. This might not be
the case for the multiply reflected waves. For
instance, 3D effects could potentially be more
pronounced for the surface-reflected phases
because they travel in the more heterogeneous
shallow structure beneath Elysium Planitia (7, 4).

We carried out two separate inversions to
determine interior structure using a seismic
and a geophysical parameterization (6). The
seismic parameterization is based on P- and
S-wave velocities in a layered planet model
(23), whereas the geophysical parameteriza-
tion (I8, 27) relies on an unified description
of phase equilibria, seismic properties, and
thermochemical parameters. We assumed a
homogeneous bulk composition derived from
the martian meteorites (28) and computed P-
and S-wave velocities as a function of temper-
ature, composition, and pressure using Gibbs
free energy minimization (29). On the basis of
stagnant-lid models that include a crust en-
riched in heat-producing elements (30-33), we
parameterized the martian geotherm using
variable conductive crustal and lithospheric
geotherms for which the underlying mantle
can be assumed to be adiabatic. The exact
nature of the crustal geotherm is less impor-
tant here because we relied on a seismic pa-
rameterization of the crust (6). We computed
mantle adiabats (isentropes) self-consistently
from the entropy of the lithology at the press-
ure and temperature of the bottom of the
thermal lithosphere (6). To solve the inverse
problem (6), we used a stochastic sampling
algorithm (34) that produces a suite of mod-
els that fit the differential travel times, within
uncertainty, and enable estimates of model
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Fig. 1. Marsquake recorded by the InSight seismometer. (A) Three-component broadband-filtered (1.5 to
8 s) seismogram of event S0235b. The main direct P- and S-wave arrivals are indicated by the vertical
arrows. (B) Close-up view of the P-wave (left) and S-wave (right) arrivals, showing the direct and surface-
reflected body waves (PP, PPP, and SS). Because arrival onsets are less palpable for the surface-reflected
phases, arrivals are picked on the peak rather than the onset (arrows). The arrival of a possible depth
phase is also marked. Bold black lines indicate the time-domain envelopes that are used for picking phase
arrivals. The P- and S-wave envelopes are filtered at 2 s and 1.4 s, respectively, and are 0.5 octave wide
on either side. Horizontal gray bars indicate the measurement uncertainty on the picks.

parameter uncertainty. In total we sampled
10° models, of which ~10* were retained to
ensure model independence.

We inverted for radial P- and S-wave veloc-
ity and geothermal profiles (Fig. 2, A and B),
using both the geophysical parameterization
(red and blue models) and the seismic param-
eterization (gray-shaded models). The seis-
mic velocity profiles we obtained from both
inversions are very similar, with slightly wider
posterior model parameter ranges in the case
of the seismic parameterization. This reflects
the inclusion of mineral physics information
in the geophysical parameterization. On the
basis of ray path geometry and sensitivity (Fig.
2C), we found that the differential travel-time
data constrained the structure to 800-km depth,
with sensitivity below ~500 km provided pri-
marily by the two events located at A > 60°
(S0185a and S0167b). Below 800-km depth,
the distribution of inverted profiles starts to
resemble the prior P- and S-wave velocity dis-
tributions (fig. S10, gray-shaded areas), signal-
ing loss of resolution. Comparison of prior (fig.
S13) and posterior (Fig. 2, A and B) distribu-
tions of geothermal and P- and S-wave velocity
profiles based on the geophysical parameter-
ization confirms that the differential travel-
time data constrain upper mantle structure.
For both parameterizations, S-wave velocity is

better constrained than P-wave velocity, which
reflects the more abundant number of S-wave
picks relative to P-wave picks. We found good
agreement between the inverted epicentral
distances for both parameterizations (fig. S11),
with slightly wider A distributions for the seis-
mic parameterization because of the broader
velocity distributions. We focus on the impli-
cations of the geophysical parameterization
because it provides a good fit to the observa-
tions (Fig. 2, D and E).

‘We grouped the geotherms, including litho-
spheric geothermal gradients (Fig. 2B, inset),
and seismic wave velocity profiles into fami-
lies according to lithospheric thickness (Z;,):
Zyit < 400 km (fig. S13, green models), Z;;; =
400 to 500 km (blue models), and Z;; = 500 to
600 km (red models). We found that only mod-
els that group in a Z;; range of 400 to 600 km
(blue and red models), corresponding to a ther-
mal gradient between 1.6 and 2.5 K/km (mantle
potential temperatures between 1600 and
1700 K), fit the data. These thermal gradients
are consistent with those obtained on the
basis of radar observations of the faint litho-
spheric flexure beneath the north polar cap
(1.3 to 3.2 K/km), which constrains the ther-
mal state of the present-day lithosphere (35).

Our crustal velocity models (Fig. 24, insets)
include an upper-crustal low-velocity layer with
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Fig. 2. Summary of Mars’ A
upper mantle structure.

(A and B) Inverted S- and
P-wave velocity and geothermal
profiles. Colored (red and blue)
and gray-shaded models are
obtained from the geophysical
and seismic inversions, respec-
tively. Insets show the
distribution of sampled crustal
S- and P-wave velocity struc-
ture and lithospheric geo-
thermal gradients (dT/dz),
respectively. Profiles are color-
coded according to lithospheric
thickness: 400 to 500 km
(blue) and 500 to 600 km

1004

200+

300+

400+

Depth [km]

500+

600+

7004

Vs, V, [kmys]
6.0

4.0 5.0

B TIK]

500 1500 2000

Vs [km/s]
3 4

Vp [km/s]
3 45 6 7

[

[a} 504
N

crust-mantle

interface

intra-crustal
interface

(red). The lithospheric thermal 800

gradient is determined from
the temperature at the crust-
mantle interface and at the
bottom of the lithosphere and
from the difference in depth
between the two points. For
comparison, prior sampled
models are shown in fig. S13.
Gray-shaded contours in (A)
indicate the 50%, 75%, and
90% credible intervals com-
puted from the distribution of
models inverted using a purely
seismic parameterization (6).
(C) Body-wave ray path
geometry for the eight events

500

1000

1500

Depth [km]

2000

2500

3000~

150 S0235b
S0407a 400

S0173a
b 501892
NG5

Diff. travel time [s]

Diff. travel time [s]
= N
(=] (=]
o (=]

(labeled S0167b, S0185a,
etc.) considered in this study.
Color bar denotes ray path
density (i.e., number of rays
passing through a given area)

0.0 0.!5 0.5 0.;5 1.0

Ray density

502358

~
o
<
o
0n

50173324 o

10.00

1004

2004

3001

4001

500+
dT/dZ [K/km]
5 2.0

iy

6001

7004

Probability

800

==Tpp—Tp ©

==Tppp —Tp O
—Tss -Tp ©

.—Ts — Tpp. [¢]
=Ts—Tepp O
—Tgs—Tg O

Tgss—TsH

so1858%
S0167b

based on inverted models shown in (A), which explains the diffuseness of ray paths and source locations. The column to the left of “InSight” shows radial sensitivity,
computed as the integrated ray path density with epicentral distance. (D and E) Differential body-wave travel-time misfits for all sampled models shown in (A).
Green and purple lines denote differential travel times computed using the inverted models; squares and circles indicate the observations including error bars. For the
travel-time calculations performed here, we always pick the first arrival. See fig. S14 for a more detailed version of the differential travel-time misfit.

S- and P-wave velocities in the ranges 2 to
3 km/s and 3.5 to 5 km/s, respectively, sepa-
rated from the lower crust by an intracrustal
discontinuity around 5- to 10-km depth, which
had been observed previously (4), and a larger
discontinuity around 30- to 50-km depth that
could be the crust-mantle interface. Lateral
variations in crustal structure can result in dif-
ferences between near-station structure and pro-
files inverted from our differential travel-time
dataset, which averages structure across a wide
geographic region, yet may not be entirely rep-
resentative of the average structure of Mars.
The crustal discontinuities beneath the InSight
lander are discussed in more detail in (36).
At greater depth, the lithospheric structure
is characterized by constant negative S- and
neutral-to-positive P-wave velocity gradients,
respectively, to depths of 400 to 600 km. The
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S-wave velocity decrease, an inherent feature
of the models and consistent with the data, is
followed by an increase to 800-km depth. This
behavior defines an S-wave low-velocity zone
(LVZ) in the martian upper mantle. The LVZ
results from the large thermal gradient across
the lithosphere that arises when a relatively
thick stagnant conductive thermal boundary
layer sits on top of a convective mantle, as
previously postulated (37). A possible mani-
festation of an LVZ is the presence of a weak
S-wave shadow zone at epicentral distances
of ~40° to 60°. There is no equivalent LVZ for
compressional waves because P-wave velocity
is less affected by temperature. The LVZ on
Mars results from the decrease in seismic ve-
locity associated with increasing temperature
with depth dominating over the opposing in-

crease in seismic velocity associated with the

increase in pressure with depth. Other mecha-
nisms such as fluid and melt in the astheno-
sphere (38) and redox effects (39) are also
thought to play a role in shaping Earth’s LVZ
(40), but we lack the resolution to address
these issues.

To provide an observational constraint on
the strength and extent of the LVZ, we con-
sidered the alignment of the seismic traces
(fig. S9A) to qualitatively estimate the S-wave
amplitude behavior with distance. From the
alignment, we make the following observations:
(i) For A < 409 both P- and S-wave arrivals are
identifiable (S0235b, S0407a, S0484b, S0173a,
S0189a, and S0325a); (ii) for 40° < A < 59°, only
a P-wave arrival is visible above the background
noise on the vertical component, although
there is a signal consistent with a low-amplitude
S-wave (S0183a); and (iii) for A > 59°, P- and
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S-wave arrivals are again distinctly visible
(S0185a and S0167b). We interpreted the re-
covery in S-wave amplitude as the bottom of
the LVZ because the increase in S-wave am-
plitude is commensurate with velocity switch-
ing to an increase with depth. This sequence
provides tentative observational evidence for a
weak S-wave shadow zone in the ~40° to 59°
epicentral distance range.

We compared the InSight observations to
reflectivity synthetics (6) for a range of models
covering the inverted blue and red families
(Fig. 3). The synthetic relative S- to P-wave
amplitude ratios illustrate the effect of the
LVZ and lead us to predict that the S- to P-
wave amplitude ratio falls off with increasing
epicentral distance, but stabilizes where the
velocity gradient begins to increase with depth.
The drop in synthetic relative amplitudes be-
tween ~53° and 59° is compatible with the low-
amplitude S-wave event S0183a (not included
in our travel-time inversions) and allows us to
revise the event’s distance and the models ob-
tained from the travel-time inversion. The
colored box (beige and brown) shows the al-
lowed range (~40° to 59°) based on alignment
(fig. S9A); the brown portion corresponds to
the location (~54° to 59°) for which synthet-
ically predicted amplitudes drop, as observed
for S0183a. Comparison with InSight observa-
tions (Fig. 3, gray boxes) indicates that the
blue model family predicts an amplitude be-
havior that is in line with the location of both
the observed amplitude drop (S0183a) and am-
plitude increase (S0185a). The red model fam-
ily would appear to put S0183a (drop) in slight
contradiction with the inferred location of
S0185a (increase).

The weak S-wave shadow zone is based on an
absent or low-amplitude S-wave from a single
event (S0183a), which could potentially arise
from the source radiation pattern. However,
the relatively long (several minutes) coda that
is observed throughout suggests that near-
source scattering is substantial and that
S-wave energy is emitted in all directions. Be-
cause the ray paths of the direct and coda
S-waves are similar, the simultaneous absence
of both is best explained by geometrical spread-
ing such as that produced by a shadow zone.
Attenuation may also result in additional com-
plexity if the quality factors (Q) are strongly
depth-dependent, such that the effective at-
tenuation along the path is different for the
surface-reflected phases. Our initial observa-
tions from the direct phases suggest an effec-
tive @ = 200 to 300 to distances of 45° (4, 5),
and a similar value is expected for the surface-
reflected phases. Alternatively, if we assume
that attenuation increases with depth, the more
deeply diving S-waves would simply weaken
and would therefore be unable to replicate the
amplitude effects of a LVZ, as evidenced by
S0183a and S0185a.
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The presence of the LVZ has important im-
plications for the thermal evolution of the mar-
tian mantle, the formation of the crust, and the
planet’s surface heat flow. To identify plausible
geophysical parameters that pertain to the
dynamical evolution of Mars, we computed
present-day thermal profiles using a param-
eterized stagnant-lid mantle and core convec-
tion model that simulates 4.5 billion years of
planetary evolution (32, 41-43). We explored
all relevant geodynamic model parameters in
computing the thermal evolution of Mars (6)
and compared the resulting present-day litho-
spheric thermal profiles and crust and litho-
spheric thicknesses with the models constrained
seismically (Fig. 2B).

‘We found that the seismic results are repro-
ducible by parameterized convection models
for a restricted range of geodynamic model pa-
rameters. In particular, the models point toward
an initially relatively cold state (mantle poten-
tial temperature in the range 1630 to 1720 K)
and a moderately sluggish mantle (with a ref-
erence viscosity no = 10%°2 to 102" Pa-s). The
bulk heat-producing element (HPE) content
of the primitive mantle could be comparable
to estimates based on the martian meteorites
(28, 44)) or 25 to 50% more enriched (45). More-
over, to match the seismic results requires

a crust that is more enriched in HPEs than
the primitive mantle by a factor of 13 to 20,
leading to an average surface heat flow of 14
to 20 mW/m?>—a value that is generally higher
than previously estimated (27, 31-33, 46-4.8).
These enrichment levels also call into question
models of crustal composition (6, 49, 50). Models
that estimate crustal HPE from orbital gamma-
ray near-surface mapping (51) predict HPE en-
richments relative to the primitive mantle by
afactor of no more than 12 (50). Accordingly,
deeper crust may mostly consist of petrologi-
cally more evolved lithologies, such as those ob-
served at Gale crater and in martian brecciated
meteorites (52) and in TES Surface Type 2 (53).

‘We related mantle thermal structure to surface
heat flow using radial models with an average
crustal thickness, neglecting regional variations
that could vary across the surface of Mars, per-
haps by a factor of 2 or more (33, 47). Fortuitous-
ly, the area sampled by the seismic data, between
Cerberus Fossae and the InSight landing site,
has been predicted to be relatively homogeneous
in terms of surface heat flow and close to the
average planetary value (33). Thus, our approach
appears justified given the large uncertainty in
current surface heat flow predictions.

As of sol 676, the SEIS instrument has ope-
rated at optimal noise conditions during the
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martian northern spring and summer between
sols 100 and 520 (1, 5). Since then, the average
wind speed has increased to a level that would
make all but the three largest events (S0173a,
S0235b, and S0325a) unobservable. Seismic mo-
nitoring conditions have improved again since
sol 780 (February 2021), and we expect ~10 ad-
ditional P-S travel-time observations during the
extended mission. Meanwhile, our preliminary
radial velocity model for the upper mantle of
Mars will help to guide and inform searches
for other seismic arrivals, particularly core-
related phases [the core is considered in more
detail in (54)]; possibly aid in aligning currently
unlocated LF events to complement our data-
set; and constrain a variety of geophysical and
geochemical models as well as models of
planetary evolution.
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Single seismometer structure

Because of the lack of direct seismic observations, the interior structure of Mars has been a mystery. Khan et al.,
Knapmeyer-Endrun et al., and Stahler et al. used recently detected marsquakes from the seismometer deployed during
the InSight mission to map the interior of Mars (see the Perspective by Cottaar and Koelemeijer). Mars likely has a 24- to
72-kilometer-thick crust with a very deep lithosphere close to 500 kilometers. Similar to the Earth, a low-velocity layer
probably exists beneath the lithosphere. The crust of Mars is likely highly enriched in radioactive elements that help to
heat this layer at the expense of the interior. The core of Mars is liquid and large, 11830 kilometers, which means that
the mantle has only one rocky layer rather than two like the Earth has. These results provide a preliminary structure of
Mars that helps to constrain the different theories explaining the chemistry and internal dynamics of the planet.
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