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Constraints on interior structure

• mass and radius constrain (composition and structure)

‣ uncompressed average density 5300kg/m3 (Earth 4400kg/m3)

‣ iron rich core >1800km

• surface spectrometry (bulk composition)(MESSENGER)
(Nittler et al. 2011, Peplowski et al. 2011)

‣ mantle has low Fe abundance (<~3wt% FeO)

‣ mantle is volatile rich

‣ K/Th/U low ⇒ internal heating declined substantially
⇒ does the mantle still convect?

• internal magnetic field (core structure)(MESSENGER & Mariner 10)

⇒ liquid part in core and possible inner core
⇒ why is the field so small?

⇒ Highly reduced
 precursor material



• spin rate (Earth-bound radar) (Margot et al. 2007, Smith et al. 2012)

⇒ 3:2 spin-orbit resonance (1965)

‣ Mercury’s equatorial moments of inertia (A,B) differ
⇒ Sun exerts torque on Mercury ⇒ longitudinal librations
⇒ core partially liquid
88 day libration amplitude:

‣ rotation axes & orbit normal coplanar with normal to Laplace plane
 ⇒ Cassini 1 state, obliquity:

• 2nd degree gravity field coefficient (MESSENGER): 
(Smith et al. 2012)
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MESSENGER data interpretation
Smith et al. 2012

versus ~170 mGal), indicating little mass com-
pensation and a thick lithosphere. We have es-
timated the thickness, Te, of the effective elastic
lithosphere beneath the northern rise by assuming
that partial compensation takes place at the
crust-mantle boundary and then finding model
solutions that best fit the gravity anomaly in
terms of crustal and elastic lithosphere thick-
nesses (Fig. 2). Over a crustal thickness range
of 25 to 100 km, Te is 70 to 90 km, and the
downward flexural deflection of the crust-mantle
boundary is minor (3 to 5 km), consistent with
the lack of a discernible crustal thickness anom-
aly at the northern rise (Fig. 1C). An elastic litho-
sphere is a surrogate for one with more complex
temperature-dependent strength, but tempera-
tures at a given depth in the lower crust and
uppermost mantle vary approximately inversely
with Te. The northern rise, part of the northern
smooth plains volcanic complex (15), has been
estimated from its impact crater size-frequency
distribution to have a surface that formed ~3.7 to
3.8 billion years ago (Ga), substantially younger
than that of the surrounding heavily cratered
highlands (16). The greater level of apparent
mass compensation of the highlands will yield,
under similar assumptions, a thinner elastic lith-
osphere and higher crustal and mantle tempera-
tures at the time of formation than the northern
rise. The inference that Mercury’s interior gen-
erally cooled with time is in keeping with thermal
evolution models for the terrestrial planets. Te es-
timates for Mars derived from gravity-topography
relations for regions with ages of major topo-
graphic features similar to that of the northern
rise, in contrast, are considerably smaller (17).

Themajor parameters of gravity field solution
HgM002, including the product of the gravita-
tional constant and Mercury’s mass (GM), are
given in Table 1. The GM value is close to that
given by the most recent previous model of
Mercury’s gravitational field (HgM001), derived
solely from the tracking ofMESSENGER during
its first two near-equatorial flybys (6).

The covariance matrix of solution HgM002
was used to generate clone models of the gravity
field in order to analyze the error characteristics
for the degree-2 coefficients andC30 (2) (fig. S5).
The harmonic coefficientsC20 and C22 are tight-
ly boundedwith small relative uncertainties, and
C21 and S21 are small (Table 1).

The C20 and C22 terms provide important
constraints on the interior structure of Mercury
because they are directly relatable to the radial
distribution of density. Earth-based radar mea-
surements of Mercury’s pole position confirm
that the planet occupies a Cassini state in which
the axis of rotation remains coplanar with the
orbit normal and the normal to the Laplace plane
as the spin vector and the orbit normal precess
together about the latter with an ~300,000-year
period (18). Radar observations also show that
the amplitude of the 88-day physical libration in
longitude is so large that the mantle and crust
must be librating independently of the core (18).

This state allows the determination of Mercury’s
normalized polar moment of inertia,C/MR2, where
R is Mercury’s mean radius, and a measure-
ment of the ratio of the polar moment of inertia
Cm of the solid outer portion of the planet (6, 18)
to that of the entire planet (19, 20). The values
of C20 and C22 (Table 1), combined with Earth-
based radar measurements of the amplitude of
Mercury’s forced libration and obliquity (18) and
ancillary data on the precession rate and pole
position (21), provide the information necessary
to estimate C/MR2 and Cm/C. A libration ampli-
tude of 35.8 T 2 arcseconds and a slightly revised
obliquity value of 2.06 T 0.1 arcmin (22) yields
internal structure parameters C/MR2 = 0.353 T
0.017 and Cm/C = 0.452 T 0.035.

Resulting moment of inertia parameters for
more than 1 million Monte Carlo models that
include a silicate crust and mantle, as well as an
Fe-rich core that may contain solid and liquid
layers are shown in Fig. 3. These models are
constrained only by the mean radius (2440 km)
and bulk density of Mercury [5430 kg m−3, e.g.,
(23)]. Comparison of the internal structure mod-
els with the measured moment of inertia param-
eters indicates that the outer radius of the liquid
portion of the core under the adopted modeling
assumptions is 2030 T 37 km (1 SD), and the
density of the outer shell overlying the liquid
core is 3650 T 225 kg m−3. The procedure does
not provide a size estimate for any solid inner
component of the core.

The large average bulk density inferred for
Mercury’s solid outer shell is surprising given
that measurements by the MESSENGER XRS
determined an upper bound on the average sur-
face abundance of Fe of ~4 weight percent (8).
Although uncertainty in the density of the solid
shell permits a wide range of possibilities, the
nominal value provides an important constraint
on the planet’s bulk composition. The low Fe
abundance in volcanic rocks at Mercury’s sur-
face suggests that Mercury’s silicate mantle is
also low in iron and cannot account for the outer
shell density. Relatively low surface abundances

of Ti and Al (8) are also inconsistent with sub-
stantial amounts of such high-density mantle
minerals as ilmenite and garnet. A deeper reser-
voir of high-density material is therefore needed
to account for the large solid-shell density and
moment of inertia. One possibility is a dense
silicate layer, possibly Fe-bearing, that has not
substantively participated in the generation of
Mercury’s crust.

Alternatively, Mercurymay have a solid layer
of FeS at the top of the core. The highly reducing
chemical conditions implied for Mercury’s pre-
cursory materials by the low Fe and high S con-
tent of surface rocks (8, 9) suggest that Mercury’s
core likely contains substantial Si as well as S
(24). Fe-S-Si alloys are subject to liquid immis-
cibility at pressures less than ~15 GPa (25), re-
sulting in the buoyancy segregation of S-rich
liquids at the top of the core. The density of solid
FeS is sufficiently low that for a broad range of
conditions the solid form would likely remain
at the top of the core. There is a strong, albeit
poorly constrained, trade-off between the thick-
ness of a basal solid FeS layer and the density
of the silicate mantle, although the basal layer
could be a few tens of kilometers to as much as
~200 km in thickness. The thickness of the outer
silicate portion of the planet would, under this
interpretation, be thinner than the nominal 410-km
depth to the solid-liquid boundary. A solid FeS
layer at the base of the mantle would place strong
constraints on the present thermal structure of
Mercury. Moreover, a static, electrically con-
ducting layer at the top of the core would act to
decrease the overall strength of the field observ-
able at or above the planetary surface and would
attenuate harmonic components of the mag-
netic field increasingly strongly with increasing
degree (26).

The gravity field results point to a much dif-
ferent interior structure for Mercury from that
heretofore anticipated and from those of the other
terrestrial planets. These results will require re-
consideration of models for Mercury’s interior
thermal (27) and tectonic (28) evolution.

Fig. 3. (A) Outer radius of Mercury’s liquid core. (B) Average density of the solid shell that overlies
the liquid core. The stars represent the central values for C/MR2 and Cm/C, and the black bars
denote T 1 SD.
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core radius mantle density

• large core: 2030±37km (silicate shell ~200km)

• dense mantle: 3650±225kg/m3

⇒ unlikely for Fe poor mantle and low pressure inside mantle

• previously published models do not fit data

• postulate: solid FeS layer (10-200km) at mantle bottom
⇒(maybe) thermodynamically possible (needs imiscible liquids & >1 
light element inside the core)   
⇒ could explain weak magnetic field (shielding)



This study

• infer knowledge about Mercury’s interior from updated spin rate 
measurements and MESSENGER gravity field data

• determine if models with plausible silicate mantle densities and 
Fe-S cores can fit the new data

• assess if our previously published models fit the new data



Interior structure model

Spherical symmetric, 
non rotating, 
hydrostatic,

 and differentiated

thickness and 
average density

average density

melting temperature and core 
(P,T) determine inner core size

temperature at 
the CMB

Mantle

Liquid Fe-S (P,T)
Outer Core

Solid γ-Fe(P,T)
Inner Core

Crust



Parameter inference by Bayesian inversion
• non linear forward model

• 5 parameters (for given mass and radius of Mercury):

‣ core: radius [1800,2200]km

‣ mantle: average density [3100,3500]kg/m3

‣ crust: density [2700,3100]kg/m3 and thickness [10,120]km

‣ core mantle boundary temperature 
[1100,2100]K & >Fe-S eutectic temp. & < mantle solidus

• 2 data: MOI and moment of inertia of shell (Ishell)

2 4 6 8 10 12 14

1000

1200

1400

1600

1800

2000

2200

P @GPaD

T
@KD

mantle solidus

Fe-S eutectic temperature
1800 1900 2000 2100 2200

1200

1400

1600

1800

2000

2200

rcmb @kmD

T c
m
b
@KD

Hrcmb,TcmbL Prior

⇒



Constraints on core radius and 
core sulfur concentration

core radius: 1969±64km (0.68)
core sulfur concentration: 1.-6.wt% (0.68)
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Smith et al. 2012 : core radius 2030±37km



Core mantle boundary temperature
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⇒ core mantle boundary temperature prior (Fe-S melting temp., mantle 
solidus, & eutectic temp.) determine model 

solidus

Fe-S melting temp.

eutectic temp.



Mantle density
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⇒ an exceptionally dense mantle layer at the core mantle boundary is not 
required in order to fit the data
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Fixed crust and given mantle mineralogies
•5 mantle mineralogies, crust thickness 100km, crust thickness 2700kg/m3, 2 end-
member mantle temperatures profiles (Tcmb=1850K,Tcmb=2000K) (Rivoldini et al. 2009)

•parameter: core radius

⇒ evaporation model (Fegley & Cameron, 1987) and refractory-volatile mixture model 
(Taylor & Scott, 2005) incompatible with measured abundance of surface volatiles
 (Nittler et al. 2011, Peplowski et al. 2011)
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Conclusions
• models with and without inner cores are possible

• core radius: 1969±64km (0.68) 

• core sulfur concentration: [1,6]wt% (0.68) (if S is the only light element in 
the core)

• data provide few constraints on core mantle boundary temperature, on the 
mantle density and on the crust density and thickness

• models with an Fe-S core do not require an exceptionally dense layer at 
the bottom of the mantle or top of the core in order to agree with the 
data

• models with fixed crust parameters and given mantle mineralogies of 
Rivoldini et al. (2009) are compatible with the data





Data fit
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Aêma ra2 Bêma ra2 Cêma ra2 Cmêma ra2 MOI CmêC
Mean 0.349245 0.349278 0.349312 0.160105 0.349278 0.459434
Median 0.349213 0.349245 0.34928 0.159657 0.349246 0.457578
std 0.0169458 0.0169458 0.0169458 0.0091 0.0169458 0.0344986
68% 80.332248,

0.366164< 80.332281,
0.366197< 80.332315,

0.366231< 80.151046,
0.169161< 80.332281,

0.366197< 80.425169,
0.493673<

95% 80.315549,
0.383092< 80.315581,

0.383124< 80.315615,
0.383158< 80.143424,

0.179606< 80.315582,
0.383125< 80.396116,

0.534211<
99.7% 80.299479,

0.399659< 80.299511,
0.399691< 80.299546,

0.399725< 80.136816,
0.191655< 80.299512,

0.399692< 80.369798,
0.579013<
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