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Basics facts about Mercury

• Semi-major axis: 0.39 AU 
• 3:2 spin-orbit resonance
• Radius: 2440 km 
• Surface gravity: 3.7 m s-2 (like Mars!)
• Mean bulk density: 5.43 g cm-3 (like Earth!)
• Black body temperature: 440 K



Exploration of Mercury

Mariner10

•First spacecraft to use 
gravitational slingshot as 
proposed by Giuseppe Colombo

•1 Venus and 3 Mercury flybys 
between 1974 and 1975

• Imaged ~45% of the surface
• Important findings:

- heavily cratered surface similar to the that of Moon with 
peculiar tectonic features 

- tenuous atmosphere composed mainly by H, He and O
-weak (~300 nT) dipolar magnetic field 



Exploration of Mercury

MESSENGER
MErcury Surface, Space ENvironment, 

GEochemistry, and Ranging

• First spacecraft to orbit Mercury
•1 Earth, 2 Venus and 3 Mercury flybys between 2005 and 2011 
•Orbit insertion on March 18th 2011
•Highly elliptic, near-polar, 12-hours orbit (~200-15000 km altitude) 
•7 instruments for imaging, atmospheric and surface composition, 

magnetic field and magnetosphere, topography and gravity



Exploration of Mercury

BepiColombo

• Joint ESA-JAXA mission due to 
launch in 2015

• In orbit by 2022 after 1 Earth,       
2 Venus and 4 Mercury flybys



Interior structure and core state

•Pre-MESSENGER interior 
models (e.g. Riner et al., 2009) 
constrained by density only ⇒ 
wide range of plausible core 
radii: ~1700-2100 km

•⇒ need for accurate estimates 
of the moments of inertia        
C/MR2 and Cm/C

radius of the core is constrained within 100 km (Figure 5)
and the core mass fraction is constrained within 5% of the
total planet mass. Even under C/MR2 and Cm/C constraints,
in some cases the bulk core sulfur content varies by 8 wt%
and the radius of the inner core and the mass fraction of
molten core materials are essentially unconstrained. The
reader is cautioned that these constraints are affected by the
step size used in the grid search and should be taken as
rough estimates on the knowledge of each parameter. Hauck
et al. [2007] give a good description of uncertainty esti-
mates from grid searches versus Monte Carlo methods. We
find that the details of the distribution of sulfur between
molten outer core and solid inner core with varying relative
masses introduces more uncertainty in the bulk sulfur
content than was represented by previous studies of single
layer cores.
[46] If the mass and radius of the core can be constrained

from knowledge of C/MR2 and Cm/C, the normalized
moment of inertia of the core, Cc/McRc

2 can be estimated
(note that C = Cm + Cc). It has been suggested that this
value can be used to determine the radius of the inner core
[Spohn et al., 2001]. The relative densities of the inner and
outer cores must be known in order to use Cc/McRc

2 to
constrain the inner core radius. In a few cases (low S in
inner and outer core, lowDT at both the CMB and ICB), the
density change at the inner core boundary may be very
small leading to Cc/McRc

2 values closer to 0.4 than highly

compressible single layer cores. Uncertainties in the com-
position of the inner and outer core, in thermal gradients
across the CMB and ICB, and in the thermal expansion and
compressibility core materials, make the interpretation of
the core normalized moment of inertia ambiguous.
[47] Additional high-pressure experiments on molten and

solid iron alloys could shed light on this problem. More
experimental data on the partitioning of sulfur between
liquid and solid phases at the pressures relevant to Mer-
cury’s core are needed in order to constrain the ratio of the
core densities and make a better estimate of the inner core
radius. Laboratory high-pressure experiments will play an
important role in fully understanding the geophysical meas-
urements anticipated by spacecraft missions.

4.4. Decompressed Density

[48] New ideas about the formation of the Solar System
and planets, along with advances in high-pressure experi-
ments have added much new knowledge since decom-
pressed density estimates were first published. In this
study, we estimate the decompressed density of Mercury,
documenting the methodology and assumptions and provide
an analysis of the sensitivity to the input parameters. Finally
we present implications for scientific interpretation of the
decompressed densities of the terrestrial planets.
[49] In order for the decompressed density to be used as a

mass-insensitive measure of the bulk composition of any

Figure 5. The moment of inertia parameters, C/MR2 and Cm/C tightly constrain the total core radius
(indicated by the color of the contours).
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Riner et al. (2009)
•Magnetic field ⇒ dynamo ⇒ fluid core ⇒ light alloying 
element (sulfur?) to prevent complete freezing

•⇒ accurate knowledge of the core size and state is crucial for 
structure-, dynamo- and convection models

Core radius
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Earth-based high-precision radar measurements 
of Mercury’s spin state and obliquity:

For a solid core: and
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“Peale’s experiment”

Large Longitude Libration of Mercury
Reveals a Molten CoreJ. L. Margot,1* S. J. Peale,2 R. F. Jurgens,3 M. A. Slade,3 I. V. Holin4

Observations of radar speckle patterns tied to the rotation of Mercury establish that the planet

occupies a Cassini state with obliquity of 2.11 ± 0.1 arc minutes. The measurements show that the

planet exhibits librations in longitude that are forced at the 88-day orbital period, as predicted by

theory. The large amplitude of the oscillations, 35.8 ± 2 arc seconds, together with the Mariner 10

determination of the gravitational harmonic coefficient C22, indicates that the mantle of Mercury is

decoupled from a core that is at least partially molten.Because Mercury is an end-member plan-
et, the characterization of its interior
properties is crucial to further our under-

standing of the formation and evolution of

habitable worlds. A question that has chal-

lenged planetary scientists for more than three

decades is the state of Mercury’s core (1).

Determining the nature and extent of the core

would enable progress in four fundamental

areas. First, models of the internal structure of

the planet have so far been constrained only by

its mean density of 5.43 g cm−3 (2), with early

(3) and recent (4) calculations yielding a wide

range of possible internal configurations. Al-

though it is generally accepted that the planet

differentiated early into an iron core and a

silicate mantle (5), improved descriptions of the

mass distribution within the planet require the

measurement of core properties or moments of

inertia. Second, thermal evolution models (6)

predict a core that is fully or partially liquid, or

completely solid. The outcome is particularly

sensitive to the abundance of a light alloying

element in the core, presumably sulfur, that

lowers the melting temperature and allows the

maintenance of a liquid outer core over billions

of years (7). In order to focus the thermal evo-

lution calculations, the extent and state of the

core must be determined. Third, a long-

standing puzzle relates to the origin of the

magnetic field that was measured by Mariner

10 at a strength of roughly 1% that of Earth (8).

A dynamo mechanism involving motion in an

electrically conducting molten core is the

preferred explanation (9, 10), but alternative

theories that do not require a currently liquid

core, such as remanent magnetism in the crust,

cannot be ruled out (11, 12). Finally, the pres-

ence of a liquid core may bear on the unusual

spin-orbit configuration of Mercury. It has been

suggested that increased energy dissipation at a

core/mantle interface would lead to almost

certain capture in specific spin-orbit resonances

(13, 14), although this capture can also occur

naturally as a result of the chaotic evolution of the

orbital eccentricity, without the need for addi-

tional core/mantle friction (15).One of us (Peale) devised an observational

procedure to characterize the size and state of

the core of Mercury, and showed that it is

possible to detect a molten core by measuring

subtle deviations from the mean resonant spin

rate of the planet (1). The early expectation was

that the experiment would require landers on the

surface of the planet. Here we describe how we

have used Earth-based radar instruments to

make high-precision measurements of the in-

stantaneous spin rate, and we present observa-

tional evidence indicating that Mercury has a

molten core. We also provide observational

confirmation that Mercury occupies a Cassini

state (16) and a measurement of the obliquity of

the planet, both of which are required for

further characterization of the core with Peale's

formalism (1).Since the discovery that the spin period of

Mercury differs from its orbital period (17), it

has been hypothesized that the planet rotates on

its spin axis three times for every two revolu-

tions around the Sun (18) and occupies a

Cassini state, in which its spin vector is nearly

perpendicular to the orbital plane and precesses

at the same rate as the orbital plane (14). As

Mercury follows its orbit with eccentricity e ~

0.206, it experiences periodically reversing

torques due to the gravitational influence of

the Sun on the asymmetric figure of the planet.

The torques affect the spin angular momentum

and cause small deviations of the spin rate from

its resonant value of 3/2 times the mean orbital

frequency. The resulting oscillations in longitude

are called forced librations, where the forcing

and the rotational response occur with a period

P ~ 88 days, dictated by the orbital motion. The

physical librations are characterized by an angle

f (14) representing the deviations of the ori-

entation of the planet from the exact resonant

value

f ¼ 3
2
ðB−AÞ
C f ðeÞsinðntÞ ð1Þwhere A < B < C are the principal moments of

inertia, f(e) is a power series in the eccentricity,

and n = 2p/P is the orbital (forcing) frequency.

The gravitational torques and resulting angular

deviations are proportional to the difference in

equatorial moments of inertia (B − A), a measure

of the asymmetry in the mass distribution. The

polar moment of inertia C appears in the de-

nominator because it represents a measure of the

resistance to changes in rotational motion. If the

core of Mercury is solid and the entire planet

participates in the librations, C is the relevant

moment of inertia. However, if the mantle is

decoupled from a fluid core that does not follow

the librations, the appropriate moment of inertia

in the denominator of Eq. 1 is that of the mantle

alone Cm or, more precisely, mantle plus crust.

Because Cm/C ≤ 0.5 in all plausible interior

models (3, 4), the amplitude of the librations in

the presence of a liquid core is twice as large as

it would be with a solid core. Therefore, a mea-

surement of the libration amplitude provides a

straightforward mechanism for determining the

state of the core remotely. The quantity (B − A)

is known from Mariner 10 measurements of the

second-degree and -order gravitational co-

efficient C22 (2)

C22 ¼ ðB − AÞ
4MR2 ¼ ð1 T 0:5Þ $ 10−5 ð2Þwhere M and R are the mass and radius of the

planet, respectively. The moment of inertia C/MR2

has not been measured, but interior models con-

strain it to the range from 0.325 to 0.380 (4),

where the smallest value corresponds to the

most centrally condensed configuration (19).

Using these data in Eq. 1 shows that the am-

plitude of the forced librations in the case of a

solid core should be within 50% of 19 to 22 arc

sec. The amplitude that we measured is outside

this range, suggesting a liquid core.
Method. Radar echoes from solid planets

exhibit spatial irregularities in the wavefront

caused by the constructive and destructive inter-

ference of waves scattered by the irregular

surface. Because of the rotation of the planet,

the corrugations in the wavefront, also called

speckles, will sweep over the receiving station

and give rise to fluctuations of the electromag-

netic signal with time. It is fruitful to evaluate

the degree of correlation between signals re-

ceived at one station located in spacetime at

(x, t) with respect to those received at another

station at (x + dx, t + dt). The properties of this

spacetime correlation function were first ana-

lyzed by Green (20, 21), who showed that for

some orientation of the baseline dx, there exists a

time delay dt at which the correlation maximizes.

When the trajectory of the wavefront corruga-
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is known from Mariner 10 measurements of the

second-degree and -order gravitational co-

efficient C22 (2)

C22 ¼ ðB − AÞ
4MR2 ¼ ð1 T 0:5Þ $ 10−5 ð2Þwhere M and R are the mass and radius of the

planet, respectively. The moment of inertia C/MR2

has not been measured, but interior models con-

strain it to the range from 0.325 to 0.380 (4),

where the smallest value corresponds to the

most centrally condensed configuration (19).

Using these data in Eq. 1 shows that the am-

plitude of the forced librations in the case of a

solid core should be within 50% of 19 to 22 arc

sec. The amplitude that we measured is outside

this range, suggesting a liquid core.
Method. Radar echoes from solid planets

exhibit spatial irregularities in the wavefront

caused by the constructive and destructive inter-

ference of waves scattered by the irregular

surface. Because of the rotation of the planet,

the corrugations in the wavefront, also called

speckles, will sweep over the receiving station

and give rise to fluctuations of the electromag-

netic signal with time. It is fruitful to evaluate

the degree of correlation between signals re-

ceived at one station located in spacetime at

(x, t) with respect to those received at another

station at (x + dx, t + dt). The properties of this

spacetime correlation function were first ana-

lyzed by Green (20, 21), who showed that for

some orientation of the baseline dx, there exists a

time delay dt at which the correlation maximizes.

When the trajectory of the wavefront corruga-
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Earth-based high-precision radar measurements 
of Mercury’s spin state and obliquity:

From interior structure models:

Mercury’s core must be (at least partially) liquid

For a solid core: and

For a liquid core: thenand

“Peale’s experiment”

Large Longitude Libration of Mercury
Reveals a Molten CoreJ. L. Margot,1* S. J. Peale,2 R. F. Jurgens,3 M. A. Slade,3 I. V. Holin4

Observations of radar speckle patterns tied to the rotation of Mercury establish that the planet

occupies a Cassini state with obliquity of 2.11 ± 0.1 arc minutes. The measurements show that the

planet exhibits librations in longitude that are forced at the 88-day orbital period, as predicted by

theory. The large amplitude of the oscillations, 35.8 ± 2 arc seconds, together with the Mariner 10

determination of the gravitational harmonic coefficient C22, indicates that the mantle of Mercury is

decoupled from a core that is at least partially molten.Because Mercury is an end-member plan-
et, the characterization of its interior
properties is crucial to further our under-

standing of the formation and evolution of

habitable worlds. A question that has chal-

lenged planetary scientists for more than three

decades is the state of Mercury’s core (1).

Determining the nature and extent of the core

would enable progress in four fundamental

areas. First, models of the internal structure of
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range of possible internal configurations. Al-

though it is generally accepted that the planet
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inertia. Second, thermal evolution models (6)
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10 at a strength of roughly 1% that of Earth (8).
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the core of Mercury, and showed that it is

possible to detect a molten core by measuring

subtle deviations from the mean resonant spin

rate of the planet (1). The early expectation was

that the experiment would require landers on the

surface of the planet. Here we describe how we

have used Earth-based radar instruments to

make high-precision measurements of the in-

stantaneous spin rate, and we present observa-

tional evidence indicating that Mercury has a
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confirmation that Mercury occupies a Cassini
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Mercury differs from its orbital period (17), it
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Cassini state, in which its spin vector is nearly
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its resonant value of 3/2 times the mean orbital
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and the rotational response occur with a period

P ~ 88 days, dictated by the orbital motion. The

physical librations are characterized by an angle

f (14) representing the deviations of the ori-

entation of the planet from the exact resonant

value

f ¼ 3
2
ðB−AÞ
C f ðeÞsinðntÞ ð1Þwhere A < B < C are the principal moments of

inertia, f(e) is a power series in the eccentricity,
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The gravitational torques and resulting angular

deviations are proportional to the difference in
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core of Mercury is solid and the entire planet
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decoupled from a fluid core that does not follow

the librations, the appropriate moment of inertia

in the denominator of Eq. 1 is that of the mantle

alone Cm or, more precisely, mantle plus crust.

Because Cm/C ≤ 0.5 in all plausible interior

models (3, 4), the amplitude of the librations in

the presence of a liquid core is twice as large as

it would be with a solid core. Therefore, a mea-

surement of the libration amplitude provides a

straightforward mechanism for determining the

state of the core remotely. The quantity (B − A)

is known from Mariner 10 measurements of the

second-degree and -order gravitational co-

efficient C22 (2)

C22 ¼ ðB − AÞ
4MR2 ¼ ð1 T 0:5Þ $ 10−5 ð2Þwhere M and R are the mass and radius of the

planet, respectively. The moment of inertia C/MR2

has not been measured, but interior models con-

strain it to the range from 0.325 to 0.380 (4),

where the smallest value corresponds to the

most centrally condensed configuration (19).

Using these data in Eq. 1 shows that the am-

plitude of the forced librations in the case of a

solid core should be within 50% of 19 to 22 arc

sec. The amplitude that we measured is outside

this range, suggesting a liquid core.
Method. Radar echoes from solid planets

exhibit spatial irregularities in the wavefront

caused by the constructive and destructive inter-

ference of waves scattered by the irregular

surface. Because of the rotation of the planet,

the corrugations in the wavefront, also called

speckles, will sweep over the receiving station

and give rise to fluctuations of the electromag-

netic signal with time. It is fruitful to evaluate

the degree of correlation between signals re-

ceived at one station located in spacetime at

(x, t) with respect to those received at another

station at (x + dx, t + dt). The properties of this

spacetime correlation function were first ana-

lyzed by Green (20, 21), who showed that for

some orientation of the baseline dx, there exists a

time delay dt at which the correlation maximizes.

When the trajectory of the wavefront corruga-
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MESSENGER constraints on core size

Hauck et al. (2012)

• Improved estimates of C20 and 
C22 coefficients together with  
obliquity and spin state 
measurements yield:                      
C/MR2 = 0.353 ± 0.017                      
Cm/C = 0.452 ± 0.035

• Interior structure models 
predict a core radius of      
~2000 km (significantly larger 
than previously assumed)

Liquid core radius



MESSENGER constraints on core size

Hauck et al. (2012)

• Improved estimates of C20 and 
C22 coefficients together with  
obliquity and spin state 
measurements yield:                      
C/MR2 = 0.353 ± 0.017                      
Cm/C = 0.452 ± 0.035

• Interior structure models 
predict a core radius of      
~2000 km (significantly larger 
than previously assumed)

Liquid core radius

Mercury’s silicate shell is only ~400 km thick 



“Super Mercuries”?

Wagner et al. (2012)

Iron-rich planets may not be so unusual

• CoRoT-7b and Kepler10b are 
the smallest extrasolar planets 
with measured mass and 
radius

• They possess a relatively large 
mean density and are 
expected to have large iron 
cores comprising ~60-70 wt-% 
of the planet



Mercury’s formation scenarios

•Evaporation model (Fegley & Cameron, 
1987): vaporization of outer silicate shell 
in a high temperature (2500-3000 K) 
solar nebula 

•Giant impact hypothesis: removal of early 
crust and upper mantle by one or more 
large impacts (Benz et al., 1988)

•Formation from high temperature 
condensates with all iron in metallic state 
rather than oxidized in FeO (Lewis, 1972)



MESSENGER constraints on mantle composition

Evaporation, giant impact and high temperature condensate 
models all predict refractory compositions (rich in Th) 

and a nearly complete loss of volatiles 

This finding is supported by the high abundance
of S measured by MESSENGER’s X-Ray Spec-
trometer (8).

The K/Th ratio for Mercury, which can be
regarded as a representative value for the mea-

sured region, is most similar to that of Mars,
where 95% of measured surface K/Th values
are between 4000 and 7000 (Fig. 2) (6). The
absolute abundances of K and Th for Mercury
are in the range measured for martian meteor-

ites, whose values are a factor of 3 to 4 lower
than for the martian surface. This difference
reflects the origin of the meteorites from mantle
material depleted in incompatible elements, con-
sistent with the conclusion that the higher val-
ues on the surface are at least partially the result
of igneous processes (9). The lower concentra-
tions of K and Th on the surface of Mercury
relative to Mars suggest differences in the mag-
matic and crustal evolution of the two planets.

A number of physical and chemical mod-
els have been proposed for the formation and
early evolution of Mercury, each of which pre-
dicts a different present-day bulk silicate compo-
sition for the planet (10). Hypotheses proposed
to explain the unusually high metal-to-silicate
ratio of Mercury (11) also carry predictions for
the ratios of volatile to refractory elements that
can be tested against the K, Th, and U abun-
dances measured by MESSENGER. Evaporation
models (12) invoke preferential vaporization
of much of Mercury’s outer silicate shell in a
high-temperature (2500 to 3500 K) solar neb-
ula. This process would have left the crust and
upper mantle strongly depleted in volatiles,
with marked depletions in K. Uranium would
also be depleted, owing to formation of the vol-
atile UO3 (13), resulting in a highly fraction-
ated Th/U ratio of ~1000 (10). The observed
K abundance and Th/U ratio of 2.5 T 0.9 do
not support such a high-temperature process.
Likewise, the measured K abundance is in-
consistent with the giant impact hypothesis, in
which one or more impacts removed Mercury’s
early crust and upper mantle to yield a planet
with a high metal-to-silicate ratio (14). Recent
simulations suggest that the collisions necessary
to prevent reaccretion of ejected material would
have subjected the entire planet to high tem-
peratures and would have led to substantial
loss of volatiles (15).

In contrast to models that invoke heating of
Mercury after formation, other proposed models
suggest formation directly from high-temperature
nebular condensates [e.g., (16)]. Such models
predict a composition of metallic Fe and Fe-free
silicates, consistent within uncertainties with ob-
servations (17, 18), and chondritic relative abun-
dances of Th and U (~0.300 and ~0.080 ppm,
respectively) (10), similar to the measured GRS
abundances. However, such models also predict
a volatile-depleted bulk silicate planet with min-
imal K and S (10), contrary to measured K and
S (8) abundances.

The indication of modest Fe concentrations
in silicates on the surface of Mercury (17, 18)
led to models in which refractory and volatile
condensates mixed during accretion (19). As the
innermost planet, Mercury would have incor-
porated material that on average formed closer
to the Sun and was more enriched in refrac-
tory materials than the other terrestrial planets.
These models predict bulk silicate compositions
with chondritic Th/U and subchondritic K/Th
ratios (10), although the precise compositions
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Fig. 1. A comparison of the high- and low-altitude summed gamma-ray spectra in the region of the
1461-keV K gamma-ray peak. (Inset) The fit to the low-altitude data; the 1434-, 1454-, and 1461-keV
peaks are included in the fit.

Fig. 2. A comparison of K versus Th abundances for Mercury (the 1-SD ellipse is indicated in red) with
those for Mars (~500 km spatial resolution) as measured by the Mars Odyssey Gamma-Ray Spectrometer
(6, 9) and martian meteorites [e.g., (5)], the Moon (~500 km spatial resolution) as measured by the Lunar
Prospector Gamma-Ray Spectrometer (7), Venus as measured by gamma-ray spectrometers on Soviet
Venus landers, and terrestrial oceanic crust (5).
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Peplowski et al. (2011)

Gamma-ray spectrometer 
measured the average surface 
abundances of radioactive 
elements:
Th: 220 ± 60 ppb
U: 90 ± 20 ppb
K: 1150 ± 220 ppm

Measurements of the X-ray 
spectrometer revealed a 
S-enriched surface 
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models all predict refractory compositions (rich in Th) 

and a nearly complete loss of volatiles 

This finding is supported by the high abundance
of S measured by MESSENGER’s X-Ray Spec-
trometer (8).

The K/Th ratio for Mercury, which can be
regarded as a representative value for the mea-

sured region, is most similar to that of Mars,
where 95% of measured surface K/Th values
are between 4000 and 7000 (Fig. 2) (6). The
absolute abundances of K and Th for Mercury
are in the range measured for martian meteor-

ites, whose values are a factor of 3 to 4 lower
than for the martian surface. This difference
reflects the origin of the meteorites from mantle
material depleted in incompatible elements, con-
sistent with the conclusion that the higher val-
ues on the surface are at least partially the result
of igneous processes (9). The lower concentra-
tions of K and Th on the surface of Mercury
relative to Mars suggest differences in the mag-
matic and crustal evolution of the two planets.

A number of physical and chemical mod-
els have been proposed for the formation and
early evolution of Mercury, each of which pre-
dicts a different present-day bulk silicate compo-
sition for the planet (10). Hypotheses proposed
to explain the unusually high metal-to-silicate
ratio of Mercury (11) also carry predictions for
the ratios of volatile to refractory elements that
can be tested against the K, Th, and U abun-
dances measured by MESSENGER. Evaporation
models (12) invoke preferential vaporization
of much of Mercury’s outer silicate shell in a
high-temperature (2500 to 3500 K) solar neb-
ula. This process would have left the crust and
upper mantle strongly depleted in volatiles,
with marked depletions in K. Uranium would
also be depleted, owing to formation of the vol-
atile UO3 (13), resulting in a highly fraction-
ated Th/U ratio of ~1000 (10). The observed
K abundance and Th/U ratio of 2.5 T 0.9 do
not support such a high-temperature process.
Likewise, the measured K abundance is in-
consistent with the giant impact hypothesis, in
which one or more impacts removed Mercury’s
early crust and upper mantle to yield a planet
with a high metal-to-silicate ratio (14). Recent
simulations suggest that the collisions necessary
to prevent reaccretion of ejected material would
have subjected the entire planet to high tem-
peratures and would have led to substantial
loss of volatiles (15).

In contrast to models that invoke heating of
Mercury after formation, other proposed models
suggest formation directly from high-temperature
nebular condensates [e.g., (16)]. Such models
predict a composition of metallic Fe and Fe-free
silicates, consistent within uncertainties with ob-
servations (17, 18), and chondritic relative abun-
dances of Th and U (~0.300 and ~0.080 ppm,
respectively) (10), similar to the measured GRS
abundances. However, such models also predict
a volatile-depleted bulk silicate planet with min-
imal K and S (10), contrary to measured K and
S (8) abundances.

The indication of modest Fe concentrations
in silicates on the surface of Mercury (17, 18)
led to models in which refractory and volatile
condensates mixed during accretion (19). As the
innermost planet, Mercury would have incor-
porated material that on average formed closer
to the Sun and was more enriched in refrac-
tory materials than the other terrestrial planets.
These models predict bulk silicate compositions
with chondritic Th/U and subchondritic K/Th
ratios (10), although the precise compositions
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Peplowski et al. (2011)

Gamma-ray spectrometer 
measured the average surface 
abundances of radioactive 
elements:
Th: 220 ± 60 ppb
U: 90 ± 20 ppb
K: 1150 ± 220 ppm

Measurements of the X-ray 
spectrometer revealed a 
S-enriched surface 

Mercury’s mantle contains much more volatiles than previously assumed



depend on the end-members assumed, and mag-
mas derived from partial melting of material
of bulk composition have somewhat higher
K/Th ratios. A variant on the refractory-volatile
mixing models is the formation of Mercury from
chondritic materials, particularly those with high
metal-to-silicate ratios, such as the CB chon-
drites. Models of the present-day bulk silicate
composition of Mercury resulting from accre-
tion of metal-rich chondrites [e.g., (20)] pre-
dict Th/U and K/Th ratios of ~3.5 and ~4300
(10), respectively, similar to the GRS Th/U
value of 2.5 T 0.9 and consistent with the K/Th
value of 5200 T 1800. Given the relative incom-
patibility of K, U, and Th, surface compositions
derived from melting of the bulk interior are like-
ly to have comparable ratios. Thus, the compo-
sition of Mercury might be best represented
by a chondritic composition with a substantial-
ly greater inventory of volatiles than previously
postulated.

Measurements of K, Th, and U on the sur-
face of Mercury provide constraints on the
planet’s interior history, because the radiogenic
isotopes of these elements are the primary long-
lived source of internal heat generation. Among
the manifestations of Mercury’s thermal evolu-
tion are its history of volcanism (8), its dynamo-
generated magnetic field (21, 22), and the history
of global cooling as recorded in surface tectonic
features (23). GRS measurements indicate that
heat production at 4 billion years ago was about
four times larger than at present. The substantial
decline in heat production (Fig. 3) with time is
consistent with evidence for the widespread
emplacement of volcanic smooth plains depos-
its near or shortly after the end of late heavy
bombardment and only limited, isolated centers
of volcanism since that era (3).

The inference that Mercury’s internal mag-
netic field arises from a dynamo in the plan-

et’s liquid outer core [e.g., (22, 24)] requires that
there be a mechanism within the core to drive
the convective motions needed to convert rota-
tional energy to magnetic energy. One sugges-
tion has been that U may have fractionated into
the core if accretion and planet-wide differen-
tiation occurred under highly reducing condi-
tions (23) and that heat from the decay of U
could have driven core convection. However,
Mercury’s Th/U ratio of 2.5 T 0.9, similar to
or slightly less than that of chondritic meteor-
ites, is inconsistent with such a proposal.

Widespread contractional tectonic features
on Mercury’s surface accommodated an average
surface strain equivalent to a 1- to 2-km reduc-
tion in the planet’s radius over the past 4 billion
years (Gy) (25). Most models for Mercury’s
internal thermal history predict greater contrac-
tion over that time interval (26). The evapora-
tion model for Mercury’s formation, because
of its prediction that the bulk silicate portion
of the planet lost most of its K and U, provided
a possible explanation for the limited contrac-
tion given that internal heat production domi-
nated by Th would have declined by only 22%
over 4 Gy (Fig. 3). The measured K/Th and Th/U
ratios, however, are inconsistent with this mod-
el. To further relate GRS measurements to Mer-
cury’s history of cooling and contraction, it is
necessary to understand the degree to which K,
Th, and U in the bulk silicate portion of the
planet are concentrated in the crust. Because
those elements partition into the melt during sil-
icate partial melting, the crustal enrichment de-
pends strongly on the typical melt fractions in
the source regions of magmas on Mercury (Fig.
3). The Mg/Si, Al/Si, and Ca/Si ratios of Mer-
cury’s surface materials (8) are consistent with
compositions similar to those of terrestrial vol-
canic rocks derived from high degrees (~20 to
30% or more) of partial melting (27), implying

that substantial heat production was retained
in Mercury’s mantle and may have served to
slow global cooling and contraction.
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Fig. 3. Heat generation per unit
mass in the bulk silicate fraction of
Mercury over the past 4.5 billion
years. The solid black line corre-
sponds to a composition identical
to that of the uppermost crust of
Mercury’s northern hemisphere as
measured by GRS. Yellow shading
indicates the range of heat genera-
tion in the bulk silicate portion of
the planet if K, Th, and U fraction-
ated fully into the magma during
partial melting for melt fractions
variously equal to 10 to 100% at
10% intervals (gray contours). Pre-
dictions from the evaporation (0 K,
400 ppb Th, 0 U) and condensation
(0 K, 120 ppb Th, 30 ppb U) mod-
els are included, as well as forma-
tion from CI chondrite (550 ppm K,
29 ppb Th, 8 ppb U) and EH chon-
drite (840 ppm K, 30 ppb Th, 9 ppb
U) material (12).
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MESSENGER observations suggest that Mercury formed from 
particular chondritic minerals with a high metal to silicate ratio

MESSENGER constraints on mantle composition

• Decay of heat production with time 
is consistent with a concentration of 
volcanic activity relatively early in 
the planet’s history

• The surface abundance of Th, U and 
K can be used to constrain the 
relative partitioning of these 
elements between the bulk of the 
mantle and crust



Mercury’s volcanic activity
The presence of volatiles is consistent with MESSENGER’s observations of 

widespread pyroclastic deposits all over Mercury’s surface and of a vast 
area of relatively young smooth plains covering the northern hemisphere

Specific criteria used to identify possible pyroclastic deposits
included the presence of an irregular central depression, an
albedo anomaly with diffuse boundaries, and a distinct spectral
signature similar to that of the previously identified pyroclastic
deposit RS-03. These criteria are similar to those used to identify
lunar pyroclastic deposits, though lunar deposits are also distin-
guished by their low albedo compared with surrounding terrain
(Pieters et al., 1974; Weitz et al., 1998; Gaddis et al., 2003),
whereas mercurian pyroclastic deposits tend to have a higher
albedo than surrounding terrain.

On the basis of these criteria, a total of 35 candidate pyroclas-
tic deposits have been identified on Mercury, including 19 newly
documented deposits and multiple distinct deposits at some of
the previously identified sites (Fig. 2, Table 1). Most of the
pyroclastic deposits so identified fit all three criteria, though
several large deposits lack a discernible central vent, and several
deposits are located in the areas for which sufficient WAC color

data are not yet available. The Beckett crater deposit is an
example of a feature with good lighting for morphological
analysis but poor lighting geometry for spectral analysis, whereas
the Melville, Hemingway, and RS-04 deposits are examples of
features with good lighting geometry for spectral analysis but
poor lighting for morphological analysis (Fig. 2). The additional
candidate pyroclastic deposits identified from images obtained
during the second and third flybys are generally located on the
floors of impact craters, though some are located along crater
peak rings, and one (Melville) is located just outside the rim of a
crater (Table 1).

Note added in proof: Four additional pyroclastic deposits were
identified after this manuscript was submitted. These four fea-
tures, which bring the total number of candidate pyroclastic
deposits to 39, are included in Figs. 1 and 2 and Table 1 (labeled
Penta and unnamed crater 5a–c, after the areas in which they are
found) but are not included in the analyses that follow.

Fig. 2. Candidate pyroclastic deposits identified from images obtained during the three MESSENGER flybys. Higher-resolution images were taken from a global mosaic of
Mercury combining MDIS NAC data with images from Mariner 10 (Becker et al., 2009) and overlaid with color images from a global WAC mosaic (Domingue et al., 2010)
(R: 1000 nm, G: 750 nm, B: 430 nm). Numbers correspond to the position of each deposit in Table 1 (with 1 the largest and 35 the smallest). The WAC data were overlaid
on the NAC data using an Adobe Photoshop blending filter that highlights WAC color variations while preserving NAC contrast and texture, effectively reducing the
appearance of WAC pixels. Most deposits have diffuse edges and a distinguishable color anomaly and are centered on an irregular depression. (a) Some large deposits such
as Hemingway (3) and Hesiod a (4) do not have clear vents. Deposit RS-05 has several possible vent structures. RS-02 (located in the crater Navoi, 6) lies in an area with
poor viewing geometry (Fig. 1c). (b) To Ngoc Van (10), Scarlatti (12), and Gibran (15) were identified as pit craters by Gillis-Davis et al. (2009). The To Ngoc Van deposit (10)
lies in an area imaged at poor viewing geometry (Fig. 1). (c) Rachmaninoff SE (17), RS-04b and c (20 and 23), and RS-01 (located in the crater Moody, 25) lack discernible
vents. RS-04 is located in an area of high illumination angle, making morphological features more difficult to discern (Fig. 1c). (d) Deposits Beckett (34), Glinka (29), and
unnamed crater 4 (not measured) lie at the edges of the WAC image data in the areas of high illumination angle.
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Flood Volcanism in the Northern
High Latitudes of Mercury Revealed
by MESSENGER
James W. Head,1* Clark R. Chapman,2 Robert G. Strom,3 Caleb I. Fassett,1 Brett W. Denevi,4

David T. Blewett,4 Carolyn M. Ernst,4 Thomas R. Watters,5 Sean C. Solomon,6 Scott L. Murchie,4
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Zhiyong Xiao,3,9 William J. Merline,2 Laura Kerber,1 James L. Dickson,1 Jürgen Oberst,10
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MESSENGER observations from Mercury orbit reveal that a large contiguous expanse of smooth
plains covers much of Mercury’s high northern latitudes and occupies more than 6% of the
planet’s surface area. These plains are smooth, embay other landforms, are distinct in color,
show several flow features, and partially or completely bury impact craters, the sizes of which
indicate plains thicknesses of more than 1 kilometer and multiple phases of emplacement. These
characteristics, as well as associated features, interpreted to have formed by thermal erosion,
indicate emplacement in a flood-basalt style, consistent with x-ray spectrometric data indicating
surface compositions intermediate between those of basalts and komatiites. The plains formed
after the Caloris impact basin, confirming that volcanism was a globally extensive process in
Mercury’s post–heavy bombardment era.

The Mariner 10 flybys of Mercury during
1974–1975 revealed that the planet had
several large areas of smooth plains con-

taining relatively fewer impact craters. Whether
the Caloris basin–related plains were volcanic
(1–3) or consisted of fluidized impact ejecta as
seen on theMoon (4) was a matter of debate until
the MESSENGER flybys in 2008–2009 con-
firmed their volcanic origin and that volcanism
was widespread on Mercury (5–11). Uncertain-
ties remaining after those flybys included the
origin of other plains occurrences, the volcanic
styles and modes of emplacement of volcanic
plains (12), their global extent and elemental
composition, and the time span of their emplace-
ment (13). Here, we used high-resolution images
provided by MESSENGER now in orbit around
Mercury to address these issues.

Images from the Mariner 10 (2) and
MESSENGER flybys (8, 9, 13) hinted that an
area of smooth plains (14) and a large impact
basin (2) were present at high northern lat-
itudes, an association perhaps indicating an
impact origin for these plains [e.g., (4, 14)].

MESSENGER observations during the first
Mercury year in orbit show that these smooth
plains are less heavily cratered than their sur-
roundings (Fig. 1 and fig. S1) and form a con-
tiguous unit extending around the pole covering
~4.7 × 106 km2, or about 6% of the surface area
of Mercury. Mercury Dual Imaging System

(MDIS) (15) color data indicate that these
smooth plains are homogeneous, differ in color
from the surrounding more heavily cratered
terrain, and are comparable to high-reflectance
plains mapped elsewhere on Mercury (8, 9).

Ghost craters (Fig. 1) (5, 7), preexisting im-
pact craters that have been partially or completely
buried and are now seen as relict rings of ridges
in the overlying plains, can provide clues as to the
thickness and mode of emplacement of younger
deposits. Under the assumption that the crater
was fresh at the time of burial, morphometric re-
lations (depth/diameter ratio; rim crest height
above adjacent terrain) (16) can be used to es-
timate the depth of burial and thus the thickness
of the plains unit. We have mapped more than a
dozen buried craters at least 60 to 70 km in di-
ameter (Fig. 1) within the northern smooth plains.
Ghost craters >100 km in diameter in the interior
of the smooth plains indicate that plains thick-
nesses locally exceed 1 to 2 km. The density of
smaller ghost craters varies across the smooth
plains, which suggests that the plains unit thins
toward the areas hosting clusters of such features
and that when the plains were emplaced, broad
lows occupied those areas where small ghost
craters are absent. If these lowsmark one or more
degraded impact basins (2), the lack of clear cir-
cular basin outlines indicates that any such basins
would be highly degraded and therefore com-
parable in age to some of the oldest terrain on
Mercury (13). An alternative interpretation of the
smaller ghost craters in the smooth plains interior
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idence, RI 02912, USA. 2Southwest Research Institute, Boulder,
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Fig. 1. Distribution of smooth plains and adjacent older units at high northern latitudes on Mercury.
Smooth plains are outlined in black (solid, certain; dashed, approximate); impact craters >20 km in
diameter are denoted by red circles (13), ghost craters within the plains by blue circles (the letter G
denotes the Goethe basin), and pits and pyroclastic deposits by green dots [including named features (6)
and others newly recognized]. Gray areas denote gaps in MDIS imaging coverage as of this writing. Major
trends of wrinkle ridges in the region are given in fig. S1.
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Lobate scarps and global contraction
Lobate scarps and radial contraction

• Surface-breaking thrust faults
   resulting from limited global
   contraction: !R ! 2 km
   (Watters et al. 2009)
• Active until after the formation 
  of the youngest smooth plains
• Contraction is attributed to 
   inner-core solidification 
   and secular cooling 
  (Schubert et al., 1988; 
   Hauck and Phillips, 2004)

3

superimposedon lobate scarps, and (4)noobviousdegradationorpartial
burial of lobate scarps by Caloris ejecta is seen (Watters et al., 2004).

Models for the lithospheric stresses that produced the observed
distributionof tectonic features viewedbyMariner 10have involved some
combination of global contraction accompanying interior cooling, tidal
despinning, and stresses related to the formation andmodification of the
Caloris basin (Strom et al., 1975; Solomon,1976, 1977, 1978, 1979; Cordell
and Strom, 1977; Melosh, 1977; Melosh and Dzurisin, 1978; Pechmann
and Melosh, 1979; Melosh and McKinnon, 1988; Thomas et al., 1988;
Schubert et al., 1988; Phillips and Solomon, 1997; Hauck et al., 2004;
Dombard and Hauck, 2008; Matsuyama and Nimmo, 2009). Patterns of
lithospheric stress for each of these models predict specific spatial and
temporal distributions of contractional faults and their associated lobate
scarps. Contraction of the planet from interior cooling, absent other
influences, would result in global, horizontally isotropic compressive
stress and amore or less uniformlydistributedpopulation of lobate scarps
with no preferred orientation or thrust direction (e.g., Watters et al.,
2004). The onset of lithospheric contraction is predicted to occur before
the end of heavy bombardment for most thermal history models
(Solomon, 1976, 1977, 1978, 1979; Schubert et al., 1988; Hauck et al.,
2004; Dombard and Hauck, 2008).

The predicted stresses from tidally induced despinning and the
relaxation of an early equatorial bulge (Melosh, 1977; Melosh and
Dzurisin,1978;Melosh andMcKinnon,1988) would be expected to result
in north-south-oriented thrust faults near the equator and east-west-
oriented normal faults in polar regions (Melosh, 1977). Extension in
Mercury's polar regions predicted by tidal despinning has not been
observed (Solomon, 1978; Melosh and McKinnon, 1988; Schubert et al.,
1988;Watters et al., 2004). Stresses from tidal despinning and contraction
may have been coupled if the two processes overlapped in time
(Pechmann and Melosh, 1979; Melosh and McKinnon, 1988; Dombard
and Hauck, 2008;Matsuyama and Nimmo, 2009;Watters and Nimmo, in
press). Dombard and Hauck (2008) drew attention to the possibility that
early tidal despinning and global contraction led to a population of north-
south-oriented thrust faults that, although rendered unrecognizable by
heavy bombardment, may have been reactivated by subsequent global
contraction as the planet continued to cool. Matsuyama and Nimmo
(2009) emphasized the possible importance of polar wander resulting
from the formation and infilling of the Caloris basin and found that the
orientations of thrust faults predicted for a combination of such polar
wanderwith contraction anddespinning are, under some assumptions, in
broad agreement with those observed by Mariner 10 as well as with
limited informationon the planet's long-wavelength gravityfield. Thomas
et al. (1988) suggested that lithospheric stresses from thermal contraction
may have interacted with stresses associated with the formation of the
Caloris basin, resulting in Caloris-radial thrust faults, but few lobate scarps
in areas imaged by Mariner 10 are radial to the Caloris basin.

Convection in Mercury's mantle may have imparted additional
stresses to the lithosphere during the time of lobate scarp formation
(Watters et al., 2004; King, 2008; Watters and Nimmo, in press). In
three-dimensional models of convection in Mercury's mantle, the
pattern of mantle downwelling can lead to predominantly east-west
compression at low latitudes and generally north-south compression
in the polar regions (King, 2008). This pattern of stresses is broadly
consistent with the orientations of mapped lobate scarps in areas
imaged by Mariner 10 (Watters et al., 2004). Stress from global
contraction, however, must be sufficiently large to prevent extension
in regions of mantle upwelling, and the magnitude of the predicted
stresses would result in large dynamic topography that is not
observed (Watters and Nimmo, in press).

3. MESSENGER imaging observations

The Mercury Dual Imaging System (MDIS) (Hawkins et al., 2007)
obtained images on approach to and departure fromMercury during the
MESSENGER flyby of 14 January 2008. The highest-resolution images

were obtained with the MDIS narrow-angle camera (NAC). The NAC
approach images have resolutions down to ~485 m/pixel, and the NAC
departure images have resolutions down to ~120 m/pixel, obtained just
after closest approach. Mosaics of the NAC approach and departure
sequences have been used to identify and map the location of tectonic
features. The optimum lighting geometry for the detection of tectonic
landforms is at large solar incidence angles, approximately 60° to 85°
measured from nadir, and occurs within about 35° longitude of the
terminator on the approach and departure hemispheres. To extend areal
coverage, however, tectonic features have been identified inMESSENGER
images at incidence angles as small as 40°.

4. Tectonic landforms

4.1. Lobate scarps

The most prominent lobate scarp viewed during MESSENGER's
first flyby is Beagle Rupes (Figs. 1, 2), over 600 km long and one of the
most arcuate of the lobate scarps found on Mercury to date (Solomon
et al., 2008). The north–south-trending segment of Beagle Rupes

Fig. 2. Beagle Rupes, an arcuate lobate scarp imaged by MESSENGER. (A) The scarp
(white arrows) is over 600 km long and offsets the floor and walls of the eccentric
Sveinsdóttir impact crater. The floor of Sveinsdóttir was flooded by smooth plains and
subsequently deformed by wrinkle ridges prior to being crosscut by the thrust fault. A
~27-km-diameter crater sits undeformed on the northwest-southeast segment of the
scarp (black arrow). The resolution of the mosaic is ~530 m/pixel. (B) The northern
segment of Beagle Rupes crosscuts a ~17-km-diameter impact crater (white arrows)
formed in intercrater plains. The resolution of the image is 210m/pixel. The locations of
(A) and (B) are shown in Fig. 1.

285T.R. Watters et al. / Earth and Planetary Science Letters 285 (2009) 283–296

Watters et al. (2009)tWatters et al. (2009)
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• Most widespread tectonic landform 
already identified by Mariner 10 

• Surface breaking thrust faults resulting 
from global contraction: ΔR≤2 km 
(Watters et al., 2009)

• Contraction is attributed to inner core 
solidification and/or secular cooling 
(Schubert et al., 1988)



Results from parameterized models

• The small amount of global contraction 
poses a severe constraint on thermal 
evolution models

• From earlier parameterized models of 
thermal evolution (Hauck et al., 2004):
- high sulfur content in the core to 

reduce the melting temperature and 
retard core freezing
- refractory composition
- negligible volatile content
- short lasting volcanic activity

• More recent models (Grott et al., 2011) 
are compatible with small contraction, 
the presence of volatiles and long-lasting 
volcanic activity

Standard thermal evolution models

Small contraction requires:
• high sulfur content 
• refractory composition
• low volatile content 
  (Hauck and Phillips, 2004)

New models should result in small contraction and
• allow for the presence of volatiles
• allow for mantle melting and volcanic activity over
   an extended time period
  

7

Text

(Hauck and Phillips, 2004)

Hauck et al. (2004)

the tighter constraint ofΔRpN−2 km are shown in red. Fig. 4a shows a
scatter plot of the admissible models as a function of reference
viscosity ηref and initial upper mantle temperature Tm0, i.e., those
combinations of ηref and Tm0 for which a set of ΔTcm, δV/V, kcr, and Dreg

was found such that 1)–3) are satisfied. Successful models require
small amounts of secular cooling and either have low initial upper
mantle temperatures or large mantle viscosities (or both). While
essentially all initial upper mantle temperatures are admissible,
reference viscosities below 1020 Pa s were found not to be compatible
with the observations.

Fig. 4b shows successful models as a function of crustal thermal
conductivity kcr and regolith thickness Dreg. We find that the regolith
layer thickness needs to exceed a thickness of 2 km in order to comply
with the observational constraints, and only if DregN4 km ΔRpN−2 km
is obtained. Models without a thermally insulating layer result in too
large contractions, consistentwith the results byHauck et al. (2004) and
the results presented in Section 3.1.

Present day crustal thicknesses of the admissible models are
presented as a function of initial upper mantle temperature in Fig. 4c,
with most models showing crustal thicknesses between 10 and 40 km.
Only few models have DcrN40 km and models with ΔRpN−2 km fall
within the range 10bDcrb50 km. There is a tendency for models with
larger initial upper mantle temperatures to yield larger present day
crustal thicknesses, as would be expected for a warmer planetary
interior.

The minimum bulk sulfur content χs,min necessary to prevent core
freezing is given in Fig. 4d as a function of initial upper mantle
temperature Tm0. χs,min needs to exceed 6 wt.% in all models and

models with low initial upper mantle temperatures may require as
much as 10 wt.% of sulfur to be compatible with the observed low
planetary contraction. A general trend is visible andwhile the range of
minimum sulfur contents is large for small Tm0,χs,min need not exceed
6–7% for Tm0N1750 K.

To be compatible with a core dynamo driven by compositional
convection (Christensen, 2006; Schubert et al., 1988; Takahashi and
Matsushima, 2006; Vilim et al., 2010), the actual sulfur content in
Mercury's core needs to be slightly smaller than the minimum value
required to prevent the initiation of inner core freeze-out. Therefore,
the sulfur contents given in Fig. 4d should be interpreted accordingly.
However, given the uncertainties associated with the knowledge of
the core adiabat and the Fe–S melting relations, χs,min can serve as a
valuable estimate for the actual sulfur content compatible with only a
small amount of planetary contraction contributed by the growth of
an inner core.

The amount of secular cooling after 500 Myr encountered in
successful models is shown as a function of initial upper mantle
temperature in Fig. 4e. For most models, secular cooling after the end
of the late heavy bombardment is below 120 K, but can be as large as
160 K for larger initial upper mantle temperatures. The temperature
evolution of the admissible models is shown as a function of time in
Fig. 4f, where it is evident that all models follow a similar trend.
Mantle temperatures increase by up to 200 K during the earliest
evolution, before secular cooling dominates after 500 to 1000 Myr.
Secular cooling is relatively slow and the cooling rate is close to 30 K/
Gyr in most models, slightly smaller than that reported for Mars by
Morschhauser et al. (2011), but well below the average cooling rate of
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Results from numerical models

• Limited amount of literature on 
numerical models of Mercury’s mantle 
convection:
- Analysis of the conditions that allow 

convection to persist until present 
day (Redmond & King, 2007)

- Attempt at explaining lobate scarps as 
a result of convective stresses (King, 
2008)

3D convection planforms in a thin mantle

16

LETTERS

a b

Figure 1 Temperature field after 750 million years of model evolution.

a, Calculation Merc LM1. b, Calculation Merc L2. The orange surface represents the
0.9 (1,804 K) temperature isosurface. Note the transition between long,
two-dimensional roll structures in the low latitudes to a more complicated hexagonal
pattern in the high latitudes in a.

Figure 1a is representative of the thermal structure seen after
750 Myr of model evolution for the linear upwelling planform,
with the orange surface representing the 0.90 (1,804 K) temperature
isosurface. The low latitudes are dominated by a series of long,
linear rolls, with a wavelength of approximately 1,880 km—three
times the thickness of the mantle. The planform changes to a nearly
hexagonal pattern with a wavelength closer to the thickness of the
mantle in the high latitudes. The top boundary layer is a thick,
stagnant lid characteristic of the temperature-dependent rheology
convection24. The initial temperature field for this calculation is
a collection of spherical harmonic perturbations to a uniform
temperature field (0.95 or 1,880 K) at isolated depths. The planform
of the initial perturbation results in isolated cylindrical upwellings
and downwellings (for example, spherical harmonic degree 18 and
order 15 and degree 11 and order 7). Within 300–500 million years,
the sheet-like upwelling planform (for example Fig. 1a) replaces the
initial condition.

Figure 1b is representative of the thermal structure seen after
750 million years of model evolution with the hemispherical
planform from calculation Merc L2 (Supplementary Information
Table), with the orange surface again representing the 0.90
(1,804 K) temperature isosurface. There is a single linear sheet
ringing the planet with cylindrical downwellings at either pole,
resembling the degree-2 order-0 spherical harmonic pattern from
the initial condition. Within 300 Myr the convective planform
evolves into the narrow ring-sheet and plumes seen in Fig. 1b, and
this pattern is stable through out the calculation. Although this
pattern has sheet-like upwellings, it would be difficult to reconcile
with the surface indicators of stress. Because these two patterns are
so long lived, identifying one or the other will provide insight into
the conditions early in Mercury’s formation.

Although mantle convection on Venus, Earth and Mars takes
the form of cylindrical upwellings21, the upwellings on Mercury
take the form of long, linear rolls (Fig. 1a) or hemispherical sheet
upwellings and cylindrical downwellings (Fig. 1b). This convective
planform is observed over the range of Rayleigh numbers relevant
for Mercury (104–107) and with or without the inclusion of
heat-producing elements (see Supplementary Information Table).
It is a direct consequence of the thin silicate shell and the
corresponding low Rayleigh number applicable to convection in
Mercury’s mantle. Linear upwellings and downwellings (that is,
rolls) in the low-latitude regions of the spherical shell and a
cylindrical upwelling (or downwelling) at the pole form within
300–500 Myrs of the initial condition and remain in this stable
pattern throughout the remainder of the calculation. With
low-degree initial conditions, a nearly hemispherical pattern of
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Figure 2 Orientation of compressional features on Mercury. a, Sketch map
outlining geographic regions (adopted from ref. 11). The dominant trend of the strike
of features is shown for illustration in each region. b, Rose diagram illustrating
strikes of compressive features scaled per kilometre of length (adopted from ref. 11).

upwelling and downwelling cylinders is observed throughout
the calculation (Supplementary Information Table). In the other
terrestrial planets, instabilities near the base of the mantle begin
as linear, two-dimensional features, which quickly break into
distinct cylindrical plumes as the instabilities rise. Sheets coalesce
into plumes at the intersection of two or more linear sheets.
The mercurian mantle is too thin for the basal boundary layer
instabilities to break up into cylindrical plume structures and thus
linear upwellings extend throughout the mantle.

I compare the results of the convection calculations with the
pattern of compressive features (Fig. 2)11. The principal stress
axes of the near-surface stress field calculated from the flow field
in Fig. 1a are shown in Fig. 3a and the angle of the principal
stress axis (relative to the E–W plane) is contoured in Fig. 3b,
with 0◦ representing E–W extension and 90◦ representing E–W
compression. The long linear rolls give rise to nearly east–west
compression and extension in the low latitudes consistent with
the clustering orientations of the lobate scarps on Mercury. The
more complex, hexagonal structures near the poles produce nearly
concentric compressional stresses at high latitudes, consistent with
a concentric pattern of scarps about the sub-polar point below
50◦ S on Mercury. Regions of both compressional and extensional
stress are seen in calculations; hence a component of compressive
stress, for example from global contraction, is required to explain
the absence of extensional tectonic features on Mercury. Because
cooling and compression occur throughout the early stages of
Mercury’s evolution, the timing of the formation of the lobate
scarps is controlled by the timescale of mantle convection (the
linear rolls develop over the first 300–500 Myr) and not cooling
and contraction.

Lobate scarps appear late in Mercury’s brief history, and the
timing of the scarp formation in relation to cooling, core formation
and global contraction is problematic. Global contraction due to
cooling begins as soon as the planet forms and the rate of cooling
decreases with time; therefore, the bulk of thermal contraction is
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• For a broad range of parameters, 3D mantle convection  
   models in a thin mantle develop long, linear up- and 
   downwelling rolls at low latitudes and a more complex 
   hexagonal pattern near the poles (King, 2008)

King (2008)
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Table 2
Effect of aspect ratio on model output

Aspect ratio Grid resolution Surface heat flux (mW/m2) Peak topography (m) Peak geoid (m)

1 (1 × 1) 96 × 96 10.31 1391.26 60.76
2 (2 × 1) 192 × 96 12.64 3957.59 106.36
3 (3 × 1) 288 × 96 10.43 1827.91 29.59
4 (4 × 1) 384 × 96 11.15 3182.57 41.80
5 (5 × 1) 480 × 96 10.97 2329.28 22.65

with a 1% random perturbation to ensure that convection
develops.

3.1. Newtonian rheology

In Fig. 1 we present the results from a series of about
45 dry, Newtonian rheology models after a simulated
time of 4.5 By. We choose this approach to study the
thermal evolution of Mercury so that we can view the
range of parameters currently used as well as observe
results from various combinations of the parameters. It is
apparent that three categories of the present-day state of
the mantle emerge: conductive, convective, and convec-
tive with mantle internal heating. It is clear that a mantle
with a core heat flux of 3.25 mW/m2 or 6.5 mW/m2 will
not convect for any Mercurian-like Rayleigh number
in a Newtonian rheology unless mantle internal heat-
ing is greater than 50–70% of the total surface heat flux.
Because Mercury has significantly cooled since core sep-
aration and a large fraction of the radioactive elements
may now be in the crust where heat is mainly lost through
conduction (Solomon, 1977), it is unlikely that the inter-
nal heating in the mantle contributes more than 50% of
the total surface heat flux (i.e., an internal heating rate
of about 3 × 10−12 W/kg). It is important to note that
we assume no mantle internal heating on present-day
Mercury in order to understand a lower bound parame-
terization. However, the addition of internal heating that
would contribute up to 50% of the total surface heat flux
in any of our models would not change the results in
Fig. 1 and would increase the vigor of convection. Thus,
two possibilities exist for present-day mantle convection
to occur in a Mercury-sized mantle with a dry, Newto-
nian rheology and little or no mantle internal heating.
The first possibility is that the core heat flux must be
at least 9.75 mW/m2 and the initial Rayleigh number
must be equal to or greater than 2 × 105. The second
possibility is that there must be at least 13 mW/m2 of
heat from the core with any initial Rayleigh number
greater than 3 × 104. A Rayleigh number of 2 × 105 rep-
resents an extreme end member for Mercury (Siegfried
and Solomon, 1974; Stevenson et al., 1983); therefore,

the lowest parameterization for present-day mantle con-
vection to exist in a dry, diffusion creep rheology is a
core heat flux of 13 mW/m2 with a reasonable Rayleigh
number. While a core heat flux of 13 mW/m2 is outside
of the range of current estimates, modeling parameters
for Mercury are not well constrained; thus, we explore a
modest parameterization for a dry, Newtonian rheology.

We plot the temperature field and heat flux from a
thermal evolution calculation with an initial Rayleigh
number equal to 6 × 104, no mantle internal heating,
and a constant core heat flux of 13 mW/m2 in Fig. 2.
In this model the surface heat flux after 4.5 By is about
15.5 mW/m2 and the geoid and topography anomalies
are about 11 m and 123 m (Fig. 3), respectively. A
present-day core heat flux of 13 mW/m2 is slightly higher
than the range currently estimated for Mercury (e.g.,

Fig. 2. Temperature field (a) and heat fluxes (b) for a Mercury-sized
mantle in a dry, Newtonian rheology with Ra0 = 6 × 104, a core heat
flux of 13 mW/m2 and no mantle internal heating. Some likely present-
day features include a thick rheological lithosphere, weak mantle
convection and a surface heat flux of 15.5 mW/m2.

Redmond & King (2007)

All models - both parameterized and 
numerical - assume a mantle thickness 

of 600 km, at odds with the latest 
estimates of the moments of inertia
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Melt parametrization

• Upon melting:
- the solidus increases
- depleted mantle and newly formed crust 

are more buoyant than primordial mantle
- the crust is assigned a lower thermal 

conductivity
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Global radial contractionModeling planetary contraction

• Secular cooling:

• Mantle differentiation:

• Inner core growth:
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Grott et al., submitted

�
Volume changes due to thermal expansion/contraction:

Calculated a posteriori from the history of the mantle 
temperature profile and evolution of the crustal thickness 

Volume increase due to mantle differentiation caused 
by partial melting:

Contraction due to core freezing is  
neglected in first approximation and 
a small solid inner core is assumed

the mantle heats up as heat is lost from the core and the high mantle
viscosity inhibits efficient convective energy transport. At around
500 Myr, the temperature difference between uppermantle and core–
mantle boundary is reduced to 70 K, corresponding to the adiabatic
temperature increase across the mantle. This difference remains quasi
constant throughout the rest of the evolution, until a present day
upper mantle temperature of 1700 K and a core–mantle temperature
of 1780 K are reached. Note that upper mantle and core temperatures
are not entirely representative for the bulk planetary cooling, as the
planet primarily looses heat by growth of the stagnant lid. Therefore,
although the present day Tm is larger than the initial upper mantle
temperature Tm0, a net radius contraction is still associated with the
planet's thermal evolution.

The heat flows from the core into themantle qc, from themantle into
the stagnant lid qm, aswell as the surfaceheatflow qs are shown in Fig. 3b
as a functionof time. The surfaceheatflowquickly reaches values around
25 mWm−2, and slowly declines to a present day value of 15 mWm−2

as radioactive heat sources in the mantle decay. These values are
consistent with surface heat flux estimates derived from tectonic
modeling, which derive heat flows in the range of 10–43 mWm−2 at
4 Gyr b.p. (Watters et al., 2002). Mantle heat flow starts off at
10 mWm−2 and slightly increases as the mantle heats up and mantle
convection becomes more efficient. Once the mantle starts to cool, qm
decreases and reaches values of 9 mWm−2 today. Core heat flows are
large as long as the core is still superheated with respect to the mantle,
but drop to zero after 400 Myr. Tcm then stays constant until after 1 Gyr,
when core cooling again proceeds and today's core heat flows reach
values around 3.5 mWm−2.

Fig. 3c shows the evolution of the crustal thickness Dc (dashed line),
the stagnant lid thickness Dl (solid line), and the extent of the global
melt layer (shaded gray) as a function of time. Themodel starts off with
a primordial crustal thickness of 5 km, andDcr steadily growswithin the
first 2.5 Gyr to values of 42 km. At this point in time the global melt
channel vanishes, but further volcanic activity could be connected to
decompression melting in the heads of mantle plumes, a process not
modeled here. The stagnant lid thickness quickly grows to values
around 130 km, indicating fast planetary cooling during the early
evolution. Today's values of the stagnant lid thickness are around
225 km, indicating the presence of a massive lid and associated large
elastic thicknesses.

Fig. 3c shows the different contributions ΔR from secular cooling,
mantle differentiation, and the growth of an inner core to the
planetary radius change ΔRp. Furthermore, the total planetary radius
change is also given. Planetary cooling accounts for more than 4 km of
planetary contraction, but this decrease of the planetary volume is
partially offset by the volume increase associated with mantle
differentiation, which results in a moderate planetary extension
which peaks around 2 km at 1.6 Gyr. The remaining evolution is
governed by planetary cooling, until an inner core starts to solidify at
around 4.2 Gyr. Inner core growth adds more than 1 km of planetary
contraction within only 300 Myr, increasing the total amount of
contraction to slightly more than 3 km. Measured from the end of the
late heavy bombardment, net extension is reduced to b1.5 km, while
the total contraction is increased to 3.5 km.

Themodelpresented in Fig. 3 is a typical example formodels showing
little planetary contraction while assuming a composition which allows
for the presence of volatiles. First of all, low contraction models show
large mantle viscosities and/or low initial upper mantle temperatures,
leading to a phase of early mantle heating and episodes of low or
negative core heat flows. Second, the presence of a thermally insulating
layer helps tomaintain the temperatures in themantle above solidus for
an extended period of time, allowing for the production of crust up to
times late in the evolution. Finally, a phase of moderate extension
associated with mantle differentiation is observed in most models.
Although global systems of extensional tectonic features are not
observed on Mercury (Watters et al., 2009), small amounts of
contraction around 1 km are not expected to produce visible surface
faults (see Section3.1). Amore systematic investigationof theparameter
space and a classification of the admissible model parameters will be
presented in the following section.

3.4. Admissible models

To investigate the range of models compatible with the observations,
we define an admissible model by the following criteria: 1) The total
amount of global extension after the end of the late heavy bombardment
shall not exceed 1 km. 2) The total amount of global contraction after the
endof the late heavybombardment shall not exceed3 km. 3) Thepresent
day crustal thickness shall be larger than 10 km. Note that we have
slightly increased the admissible amount of global contraction with
respect to the values estimated by Watters et al. (2009). In this way we
take into account that present estimatesmust be regardedas lower limits,
andwewill treatmodels satisfying the tighter constraint ofΔRpN−2 km
separately in the following discussion.

Using the above criteria, we investigated the parameter space
spanned by 1600bTm0b1900 K, 1019bηrefb1022 Pa s, 0bΔTcmb300 K,
0bδV/Vb5%, 1.5bkcrb4 Wm−1 K−1, and 0bDregb5 km. We picked
10,000 random combinations of these parameters and determined
admissible models by comparing the results of the individual model
run with the criteria given above. Out of the 10,000 models, only 273
were found to be admissible. Furthermore, only 17 models showed
global contraction smaller than 2 km.

The results of the computations are given in Fig. 4, where all
admissible models are shown as green dots, while models satisfying
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Numerical code

• 2D cylindrical / 3D spherical code Gaia 
(Hüttig & Stemmer, 2008)

• Structured mesh in 2D, structured or 
unstructured mesh in 3D

• Primitive variables, finite-volume formulation
• SIMPLE algorithm (Patankar, 1980) to 

enforce incompressibility
• Tracers to track compositional fields and 

model crustal growth
• Parallelized via domain decomposition
• Linear scaling up to a few hundreds cores

formula which allows us to obtain the water concentration or radioactive heat sources in the

melt (Fraeman & Korenaga, 2010; Morschhauser et al., 2011):

ΓF =
Γbulk

F
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1− (1− F )

1/δ
�

(5)

The term Γbulk is the initial concentration in the mantle and δ the partitioning coefficient

(Katz et al., 2003) which is smaller than 1 for incompatible elements. Partitioning coefficients

of minerals are available from explerimental data (Koga et al., 2003; Hirschmann et al., 2005).

The viscosity is calculated according to the Arrhenius law for diffusion creep (Karato

et al., 1986). Its non-dimensional formulation for temperature, depth and water concentration

dependent viscosity reads (Roberts & Zhong, 2006):

η(r, T,X) = exp
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−
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f̃(Γ) (6)

where Γ represents the water concentration and f̃(Γ ) models the viscosity increase due to

water depletion during the partial melting process (Fraeman & Korenaga, 2010).

Equations (1)-(3) are solved with the code Gaia (Hüttig & Stemmer, 2008a,b). The

code can handle 2D cylindrical as well as 3D spherical geometries using either projected or

unstructured grids (Figure 3). It is based on a finite volume formulation with second-order

accuracy in space and time. It uses the SIMPLE algorithm (Patankar, 1980) to enforce the

incompressibility constraint (1) and a fully implicit three-levels time scheme to solve the

advection-diffusion equation (3) (Harder & Hansen, 2005). The three linear systems arising

from the finite volume discretization of eq. (2), (3) and the Poisson equation for the pressure

correction are solved iteratively via bi-conjugate gradient stabilized (e.g. Saad, 2003).

Figure 3: (a) 2D cylindrical grid with the corresponding domain decomposition; (b) Voronoi cells of

a 3D spiral grid.
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out simultaneously. As the basic physics governing mantle convection and the formation of

partial melt is clearly the same for the three terrestrial bodies under study, we will dedicate

the remaining three months of the project to the analysis of the common aspects that have

emerged from the study of specific features of Mercury, the Moon and Mars. This final part
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Influence of mantle thickness
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• Contraction due to core 

freezing is neglected
• Considering the expansion due 

to mantle differentiation and 
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additional contraction due to 
core freezing



Results for H0=50% Hsurface
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Quick summary

depend on the end-members assumed, and mag-
mas derived from partial melting of material
of bulk composition have somewhat higher
K/Th ratios. A variant on the refractory-volatile
mixing models is the formation of Mercury from
chondritic materials, particularly those with high
metal-to-silicate ratios, such as the CB chon-
drites. Models of the present-day bulk silicate
composition of Mercury resulting from accre-
tion of metal-rich chondrites [e.g., (20)] pre-
dict Th/U and K/Th ratios of ~3.5 and ~4300
(10), respectively, similar to the GRS Th/U
value of 2.5 T 0.9 and consistent with the K/Th
value of 5200 T 1800. Given the relative incom-
patibility of K, U, and Th, surface compositions
derived from melting of the bulk interior are like-
ly to have comparable ratios. Thus, the compo-
sition of Mercury might be best represented
by a chondritic composition with a substantial-
ly greater inventory of volatiles than previously
postulated.

Measurements of K, Th, and U on the sur-
face of Mercury provide constraints on the
planet’s interior history, because the radiogenic
isotopes of these elements are the primary long-
lived source of internal heat generation. Among
the manifestations of Mercury’s thermal evolu-
tion are its history of volcanism (8), its dynamo-
generated magnetic field (21, 22), and the history
of global cooling as recorded in surface tectonic
features (23). GRS measurements indicate that
heat production at 4 billion years ago was about
four times larger than at present. The substantial
decline in heat production (Fig. 3) with time is
consistent with evidence for the widespread
emplacement of volcanic smooth plains depos-
its near or shortly after the end of late heavy
bombardment and only limited, isolated centers
of volcanism since that era (3).

The inference that Mercury’s internal mag-
netic field arises from a dynamo in the plan-

et’s liquid outer core [e.g., (22, 24)] requires that
there be a mechanism within the core to drive
the convective motions needed to convert rota-
tional energy to magnetic energy. One sugges-
tion has been that U may have fractionated into
the core if accretion and planet-wide differen-
tiation occurred under highly reducing condi-
tions (23) and that heat from the decay of U
could have driven core convection. However,
Mercury’s Th/U ratio of 2.5 T 0.9, similar to
or slightly less than that of chondritic meteor-
ites, is inconsistent with such a proposal.

Widespread contractional tectonic features
on Mercury’s surface accommodated an average
surface strain equivalent to a 1- to 2-km reduc-
tion in the planet’s radius over the past 4 billion
years (Gy) (25). Most models for Mercury’s
internal thermal history predict greater contrac-
tion over that time interval (26). The evapora-
tion model for Mercury’s formation, because
of its prediction that the bulk silicate portion
of the planet lost most of its K and U, provided
a possible explanation for the limited contrac-
tion given that internal heat production domi-
nated by Th would have declined by only 22%
over 4 Gy (Fig. 3). The measured K/Th and Th/U
ratios, however, are inconsistent with this mod-
el. To further relate GRS measurements to Mer-
cury’s history of cooling and contraction, it is
necessary to understand the degree to which K,
Th, and U in the bulk silicate portion of the
planet are concentrated in the crust. Because
those elements partition into the melt during sil-
icate partial melting, the crustal enrichment de-
pends strongly on the typical melt fractions in
the source regions of magmas on Mercury (Fig.
3). The Mg/Si, Al/Si, and Ca/Si ratios of Mer-
cury’s surface materials (8) are consistent with
compositions similar to those of terrestrial vol-
canic rocks derived from high degrees (~20 to
30% or more) of partial melting (27), implying

that substantial heat production was retained
in Mercury’s mantle and may have served to
slow global cooling and contraction.
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Fig. 3. Heat generation per unit
mass in the bulk silicate fraction of
Mercury over the past 4.5 billion
years. The solid black line corre-
sponds to a composition identical
to that of the uppermost crust of
Mercury’s northern hemisphere as
measured by GRS. Yellow shading
indicates the range of heat genera-
tion in the bulk silicate portion of
the planet if K, Th, and U fraction-
ated fully into the magma during
partial melting for melt fractions
variously equal to 10 to 100% at
10% intervals (gray contours). Pre-
dictions from the evaporation (0 K,
400 ppb Th, 0 U) and condensation
(0 K, 120 ppb Th, 30 ppb U) mod-
els are included, as well as forma-
tion from CI chondrite (550 ppm K,
29 ppb Th, 8 ppb U) and EH chon-
drite (840 ppm K, 30 ppb Th, 9 ppb
U) material (12).
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Peplowski et al. (2011)

• Subsoliuds initial temperatures and  
H0=25% Hsurface do not allow 
convection to start

• With a higher initial temperature 
and a primordial crust, a good match 
to the observed surface enrichment 
can be obtained

• Using H0=50% Hsurface  convection 
sets in also for “cold” intial 
conditions but the observed crustal 
enrichment is largely overestimated

• The decay of heat production 
corresponding to H0=25% Hsurface is 
close to that of some chondrites



Dynamic geoid from 3D spherical models
First MESSENGER 
geoid model up to 

degree and order 20:
peak to peak amplitude 

of ~200 m

Smith et al. (2011)

!"#$%&'(

)$*+$,(

-$%./0%1(
%&'0(



−3 −2 −1 0 1 2 3
Geoid [m]

Dynamic geoid from 3D spherical models
First MESSENGER 
geoid model up to 

degree and order 20:
peak to peak amplitude 

of ~200 m

Smith et al. (2011)

!"#$%&'(

)$*+$,(

-$%./0%1(
%&'0(



Conclusions

• After 3 flybys and 1 year in orbit, 
MESSENGER observations have 
changed quite dramatically the   
understanding of Mercury. In 
particular, Mercury
- has a large(er), at least partially, 

fluid core and a very thin mantle
- a significant volatile content
- experienced stages of intense 

volcanic activity
• These new pieces of information 

require models of thermo-chemical 
evolution to be significantly revised


