
science.org SCIENCE

G
R

A
P

H
IC

: A
. F

IS
H

E
R

/S
C

IE
N

C
E

crystals only happens one way and not the 
other way around. These transformations 
allow changes to the macroscopic shape of 
the material without fracture. 

Synthetic Si
3
N

4
 has been used in indus-

trial and commercial applications for almost 
a century (9), for example, in cutting tools, 
bearings, and combustion engine compo-
nents (10, 11). One specific application of 
Si

3
N

4
 is the microshutters used by the near-

infrared spectrometer instrument on board 
the James Webb Space Telescope (12). For 
these applications, Si

3
N

4
 is used primarily 

because of its balance of properties: It is 
lightweight, durable, and resistant to high 
temperatures. A ductile version of this al-
ready versatile material will usher in a host 
of new applications. However, it is worth 
noting that the samples tested by Zhang et 
al. are at the nanoscale and thus free of any 
macroscopic flaws. However, if the synthesis 
process is scaled up, the material may form 
pores and cracks that would make the mate-
rial more susceptible to fracture initiation.  

There is a long road ahead before the 
full potential of ductile ceramics is realized. 
However, considering the apparent scarcity 
of plastic ceramics at room temperature, 
each discovery of a plasticity mechanism 
should be regarded highly. A scaled-up, duc-
tile ceramic material would offer a versatile 
and economically attractive alternative to 
metals in many applications, for example, 
by reducing the weight of machine compo-
nents; increasing machinery uptime with 
higher wear, fatigue, and corrosion toler-

ance; and increasing the energy efficiency 
of thermal power engines by allowing them 
to run at higher temperatures. Future stud-
ies should investigate whether bulk Si

3
N

4

gains similar benefits from the stress-in-
duced microstructural transformations as 
ZrO

2
 and whether the required coherent 

interfaces remain stable at temperatures 
and process conditions that are relevant for 
practical applications. How to control the 
number of coherent interfaces and process 
flaws in a bulkier material will also need to 
be clarified. Although ceramics are already 
a tremendously important group of func-
tional materials, without plasticity, their 
full potential remains untapped. j
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For a Si3N4 ceramic 
predominantly in a 
single-crystallline phase, 
the grain interfaces are 
rigid, which allows cracks to 
initiate and propagate 
through the material.

A Si3N4 ceramic with two crystal 
types and an abundance of 
coherent interfaces between 
them can absorb mechanical 
stress by allowing one crystal 
type to transform into the other 
(that is, from b into a in Si3N4)

By Yingjie Yang and Xiaofei Chen

T
he crustal and mantle structures of 
a planet bear important information 
about its origin and evolution. Seismic 
waves propagating along the shallow 
surface of a planet, known as surface 
waves, can be used to map its crustal 

and upper mantle structures. However, no 
such waves have ever been detected on any 
planet besides Earth. On pages 412 and 417 
of this issue, Posiolova et al. (1) and Kim et 
al. (2), respectively, report a large meteorite 
impact on Mars, as recorded by the National 
Aeronautics and Space Administration’s 
(NASA’s) InSight Mars lander and the Mars 
Reconnaissance Orbiter, and present analy-
sis of the detected surface waves produced 
by the meteorite impact. Kim et al. also pres-
ent an updated crustal model of Mars that 
provides a better understanding of the for-
mation and composition of the  martian crust 
and extends the current knowledge of the 
geodynamic evolution of Mars.

There are two types of seismic waves 
generated by quakes. Body waves travel 
into the deep interior of a planet and are 
useful for extracting information about the 
core and deep mantle. Then there are sur-
face waves, which are most useful for map-
ping the shallower structures of a planet. 
The main task of the InSight lander (which 
stands for Interior Exploration using Seismic 
Investigation, Geodesy and Heat Transport) 
is to detect marsquakes and capture seismic 
data for studying the internal structure of 
Mars. Since February 2019, the seismometer 
deployed by InSight has recorded more than 
1300 marsquakes, proving that Mars is a seis-
mically active planet (3). The collected body 
wave data suggest that Mars has a layering 
structure similar to that of Earth, having a 
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The stress-strain behavior of Si3N4 ceramics
The ceramic material silicon nitride (Si3N4) can be engineered to possess plasticity and strength comparable 
to that of high-strength steel. This surprising property can be attributed to how its two main types of crystals 
interact when the material is under mechanical stress.
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core radius of ~1830 km (4), a mantle thick-
ness of ~1500 km (5), and a crust thickness of 
~20 to 70 km (6).

Mars has a notable diversity of topo-
graphical features and crustal thicknesses 
(7). Better measuring of these variations is 
crucial to unravel the mysteries about the 
evolution of the martian crust and mantle. 
Because the InSight lander is the only seis-
mometer on Mars, imaging the variations 
of the planet’s internal structures based on 
body waves is limited. Because body waves 
from distant sources travel through paths 
deep inside the planet and arrive nearly ver-
tically beneath the seismometer, it is difficult 
to infer the spatial variations of martian in-
ternal structure. By contrast, surface waves 
that travel through the planet’s crust and up-
per mantle arrive at the seismometer hori-
zontally, which makes it much easier to map 
the lateral variations of the martian crust 
and upper mantle.

Meteorite impacts on Mars are com-
mon, with ~200 impacts each year. On 24 
December 2021, the InSight lander recorded 
a seismic event. By examining images of the 
martian surface from the Mars Color Imager 
onboard the Mars Reconnaissance Orbiter, 
Posiolova et al. identified a crater with a di-
ameter of 150 ± 10 m that was created within 
a 24-hour window of the recorded seismic 
event (see the figure). They analyzed the data 
and confirmed that the recorded 
seismic event can be traced back 
to the location of this crater, thus 
concluding that the recorded seis-
mic event was the result of a me-
teorite impact. This confirmation 
validates the method used to ana-
lyze the data from a single seis-
mometer for locating the sources 
of  marsquakes (8, 9), which is a 
critical step in mapping the inte-
rior structure of Mars.

The meteorite impact on the 
surface of Mars generated both 
body and surface waves. Kim et 
al. analyzed the waveform fea-
tures of the recorded body and 
surface waves on Mars on the 
basis of what is known about 
earthquakes. Surface waves 
generated by large earthquakes 
are observed at periods ranging 
from several seconds to minutes. 
Because of this broad range of 
surface wave periods, informa-
tion about crustal and upper 
mantle structures can be ex-
tracted up to a few hundred kilo-
meters deep. By comparison, the 
surface waves generated by the 
impact on Mars have a shorter 
and narrower period range be-

cause of the relatively weak force generated 
by the impact, which meant that the data 
could only reveal the structure of a shallower 
portion of the crust. Kim et al. measured the 
surface waves to have a period of 8 to 15 s, 
which translates to an imaging depth of ~30 
km. Their result indicates that surface waves 
traveled faster between the impact crater 
and the InSight lander site than at the lander 
site. The speed difference means that the 
crust between the crater and the lander site 
is denser than that at the lander site itself 
and provides evidence for structural varia-
tions in the martian crust. Topography and 
gravity data of Mars are currently used to in-
fer the large-scale crustal thickness of Mars. 
However, such an inference depends heav-
ily on the presumption of a uniform crustal 
density (10). The seismic model reported by 
Kim et al. offers a more sophisticated way to 
understand the crustal structures of Mars, 
which should be considered in future topo-
graphical and gravitational analyses.

The north-south difference in the topogra-
phy and morphology of Mars, with lowlands 
in the north and highly dense cratered high-
lands in the south, is the most pronounced 
geologic feature of the Red Planet. The 
reason behind this dichotomy is still under 
debate, with competing hypotheses includ-
ing giant impact–related exogenic processes 
(11) and mantle convection–related endo-

V
e

lo
c

it
y

 o
f 

g
ro

u
n

d
sh

a
k

in
g

 (
x 

10
–
8
 m

/s
)

Time after origin (s)

0        500      1000    1500    2000   2500    3000    3500    4000   4500

2

–2

0

genic models (12, 13). A more granular un-
derstanding of deep crust and upper mantle 
structures would help discern the competing 
hypotheses on the geodynamic evolution of 
Mars. Recent development in seismic data 
processing suggests that long-period surface 
waves can be retrieved from single-station 
autocorrelation of seismic ambient noises 
(14, 15), which are tiny ground vibrations 
excited by sources such as wind vortices 
and ocean waves on Earth. On Mars, seis-
mic ambient noise excited by wind vortices 
may contain weak signals of long-period 
surface waves. The 3+ years of single-station 
seismic ambient noise data recorded by the 
Insight lander may be used to extract infor-
mation about long-period surface waves on 
Mars. Additionally, surface waves excited by 
individual marsquakes may be too weak to 
be meaningfully analyzed, but the stacking 
of data collected from multiple marsquakes 
may enhance their statistics.

The InSight lander is expected to end its 
operation by December 2022 because of dust 
accumulation on its solar panels. However, 
continuing work on the already recorded 
seismic data should continue to deliver 
discoveries about the structure of Mars. 
Future exploration missions to Mars, such 
as ExoMars headed by the European Space 
Agency and Tianwen headed by the China 
National Space Administration, are expected 

to be launched with more ad-
vanced seismometers. With addi-
tional data from these missions, 
a more detailed map of crustal 
and upper mantle structure can 
be produced to paint a clearer 
picture of the crustal and mantle 
evolution of Mars. j
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A Mars-shaking impact
A satellite image of the meteor impact site was captured by the Mars Reconnaissance 
Orbiter. The dark streaks radiating away from the crater were caused by the 
supersonic speed of the impact.

Seismic waves on Mars
On 24 December 2021, the InSight Mars lander recorded, for the first time ever, 
a seismic surface wave on Mars generated by a meteor strike. The data revealed 
previously unknown structural details of the martian crust.
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