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Thickness and structure of the martian crust from
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A planet’s crust bears witness to the history of planetary formation and evolution, but for Mars, no
absolute measurement of crustal thickness has been available. Here, we determine the structure of the
crust beneath the InSight landing site on Mars using both marsquake recordings and the ambient wavefield.
By analyzing seismic phases that are reflected and converted at subsurface interfaces, we find that the
observations are consistent with models with at least two and possibly three interfaces. If the second interface
is the boundary of the crust, the thickness is 20 + 5 kilometers, whereas if the third interface is the boundary,
the thickness is 39 + 8 kilometers. Global maps of gravity and topography allow extrapolation of this point
measurement to the whole planet, showing that the average thickness of the martian crust lies between 24 and
72 kilometers. Independent bulk composition and geodynamic constraints show that the thicker model is
consistent with the abundances of crustal heat-producing elements observed for the shallow surface,
whereas the thinner model requires greater concentration at depth.

lanetary crusts form as a result of man- | how incompatible elements were partitioned

tle differentiation and subsequent mag-

matic processes, including the partial

melting of mantle reservoirs that may

continue to the present day (7). For Mars,
the cratering record shows that much of its
crust formed early in the planet’s history and
was accompanied by substantial volcanism
(2, 3). During both the initial crystallization of
a putative magma ocean as well as later-stage
partial melting, incompatible components, in-
cluding heat-producing elements and volatiles,
concentrated in the melt and were largely
sequestered into the crust. The thickness of
the crust of Mars thus provides fundamental
constraints on how the planet differentiated,

among the major silicate reservoirs, and how
the planet evolved thermally and magmati-
cally over geologic time (4-6).

Previous estimates of the crustal thickness
of Mars and its spatial variations were made
by modeling the relationship between gravity
and topography. By assuming Airy isostasy and
using a restrictive range of crustal densities
of 2700 to 3100 kg m™, the average crustal
thickness of the planet was reported to be 57 +
24 km (7). More recent analyses, however,
have used elemental abundances of the sur-
face (8) along with major element chemistry of
martian meteorites to argue that the crust
could be considerably denser, with values close
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to ~3300 kg m2. If these higher densities were
representative of the underlying crust, the
gravity data would allow average crustal thick-
nesses up to 110 km (9). By contrast, bulk
crustal densities lower than those previously
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Fig. 1. Measured and modeled converted phases
that constrain the crustal structure at the InSight
landing site. (A) P-to-S receiver functions for the
three events considered (S0183a, S0173a, and
S0235b) and the summed trace. Different traces for
each event correspond to different processing
methods as described in the supplementary materials.
Gray shading highlights the three clear positive
phases within the first 8 s. Numbered labels
correspond to predicted ray paths shown in Fig. 2,
B and D. The two datasets used for model
inversions shown in Fig. 2 are highlighted in

cyan. (B) Comparison between the low-frequency
(LF) representative receiver function sum trace
and synthetic summed P-to-S receiver functions

for the two- and three-layer models. Data are shown
in black on top, with solid portion of the line
representing the time window used in the inversion.
Solid and dashed red lines show the synthetics
computed by the range of models produced by
inversion method A (16), whereas solid and dashed
blue lines show the mean receiver functions with
standard deviations based on the 5000 best-fitting
receiver functions derived from inversion method

B (16). Gray-shaded regions are the same as in

(A). (C) Same as (B) but for the high-frequency (HF)
receiver functions.
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assumed (~2600 kg m~?) have been inferred
from gravity analyses and would allow a thin-
ner average crustal thickness (70). Low densi-
ties were confirmed locally for the near-surface
sediments in Gale crater (1I) as well as the
pyroclastic deposit of the Medusa Fossae For-
mation (12). Low bulk crustal densities could
result from either substantial porosity or the
presence of buried silica- and feldspar-rich rocks

Vs (km/s)
3

1 2 4

(13). Silica-rich magmatic rocks are potentially
consistent with ancient evolved lithologies
identified in martian meteorite breccias (14).
We used data from the Seismic Experiment
for Interior Structure (SEIS) on NASA’s Interior
Exploration using Seismic Investigations, Geodesy
and Heat Transport (InSight) mission (75) to pro-
vide an absolute measurement of Mars’ crustal
thickness and layering. Our assessment of the
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Fig. 2. Synopsis of the crustal structure of Mars at the InSight landing site from receiver-function
analyses. (A) Inversion results for all three events using inversion method A (blue lines) and method B
(brown lines) using a two-layer parameterization. (B) Cartoon showing the ray paths of the main direct and
converted phases present in the data. Blue lines show P-phase paths, whereas red lines show conversions
to S phases at the interfaces below the lander. Direct conversions and one P multiple are shown, and
numbered labels correspond to arrivals identified in Fig. 1A. (C and D) Same as (A) and (B) except for the
assumption of a three-layer model and exclusion of the multiple arrival.
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crustal structure at the landing site is based on
a combination of methods using both converted
and reflected seismic phases to resolve trade-
offs between the depth of a layer and its seismic
velocity (16). By calculating receiver functions
(17, 18), we extracted P-to-S conversions from
the P-wave coda of three seismic events with
the clearest P-wave onsets and polarizations.
In addition, we applied seismic interferometric
techniques by calculating autocorrelations of
both ambient noise and event coda using the
vertical component. Under the assumption of
a diffuse wavefield, as expected in the case of
noise from homogeneously distributed, un-
correlated sources as well as in the coda of
high-frequency events, the correlations can
be interpreted as zero-offset vertical reflection
responses (19). By focusing on the reflected
wavefield, the autocorrelations provide inde-
pendent and complementary information to
the receiver-function conversion-based meth-
ods that make use of the transmitted wave-
field (20).

In a previous study (I8), we already con-
sidered P-to-S receiver functions for two of the
same events but only inverted for the proper-
ties of the interface at the base of the shal-
lowest layer (interpreted there as a transition
from fractured to unfractured basalt within
the crust), causing the first converted arrival at
2.4 s. After including an additional event and
applying extensive reanalysis to the data (16),
the P-to-S receiver functions for nine different
processing methods (16) show three consistent
positive arrivals within the first 8 s but no
clear and consistent negative arrivals or later
phases (Fig. 1A). Because all three events are
located at epicentral distances between 25°
and 59° (21, 22), no strong move-out of either
direct arrivals or multiple reflections is ex-
pected, which impedes the unambiguous iden-
tification of multiples. The third positive arrival
at 7.2 to 7.5 s could either be simply a PpPs
multiple of the first arrival at 2.4 s (ray path 3
in Fig. 2B) or contain additional energy from a
direct conversion from a third, deeper dis-
continuity (ray path 3 in Fig. 2D). We applied
two inversion approaches to the P-to-S re-
ceiver functions (16), and both can match the
three clear peaks with either two (Fig. 2, A
and B) or three interfaces (Fig. 2, C and D).
In both inversion approaches, our models
showed robust and consistent depths of the
two shallowest interfaces. The first layer with
a thickness of 6 to 11 km and an S-wave velo-
city between 1.2 and 2.1 km s is consistent
with the previous results for the shallow crust
(18), whereas a second interface is found at a
depth of 15 to 25 km independent of the model
parameterization. The third interface, the ex-
istence of which is supported but not abso-
lutely required by the data, showed greater
variability in depth between different inver-
sion choices and generally required a smaller
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velocity contrast at the base of this layer than
for the shallower second interface (figs. S18
and S19). Based on the ensemble of models
from the two inversion approaches, our results
are consistent with either a local crustal thick-
ness at the InSight landing site of 15 to 25 km,
when the base of layer 2 is the Moho (thin-
crust models), or 27 to 47 km, when the base of
layer 3 is the Moho (thick-crust models; Fig. 2
and figs. S18 and S19). S-to-P receiver func-
tions can also be calculated for two events
(S0173a and S0235b; figs. S4, S6, and S7), and
both show a signal consistent with conver-
sion at the first interface, whereas S0235b also
shows possible arrivals consistent with deeper
conversions (I16). Further support for the P-to-S
receiver function-derived models is provided
by waveform fits in inversions for source mech-
anisms (I16), where a strong interface at a depth
around 24 km is required to match S precursors.

Vertical component autocorrelations based
on different datasets and processing algorithms
(16, 23) show consistent energy maxima in the
5-10 6-s, 10- to 11-s, and 20- to 21.5-s time ranges
(Fig. 3). Comparison with predicted arrival
times from representative models produced
by the receiver-function inversion shows that
these energy maxima can be explained by
P-wave reflections in those models interacting

Knapmeyer-Endrun et al., Science 373, 438-443 (2021)

with the first two interfaces, without any clear
observations requiring the third interface. Prev-
iously published autocorrelations (24) contain
an arrival near 10 s that is consistent with our
results and which can be explained as a P-wave
reflection from the bottom of the second layer
at a depth around 22 km. A second arrival re-
ported by (24) near 20 s, which is also present
in many of the autocorrelation functions calcu-
lated here, is consistent with a multiple reflec-
tion from that layer (Fig. 3). These arrivals were
interpreted by Deng and Levander (24) as P
and S reflections, respectively, from a crust-
mantle discontinuity at a depth of 35 km.
However, we do not expect a strong S reflec-
tion in a vertical autocorrelation because ver-
tically propagating S waves are horizontally
polarized. Interpreting the second arrival as
a multiple P reflection instead is consistent
with our receiver function-derived results and
more likely to be observed in a vertical com-
ponent autocorrelation. The previously pub-
lished crustal thickness estimate of 35 km based
on autocorrelations (24) is consistent with the
possible range of the thick-crust models, but
the specific arrivals identified in that study are
more consistent with a reflection and multiple
from the shallower second interface at a depth
around 20 km.

23 July 2021

Fig. 3. Autocorrelation functions for different
datasets, components, and processing
methods. (A) Overlaid traces are from the
three analysis methods discussed in the
supplementary materials. The dashed bar at

9.5 s corresponds to a change in normalization in
order to see smaller amplitude arrivals later

in the trace. Green bars highlight areas where all
methods are nearly in-phase and show potential
arrivals, whereas purple bars highlight arrivals
indicated from an independent study (24).

(B) Envelopes of the autocorrelation functions
displayed in (A). (C) Envelopes of synthetic
zero-offset Green's functions for a representative
model from the family of two-layer models

in Fig. 2A for method A in blue and method B in
red. (D) Same as (C) but for the three-layer
models from Fig. 2C. (E) Histograms of predicted
arrivals from the family of two-layer models

as shown in Fig. 2A. The first subscript of

the arrival in the legend refers to the interface
of reflection, and the second subscript

(if present) represents a second or third bounce
between the free surface and that interface.

rel. freq., relative frequency. (F) Same as

(E) but for the three-layer models in Fig. 2C.

‘We inverted for the thickness of the crust at
a global scale using the seismically estimated
thickness at the InSight landing site and the
observed gravity field as constraints (16). Our
models consider the gravity of hydrostatic
relief along density interfaces beneath the lith-
osphere, surface relief, variations in thickness
of a constant density crust, and the low-density
polar cap deposits (25). We used several dif-
ferent interior prelanding models (26) that
specify the density profile of the mantle and
core, and, for each, we constructed crustal
thickness models for all permissible crustal
densities. For a given seismic thickness, the
mean thickness of the crust depends almost
exclusively on the density contrast across the
crust-mantle interface (fig. S22). To ensure
that the thickness of the crust is positive with-
in the major impact basins, each reference
model has a maximum permissible crustal
density. If the thin-crust seismic model is used
as a constraint, the global mean crustal thick-
ness is predicted to lie between 24 and 38 km
and the maximum permissible density of the
crust is 2850 kg m™? (Fig. 4 and figs. S22 and
S23). For the thick-crust seismic model, the
average crustal thickness lies between 39 and
72 km and the maximum permissible crustal
density is 3100 kg m™2 (Fig. 4 and figs. S22 and
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Fig. 4. Schematic interpretations of the geochemical and geodynamical implications for the thin-
and thick-crust models. (A and B) To match geodynamic constraints, an enrichment of heat-producing
elements (HPEs), shown in color, and lower density than observed from the surface are required in the thin-
crust model (A), whereas the thick-crust model (B) is consistent with surface observations. p, density.

S23). For both seismic constraints, the crustal
density is substantially less than would be ex-
pected based on the composition of surface
materials (9), which is close to 3300 kg m 2.
The lower bulk densities are signatures of
highly altered layers and can be accounted
for by the presence of more than 5% porosity
in the crust on average, the presence of fluids

Knapmeyer-Endrun et al., Science 373, 438-443 (2021)

or low-density cements filling fractures and
pore space, the existence of abundant petro-
logically evolved felsic rocks beneath the sur-
face layer, or a combination thereof.

The seismic observations argue for a rela-
tively thin crust, or at least thinner than some
earlier predictions (9), providing constraints
on crustal heat production and the degree of

23 July 2021

planetary silicate differentiation (Fig. 4). Be-
cause the present-day crustal thickness is the
outcome of the planet’s differentiation history
(27, 28), geodynamic and geologic modeling
can place constraints on the composition of
the crust and of the mantle, and on the cooling
rate of the planet (16). Our results indicate that
average crustal thickness models that are con-
sistent with the thick-crust seismic model are
compatible with currently accepted bulk (29, 30)
and crustal (8, 31) heat-producing element
contents and the occurrence of present-day
melting only in an ascending plume below
the thickened crust of the Tharsis province
(fig. S27). Such a scenario implies a crust that
is about 13 times more enriched in heat-
producing elements than the primitive mantle
(fig. S24), consistent with 55 to 70% of the
martian heat-producing elements being se-
questered into the crust. By contrast, the thin-
crust seismic model requires a crust that is
about 21 times more enriched than a relatively
cold primitive mantle (fig. S25). This is more
than two times larger than estimates from
gamma-ray spectroscopy data that constrain
the surface layer of the crust (table S6) and
would point toward an enrichment in heat-
producing elements beneath the surface layer
(16). Furthermore, this would call for an effi-
cient process of incompatible element ex-
traction from the mantle, possibly by upward
segregation during the solidification of a mag-
ma ocean or by a secondary differentiation
mechanism, as for the continental crust of
Earth. In both crustal models, assuming a
Winke and Dreibus (29) bulk composition,
the present-day heat flux is predicted to lie be-
tween 20 and 25 mW m™> (Fig. 4). The depth
to the crust-mantle boundary, as well as layer-
ing in the crust, can further constrain crustal
magnetization amplitudes, depending on
whether the magnetization is carried in upper
or lower crustal layers, or both (16). We can
also investigate whether crustal thickness and
density models are consistent with moment-
of-inertia measurements and constraints on
the properties of Mars core from the %, tidal
Love number (16). Generally, these constraints
are easier to match for most mantle compo-
sition models with the thick-crust seismic
models, although some models also allow for
the thin-crust model. Overall, when consid-
ering geodynamic, geochemical, and geodetic
constraints, the thin-crust models place tight-
er constraints on the density and enrichment
of heat-producing elements within the crust,
as well as on the mantle composition, than the
thick-crust models, but neither of the two can
be excluded.
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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.

Science, abf2966, abf8966, abi7730, this issue p. 434, p. 438, p. 443 see also abj8914, p. 388

ARTICLETOOLS http://science.sciencemag.org/content/373/6553/438

I\S/ILA};ELRIIEAALESNTARY http://science.sciencemag.org/content/suppl/2021/07/21/373.6553.438.DC1
RELATED JIsci i i

SONTENT http://science.sciencemag.org/content/sci/373/6553/388.full

http://science.sciencemag.org/content/sci/373/6553/434.full
http://science.sciencemag.org/content/sci/373/6553/443.full

REFERENCES This article cites 114 articles, 16 of which you can access for free
http://science.sciencemag.org/content/373/6553/438#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works

1202 ‘€z AInC uo /610" Bewasusios aoualos//:dny wol) papeojumod


http://science.sciencemag.org/content/373/6553/438
http://science.sciencemag.org/content/suppl/2021/07/21/373.6553.438.DC1
http://science.sciencemag.org/content/sci/373/6553/388.full
http://science.sciencemag.org/content/sci/373/6553/434.full
http://science.sciencemag.org/content/sci/373/6553/443.full
http://science.sciencemag.org/content/373/6553/438#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

