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Abstract

This review summarizes the knowledge of Mars’ interior structure, its inferred composition, and the anticipated
seismological properties arising from its composition with particular focus on Mars’ core. The emphasis on the core
stems from the unusual morphology of the liquidus diagram of iron at moderate pressures when enriched in sulfur.
From a fairly detailed liquidus diagram constructed from experimental studies, I identify a set of processes that could
act within Mars’ core: an iron “snow” from the core-mantle boundary’s surface and a Fe3−xS2 “ground fog” forming at
the base of the core. Depending on temperature and bulk sulfur composition, these could form an inner core or could
stratify the outer core by enriching it in sulfur, or both. Core stratification could be one explanation for the extinction
of Mars’ magnetic field early in the planet’s history, and I demonstrate the feasibility of this mechanism. The
crystallization processes in the core could be observable in the seismic data that the future Mars geophysical mission,
InSight, is planned to provide. The core size, the presence of an inner core, and the wavespeed profile of the outer
core, whose radial derivative provides a proxy for changes in composition, are key observables to seek.
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Introduction
The Earth’s density distribution is known principally
through the eigenfrequencies of its whole-body oscil-
lations excited by large earthquakes (Dziewonski and
Anderson 1981; Masters and Gubbins 2003). The inte-
rior structure of Mars is not as well known as the Earth
due to the lack of this type of seismic information. This
was not for lack of trying, however. The Viking Lander
instrument package included a seismometer, but it was
not deployed on the ground. Its placement on the lan-
der deck led to high noise levels due to wind-induced
motion of the probe and thus low signal-to-noise levels
for seismic signals (Lorenz andNakamura 2013). Only one
potential earthquake was recorded (by the Viking 2 lan-
der; the Viking 1 instrument failed), limiting the seismicity
to levels significantly lower than the Earth. The putative
earthquake was shallow and located about 100 km from
the lander (Anderson et al. 1977). The small event was not
energetic enough to set the body of the planet vibrating;
hence, no inferences on internal structure were possible.
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Consequently, physical parameters provided by astro-
nomical and orbital measurements yield the only con-
straints on Mars’ internal structure. According to
Rivoldini et al. (2011), they are the bulk planet den-
sity 3934.97 ± 1.2 kg m−3, the mean moment of inertia
I/

(
Mr2

)
0.3645 ± 0.0005, and the elastic tidal Love num-

ber k2 0.159 ± 0.009. The k2 value itself indicates that the
core is at least partially liquid and in a range of 1520–
1840 km (Yoder et al. 2003). Using these further properties
to constrain internal structure requires a mineralogical
and thermal model of the planet; hence, the estimates in
Table 1 are model dependent.
Mars’ core (radius 1600–1810 km according to

Konopliv et al. (2006)) is about half the radius of Earth’s
(3480 km according to PREM (Dziewonski and Anderson
1981)), and the planetary radius (3389.5 km according
to Seidelmann et al. (2002)) is also about half of Earth’s
(6371 km again according to PREM). Hence, the interior
structure of Mars is roughly a half-sized scale model of
the Earth (Fig. 1), and the core occupies an eighth of the
planetary volume. Mars’ core mass is about 0.24 of the
planetary mass (Table 1), and Earth’s core mass fraction
is 0.32 (Stacey 1992). The pressure at the center of the
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Table 1 Mars internal properties

Property Model Value 95% conf. range

Core radius (km) Median (cold) 1810 1701 1900

Median (hot) 1784 1673 1879

Average 1797

Core mass fraction Median (cold) 0.2404 0.2095 0.2683

Median (hot) 0.2327 0.2171 0.2474

Average 0.2366

Core-mantle boundary P (GPa) Median (cold) 19.0 17.8 20.4

Median (hot) 19.4 18.1 20.0

Average 19.2

Source: Rivoldini et al. (2011)

planet 37–38 GPa (Rivoldini et al. 2011) is much lower
than Earth’s central pressure of 364 GPa (Dziewonski and
Anderson 1981). The InSight mission, due for launch in
May 2018 (originally March 2016) and to reach Mars in
November 2018, is a lander designed as a geophysical
observatory (Banerdt et al. 2013). Its instrument package
includes a heat flow sensor, a seismometer, a magne-
tometer, wind and temperature sensors, and a radio
transponder for lander range tracking that will supply
geodetic data. Unlike the Viking missions, the seismome-
ter is deployed separately on the surface next to the lander.
Some quite basic seismic observations will significantly
constrain compositional and structural models of Mars’
interior. Here, I will review the key observations and what
they will tell us about alternative interior structures. The
review is concise, forfeiting a broad topical survey to
focus instead on how the seismological information will
elucidate core structure. The reviews of InSight mission
seismology objectives found in Panning et al. (2015, 2017)
cover aspects of marsquake location precision and silicate
mantle structure.

Review
Composition
The composition of Earth’s core, like Mars’, is not directly
observable. The core’s seismic wavespeeds do provide
significant constraints on composition due to the velocity-
density systematics discovered by Birch (1952), who
showed that there were systematic relations between the
density and liquid seismic velocity depending on mean
atomic weight. While the density-seismic velocity relation
of the Earth’s core, as revealed by its seismic wavespeed
profile, was close to that experimentally determined for
pure iron, it did not coincide. Thus, Birch estimated that
there was ∼10 wt% lighter material alloyed with the core’s
iron, an estimate not much improved after 60 years of fur-
ther study. Denied this information about Mars’ core, the
inferences become more tenuous and model dependent,

Fig. 1 Comparison of sizes and interior features of Earth and Mars.
Mars is almost a half-size scale model of the Earth, except for its thicker
crust (Rivoldini et al. 2011) and its probable absence of an inner core

but comparison with Earth suggests the level of detail that
will emerge once Mars is studied seismologically.
There are two main sources of compositional informa-

tion: geochemical/cosmochemical and geophysical. The
models underlying the use of the geophysical information
provide a range of potential compositions for the core, as
shown in Fig. 2. The models start with a bulk composi-
tion based on CI chondrites or the composition of SNC
meteorites (believed to be Mars crustal fragments exca-
vated by impacts on Mars), a mineralogical model for the
composition as a function of pressure and temperature,
and then attempt to match planetary mass, radius, and
moment of inertia by varying a quasi-adiabatic tempera-
ture profile through the planet. Core metal is taken to be
Fe-Ni alloy with added light elements S, C, Si, O, N, and H.
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Rivoldini et al. (2011) models only considered sulfur as
an alloying element. This is almost certainly wrong, but
Rivoldini et al. (2011) argue for its likelihood, partly on the
basis of the antipathy that S and Si have in iron (Kilburn
andWood 1997) and the fact that, at low pressure, O solu-
bility in liquid metal is low (Rubie et al. 2004). (Systematic
depletions of siderophile elements in the Earth’s core, for
example, suggest that it harbors significant amounts of P,
Sb, Se, Te, Ag, and Ge, in addition to Ni and S and the pos-
sible, but thermodynamically unlikely, Si and O for these
conditions (Rubie et al. 2004; Wood et al. 2006). These
are in fact the bases for cosmochemical estimates of the
Earth’s core composition (Allègre et al. 1995; McDonough
and Sun 1995)). Martian meteorites themselves suggest a
core composition of ∼11–15 wt% S (Dreibus and Wänke
1987; Lodders and Fegley 1997). Nevertheless, Rivoldini
et al.’s (2011) modeling efforts revise this to 15–17 wt%
S in the core. I consider the range to be, conservatively,
11–17 wt%. Earlier estimates for Mars’ core from various
sources yield a range of 14–17 wt% (and one as low as
10.5 wt%), yet all suggest much more than is believed to
be in Earth’s core: 1.7 wt% (Dreibus and Palme 1996).

Phase relations
Figure 3 shows the approximate melting relations in the
Fe-FeS system derived from various sources (Fe melting
curve (Nguyen and Holmes 2004), Fe-FeS melting rela-
tions (Fei et al. 1997; Fei et al. 2000; Morard et al. 2008;
Buono and Walker 2015)). For the conditions in Mars’
core, the first solids to crystallize are likely to be Fe3−xS2
if the composition is relatively rich in sulfur and Fe other-
wise. In either case, Fe3S will be the dominant crystalline
phase in Mars’ inner core after the core entirely solidifies
and if it undergoes subsolidus equilibration. A naive read-
ing of the lack of a present-day magnetic field (Acuña et al.
1999) is that an inner core is absent, incapable of releas-
ing compositional buoyancy to drive a dynamo. A more
complex view attributes the end of Mars’ dynamo era to
substantial stagnation of the core, leading to an annu-
lar dynamo (Takahashi and Matsushima 2006) becoming
too thin to sustain activity (Olson and Christensen 2002;
Christensen and Aubert 2006). The solids that do crystal-
lize in the core lead to quite different outcomes compared
to the Earth due to the difference in core composition.
Figure 4 shows the conditions for core crystallization. If
core CMB temperature TCMB is less than 1300 K, the
core will be completely solid. This is ruled out by value
of the k2 tidal Love number, placing a firm lower bound
on TCMB. If TCMB > ∼1550 K, the core will be com-
pletely liquid. More interesting phenomena arise when
1300 ≤ TCMB ≤ 1500 K. In all cases, Fe will crystallize at
the top of the core, forming an iron “snow” (Stewart et al.
2007). Moreover, if TCMB < 1450 K, Fe3−xS2 will crystal-
lize at the core’s center and produce a phenomenon akin

Fig. 2 Dependence of internal properties on compositional models
for Mars. Top panel shows polar moment of inertia C/Mr2 for each of
seven models, characterized by their fraction of core mass to total
planetary massMc/Mp . Bottom panel shows core radius as a fraction
of planetary radius for each compositional model. Horizontal lines in
upper panel are upper limit for C/Mr2 (Esposito et al. 1992) and its
recently determined value from the Mars Reconnaissance Orbiter
mission (Konopliv et al. 2011)

to ground fog on Earth. Unlike the water droplets mak-
ing up fog, the solid is considerably more S-rich (∼28 wt%
S compared with the liquid’s 14–16 wt% S) sinking and
depleting the remaining liquid in S. If well-mixed, this
will effectively foster further Fe crystallization because the
remaining liquid will crystallize iron. If not well-mixed,
the lowermost core will stratify due to Fe-rich liquid left
there by Fe3−xS2 crystallization. The inverse will happen
near the CMB: denser Fe will snow downwards in the core
and leave the outermost liquid richer in S. If convection
is not vigorous enough, the stratification could stabilize
the core into compositionally distinct layers, in which
convection occurs only in the steadily shrinking well-
mixed central zone. This might quell dynamo activity and
end Mars’ magnetic era (Weiss et al. 2002; Williams and
Nimmo 2004), like what may be occurring in Ganymede
(Rückriemen et al. 2015).
The route to Mars’ core stratification may be visual-

ized with the help of Fig. 5. The figure shows the areas
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affected by the crystallization of solids as a function of
temperature at the CMB. It is derived from Fig. 3 by fix-
ing a CMB temperature and following an adiabat with
γ= 1.4 (see Fig. 4) down into the core (upward in pres-
sure) and plotting the S content at the liquidus for the
different crystallizing phases (Fe and Fe3−xS2). For adia-
batic temperature profiles initiated there at temperatures
cooler than 1575 K, the top of the core will snow iron
downwards (Stewart et al. 2007). At CMB temperatures
less than ∼1420 K, solid Fe3−xS2 will simultaneously crys-
tallize at the bottom of the core. The combined effects
will enrich the remaining core liquid in Fe, due to crys-
tallization at the center, and to snow Fe downward from
above due to the crystallization at the surface. If equilib-
rium conditions prevail, the snow would descend until it
was dissolved back into the remaining liquid and the liquid
would adopt an outwardly increasing S enrichment pro-
file controlled by the Fe solubility along the adiabat. The
isotherms of Fe3−xS2 crystallization show that the inner
core size increases rapidly as the CMB temperature drops:
for example, if the bulk S content is 15 wt%, the inner core
will grow from 0 to 500 km in radius with a CMB temper-
ature change of about 80 K. These phenomena will have

Fig. 3Melting relations in the Fe-FeS system in the pressure and
compositional range suitable for Mars’ core. Isotherms show
temperature (K) of appearance of first solid in the system depending
on the composition and pressure. Thick lines delimit fields of first
crystallizing solid: Fe, FeS, and Fe3−xS2 (Fe-FeS eutectic on left and
incongruent melting of Fe3−xS2 on right). Gray box shows likely
pressure and compositional range for core. Intersection of box with
isotherms shows that for any crystallization of solids in the inner core,
temperatures must be less than ∼1650 K. First solids to crystallize will
be Fe3−xS2 if in S-rich compositions and will be Fe if S-poor. When
eutectic reached, crystallizing solids will vary depending on
subsolidus phase diagram but will ultimately be Fe + Fe3S or
Fe3−xS2 + Fe3S (Fei et al. 2000)

Fig. 4 Liquidus curves for a suite of fixed compositions in Mars’ core
(solid lines; these are iso-compositional sections through Fig. 3),
superimposed with various adiabatic temperature profiles initiated at
the core-mantle boundary (dashed lines; ranges shown for 1.2≤γ≤1.6
for each labeled TCMB) and extending through the core. Fe crystallizes
where the liquidus curve slope is negative, whereas Fe3−xS2
crystallizes if the slope is positive (Fig. 3). For TCMB < 1300 K, the core is
solid, whereas if TCMB > 1450 K it is liquid. At any TCMB < 1850 K, the
top of the core crystallizes an Fe ‘snow’; if, moreover, TCMB < 1450 K,
the base crystallizes an Fe3−xS2 “ground fog.” Adiabats calculated
using d log(T)/dz = γ g(r)/VP2(r) with z the depth below the CMB
using data from Rivoldini et al. (2011)

a detectable effect on the seismological structure of the
core, which is the next topic in this review.

Seismology
For comparison, I focus on two seismological models of
Mars’ interior developed by Sohl and Spohn (1997) and
by Rivoldini et al. (2011). The approaches they took to
construct the models were similar, using meteorite-based
compositional information to predict the mineral assem-
blages as a function of radius and hence the radial density
profile, refining the internal temperature profiles until
a match was achieved to the basic planetological data
(radius, moment of inertia and k2 Love number). As a
side effect of these calculations, the models also provide
seismic wavespeed profiles.
Sohl and Spohn (1997) essentially took a single com-

positional model due to Wänke and Dreibus (1988) and
relied on either the chondritic Fe/Si ratio (1.71) to fix
the bulk the mantle/core partitioning of iron (and thus
the oxidation state of the mantle) or relied on match-
ing the rotational moment of inertia, C, to its upper
limit of 0.366 × Mr2 as then known from available data.
It was not possible to satisfy both constraints simul-
taneously, so they provided two solutions, A and B. I
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show here for comparison model A because its philos-
ophy is most similar to those explored by the following
alternative.
Rivoldini et al. (2011) used a Bayesean approach to solv-

ing the internal structure problem. They used updated
astronomical and geodetic data for Mars and a wider suite
of composition models advanced by meteoriticists as well
as researchers who explored the phase relations in the sili-
cates comprisingMars’ mantle and themetal content of its
core. Aggregates of solutions were developed that fit the
observational data within each compositional model, and
assuming temperature profiles through the planet that
were “hot” and “cold.” The statistics of the aggregate solu-
tions provided confidence levels for each model, one of
which is shown in Table 1.
I compare Sohl and Spohn (1997) model A with

Rivoldini et al. (2011) “cold” profile in the Dreibus and
Wänke (1985) compositional model because these rep-
resent similar geotherms and similar bulk compositions.
Thus the essential differences are the advance in the state
of physical knowledge and the methodology improvement
(due to increased computing power) between the model-
ing efforts. The resulting wavespeed and density profiles

Fig. 5 Crystallization process of Mars’ core. Contours show pressure
(left scale) and radius (right scale) where crystallization takes place
along an adiabat extending from the CMB (horizontal gray line,
labeled with TCMB). Dotted lines show Fe crystallization conditions,
whereas dashed lines show Fe3−xS2 crystallization conditions. Gray
box shows pressure/radius range of the core, and the anticipated
compositional range of the core; range of radii of solid inner core
crystallized from the liquid of 15 wt% S (vertical line) indicated by
italic labels within the box. The dashed adiabatic temperature
contours show that the core will grow rapidly with small changes in
CMB temperature. The dotted Fe crystallization contours show that
an iron ‘snow’ will form at the top of the core at temperatures below
∼1575 K. The range of inner core radii arises from alternative
compositions of the solid core: Fe3S2 or Fe3S

Fig. 6 Radial wavespeed and density profiles of two Mars internal
structure models, Rivoldini et al. (2011) (R11DW black) and Sohl and
Spohn (1997) (SS97a gray). The most pronounced difference between
them is their core size. Other important seismological details are that
R11DW’s core wavespeed is lower than VS at the base of the mantle,
whereas SS97a’s is slightly higher

are shown in Fig. 6. The main difference between them is
their core size. With a chondritic Fe/Si ratio, their model
B core (1667 km; not shown) is larger and similar to
Rivoldini et al. (2011) core size, 1731 km. The two models’
crust thicknesses are similar, ∼100 km. The mantle seis-
mic wavespeed profiles differ because Sohl and Spohn
(1997) use a simplified peridotitic mantle model and
first-order discontinuities at the transitions between the
olivine polymorphs (olivine, wadsleyite, and ringwoodite),
whereas Rivoldini et al. (2011) use a more complete man-
tle model and allow for two-phase regions through the
polymorph transition intervals. There is no transition to
bridgmanite in either model. Mantle densities are broadly
similar. The smaller core of Sohl and Spohn (1997) model
requires it to have a higher density to match the planetary
mass. Hence, there is less light element in the core, and
wavespeeds are correspondingly higher.
To illustrate the first-order information that seismology

will yield about Mars’ core, I show the travel time curves
for selected arrivals of interest to constrain internal struc-
ture. Figure 7 shows two diagrams for the Sohl and Spohn
(1997) model, with and without an inner core. The model
is meant only to be illustrative; the inner core is only a
scaled version of Earth’s inner core transplanted to Mars,
with similarly scaled radius and VP jump; a more realistic
model will be examined below. The diagrams show a pro-
nounced difference in travel times. The geometries of the
individual curves are key structural information about the
interior, as indicated in the figure caption.
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Fig. 7 Ray paths (top) and calculated travel times (bottom) in the Sohl and Spohn (1997) model A, with (right) and without (left) an inner core. The
inner core’s properties are only scaled version of the Earth’s inner core and only meant to be indicative of the change in the travel time curves, and
not otherwise physically justified. The horizontal axis is distance from an earthquake source at 0, measured in degrees of arc around the planet. The
lag time until an arrival is seen is the time plotted on the vertical axis. Each type of seismic wave arrival traces a continuous path as a function of
distance. Curves with positive slopes travel directly between the source and receiver (along the minor arc, to distances <180°). Curves with negative
slopes travel the long way around the sphere (along the major arc to distances >180°). Each wave type is labeled with its name (see the “Appendix”
section for nomenclature). The core’s low wavespeeds with respect to the mantle cause a P-wave arrival shadow, the gap between P and PKP
between ∼120–∼ 180◦ (top left). The main difference is that the inner core reflection PKiKP (and PKIKP) illuminates the shadow region when an
inner core is present (top right). SKS and SKKS illuminate the core, but the ranges of the SKS (>160°) and SKKS (>300°) arrivals are truncated by the
presence of an inner core

A comparison of the travel time curves and their asso-
ciated ray paths provides further insights as to how differ-
ent models lead to different travel time curves. Figure 8
compares Sohl and Spohn (1997) model A (SS97a) with
Rivoldini et al. (2011) model based on the Dreibus and
Wänke (1985) compositional model (R11DW). The first
difference between the models is the near-constant VP in
the shallow mantle of R11DW. These lead to straight-line
ray paths, and a slope for the P travel time curve that
is less curved than the corresponding curve for SS97a.
The second difference is that of core size. PcP (a core-
reflected P-wave) arrives earlier when the core is larger.
This constrains the core size, and hence the Fe/Si ratio of
the planet. The final difference is the travel time curve for
SKKS. Due to the lower core VP compared to VS at the
base of the mantle, there is a shadow (gap) in the travel
time curve for SKS and SKKS. The very small increase
at the core-mantle boundary in the SS97a model elimi-
nates the shadow (see Fig. 7) and leads to a “whispering
gallery” effect at the top of the core (wave fronts may
travel horizontally just under the boundary), illuminat-
ing its structure up the the outermost core surface. In

contrast, with R11DW, the outermost outer core’s struc-
ture will be less visible. Owing to SKS’ high amplitude
(Panning et al. 2017) and polarization in the vertical plane,
it should be visible with the InSight instrumentation. This
arrival’s travel time curve will probably be the main way
to determine core structure since the PKP amplitude is
considerably lower.
Figure 9 shows the sensitivity limits of various core-

related arrivals given the design criteria of the sensors on
the InSight lander. One obvious difference is that of the
twomodels, SS97a leads to more visible core arrivals. This
is essentially due to the size of the velocity jump at the
CMB: larger velocity jumps lead to stronger reflections
(PcP, ScS) at short range, and more efficient propagation
into the core (SKS, SKKS) at long range. It appears that
short-range (5°–15°) ScS and ScP observations will give
the best information about core size. However, longer-
range ScP, ScS (20°–75°) and SKS or SKKS (>75°) may also
provide valuable constraints on core size. Unfortunately,
core arrivals are so weak that they require large earth-
quakes (in excess of 6.0 Mw) and low environmental noise
for detection. Taylor et al. (2013) estimate from faults
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Fig. 8 Travel time curves (left) and ray paths (right) for two different Mars seismic models. (Top panels) Sohl and Spohn (1997) model A (SS97a);
(bottom panels) Rivoldini et al. (2011) model based on the Dreibus and Wänke (1985) compositional model (R11DW). The diagram shows how the
combination of core sizes and wavespeeds at the top of the outer core relative to VS at the base of the mantle affect the gross form of the seismic
wave arrivals. The right panels show rays emanating from a seismic source at 0° to stations at 55 and 145°. R11DW features a core shadow to SKS and
SKKS due to its lower core wavespeeds, one effect of which is that minor arc SKKS disappears at 130°. The core size affects the travel time of the core
reflected arrivals PcP and ScS

in Mars’ Cerberus Fossae region that 0.2–500 detectable
earthquakes of this size could occur per Earth year, sug-
gesting that optimism is warranted for constraining the
core’s size. Cerberus Fossae is around 25° from the InSight
landing site on Elysium Planita, putting the marsquake
region at a range of relatively high sensitivity for ScS and
ScP core reflections (Fig. 9).
Stratification of the core may result if a favorable com-

bination of temperature and composition prevails (Fig. 5).
The temperatures anticipated at the CMB for Rivol-
dini et al. (2011) models are between ∼1700–2100 K,
and for Sohl and Spohn (1997) models are ∼1750–
1950 K. These are too high for any inner core formation
(Fig. 4). However, these models were constructed with-
out including the mineralogy for Fe3−xS2 or Fe3S forming
the inner core, and the consequences of its crystalliza-
tion for stratification. (Rivoldini et al. (2011) explored

inner core sizes but assumed Fe as the only constituent
solid.) Without exploring the resulting core structure’s
compatibility with the I/(Mr2) and k2 constraints (but
see the post-hoc justification later), I calculate the seis-
mic signature of a stratified model with an inner core.
Some simplifications are in order to avoid burdening the
review with excessive details of thermophysical prop-
erties and equations of state; a brief summary appears
in the “Appendix” section. I use the estimated ther-
mophysical properties of Fe3S2 and Fe3S (Saxena and
Eriksson 2015) to calculate the density of the solid and
compare it with liquid density estimates from previ-
ous core models (Rivoldini et al. 2011; Sohl and Spohn
1997). The densities at Mars’ center are 7701 kg m−3

(Fe3S2) and and 8330 kg m−3 (Fe3S) are greater than
the liquid densities (6600–7300 kg m−3), so the crystals
would sink. The resulting inner core size depends on
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Fig. 9 Detection limits of selected core-related arrivals needed to
determine core radius and outer core structure. Various curves show
the expected acceleration levels expected for a 1015 N-m source
recorded at various ranges (in degrees of great circle arc) from the
seismometer. The sensitivity levels of the InSight SP and VBB
instruments are shown as horizontal lines (Lognonné et al. 2014). For
methods used, see the “Appendix” section

whether Fe3S2 or Fe3S (or a mixture of both) is the stable
high-pressure assemblage atMars’ center. The assemblage
itself depends on both the precise phase relations (Fei et al.
2000; Saxena and Eriksson 2015) and the presence of
other alloying elements such as Ni (Stewart et al. 2007),
so a range of inner core sizes results from a single bulk
core composition and CMB temperature (Fig. 5). Rivoldini
et al. (2011) models found a range of core radii (of pure Fe)
of 500 ± 500 and 600 ± 500 km depending on the CMB
temperature, 1700 and 2100 K, respectively. For a core
with 15 wt% S, the ICB radius may be as large as 500 km if
Fe3S2, suggesting that a more sulfur-rich solid in the core
is also capable of satisfying the I/(Mr2) and k2 constraints.
To show the features resulting from a stratified core, I

construct a core structural model that contains an inner
core and a sulfur-rich layer at the top of the core from the
liquidus relations shown in Fig. 5. The CMB temperature
is 1350 K. At a bulk core composition of 15 wt% sulfur, the
inner core size is 490 km. Because crystallization of Fe at
this temperature deflects the core liquid’s sulfur content to
the adiabat, the topmost 200 km of the core will be strati-
fied. Depletion of sulfur at the base through crystallization
of Fe3S2 and at the top by Fe pumping down the adiabat
reduces the bulk liquid S content slightly to 14.5 wt%. The
liquid part of the core is 1111 km. Figure 10 shows the
structure, travel time curves, and ray paths compared with
R11DW.

The effect of stratification is the wavespeed and den-
sity reduction in the core in the 200 km nearest to the
CMB. Density is affected most strongly: it is reduced by
about 1% relative to the ambient core density. The effect
on wavespeeds is much smaller, and serves to reduce
them, marginally changing the ray geometry of SKS and
SKKS at the CMB but not changing the form of the
travel time curves. If the increased sulfur content raised
wavespeeds above the shear wave speed at the base of
the mantle, minor arc SKKS would re-emerge (see the
SS97a model in Fig. 8), but this is not predicted by the
core liquid model used (see the “Appendix” section).
Panning et al.’s (2017) seismic wavespeed model brings
mantle shear-wave speeds very close to core compres-
sional wave speed, holding out the hope that the shallow
core may be illuminated better by SKS and SKKS.
The Brunt-Väisälä frequency of the stratified layer is

∼0.4 mHz (0.7 h period), suggesting strong stratification
resistant to convection (Loper 2000). A simple calcu-
lation shows how difficult it would be to disrupt the
stratification. The density change δρ/ρ due to a temper-
ature change �T is α�T , whereas the density change
due to a compositional gradient in the radial range
�r is ρ−1(dρ/dr)�r. Equating these and taking the
radial derivative, The temperature gradient required to
eradicate the density gradient is therefore dT/dr =
(αρ)−1dρ/dr. Using characteristic values α ≈ 4.7 ×
10−5 K−1, ρ ≈ 6400 kg m−3 (Table 2), and
dρ/dr ≈ 0.875 kg m−3 km−1 (Fig. 6) a temperature gra-
dient of ∼2.9 K km−1 is required. If the core’s thermal
conductivity is 30 Wm−1 K−1, this would entail a core
heat flux of 87 mWm−2 or 0.88 TW, in the range of sub-
lithospheric heat flux estimates of 15–40 mWm−2 (0.69–
1.84 TW) (Ruiz et al. 2011). Hence, the core heat flux
required to disrupt layering entails the unlikely require-
ment of zero radiogenic heat production in Mars’ mantle.
It is also a higher core heat flux than encountered in any
of the post-plate tectonicMars mantle evolution scenarios
explored by Nimmo and Stevenson (2000) and Williams
and Nimmo (2004).
The clearest evidence for stratification is the presence

of an inner core. Figure 5 shows that crystallization at
the base of Mars’ core occurs only at low temperatures
below ∼1420 K. At these temperatures, Fe would already
be snowing from the CMB region, forming the stratified
layer. Hence, if an inner core exists, the core must be strat-
ified (with the proviso that S is the major alloying element
and present in the concentration range of 11–17 wt%). It
is possible to stratify without an inner core if the CMB
temperature is less than ∼1850 K at the lowest expected
sulfur content, 11 wt%, but this lies well below the limits
found by geophysical modeling (Rivoldini et al. 2011). In
the range 11–14 wt% sulfur, an effectively pure iron inner
core could form below a substantially stratified liquid in
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Fig. 10Mars core structure when stratification and crystallization of an inner core occur simultaneously. Top panels show size of inner core
(assumed Fe3S2) and slight perturbation to density and P wave speed at the top of the outer core when stratification enriches sulfur in the core,
lowering both density ρ and P wave speed in the outer core relative to unstratified state (red lines). The profiles of P, S and ρ in the inner core are
labeled with (IC) for clarity; the unstratified P and ρ profiles (red) continue smoothly to Mars’ center. The inset (top right) of the boxed area near the
CMB expands the density and P wavespeed profiles to emphasize their subtle structural changes. Bottom panels show ray paths and travel times for
unstratified (left) and stratified (right) cases. The stratification itself is unobservable because P wavespeeds are already lower than S in the mantle,
blocking minor-arc SKKS (Fig. 8, top). The only visible consequence of stratification is the presence of the inner core itself, indicated by the existence
of PKiKP (and its extension to 180° as PKIKP)

the temperature range 1375–1575 K enriched in sulfur by
up to 2.5 wt% over the bulk core content.
Between 1575–1850 K, there would be no inner core but

a stratified outer core, whose stratification depth varies
with temperature. Detecting the stratification could be
difficult for the reason discussed above concerning the rel-
ative wavespeed of S at the base of the mantle to P in the
liquid outer core.
Functioning dynamos in small planetary bodies appear

to be a common outcome of the accretion process
(Monteux et al. 2011). In Mars’ case, dynamo activity
ended early in the planet’s history (Acuña et al. 1999).

Perhaps this was mediated by impacts as, for example,
Monteux et al. (2015) envisage, but internal processes
might also curtail dynamo activity. I explore this possibil-
ity in the following paragraph.
Temperatures at the CMB are expected to be in the

range of 1700–2100 K based on the internal planetary
models cited earlier. In this range, core stratification is
possible if the bulk sulfur content is less than 13 wt%.
At the lowest temperature and lowest sulfur content
(11 wt%), about half of the core’s depth would be strati-
fied (Fig. 5), and any dynamowould have to operate within
a radius of ∼1000 km. The heat flux required to operate
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a thermal dynamo would also have to be carried conduc-
tively through a thick stagnant layer. One can use dynamo
scaling relations developed by Christensen and Aubert
(2006) to decide whether dynamo extinction through a
change in conductive heat transport is possible. The rela-
tions are strictly valid for annular dynamos, so I assume a
small inner core of 100 km radius and a well-mixed liquid
region extending to 1100 km radius. This roughly corre-
sponds to a scenario where the TCMB is 1700 K and the
bulk sulfur content is 11 wt%; the top of the core will
be enriched to 13 wt%. Using the thermophysical values
given in Table 2, I calculate the amount of heat flux in
excess of the adiabat to drive a dynamo by heat alone at the
critical Rayleigh number, Ra∗

C . The details are relegated
to the table for completeness; the result is simply that a
heat flow excess Qe of at least 1.8% over the adiabatic flow
in the convective region is required. This heat flow must
be carried through the stagnant layer conductively, along
an unknown temperature profile (either superadiabatic or
subadiabatic depending on TCMB compared with the tem-
perature in the convective region). However, the liquid
will be increasingly sulfur rich, changing the thermal con-
ductivity and hence its capacity to transport heat from
below. Using Gomi et al. (2013) model for thermal con-
ductivity dependence on impurities in liquid iron, a 2 wt%
increase in sulfur content will reduce k by 2.2%, which is
slightly more than the excess heat (1.8%) required to oper-
ate a critical dynamo. Thus, the growth of the sulfur-rich

stratified layer acts to quell dynamo action in the core both
by shrinking the dynamo region (increasing Ra∗

Q,c), and by
inhibiting its ability to cool itself (decreasing Qadv).
The calculation for the chosen parameters yield only a

marginal suppression of dynamo activity and are uncer-
tain. Themain control over whether it arises inMars is the
core’s bulk sulfur content: the higher it is, the less exten-
sive stratification will be, but the more likely an inner core
will be.
Stratification will be difficult to observe directly. How-

ever, Birch’s homogeneity test (Birch 1952) of the core
wavespeed profile, once it is determined, may yield a ver-
dict on the core’s chemical composition. Figure 11 shows a
profile of the homogeneity index ηB = dK/dP+g−1d�/dr
(Dziewonski and Anderson 1981) for a synthetic Mars
core wavepseed model based on Rivoldini et al. (2011)
(see the “Appendix” section for methods used). ηB ≈ 1
indicates adiabatic compression of a homogeneous sub-
stance. The homogeneity index is roughly 1 in the unstrat-
ified part of the core but changes substantially through
the stratified region, even though the wavespeeds only
change slightly, with no major changes in the shape of
the travel time curves. If a good radial wavespeed model
is available for the core, this test could reveal whether
the core is stratified, and therefore unable to fully con-
vect. This would be a strong constraint onMars’ evolution
from the timing of the disappearance of its magnetic
field.

Table 2 Mars thermophysical properties relevant for dynamo activity

Symbol Quantity Value Units and scale Source

	 Rotational frequency 1.28126 ×10−5s−1 (Turcotte and Schubert 2002)

Ri Inner core radius 100 km

Ro Outer radius of convective region 1100 km

D Convective region thickness = Ri − Ro

g0 Gravitational acceleration at top of convective region 1.99 m s−2

α Thermal expansivity 4.7 ×10−5K−1 (Helffrich and Kaneshima 2004) for Fe-11wt%S

To Temperature at top of convective region 1850 K Rivoldini et al. (2011) adiabat

TCMB CMB temperature 1700 K (Rivoldini et al. 2011)

CP Heat capacity 600 J kg−1 K−1 (Helffrich and Kaneshima 2004) for Fe-11wt%S

ρ Density 6390 kg m−3 (Rivoldini et al. 2011)

ν Viscosity 1 ×10−6 m2s−1 (Christensen and Aubert 2006)

κ Thermal diffusivity 2 ×10−5 m2s−1 (Christensen and Aubert 2006)

k thermal conductivity in convective region 30 Wm−1K−1 (Stacey 1992)

E Ekman number 8.05 ×10−14 = ν(	D2)−1

Ek Thermal Ekman number 1.61 ×10−12 = κ(	D2)−1

Ra∗
Q,c Modified critical Rayleigh number 9.19 ×10−9 = RacEEk (Christensen and Aubert 2006);

Rac from Al-Shamali et al. (2004)

Ra∗
Q,c = 1

4πRoRi
αg0Qadv
ρCP	3D2 ; Qad = k αg0T

CP
. Total heat flux Q = Qadv + Qad ; heat flow excess to operate dynamo Qe = Qadv/Q
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Conclusions
This review summarized the knowledge of Mars’ inte-
rior structure, its inferred composition, and its conjec-
tured seismological properties arising from compositional
possibilities. From the fairly detailed liquidus diagram
summarizing the existing experimental studies, I dis-
cussed the set of processes that could act within Mars’
core: an iron “snow” from the core-mantle boundary’s sur-
face and a Fe3−xS2 “ground fog” forming at the base of the
core. The temperature and compositional range at which
these crystallization processes operate can imprint the
core with identifiable structural features. From the seis-
mic wavespeed and density profiles, I examined the key
raypaths for the likely set of seismic wave arrivals and
assessed their ability to diagnose chemical and thermal
conditions in Mars’ core.
In the near future, after InSight places a seismometer on

Mars and records sufficient seismic activity on and within
the planet, the resulting data will allow stronger inferences
about its composition and evolution to bemade. Themost
important datum to extract will be the radius of Mars’
core that will be evident from PcP (and ScS) travel times.
This will provide first-order constraints on the planetary
Fe/Si ratio. The next most important seismic observation
will be the presence or absence of an inner core. If an
inner core is detected, temperatures in Mars’ core must
be much lower than expected (1375–1420 K at the CMB).

Fig. 11 Plot of homogeneity index for stratified core based on
Rivoldini et al. (2011) model. The index ηB is 1 for self-compression of
a homogeneous substance. The bulk sulfur content is 11 wt%, and
TCMB = 1700 K. This causes the topmost ∼ 500 km of the core to be
enriched in sulfur compared to the bulk. The index is approximately 1
in the innermost part of the outer core, but uniformly decreases in
the topmost 500 km of the outer core where the sulfur concentration
increase changes the wavespeed more strongly than the increase in
pressure in a homogeneous material does

Wavespeeds in the core, particularly those derived from
SKS and SKKS, should be able to constrain the extent of
any stratification in the outer core, and, if present, restrict
internal conditions to a combination of the bulk sulfur
composition and CMB temperature. Finally, provided that
sufficiently large seismic events can set the body of the
planet oscillating, records of the long-period vibrational
eigenfrequencies will yield independent constraints on the
planet’s density structure. Most planetary probes yield
surprises, and there is no reason to expect Mars to fail to
astonish.

Appendix
Methods used
Nomenclature for ray paths. A ray path is broken into seg-
ments, each described by a letter tabulated below. Each
segment either starts at the earthquake focus or at one
of the main seismic discontinuities in a planet: (1) the
surface; (2) the core-mantle boundary (CMB); (3) the
inner core-outer core boundary (ICB). Table 3 is a partial
list that omits symbols not discussed in the review. See,
for example, Shearer (2009) Chapter 4.9 for an extended
discussion with more examples.
Starting from the focus, a wave leaves it as either a P or

an S wave. As the wave meets one of the boundaries, it
is either transmitted or reflected there and a new symbol
describes the next segment in the path. Thus PKIKP is a P
wave that crosses the outer core (K) to the inner core (I),
where it reaches its maximum depth and turns upward to
cross back into the core (K) and the mantle (P). Similarly,
SKKS starts as S at the source, enters the core (K), reflects
off the bottom of the CMB (K) and leaves the core as an S
wave that travels to the surface.
Seismic wave amplitudes. The amplitude of a seismic

wave is governed by the intensity of the seismic source, the
relative impedance of the material at the source and the
receiver, geometric focusing (and defocusing) by shrink-
age and expansion of wavefronts by the radial structure of
the medium, and by reflections and conversions of seismic
waves at major boundaries crossed by the wave front (such
as the core-mantle boundary). All except the first and the
last of these factors is expressed in the following rela-

Table 3 Symbols used to describe rays

Symbol Use

P A downgoing P wave in the mantle

S A downgoing S wave in the mantle

K A P wave in the outer core

I A P wave in the inner core

c A reflection from the CMB topside

i A reflection from the ICB topside
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tion (Shearer 2009):

Ê(�)

Es
= pv2src

4πr2srcr2rec sin� cos θsrc cos θrec

∣
∣∣
∣
dp
d�

∣
∣∣
∣ . (1)

The subscripts src and rec designate quantities evalu-
ated at the source and the receiver, respectively. p is the
spherical wave slowness, v is the wave speed, r is the
radius,� is the angular separation between the source and
receiver, and θ is the wavefront normal angle with respect
to the radially downward direction. Specifically, Ê(�)

Es is the
energy per unit of wavefront relative to the intensity of the
source. The seismic wave amplitude is the square root of
this quantity.
The effect of reflections and conversions at major

boundaries (the core-mantle boundary in Mars’ case) is
accounted for by using the Zöppritz equations evaluated
with appropriate material properties at the boundary and
incoming and outgoing wavefront normal angles (Young
and Braile 1976). These are combined with the geomet-
ric focusing and turned into a ratio of the amplitude of an
arrival interacting with the core (PcP, SKKS, etc.) to the
direct P or S wave arriving at the same distance.
The source intensity is obtained from Teanby and

Wookey (2011) who calculated the seismic acceleration
vs distance relation for an isotropic compressional energy
source in Mars model at a range of source moments. I
use the rule of thumb for crustal earthquakes on Earth
(Hardebeck and Shearer 2003) to scale the P source inten-
sity to an S source intensity; those authors found empirical
agreement with the theoretical relation of the S intensity
being 10 times the P intensity.
Again following Teanby and Wookey (2011), the detec-

tion threshold apeak is (Havskov and Alguacil 2004):

apeak = 5
4
nrms[�f ]1/2 , (2)

where �f is the noise bandwidth, chosen to be (4–0.4) Hz
(Teanby and Wookey 2011). Given the reported SP and
VBB instrument sensitivities nrms of 10−8m s−2 Hz−1/2

and 10−9m s−2 Hz−1/2 (Lognonné et al. 2014), these pro-
vide the positions of the lines in Fig. 9. The sourcemoment
is converted to a moment magnitude using its defining
relation (Hanks and Kanamori 1979).
Seismic wavespeeds in the inner core. Saxena and

Ericsson (2015) estimated the thermophysical properties
for Fe3S2 and Fe3S at a reference state of 1 bar and 1350 K.
I use those reference state values, listed in Table 4, to
calculate the seismic wavespeed at core pressures and
temperatures. A third order Birch-Murnaghan equation
of state is used, as described in Helffrich and Connolly
(2009), but with the finite strain-based thermal expan-
sivity pressure dependence as used by Helffrich (2017).
The solid equation of state gives both density ρ, isother-
mal bulk modulus K, and thermal expansivity α at high

pressure and temperature. The seismic wavespeed is cal-
culated from VP = [ (Ks + 4/3μ)/ρ]1/2, where the
adiabatic bulk modulus Ks = K(1 + Tαγ ). A Poisson
solid is assumed in order to estimate the shear modulus μ,
yielding μ = Ks/3.
Velocity profiles in a stratified core. Liquid metal seismic

wavespeeds in the Fe-S system are calculated using the
model of Helffrich and Kaneshima (2004). Deviations of
VP and ρ from a homogenous sulfur concentration in the
core are calculated down an adiabat footed at the CMB.
The deviations δVP(r) and δρ(r) are expressed as multi-
plicative factors and applied to the VP and ρ profiles from
Rivoldini et al. (2011) to harmonize the different methods
used to calculate wavespeeds in the two studies.
Core liquidus. To approximately model the core’s liq-

uidus we account for the melting depression due to the
presence of a light element in the core. Because sulfur is
cosmochemically abundant, lowers iron’s freezing point,
and is experimentally investigated, we use data for the Fe-
FeS eutectic to account for this effect on the formation of
the inner core.
The calculated melting temperature of pure iron (Alfè

et al. 2002), calibrated with shock melting results for iron
(Nguyen and Holmes 2004) provide the melting temper-
ature for pure iron. I parameterize the liquidus temper-
ature as a function of composition for high iron con-
centrations using the Fe-FeS eutectic compositions and
temperatures investigated as a function of pressure from
various sources (Buono and Walker 2015; Chudinovskikh
and Boehler 2007; Fei et al. 1997, 2000,Morard et al. 2008).
The pressure and compositionally dependent melting
temperature is parameterized as

T(P,X) = TFe(P) − cX2 , (3)

where TFe is the iron melting curve and c is a pressure-
dependent coefficient required to make T(P,X) be the
eutectic temperature Te(P) at the eutectic composition
Xe(P). The parabolic dependence is in contrast to Dumberry
and Rivoldini 2015 who made a linear interpolation
between the pure Fe melting point and the eutectic. For
Mars’s core, P and T is in the experimentally determined
range (Chudinovskikh and Boehler 2007; Morard et al.

Table 4 Thermophysical properties

Symbol Property Value Scale and units

Fe3S2 Fe3S

V0 Molar volume 32.848 27.370 cc mol−1

α Thermal expansivity 1 1 ×10−5K−1

K0 Isothermal bulk
modulus

300 150 GPa

K ′ Pressure derivative of
bulk modulus

6 3.67

Reference state 1 bar and 1350 K. γ = 1.4 for all phases; δT = K ′ for all phases too
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2008). I similarly parameterize the liquidus temperature of
Fe(3−x)S2 from Fei et al. (1997, 2000), Stewart et al. (2007)
and Morard et al. (2008) to determine the liquidus P-T-
X relations for Fe(3−x)S2. Stewart et al. (2007) showed Ni
to have an insignificant effect on the melting relations,
so its presence is neglected. Due to lack of composi-
tional information, I assume the the incongruent melting
Fe(3−x)S2 to FeS + liquid reaches an asymptotic composi-
tion of 26 wt% S along Morard et al. (2008) melting curve.
In contrast, Dumberry and Rivoldini (2015) assumed that
the eutectic composition decreased exponentially with
pressure towards a value of 11 wt% S (compare Fig. 3),
and did not parameterize the incongruent melting of
Fe(3−x)S2 at all.

Abbreviations
CMB: Core-mantle boundary; ICB: Inner core boundary
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