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Abstract
The planet Mercury, a difficult object for study by astronomical observation and spacecraft exploration alike, poses
multiple challenges to our general understanding of the inner planets. Mercury’s anomalously high uncompressed
density implies a metal fraction of 60% or more by mass, an extreme outcome of planetary formational processes
common to the inner solar system. Whether that outcome was the result of chemical gradients in the early solar
nebula or removal by impact or vaporization of most of the silicate shell from a differentiated protoplanet can
potentially be distinguished on the basis of the chemical composition of the present crust. Our understanding of the
geological evolution of Mercury and how it fits within the known histories of the other terrestrial planets is restricted
by the limited coverage and resolution of imaging by the only spacecraft to have visited the planet. The role of
volcanism in Mercury’s geological history remains uncertain, and the dominant tectonic structures are lobate scarps
interpreted as recording an extended episode of planetary contraction, issues that require global imaging to be fully
examined. That Mercury has retained a global magnetic field when larger terrestrial planets have not stretches the
limits of standard hydromagnetic dynamo theory and has led to proposals for a fossil field or for exotic dynamo
scenarios. Hypotheses for field generation can be distinguished on the basis of the geometry of Mercury’s internal
field, and the existence and size of a fluid outer core on Mercury can be ascertained from measurements of the
planet’s spin axis orientation and gravity field and the amplitude of Mercury’s forced librations. The nature of
Mercury’s polar deposits, suggested to consist of volatile material cold-trapped on the permanently shadowed floors
of high-latitude impact craters, can be tested by remote sensing of the composition of Mercury’s surface and polar
atmosphere. The extremely dynamic exosphere, which includes a number of species derived from Mercury’s surface,
offers a novel laboratory for exploring the nature of the complex and changing interactions among the solar wind, a
small magnetosphere, and a solid planet. Recent ground-based astronomical measurements and several new
theoretical developments set the stage for the in-depth exploration of Mercury by two spacecraft missions within the
coming decade.
1 2003 Elsevier B.V. All rights reserved.
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1. Introduction
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By many measures Mercury is an intriguingly
odd member of the planetary family [1]. It is the
smallest of the terrestrial planets, but its density
(corrected for self-compression) and by inference
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more common 1:1 ratio, as for the Moon). Mercury’s atmosphere is both the most tenuous and
the most strongly variable among the terrestrial
planets and the only atmosphere in which such
crustally derived elements as sodium, potassium,
and calcium are major constituents.
A further context in which to regard Mercury’s
unusual attributes is provided by the recent discovery of planets and planetary systems in orbit
about other stars [2]. While the extrasolar planets
documented to date are all analogues to the gasgiant planets of our solar system, the orbital parameters of Mercury fall within those of known
extrasolar planets (Fig. 2), and Mercury provides
our nearest laboratory for studying planetary system processes in the vicinity of a host star. Further, a variety of e¡orts are under way to detect
and characterize extrasolar Earth-like planets [3],
and Mercury will provide a relevant point of comparison with those less than 1 AU from their parent star.
Mercury is, however, a di⁄cult object for
study. Earth-based astronomical observations
must contend with the fact that Mercury is never
far from the Sun in the sky. Mercury is a forbidden target of the Hubble Space Telescope and
presumably of other space imaging systems for

Fig. 1. Mosaic of images of Mercury obtained by the Mariner 10 spacecraft on the incoming portion of its ¢rst £yby of
Mercury [102]. Mercury has a radius of 2440 km and a mass
equal to 0.055 Earth masses.

its mass fraction of metal are the highest of any
planet in the solar system. Its ancient surface (Fig.
1) suggests that internal geological activity ceased
earlier than on any other terrestrial planet, yet it
retains a global magnetic ¢eld of internal origin.
As the closest planet to the Sun, Mercury displays
the largest range in diurnal temperature in the
solar system, but the £oors of its polar craters
remain su⁄ciently cold to trap highly volatile species. It is the only solar system body locked in a
spin^orbit resonance where the ratio of orbital
period to spin period is precisely 3:2 (unlike the

Fig. 2. Orbital characteristics of extrasolar planets compared
with those of Mercury and Earth. Shown are all extrasolar
planet candidates with M sin i 6 10 MJ and with published
radial velocity measurements [2], where M is the planet
mass, i is the angle between the planet’s orbital plane and
the line linking the Earth and the parent star, and MJ is the
mass of Jupiter [103].
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which direct observations near the Sun must be
avoided. Mercury poses severe thermal and dynamical challenges to observation by spacecraft,
and to date the planet has been visited only by
Mariner 10, which £ew by Mercury three times in
1974^1975.
Two spacecraft missions are now being readied
to return to Mercury with suites of sophisticated
instruments to carry out remote sensing and in
situ measurements. The MESSENGER (MErcury
Surface, Space ENvironment, GEochemistry, and
Ranging) mission [4^6], developed under the Discovery Program of the U.S. National Aeronautics
and Space Administration, is scheduled to be
launched in 2004, to £y by Mercury in 2007 and
2008, and to orbit Mercury for one year beginning in 2009. The BepiColombo mission, under
development by the European Space Agency
and the Institute of Space and Astronautical Science in Japan, will include two orbiting spacecraft
and the option of a landed package and will
launch as early as 2011 [7^9]. In part because of
these upcoming missions, and in part the result of
improvements in astronomical technology and
methodology, the planet Mercury has been the
object of renewed theoretical and observational
interest.
The scienti¢c objectives of the MESSENGER
mission hint at the broader importance of Mercury to our general understanding of the processes that governed the formation and evolution of
the inner planets. MESSENGER was designed to
address six broad scienti¢c questions [4]:
What planetary formational processes led to
the high metal/silicate ratio in Mercury?
What is the geological history of Mercury?
What are the nature and origin of Mercury’s
magnetic ¢eld?
What are the structure and state of Mercury’s
core?
What are the radar-re£ective materials at Mercury’s poles ?
What are the important volatile species and
their sources and sinks on and near Mercury?
These questions, also objectives of the BepiColombo mission [7,10], provide a framework for
laying out the principal issues to be addressed
by spacecraft observations at Mercury as well as
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the most recent progress that has been made toward sharpening these issues and their interconnections in anticipation of the forthcoming missions.

2. Mercury’s bulk composition
Mercury’s uncompressed density (about 5.3
Mg/m3 ), the highest of any planet, has long
been taken as evidence that iron is the most abundant contributor to the bulk composition. Interior
structure models in which a core has fully di¡erentiated from the overlying silicate mantle indicate that the core radius is approximately 75%
of the planetary radius and the fractional core
mass about 60% if the core is pure iron; still larger values are possible if the core has a light element such as sulfur alloyed with the iron [11].
Such a metallic mass fraction is at least twice
that of the Earth, Venus, or Mars.
Calculations of dynamically plausible scenarios
for the accretion of the terrestrial planets permit a
wide range of outcomes for Mercury. Given an
initial protoplanetary nebular disk of gas and
dust, planetesimals accrete to kilometer size in
104 years [12] and runaway growth of planetary
embryos of Mercury to Mars size accrete by the
gravitational accumulation of planetesimals in 105
years [13]. During runaway growth, Mercury-size
bodies can experience substantial migrations of
their semimajor axes [14]. Further, each of the
terrestrial planets probably formed from material
originally occupying a wide range in solar distance, although some correlation is expected between the ¢nal heliocentric distance of a planet
and those of the planetesimals from which it
formed [14,15].
Three explanations for the high metal fraction
of Mercury have been put forward. The ¢rst invokes di¡erences in the response of iron and silicate particles to aerodynamic drag by nebular gas
to achieve fractionation at the onset of planetesimal accretion [16]. The second and third explanations invoke processes late in the planetary accretion process, after the Mercury protoplanet
had di¡erentiated silicate mantle from metal
core. In one, the high metal content of Mercury
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is attributed to preferential vaporization of silicates by radiation from a hot nebula and removal
by a strong solar wind [17,18]. In the other, selective removal of silicate occurred as a result of a
giant impact [14,19].
These three hypotheses lead to di¡erent predictions for the bulk chemistry of the silicate fraction
of Mercury [20]. Under the giant impact hypothesis, the residual silicate material on Mercury
would be dominantly of mantle composition.
The FeO content would re£ect the oxidation state
of the material from which the protoplanet accreted, but the loss of much of the original crust
would deplete Ca, Al, and alkali metals without
enriching refractory elements. The vaporization
model, in contrast, predicts strong enrichment of
refractory elements and depletion of alkalis and
FeO [18]. Under both of these hypotheses, the
present crust should represent primarily the integrated volume of magma produced by partial
melting of the relic mantle. Under the aerodynamic sorting proposal [16], the core and silicate portions of Mercury can be prescribed by nebular
condensation models, suitably weighted by solar
distance, except that the ratio of metal to silicate
is much larger [20]. This hypothesis permits a
thick primordial crust, i.e., one produced by crystal^liquid fractionation of a silicate magma ocean.
Determining the bulk chemistry of the silicate
portion of Mercury thus o¡ers an opportunity
to discern those processes operating during the
formation of the inner solar system that had the
greatest in£uence on producing the distinct compositions of the inner planets.
Present information on the chemistry and mineralogy of the surface of Mercury, however, is too
limited to distinguish clearly among the competing hypotheses. Ground-based re£ectance spectra
at visible and near-infrared wavelengths do not
show a consistent absorption feature near 1 Wm
diagnostic of Fe2þ [21], limiting the average FeO
content to be less than about 3^4 wt% [22]. Very
reduced compositions comparable to enstatite
achondrite meteorites with less than 0.1% FeO
are compatible with Mercury’s re£ectance, although a generally red spectral slope is thought
to be the result of nanophase iron metal, altered
by space weathering from silicates originally con-

Fig. 3. Mid-infrared spectra of Mercury [24] compared with
those for three laboratory samples. The peak near 5 Wm
matches features attributable to pyroxene, and the peak near
8 Wm matches spectral characteristics of plagioclase feldspar
[1].

taining a few percent FeO [23]. Earth-based midinfrared observations show emission features (Fig.
3) consistent with the presence of both calcic plagioclase feldspar containing some sodium and
very-low-FeO pyroxene; variations in spectral
features with Mercury longitude indicate that surface mineralogical composition is spatially heterogeneous [24]. Mature lunar highland anorthosite
soils are regarded as good general spectral analogues to Mercury surface materials [25].
On the basis of the low FeO content of Mercury’s surface materials inferred from Earth-based
spectra and Mariner 10 color images, surface
units interpreted as volcanic in origin are thought
to average no more than about 3% FeO by weight
[26]. On the grounds that the solid/liquid partition
coe⁄cient for FeO during partial melting of mantle material is near unity, the mantle FeO abundance has been inferred to be comparable [26].
This deduction, together with a general increase
in bulk silicate FeO content with solar distance
for the terrestrial planets and the eucrite parent
body, has been taken to suggest both that the
inner solar nebula displayed a radial gradient in
FeO and that Mercury was assembled dominantly
from planetesimals that formed at solar distances
similar to that of Mercury at present [26].
Were samples from Mercury to be recognized
in the world’s meteorite collections, of course, it
would be possible to obtain information on iso-
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topic and trace element abundances in crustal materials that cannot be measured from an orbiting
spacecraft. The ejection and transport of meteorites from Mercury to Earth is dynamically feasible, although the probability of delivery is lower
than for meteorites from Mars by at least two
orders of magnitude [27]. It has been suggested
that a recently recovered basaltic achondrite having an oxygen isotopic signature distinct from the
eucrite parent body [28] may have come from
Mercury [29]. This suggestion is di⁄cult to test
at present, but the high FeO content (21 wt%)
of the meteorite [28] would make this object unrepresentative of the global surface composition.
Substantial progress on understanding the composition of Mercury must await remote sensing by
orbiting spacecraft and in situ measurement of the
chemistry of surface materials [9]. Instruments on
an orbiter that can provide direct chemical information include Q-ray [30], X-ray [31], and neutron
[32] spectrometers. Information on surface mineralogy can be obtained from re£ectance spectrometry [33] and color imaging [34,35]. Also important to an assessment of bulk composition and
formation hypotheses would be an estimate of
the thickness of Mercury’s crust. The thickness
can be estimated by a combined analysis of gravity and topography measurements if such data are
sensitive to variations on horizontal scales of several hundred kilometers and greater [36,37]. An
upper bound on crustal thickness can also be obtained from isostatically compensated long-wavelength topographic variations, on the grounds
that the temperature at the base of the crust cannot be so high that variations in crustal thickness
are removed by viscous £ow on timescales shorter
than the age of the crust [38].

3. Mercury’s geological history
A generalized geological history of Mercury has
been developed from Mariner 10 images [39]. The
45% of Mercury’s surface imaged by Mariner 10
can be divided into four major terrains. Heavily
cratered regions have an impact crater density
suggesting that this terrain records the period of
heavy bombardment that ended about 3.8 billion
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years ago on the Moon [35]. Intercrater plains,
the most extensive terrain type, were emplaced
over a range of ages during the period of heavy
bombardment. Hilly and lineated terrain occurs
antipodal to the Caloris basin, at 1300 km diameter the largest and youngest [35] known impact
structure on Mercury, and is thought to have
originated at the time of the Caloris impact by
the focusing of impact-generated shock waves.
Smooth plains, the youngest terrain type, cover
40% of the area imaged by Mariner 10, are mostly
associated with large impact basins, and are in a
stratigraphic position similar to that of the lunar
maria. On the basis of the areal density of impact
craters on the portion of Mercury’s surface imaged by Mariner 10, as well as the scaling of cratering £ux from the Moon to Mercury, smooth
plains emplacement may have ended earlier on
Mercury than did mare volcanism on the Moon
[35].
The role of volcanism in Mercury’s geological
history is uncertain. Both volcanic and impact
ejecta emplacement mechanisms have been suggested for the intercrater and smooth plains, and
the issue remains unresolved because no diagnostic morphological features capable of distinguishing between the two possibilities are clearly visible
at the typical resolution of Mariner 10 images
[40]. Ground-based infrared and millimeter observations of Mercury have been interpreted as indicating a generally basalt-free surface and thus a
magmatic history dominated either by intrusions
or by eruptions of only low-FeO (FeO plus TiO2
less than 6% by weight) lavas [41]. Recalibration
of Mariner 10 color images and reprojection using
color parameters sensitive to iron content, soil
maturity, and opaque mineral abundances indicate that geological units are distinguishable on
the basis of color [42]. In particular, the correlation of color boundaries with lobate boundaries
of smooth plains previously mapped from Mariner 10 images (Fig. 4) supports the inference that
the plains units are volcanic deposits compositionally distinct from underlying older crustal material [42].
Mercury’s tectonic history is unlike that of any
other terrestrial planet. The most prominent tectonic features on the surface are lobate scarps
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Fig. 4. Color composite mosaic of a portion of Mercury’s
surface [42]. The red component is the inverse of the opaque
index (increasing redness indicates decreasing opaque mineralogy), the green component is a function of the combined
ferrous iron content and soil maturity, and blue is the ratio
of brightness in ultraviolet to that in orange light. Smooth
plains units exhibit a distinct color (reddish on this image)
from their surroundings and embaying boundaries (arrows)
consistent with material emplaced as a £uid £ow. Both characteristics support the hypothesis that the plains are volcanic
in origin.

such plains material, and extended until after emplacement of smooth plains units [39].
This estimate of global contraction poses a potentially strong constraint on models for cooling
of Mercury’s interior. Thermal history calculations that incorporate parameterized core and
mantle convection as well as the generation and
upward transport of mantle partial melt [44] indicate that models consistent with 0.05^0.10%
surface contraction since the end of heavy bombardment are limited to those with a mantle
rheology appropriate to anhydrous conditions,
modest concentrations of heat-producing elements, and a signi¢cant fraction of a light alloying element (e.g., S) in the core to limit inner core
solidi¢cation (Fig. 6). A larger range of models is
permitted if the unseen hemisphere of Mercury
experienced greater contraction or if other modes
of deformation than lobate scarp formation accommodated additional contractional strain [45].
A further constraint on thermal models may come
from estimates of the depth of faulting that accompanied scarp formation. Modeling of the
topographic pro¢le across Mercury’s longest
known scarp (Fig. 5) yields an inferred depth of
faulting of 35^40 km, and from an estimate of the

(Fig. 5), 20^500 km in length and hundreds of
meters to several kilometers in height [43]. On
the basis of their asymmetric cross-sections,
rounded crests, sinuous but generally linear to arcuate planforms, and transection relationships
with craters, the scarps are interpreted to be the
surface expression of major thrust faults [39]. Because the scarps are more or less evenly distributed over the well-imaged portion of the surface
and display a broad range of azimuthal trends,
they are thought to be the result of global contraction of the planet. From the lengths and
heights of the scarps, and from simple geometric
fault models or fault length^displacement relationships, the inferred 0.05^0.10% average contractional strain if extrapolated to the full surface
area of the planet would be equivalent to a decrease of 1^2 km in planetary radius [39,43].
Scarp formation postdated the intercrater plains,
on the grounds that no scarps are embayed by

Fig. 5. Mariner 10 mosaic of Discovery Rupes (arrows), at
550 km the longest known lobate scarp on Mercury [43].
The crater Rameau (R), transected by the scarp, is 60 km in
diameter.
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the sunlit portion of Mercury have been made by
two groups utilizing short-exposure, high-de¢nition techniques [47^49]. Resolution of the best
such images approaches 200 km, and both bright
and dark features appear in common locations on
those portions of the surface imaged with both
methods [50]. Dark features are thought to be
plains [50], and a majority of the bright features
are likely to be young rayed craters, which have
comparable densities on Mercury’s two hemispheres [49]. Radar images at substantially higher
resolution have been obtained of a number of
radar-bright features on the side of Mercury not
imaged by Mariner 10 [51,52]. At the highest resolution these features appear to be of impact origin [52], including one previously speculated to be
a volcanic construct on the basis of earlier radar
images of coarser resolution [51].
To make a substantial improvement in our
knowledge of the full geological history of Mercury, global multicolor imaging of the surface
from an orbiting spacecraft will be required.
Average resolution should be signi¢cantly better
than that typical of Mariner 10 images, and a
capability for targeted high-resolution imaging is
desirable [35]. Topographic information would
aid in landform identi¢cation and could be obtained from an altimeter [5], stereo photogrammetry [53], or preferably a combination of the two
methods.

Fig. 6. Present inner core radius (as a fraction of outer core
radius) and surface contractional strain accumulated since
the end of heavy bombardment for a suite of thermal history
models for Mercury [44]. The models shown di¡er in the
average sulfur composition of the core and in whether the
£ow law governing convection in the mantle is that for anhydrous or water-saturated olivine.

temperature limiting brittle behavior a thermal
gradient may be derived [46], although the age
appropriate to that estimate and the degree to
which it is representative of the global average
gradient at that time are not known.
Recent ground-based imaging has yielded information on the hemisphere of Mercury not viewed
by Mariner 10. Optical to near-infrared images of

4. Mercury’s magnetic ¢eld
Mercury’s intrinsic magnetic ¢eld, discovered
by Mariner 10 [54], has a dipole component
nearly orthogonal to Mercury’s orbital plane
and a moment near 300 nT-R3M (about 0.1% of
Earth’s dipole moment), where RM is Mercury’s
mean radius [55]. The origin of this ¢eld, however,
is not understood [56]. Mercury’s magnetic ¢eld
cannot be externally induced, on the grounds that
the measured planetary ¢eld is far greater in magnitude than the interplanetary ¢eld [55]. The dipole ¢eld could be a remanent or fossil ¢eld acquired during lithospheric cooling in the presence
of an internal or external ¢eld [57,58], or it could
be the product of a modern core dynamo [56,59].
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Permanent magnetization from an external source
has been discounted on the grounds that a thick
shell of coherently magnetized material is needed
to match the observed dipole moment, and the
lithosphere of Mercury would not have been
able to cool and thicken su⁄ciently in the time
interval during which strong solar or nebular
¢elds were present [59]. Permanent magnetization
from an internal source has been questioned on
the grounds that a high speci¢c magnetization of
the shell and a characteristic interval between ¢eld
reversals much longer than on Earth are both
required [59].
The hypothesis that Mercury’s internal ¢eld is
remanent is receiving renewed attention after the
discovery of strongly magnetized regions in the
crust of Mars [60]. Mars may not be a good analogue to Mercury in all respects, because the potential magnetic carriers on Mars are iron-rich
oxides [61] and, as discussed above, Mercury’s
crust appears to be very low in Fe2þ . The possibility remains, however, that Mercury’s crust may
contain su⁄cient metallic iron or iron sul¢des [62]
to display magnetic thermoremanence and crustal
¢elds detectable from orbit.
A new look at the idea that crustal remanence
may give rise to the dipolar ¢eld has come from a
consideration of the strong variation of solar
heating with latitude and longitude on Mercury
[63]. Because Mercury’s obliquity (the angle that
the spin axis makes with the normal to the planet’s orbital plane) is small, equatorial regions are
heated by the Sun to a greater degree than polar
regions. Further, Mercury’s eccentric orbit and
3:2 spin^orbit resonance result in two equatorial
‘hot poles’ that view the Sun at zenith when Mercury is at perihelion (and two equatorial ‘cold
poles’ midway between them). Despite a theorem
that a uniform spherical shell magnetized by an
internal ¢eld displays no external ¢eld after the
internal ¢eld has been removed [64], a result
that is not strictly correct when the magnetizing
e¡ect of the crustal ¢eld is included [65], the thickness of Mercury’s crust that is below the Curie
temperature of a given magnetic carrier varies
spatially [63]. As a result, there is a strong dipolar
contribution to the external ¢eld that would be
produced by a crust magnetized by a past internal

¢eld, the predicted dipole moment [63] is within
the range of estimates for Mercury [55], and the
predicted ratio of quadrupole to dipole terms [63]
is testable with future spacecraft measurements.
A hydromagnetic dynamo in a liquid, metallic
outer core [56,59] requires both that a substantial
fraction of Mercury’s core is presently £uid and
that there are su⁄cient sustained sources of heat
or chemical buoyancy within the core to drive the
convective motions needed to maintain a dynamo.
Because it is not known that either requirement is
met in Mercury, more exotic dynamo models have
been considered. If the £uid outer core is su⁄ciently thin and the core^mantle boundary is distorted by mantle convective patterns, thermoelectric currents might be driven by temperature
di¡erences at the top of the core [66]. A thermoelectric dynamo is likely to produce a ¢eld richer
in shorter-wavelength harmonics than an Earthlike dynamo, and these harmonics may correlate
with those for the gravity ¢eld [66], so distinguishing among dynamo models should be possible
from orbital measurements.
Recent work on the present state of Mercury’s
core and its ability to sustain convective motions
places new constraints on the range of possible
core compositions consistent with an Earth-like
convective dynamo. Dynamo simulations carried
out as a function of the fractional size of a solid
inner core suggest that magnetic ¢eld generation
becomes di⁄cult in situations where the inner
core radius is more than about half the radius
of the outer core [67]. Thermal history models
[44] indicate that the fractional inner core radius
remains less than 0.5 for the lifetime of the planet
as long as the core sulfur content is at least 5% by
weight. These calculations neglect the contribution of any radioactive or tidal heat generation
in the core. New laboratory experiments have reopened the question of whether a signi¢cant fraction of potassium in a di¡erentiating terrestrial
planet may partition into a liquid metal phase at
high pressures [68]. Although potassium is not
expected to be abundant on Mercury on the basis
of several of the cosmochemical hypotheses for
the planet’s high metal fraction, potassium derived from the crust is present in the atmosphere
and even a small fraction of 40 K in the core would
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have a signi¢cant impact on the history of core
cooling and the energy available to maintain a
core dynamo. Tidal dissipation in the outer core
may be important for maintaining a £uid state,
but uncertainties in Mercury’s internal structure
prevent a de¢nitive assessment [69].
Determining the geometry of Mercury’s intrinsic magnetic ¢eld will elucidate all of these issues.
The challenge to such a determination is that external sources can dominate the total measured
¢eld at Mercury, as was the situation for Mariner
10 [54]. Errors from external ¢elds were such that
the uncertainty in Mercury’s dipole moment derived from Mariner 10 data is a factor of 2, and
higher-order terms are linearly dependent [55].
Simulations of ¢eld recovery from orbital observations to be made by MESSENGER [70] and
BepiColombo [71], however, indicate that the effects of the dynamics of the solar wind and Mercury’s magnetosphere can be substantially reduced and important aspects of the internal ¢eld
determined.

5. State of Mercury’s core
An observation that can demonstrate the existence and determine the radius of a liquid outer
core on Mercury is the measurement of the amplitude of Mercury’s forced physical libration [72].
The physical libration of the mantle (manifested
as an annual variation in the spin rate about the
mean value) is the result of the periodically reversing torque on the planet as Mercury rotates relative to the Sun. The amplitude of this libration P0
is approximately equal to (B3A)/Cm , where A
and B are the two equatorial principal moments
of inertia of the planet and Cm is the polar moment of inertia of the solid outer part of the planet [72]. The moment di¡erences also appear in
expressions for the second-degree coe⁄cients of
the planetary gravity ¢eld expanded in spherical
harmonics. The latter relations, the libration amplitude, and an expression resulting from Mercury’s resonant state and relating the planet’s small
but non-zero obliquity to moment di¡erences and
other orbital parameters together yield Cm /C,
where C is the polar moment of inertia of the
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planet [72]. The quantity Cm /C is unity for a completely solid planet and about 0.5 if Mercury has
a £uid outer core [72].
Two conditions on the above relationship for P0
are that the £uid outer core does not follow the
88-day physical libration of the mantle and that
the core does follow the mantle on the time scale
of the 250 000-year precession of the spin axis
[72]. These constraints lead to bounds on the viscosity of outer core material, under the assumption that coupling between the outer core and
solid mantle is viscous in nature, but the bounds
are so broad as to be readily satis¢ed. Alternative
core^mantle coupling mechanisms, including pressure forces on irregularities in the core^mantle
boundary, gravitational torques between the mantle and an axially asymmetric solid inner core, and
magnetic coupling between the electrically conductive outer core and a conducting layer at the
base of the mantle, do not violate either of the
required conditions [73].
Of the four quantities needed to determine
whether Mercury has a £uid outer core, two of
them ^ the second-degree coe⁄cients in the planet’s gravitational ¢eld ^ can be determined only
by tracking a spacecraft near the planet [74]. Two
means for determining the remaining two quantities ^ the obliquity and the forced libration amplitude ^ from a single orbiting spacecraft have
been proposed. One makes use of imaging from
a spacecraft with precise pointing knowledge [75],
while the other involves repeated sampling of the
global topography and gravity ¢elds [76]. The
MESSENGER mission will use the latter approach [4]. Mercury’s obliquity and libration amplitude can also be determined from Earth-based
radar observations, utilizing either multiple images of features on Mercury viewed with a common geometry but at di¡ering times [77] or correlations of the speckle pattern in the radar images
obtained at two widely separated antennas [78].
Observations made with the latter method are
under way [79].

6. Mercury’s polar deposits
The discovery in 1991 of radar-bright regions
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Fig. 7. Radar image of the north polar region of Mercury,
obtained by the Arecibo Observatory in July 1999 [82]. The
radar illumination direction is from the upper left, and the
resolution is 1.5 km. Mercury polar deposits are the radarbright regions within crater £oors.

near Mercury’s poles and the similarity of the
radar re£ectivity and polarization characteristics
of these regions to those of icy satellites and the
south residual polar cap of Mars led to the proposal that these areas host deposits of surface or
near-surface water ice [80,81]. Subsequent radar
imaging at improved resolution (Fig. 7) has con¢rmed that the radar-bright deposits are con¢ned
to the £oors of near-polar impact craters [82].
Because of the small obliquity of the planet, suf¢ciently deep craters are permanently shadowed
and are predicted to be at temperatures at which
water ice is stable for billions of years [83]. Such
water ice is not likely to represent exposed portions of larger subsurface polar caps, on the
grounds that polar craters display depth-to-diameter ratios similar to those of equatorial craters,
contrary to the terrain softening expected in areas
of subsurface ice [84]. While a contribution from
interior outgassing cannot be excluded, impact
volatilization of cometary and meteoritic material
followed by random-walk transport of water molecules to polar craters can provide su⁄cient polar

ice to match the characteristics of the deposits
[85].
The highest-resolution images of polar deposits
show that they extend more than 10‡ in latitude
from the pole and that for larger craters farther
from the pole the radar-bright material is concentrated on the side of the crater £oor farthest from
the pole [82]. Both of these characteristics are
consistent with thermal models for water ice insulated by burial beneath a layer of regolith tens of
centimeters thick [86], although the detection of
radar-bright features in craters as small as 10 km
in diameter and the observation that some radarbright deposits within about 30‡ of longitude of
the equatorial ‘cold poles’ extend up to 18‡ southward from the north pole pose di⁄culties for current thermal models [82].
Two alternative explanations of the radarbright polar deposits of Mercury have been suggested. One is that the polar deposits are composed of elemental sulfur rather than water ice,
on the grounds that sulfur would be stable in
polar cold traps and the presence of sul¢des in
the regolith can account for a high disk-averaged
index of refraction and low microwave opacity of
surface materials [62]. The second alternative hypothesis is that the permanently shadowed portions of polar craters are radar-bright not because
of trapped volatiles but because of either unusual
surface roughness [87] or low dielectric loss [88] of
near-surface silicates at extremely cold temperatures. This second suggestion can be tested by
carrying out impact experiments with very cold
silicate targets [87] or measuring dielectric losses
of silicates at appropriate temperatures and frequencies [88], while the ¢rst proposal can potentially be tested by measurements from an orbiting
spacecraft.
Determining the nature of the polar deposits
from Mercury orbit will pose a challenge because
the deposits will occupy a comparatively small
fraction of the viewing area for most remote sensing instruments and because any polar volatiles
may be buried beneath a thin layer of regolith.
The most promising measurements include
searches of the polar atmosphere with an ultraviolet spectrometer for the signature of excess OH
or S [89] and neutron spectrometer observations
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of the polar surface to seek evidence for near-surface hydrogen [32].

7. Mercury’s exosphere
Mercury’s atmosphere is a surface-bounded
exosphere whose composition and behavior are
controlled by interactions with the magnetosphere
and the surface. The atmosphere is known to contain six elements (H, He, O, Na, K, Ca). The
Mariner 10 airglow spectrometer detected H,
He, and O [90], while ground-based spectroscopic
observations led to the discovery of Na and K
[91,92] and more recently Ca [93]. The exosphere
is not stable on timescales comparable to the age
of the planet, so there must be sources for each of
the constituents. H and He are likely to be dominated by solar wind ions neutralized by recombination at the surface, but crustal sources are required for the other species.
Proposed source processes for supplying exospheric species from Mercury’s crust include diffusion from the interior, evaporation, sputtering
by photons and energetic ions, chemical sputtering by protons, and meteoritic infall and vaporization [90]. That several of these processes play
some role is suggested by the strong variations in
exospheric characteristics observed as functions of
local time, solar distance, and level of solar activity [94^96] as well as by correlations between atmospheric Na and K enhancements and surface
features [97]. A recent simulation of Mercury’s Na
exosphere and its temporal variation in which
most of the above source processes were incorporated has shown that evaporation exerts a strong
control on the variation of surface Na with time
of day and latitude [98]. The simulation provides
a good match to measurements of the changes in
the Na exosphere with solar distance and time of
day [99] and to recent observations [100] of Mercury’s sodium tail (Fig. 8).
The presence of the volatile elements Na and K
in Mercury’s exosphere poses a potential challenge for the hypotheses advanced to account
for Mercury’s high ratio of metal to silicate.
Whether Mercury is metal-rich because of mechanical segregation between metal and silicate

Fig. 8. Composite image of the sodium D2 emission line in
the vicinity of Mercury obtained at the McMath^Pierce Solar
Telescope at the National Solar Observatory on 26 May
2001 [100]. The Na tail is in the anti-sunward direction, and
south is at the top. The color scale for intensity (in kiloRayleighs) is logarithmic.

grains in the hot, inner solar nebula [16] or because of extensive volatilization or impact removal of the outer portions of a di¡erentiated planet
[14,17^19], the planetary crustal concentrations of
volatile elements should be very low. For several
of the proposed sources of exospheric Na and K,
crustal abundances ranging from a few tenths of a
percent to a few percent by weight are commonly
required [95]. The most recent simulations of the
Na exosphere, however, can match all observations with a supply of fresh Na no greater than
that predicted by meteoritic impact volatilization
[98].
A spacecraft in orbit about Mercury will provide a range of opportunities for elucidating further the nature of the exosphere. Limb scans conducted with an ultraviolet-visible spectrometer
can monitor variations in the major exospheric
constituents and search for new species [33]. Surface sources of exospheric materials can be
mapped with Q-ray, X-ray, and neutron spectrometers. Measurement of energetic and thermal plasma ions will detect solar wind pick-up ions that
originated as exospheric neutral atoms [101].
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8. Concluding discussion
The primary open scienti¢c questions at Mercury are all interconnected. Mercury’s composition, beyond providing a test for theories of the
planet’s formation, controlled the history of volcanism and core cooling and dictates the crustal
species capable of transport to the exosphere.
Mercury’s bombardment £ux provided time
markers for unraveling the planet’s geologic history and delivered key constituents to the surface,
including perhaps the polar deposits. The evolution of the core governed the history of magnetic
¢eld generation, mantle convection, and contractional tectonics of the crust. Mercury’s magnetosphere interacts strongly with the solar wind plasma, the exosphere, and the surface.
The unresolved issues at Mercury also have
broad implications for the terrestrial planets as a
system. Mercury’s composition holds clues to the
chemical make-up of the circumsolar nebular disk
and to the processes by which planetary embryos
interacted and collided to create the ¢nal inner
planets. Mercury’s geological evolution provides
an intermediate example, midway between the
Moon and Mars, for how planet size governs
the history of internal magmatism and deformation. Mercury’s core and magnetic ¢eld structures,
once elucidated, will inform the relationships between cooling and dynamo generation in iron-rich
cores. Determining the nature of Mercury’s polar
deposits and unraveling the myriad connections
among Mercury’s exosphere, surface, and magnetosphere will sharpen our insight into the behavior of volatiles in the inner solar system.
All of these scienti¢c questions will be addressed by the multiple spacecraft scheduled to
encounter Mercury within the coming decade.
With the successful completion of the MESSENGER and BepiColombo missions, the innermost
planet should be far less enigmatic than at
present, and the processes that govern Earth-like
planets should be far better understood.
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