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Fifteenth and sixteenth century explorers conquered the oceans of this world with wooden
sailing ships, reaching every corner of the globe by relying on the precarious nature of the
winds and their strength of will. These were long, difficult journeys oftentimes in harsh
environments. Success meant great rewards both financially, by opening new trade routes,
and scientifically, by making discoveries that still benefit us today. Twentieth and twenty-
first century explorers now sail the vast emptiness of space, making new discoveries amongst
the stars their ancestors used for navigation. These ventures are difficult, and they are just as
costly as they were to the coffers of seafaring nations five centuries ago. Yet we still pursue
them, driven to expanding the boundaries of our world and trusting that these voyages will
bring home scientific riches, not least of which is a new and deeper understanding of our
planetary ancestral roots.

Ancient explorers would return home with wondrous tales and artifacts from exotic ports
of call. Our spacecraft make ports of call at the planets themselves, returning tales and
wonders in the information and data they send home. Like ancient Mariners before it, the
MESSENGER spacecraft braves its own set of harsh environments to visit such ports of
call as Venus and Mercury, the innermost and most forbidding of the terrestrial planets.
As a second-generation explorer of this region, MESSENGER does not simply pass by its
ultimate target, Mercury, but it establishes a long-term presence in orbit, perhaps paving the
way for more ambitious settlement later.

This volume describes the MESSENGER mission to Mercury and our present under-
standing of this exotic, alien land beginning with an overview of the mission by the princi-
pal investigator (S.C. Solomon et al.). It is followed by articles on the geology (J. Head, III
et al.), surface geochemistry (W. Boynton et al.), surface and interior geophysical prop-
erties (M.T. Zuber et al.), the magnetosphere (J.A. Slavin et al.), and the atmosphere
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2 D.L. Domingue, C.T. Russell

(D. Domingue et al.). The mission to Mercury is no less intriguing than the target. The
spacecraft has to operate in extremely harsh thermal and solar environments and the navi-
gation of the interplanetary trade winds involves as much art as science (J. Leary et al. and
J. McAdams et al., respectively). While the brains and brawn of such missions are in the
spacecraft, the heart and soul reside within the payload. The payload is comprehensive, as
befits the multifaceted nature of Mercury and its environment. The dual imaging system
(S. Hawkins et al.) will return images of the surface never before seen by a spacecraft. The
gamma ray and neutron spectrometer (J. Goldsten et al.) along with the X-ray spectrome-
ter (C. Schlemm et al.) will provide the first information about the elemental chemistry of
the Mercurian surface. The MESSENGER magnetometer (B. Anderson et al.) will map the
magnetosphere only glimpsed by Mariner 10. The laser altimeter has been designed (J. Ca-
vanaugh et al.) to provide topographic information that will be used to help unravel the
mysteries of Mercury’s surface evolution. The atmosphere and surface composition spec-
trometer (W. McClintock and M. Lankton) will provide the first in situ measurements of
the atmosphere and the first high spatial mineral maps of the surface. The energetic particle
and plasma spectrometer (G. Andrews et al.) will provide insight into the space environment
and the intricate connections between solar particles, magnetosphere, atmosphere, and sur-
face properties. And, as is traditional, the last science system to be described is the radio
system (D. Srinivasan et al.) that provides the gravity science needed to understand the evo-
lution of the planet’s interior. The operation of this mission (M. Holdridge and A. Calloway)
is a complex balancing of subsystem operations and constraints that guide the spacecraft
through the harsh environment to its final destination and goal. Science operations (H. Win-
ters et al.) describes how the glorious tales of the journey, captured through the observations
and measurements of the spacecraft payload, will be disseminated and retold for generations
to come.

The success of this volume is due to many people, but first of all the editors wish to
thank the authors who had the difficult job of distilling the thousands of documents and the
millions of facts such missions produce into highly readable documents. The editors also
benefited from an excellent group of referees who acted as a test readership, refining the
manuscripts provided by the authors. These referees included: T. Armstrong, R. Arvidson,
W. Baumjohann, M. Bielefeld, D. Blewett, D. Blaney, D. Byrnes, A. Cheng, U. Christensen,
T. Cole, A. Dombard, W.C. Feldman, K.H. Glassmeier, J. Green, S. Joy, K. Klaasen, A.
Konopliv, J. Longuski, W. Magnes, A. Matsuoka, T. McCoy, L. Nittler, T. Perron, T.H. Pret-
tyman, M. Ravine, G. Schubert. M. Smith, H. Spence, P. Spudis, V.C. Thomas, F. Vilas,
J. Witte, and D. Yeomans. The MESSENGER PI, S. Solomon, also provided excellent re-
views and helped to mold this issue into a consistent view of the mission. Equally important
has been the strong support this project received at Springer and the extra effort expended
by Fiona Routley, Randy Cruz, and Harry Blom. At UCLA we were skillfully assisted by
Marjorie Sowmendran who acted as the interface between the editors, the authors, and the
publishers.
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Abstract The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MES-
SENGER) spacecraft, launched on August 3, 2004, is nearing the halfway point on its voy-
age to become the first probe to orbit the planet Mercury. The mission, spacecraft, and
payload are designed to answer six fundamental questions regarding the innermost planet:
(1) What planetary formational processes led to Mercury’s high ratio of metal to silicate?
(2) What is the geological history of Mercury? (3) What are the nature and origin of Mer-
cury’s magnetic field? (4) What are the structure and state of Mercury’s core? (5) What
are the radar-reflective materials at Mercury’s poles? (6) What are the important volatile
species and their sources and sinks near Mercury? The mission has focused to date on com-
missioning the spacecraft and science payload as well as planning for flyby and orbital
operations. The second Venus flyby (June 2007) will complete final rehearsals for the Mer-
cury flyby operations in January and October 2008 and September 2009. Those flybys will
provide opportunities to image the hemisphere of the planet not seen by Mariner 10, obtain
high-resolution spectral observations with which to map surface mineralogy and assay the
exosphere, and carry out an exploration of the magnetic field and energetic particle distri-
bution in the near-Mercury environment. The orbital phase, beginning on March 18, 2011,
is a one-year-long, near-polar-orbital observational campaign that will address all mission
goals. The orbital phase will complete global imaging, yield detailed surface compositional
and topographic data over the northern hemisphere, determine the geometry of Mercury’s
internal magnetic field and magnetosphere, ascertain the radius and physical state of Mer-
cury’s outer core, assess the nature of Mercury’s polar deposits, and inventory exospheric
neutrals and magnetospheric charged particle species over a range of dynamic conditions.
Answering the questions that have guided the MESSENGER mission will expand our un-
derstanding of the formation and evolution of the terrestrial planets as a family.

S.C. Solomon ()

Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washington, DC 20015,
USA

e-mail: scs@dtm.ciw.edu
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1 Introduction

Mercury is the least studied of the inner planets. A substantially improved knowledge of
the planet Mercury is nonetheless critical to our understanding of how the terrestrial planets
formed and evolved. Determining the surface composition of Mercury, a body with a ratio
of metal to silicate higher than any other planet or satellite, will provide a unique window on
the processes by which planetesimals in the primitive solar nebula accreted to form planets.
Documenting the global geological history will elucidate the roles of planet size and solar
distance as governors of magmatic and tectonic history for a terrestrial planet. Character-
izing the nature of the magnetic field of Mercury and the size and state of Mercury’s core
will allow us to generalize our understanding of the energetics and lifetimes of magnetic
dynamos, as well as core and mantle thermal histories, in solid planets and satellites. De-
termining the nature of the volatile species in Mercury’s polar deposits, atmosphere, and
magnetosphere will provide critical insight into volatile inventories, sources, and sinks in
the inner solar system.

MESSENGER is a MErcury Surface, Space ENvironment, GEochemistry, and Rang-
ing mission designed to achieve these aims. As part of the Discovery Program of the
U.S. National Aeronautics and Space Administration (NASA), the MESSENGER space-
craft will orbit Mercury for one Earth year after completing three flybys of that planet
following two flybys of Venus and one of Earth. The Mercury flybys will return signif-
icant new data early in the mission, while the orbital phase, guided by the flyby data,
will enable a focused scientific investigation of the innermost planet. Answers to key
questions about Mercury’s high density, crustal composition and structure, volcanic his-
tory, core structure, magnetic field generation, polar deposits, atmosphere, overall volatile
inventory, and magnetosphere will be provided by an optimized set of seven miniatur-
ized scientific instruments. In this paper we first describe the rationale for and scien-
tific objectives of the MESSENGER mission. We then summarize the mission imple-
mentation plan designed to satisfy those objectives. Companion papers in this issue pro-
vide detailed descriptions of the MESSENGER spacecraft (Leary et al. 2007) and mis-
sion design (McAdams et al. 2007), mission (Holdridge and Calloway 2007) and sci-
ence operations centers (Winters et al. 2007), payload instruments (Anderson et al. 2007;
Andrews et al. 2007; Cavanaugh et al. 2007; Goldsten et al. 2007; Hawkins et al. 2007;
McClintock and Lankton 2007; Schlemm et al. 2007), and radio science (Srinivasan et al.
2007), as well as more expansive summaries of the principal scientific issues to be addressed
by a Mercury orbiter mission (Boynton et al. 2007; Domingue et al. 2007; Head et al. 2007,
Slavin et al. 2007; Zuber et al. 2007).

2 Context for MESSENGER Selection

The selection of MESSENGER as a NASA Discovery Program mission was a decision
rooted in a 25-year history of Mercury exploration and strategic planning for improving our
understanding of the inner planets.

The only spacecraft to visit Mercury to date was Mariner 10. In the course of three
flybys of the planet in 1974 and 1975, Mariner 10 imaged about 45% of Mercury’s surface

@ Springer



MESSENGER Mission Overview 5

Fig. 1 Mosaic of images of
Mercury obtained by the Mariner
10 spacecraft on the incoming
portion of its first flyby of
Mercury (Robinson et al. 1999)

(Fig. 1) at an average resolution of about 1 km and less than 1% of the surface at better than
500-m resolution (Murray 1975). Mariner 10 discovered the planet’s internal magnetic field
(Ness et al. 1974, 1975); measured the ultraviolet signatures of H, He, and O in Mercury’s
tenuous atmosphere (Broadfoot et al. 1974, 1976); documented the time-variable nature of
Mercury’s magnetosphere (Ogilvie et al. 1974; Simpson et al. 1974); and determined some
of the physical characteristics of Mercury’s surface materials (Chase et al. 1974).

Immediately following the Mariner 10 mission, a Mercury orbiter was widely recog-
nized as the obvious next step in the exploration of the planet (COMPLEX 1978). Further,
the primary objectives of such an orbiter mission were defined: “to determine the chemical
composition of the planet’s surface on both a global and regional scale, to determine the
structure and state of the planet’s interior, and to extend the coverage and improve the reso-
lution of orbital imaging” (COMPLEX 1978). In the late 1970s, however, it was thought that
the change in spacecraft velocity required for orbit insertion around Mercury was too large
for conventional propulsion systems, and this belief colored the priority placed on further
exploration of the innermost planet (COMPLEX 1978).

In the mid-1980s, about a decade after the end of the Mariner 10 mission, multi-
ple gravity-assist trajectories were discovered that could achieve Mercury orbit insertion
with chemical propulsion systems (Yen 1985, 1989). This finding stimulated detailed stud-
ies of Mercury orbiter missions in Europe and the United States between the mid-1980s
and early 1990s (Neukum et al. 1985; Belcher et al. 1991). During the same time in-
terval there were important discoveries made by ground-based astronomy, including the
Na and K components of Mercury’s atmosphere (Potter and Morgan 1985, 1986) and the
radar-reflective deposits at Mercury’s north and south poles (Harmon and Slade 1992;
Slade et al. 1992). A re-examination of the primary objectives of a Mercury orbiter mis-
sion during that period affirmed those defined earlier and added “that characterization of
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6 S.C. Solomon et al.

Mercury’s magnetic field be [an additional] primary objective for exploration of that planet”
(COMPLEX 1990).

In the early 1990s, after re-examining its approach to planetary exploration, NASA ini-
tiated the Discovery Program, intended to foster more frequent launches of less costly,
more focused missions selected on the basis of rigorous scientific and technical compe-
tition. Mercury was the target of a number of early unsuccessful proposals to the Dis-
covery Program for flyby and orbiter missions (Nelson et al. 1994; Spudis et al. 1994;
Clark et al. 1999). The MESSENGER concept was initially proposed to the NASA Dis-
covery Program in 1996, and after multiple rounds of evaluation (McNutt et al. 2006) the
mission was selected for flight in July 1999.

In parallel with the selection, development, and launch of MESSENGER, the European
Space Agency (ESA) and the Institute of Space and Astronautical Science (ISAS) of the
Japan Aerospace Exploration Agency (JAXA) have approved and are currently developing
the BepiColombo mission to send two spacecraft into Mercury orbit (Grard et al. 2000;
Anselmi and Scoon 2001). BepiColombo was selected by ESA as its fifth cornerstone
mission in 2000, and ISAS announced its intent to collaborate on the project that same
year. The two spacecraft, scheduled for launch on a single rocket in 2013, will be in
coplanar polar orbits. An ESA-supplied Mercury Planetary Orbiter will emphasize obser-
vations of the planet, and an ISAS-supplied Mercury Magnetospheric Orbiter will em-
phasize observations of the magnetosphere and its interactions with the solar wind. Pay-
load instruments on the two spacecraft were selected in 2004 (Hayakawa et al. 2004;
Schulz and Benkhoff 2006).

3 Guiding Science Questions

The MESSENGER mission was designed to address six key scientific questions, the answers
to which bear not only on the nature of the planet Mercury but also more generally on the
origin and comparative evolution of the terrestrial planets as a class.

3.1 What Planetary Formational Processes Led to the High Ratio of Metal to Silicate in
Mercury?

Mercury’s uncompressed density (about 5.3 Mg/m?), 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 differentiated from the overlying silicate
mantle indicate that the core radius is approximately 75% of the planetary radius and the
fractional core mass is about 60% if the core is pure iron (Siegfried and Solomon 1974);
still larger values are possible if the core has a light element such as sulfur alloyed with the
iron (Harder and Schubert 2001). Such a metallic mass fraction is at least twice that of the
Earth (Fig. 2), 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 10* years (Weidenschilling and
Cuzzi 1993), and runaway growth of planetary embryos of Mercury- to Mars-size accrete
by the gravitational accumulation of planetesimals in 103 years (Kortenkamp et al. 2000).
During runaway growth, Mercury-size bodies can experience substantial migrations of their
semimajor axes (Wetherill 1988). Further, each of the terrestrial planets probably formed
from material originally occupying a wide range in solar distance, although some correlation
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MESSENGER Mission Overview 7

Fig. 2 Schematic cut-away
views of the fractional volumes
occupied by the central metallic
cores of Mercury and Earth. The
solid inner core and fluid outer
core of the Earth are shown to
approximate scale. Mercury’s
outer core is likely fluid (Margot
et al. 2007), but the core radius
and the nature of any inner core
remain to be determined

is expected between the final heliocentric distance of a planet and those of the planetesimals
from which it formed (Wetherill 1988, 1994).

Three explanations for the high metal fraction of Mercury have been put forward. The
first invokes differences in the response of iron and silicate particles to aerodynamic drag by
nebular gas to achieve fractionation at the onset of planetesimal accretion (Weidenschilling
1978). The second and third explanations invoke processes late in the planetary accretion
process, after the Mercury protoplanet had differentiated silicate mantle from metal core. In
one, the high metal content of Mercury is attributed to preferential vaporization of silicates
by radiation from a hot nebula and removal by a strong solar wind (Cameron 1985; Fegley
and Cameron 1987). In the other, selective removal of silicate occurred as a result of a giant
impact (Benz et al. 1988; Wetherill 1988, 1994).

These three hypotheses lead to different predictions for the bulk chemistry of the silicate
fraction of Mercury (Lewis 1988; Boynton et al. 2007). Under the giant impact hypothesis,
the residual silicate material on Mercury would be dominantly of mantle composition. The
FeO content would reflect 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 (Fegley and Cameron
1987). Under both of these hypotheses, the present crust should represent primarily the in-
tegrated volume of magma produced by partial melting of the relic mantle. Under the aero-
dynamic sorting proposal (Weidenschilling 1978), the core and silicate portions of Mercury
can be prescribed by nebular condensation models, suitably weighted by solar distance, ex-
cept that the ratio of metal to silicate is much larger (Lewis 1988). 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 offers an op-
portunity to discern those processes operating during the formation of the inner solar system
that had the greatest influence on producing the distinct compositions of the inner planets.

Present information on the chemistry and mineralogy of the surface of Mercury, how-
ever, is too limited to distinguish clearly among the competing hypotheses. Ground-based
reflectance spectra at visible and near-infrared wavelengths do not show a consistent ab-
sorption feature near 1 um diagnostic of Fe>* (Vilas 1985; Warell et al. 2006), limiting the
average FeO content to be less than about 3—4 weight percent (Blewett et al. 1997). Very
reduced compositions comparable to enstatite achondrite meteorites with less than 0.1%
FeO are compatible with Mercury’s reflectance, although a generally red spectral slope is
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8 S.C. Solomon et al.

thought to be the result of nanophase iron metal, altered by space weathering from silicates
originally containing a few percent FeO (Burbine et al. 2002). Earth-based mid-infrared ob-
servations show emission features consistent with the presence of both calcic plagioclase
feldspar containing some sodium and very-low-FeO pyroxene; variations in spectral fea-
tures with Mercury longitude indicate that surface mineralogical composition is spatially
heterogeneous (Sprague et al. 2002). Mature lunar highland anorthosite soils are regarded
as good general spectral analogues to Mercury surface materials (Blewett et al. 2002).

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 (Robinson and Taylor 2001).
On the grounds that the solid/liquid partition coefficient for FeO during partial melting of
mantle material is near unity, the mantle FeO abundance has been inferred to be comparable
(Robinson and Taylor 2001). 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 (Robinson and Taylor 2001).

Substantial progress on understanding the composition of Mercury must await remote
sensing by an orbiting spacecraft (Boynton et al. 2007). Also important to an assessment
of bulk composition and formation hypotheses would be an estimate of the thickness of
Mercury’s crust. Variations in crustal thickness can be estimated by a combined analysis
of gravity and topography measurements (Zuber et al. 2007). Moreover, an upper bound
on mean crustal thickness can be obtained from isostatically compensated long-wavelength
topographic variations, on the grounds that the temperature at the base of the crust cannot
have been so high that variations in crustal thickness were removed by viscous flow on
timescales shorter than the age of the crust (Nimmo 2002).

3.2 What Is the Geological History of Mercury?

A generalized geological history of Mercury has been developed from Mariner 10 images
(Head et al. 2007). The 45% of Mercury’s surface imaged by Mariner 10 can be divided
into four major terrains (Spudis and Guest 1988). Heavily cratered regions have an im-
pact crater density suggesting that this terrain records the period of heavy bombardment
that ended about 3.8 Ga on the Moon (Neukum et al. 2001). Intercrater plains, the most
extensive terrain type, were emplaced over a range of ages during the period of heavy bom-
bardment. Hilly and lineated terrain occurs antipodal to the Caloris basin—at 1,300 km in
diameter the largest and youngest (Neukum et al. 2001) well-preserved impact structure on
Mercury—and is thought to have originated at the time of the Caloris impact by the focusing
of impact-generated shock and seismic waves. Smooth plains, cover 40% of the area imaged
by Mariner 10. Smooth plains are the youngest terrain type and are mostly associated with
large impact basins. They 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 flux from the Moon to Mercury, smooth
plains emplacement may have ended earlier on Mercury than did mare volcanism on the
Moon (Neukum et al. 2001).

The role of volcanism in Mercury’s geological history, however, is uncertain. Both vol-
canic 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
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Fig. 3 Enhanced color
composite showing portions of
the incoming hemisphere of
Mercury during the first Mariner
10 encounter (Robinson and
Lucey 1997). The red component
is the inverse of the opaque index
(increasing redness indicates
decreasing opaque mineralogy),
the green component is the
iron-maturity parameter, and blue
shows the relative visible color.
Smooth plains units (center left)
display distinct colors and
embaying boundaries consistent
with material emplaced as a fluid
flow. Both characteristics support
the hypothesis that the plains are
volcanic in origin. Other color
variations have been interpreted
as evidence for pyroclastic
material, differences in
composition between
impact-excavated material and its
surroundings, and differences in
soil maturity (Robinson and
Lucey 1997)

typical resolution of Mariner 10 images (Milkovich et al. 2002). 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 TiO, less than 6% by weight) lavas (Jeanloz et al. 1995). Re-
calibration of Mariner 10 color images and reprojection using color parameters sensitive
to iron content, soil maturity, and opaque mineral abundances (Robinson and Lucey 1997)
indicate that geological units are distinguishable on the basis of color (Fig. 3). In particu-
lar, the correlation of color boundaries with lobate boundaries of smooth plains previously
mapped from Mariner 10 images supports the inference that the plains units are volcanic de-
posits compositionally distinct from underlying older crustal material (Robinson and Lucey
1997).

Mercury’s tectonic history is unlike that of any other terrestrial planet. The most promi-
nent tectonic features on the surface are lobate scarps, 20 to 500 km in length and hun-
dreds of meters to several kilometers in height (Watters et al. 1998). On the basis of
their asymmetric cross sections, rounded crests, sinuous but generally linear to arcu-
ate planforms, and transection relationships with craters, the scarps (Fig. 4) are inter-
preted to be the surface expression of major thrust faults (Strom et al. 1975). Because
the scarps are more or less evenly distributed over the well-imaged portion of the sur-
face 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 sim-
ple 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 (Strom et al. 1975;
Watters et al. 1998). Scarp development postdated the intercrater plains, on the grounds
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Fig. 4 Mariner 10 image mosaic
of Discovery Rupes, the longest
known lobate scarp on Mercury
(Strom et al. 1975). The scarp is
550 km long and displays 1 km
or more of topographic relief
(Watters et al. 1998). Arrows
denote the approximate direction
of underthrusting of the crustal
block on the right beneath the
block to the left. The crater
Rameau (R), transected by the
scarp, is 60 km in diameter.
Image courtesy M.S. Robinson

that no scarps are embayed by such plains material, and extended until after emplacement
of smooth plains units (Strom et al. 1975).

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 (Hauck et al. 2004) indicate that models consistent with 0.05-0.10% surface contrac-
tion since the end of heavy bombardment are limited to those with a mantle rheology ap-
propriate to anhydrous conditions, modest concentrations of heat-producing elements, and a
significant fraction of a light alloying element (e.g., S) in the core to limit inner core solid-
ification. A further constraint on thermal models may come from estimates of the depth of
faulting that accompanied scarp formation. Modeling of topographic profiles across several
of Mercury’s longest known scarps yields inferred depths of faulting of 30—40 km, and from
an estimate of the temperature limiting brittle behavior a thermal gradient may be derived
(Watters et al. 2002; Nimmo and Watters 2004), although the age appropriate to that esti-
mate 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 the sunlit portion of Mercury have
been made by several groups using short-exposure, high-definition techniques (Baumgard-
ner et al. 2000; Dantowitz et al. 2000; Warell and Limaye 2001; Ksanfomality et al. 2005;
Warell and Valegard 2006; Ksanfomality and Sprague 2007). 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 independent methods (Mendillo et al. 2001).
Dark features are thought to be plains (Mendillo et al. 2001), and a majority of the bright
features are likely to be young rayed craters, which have comparable densities on Mer-
cury’s two hemispheres (Warell and Limaye 2001). A large basin comparable in diameter
to Caloris has been identified at about 8°N, 80°E (Ksanfomality et al. 2005). Radar images
at a resolution as good as 1.5-3 km have been obtained of a number of radar-bright fea-

@ Springer



MESSENGER Mission Overview 11

tures on the side of Mercury not imaged by Mariner 10 (Harmon 1997, 2002; Harmon et al.
2007). At the highest resolution these features appear to be of impact origin (Harmon 2002;
Harmon et al. 2007), including one previously speculated to be a volcanic construct on the
basis of earlier radar images of coarser resolution (Harmon 1997).

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 is required.
Average resolution should be significantly better than that typical of Mariner 10 images,
and a capability for targeted high-resolution imaging is desirable. Topographic information
would aid in landform identification and could be obtained from an altimeter, stereo pho-
togrammetry (Cook and Robinson 2000), or a combination of the two methods.

3.3 What Are the Nature and Origin of Mercury’s Magnetic Field?

Mercury’s intrinsic magnetic field, discovered by Mariner 10 (Ness et al. 1976), has a dipole
component nearly orthogonal to Mercury’s orbital plane and a moment near 300 nT—RS,[,
where Ry is Mercury’s mean radius (Connerney and Ness 1988). The origin of this field,
however, is not understood (Stevenson 2003). Mercury’s magnetic field cannot be externally
induced on the grounds that the measured planetary field is far greater in magnitude than the
interplanetary field (Connerney and Ness 1988). The dipole field could be a remanent or
fossil field acquired during lithospheric cooling in the presence of an internal or external
field (Srnka 1976; Stephenson 1976), or it could be the product of a modern core dynamo
(Schubert et al. 1988; Stevenson 2003). 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 sufficiently in the time interval during which strong
solar or nebular fields were present (Schubert et al. 1988). Permanent magnetization from
an internal source has been questioned on the grounds that a high specific magnetization of
the shell and a characteristic interval between field reversals much longer than on Earth are
both required (Schubert et al. 1988).

The hypothesis that Mercury’s internal field is remanent received renewed attention af-
ter the discovery of strongly magnetized regions in the crust of Mars (Acuiia et al. 1999).
Mars may not be a good analogue to Mercury in all respects, because the potential magnetic
carriers on Mars are iron-rich oxides (Kletetschka et al. 2000) and, as discussed earlier,
Mercury’s crust appears to be very low in Fe?*. The possibility remains, however, that Mer-
cury’s crust may contain sufficient metallic iron or iron sulfides (Sprague et al. 1995) to
display magnetic thermoremanence and crustal fields detectable from orbit.

A fresh look at the idea that crustal remanence may give rise to the dipolar field has come
from a consideration of the strong variation of solar heating with latitude and longitude on
Mercury (Aharonson et al. 2004). Because Mercury’s obliquity 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 field
displays no external field after the internal field has been removed (Runcorn 1975), a result
that is not strictly correct when the magnetizing effect of the crustal field is included (Lesur
and Jackson 2000), the thickness of Mercury’s crust that is below the Curie temperature of a
given magnetic carrier varies spatially (Aharonson et al. 2004). As a result, there is a strong
dipolar contribution to the external field that would be produced by a crust magnetized by a
past internal field, the predicted dipole moment (Aharonson et al. 2004) is within the range
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of estimates for Mercury (Connerney and Ness 1988), and the predicted ratio of quadrupole
to dipole terms (Aharonson et al. 2004) is testable with spacecraft measurements.

A challenge to the hypothesis that Mercury’s magnetic field is the product of a hydro-
magnetic dynamo in a liquid, metallic outer core is that the field is comparatively weak. At a
dipole moment three orders of magnitude less than Earth’s (Connerney and Ness 1988), Mer-
cury’s field is difficult to reconcile with the common expectation for dynamos that Lorentz
and Coriolis forces in the outer core are comparable in magnitude (Stevenson 2003), a con-
dition known as magnetostrophic balance. Explanations for the weak external field involving
a dynamo otherwise broadly similar to Earth’s include thin-shell (Stanley et al. 2005) and
thick-shell (Heimpel et al. 2005) dynamos for which a comparatively strong toroidal field
maintains magnetostrophic balance and a dynamo that operates only deep in a fluid outer
core beneath an electrically conductive but stable layer of liquid metal (Christensen 2006).
For the first class of models, strong radial magnetic flux patches outside the cylinder aligned
with the spin axis and tangent to the inner core should be found at different latitudes for the
thin-shell and thick-shell models (Zuber et al. 2007), and for the latter model the multipolar
expansion of external field strength is predicted to have little energy beyond the quadrupole
term (Christensen 2006), so there are clear tests of these models that can be made from
orbital magnetic field measurements.

A hydromagnetic dynamo as an explanation for Mercury’s field (Schubert et al. 1988;
Stevenson 2003) requires both that a substantial fraction of Mercury’s core is presently fluid
and that there are sufficient 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, and because of Mercury’s weak field strength, more
exotic dynamo models have also been considered. If the fluid outer core is sufficiently thin
and the core—mantle boundary is distorted by mantle convective patterns, thermoelectric
currents might be driven by temperature differences at the top of the core (Stevenson 1987;
Giampieri and Balogh 2002). A thermoelectric dynamo is likely to produce a field richer
in shorter wavelength harmonics than an Earth-like dynamo (Stevenson 1987), and these
harmonics may correlate with those for the gravity field (Giampieri and Balogh 2002), so
testing for such a dynamo should be possible from orbital measurements.

The presence of significant heat production within the core would expand the range of
conditions under which a modern core dynamo would be expected. New laboratory experi-
ments have reopened the question of whether a significant fraction of potassium in a differ-
entiating terrestrial planet may partition into a liquid metal phase at high pressures (Murthy
et al. 2003). 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 surface materials is present in the atmosphere and even a small fraction of “°K
in the core could have a pronounced 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 fluid state, but uncertainties in Mercury’s internal structure prevent a definitive
assessment (Bills 2002).

As a result of Mercury’s small dipole moment, the planet’s magnetosphere (Fig. 5) is
among the smallest in the solar system and stands off the solar wind only 1,000-2,000
km above the surface (Slavin et al. 2007). Although the magnetosphere shares many
features with that of Earth, because of its small size the timescales for wave propaga-
tion and convective transport are much shorter at Mercury, and the proximity to the Sun
renders the driving forces more intense. Strong variations in magnetic field and ener-
getic particle characteristics observed by Mariner 10 have been interpreted as evidence of
magnetic substorms and magnetic reconnection in the tail (Siscoe and Christopher 1975;
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Fig. 5 A simplified, schematic view of Mercury’s magnetic field and magnetosphere consistent with Mariner
10 observations and scaling of analogous features from the Earth’s magnetosphere. Not depicted are the
expected intense temporal variations in magnetospheric characteristics and dynamics and the consequent
strong interactions among the solar wind, magnetosphere, exosphere, surface regolith, and planetary interior.
From Slavin (2004)

Baker et al. 1986; Eraker and Simpson 1986; Christon 1987). The absence of a significant
conducting ionosphere at Mercury, however, implies that the associated current systems
close in Mercury’s regolith (Janhunen and Kallio 2004) or through a process of pick-up ion
formation (Cheng et al. 1987). Magnetic reconnection at the dayside magnetopause may
erode the subsolar magnetosphere and allow solar wind ions to impact the planetary surface,
but induced currents in Mercury’s interior may act to resist magnetospheric compression
(Hood and Schubert 1979). All of these factors are expected to lead to complex interactions
among the solar wind, magnetosphere, exosphere, regolith, and interior (Slavin et al. 2007).

Determining the geometry of Mercury’s intrinsic magnetic field and the structure of Mer-
cury’s magnetosphere will elucidate all of these issues. A challenge to the determination of
the internal field, however, is that external sources can dominate the total measured field, as
was the situation for Mariner 10 (Ness et al. 1976). Errors from external fields 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 (Connerney and Ness 1988). Simulations
of field recovery from orbital observations to be made by MESSENGER (Korth et al. 2004),
however, indicate that the effects of the dynamics of the solar wind and Mercury’s magne-
tosphere can be substantially reduced and important aspects of the internal field determined.
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3.4 What Are the Structure and State of Mercury’s Core?

An observation that can demonstrate the existence and determine the radius of a liquid outer
core on Mercury (Fig. 2) is the measurement of the amplitude of Mercury’s forced phys-
ical libration (Peale 1988). 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
¢o is approximately equal to (B — A)/Cp,, where A and B are the two equatorial principal
moments of inertia of the planet and Cy, is the polar moment of inertia of the solid outer
part of the planet (Peale 1988). The moment differences also appear in expressions for the
second-degree coefficients of the planetary gravity field expanded in spherical harmonics.
The latter relations, the libration amplitude, and an expression resulting from Mercury’s res-
onant state and relating the planet’s small but non-zero obliquity to moment differences and
other orbital parameters together yield Cy,/C, where C is the polar moment of inertia of the
planet (Peale 1988). The quantity C,,,/C is unity for a completely solid planet and about 0.5
if Mercury has a fluid outer core (Peale 1988).

Two conditions on the above relationship for ¢ are that the fluid outer core does not
follow the 88-day physical libration of the mantle and that the core does follow the man-
tle on the timescale of the 250,000-year precession of the spin axis (Peale 1988). These
constraints lead to bounds on the viscosity of outer core material, under the assump-
tion that coupling between the outer core and solid mantle is viscous in nature, but the
bounds are so broad as to be readily satisfied. Alternative core-mantle coupling mech-
anisms, including pressure forces on irregularities in the core—mantle boundary, gravita-
tional torques between the mantle and an axially asymmetric solid inner core, and mag-
netic 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 (Peale et al. 2002;
Zuber et al. 2007).

Of the four quantities needed to determine whether Mercury has a fluid outer core, two of
them—the second-degree coefficients in the planet’s gravitational field—can be determined
only by tracking a spacecraft near the planet (Anderson et al. 1987). Two means for de-
termining 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 (Wu et al. 1997), while the other involves re-
peated sampling of the global topography and gravity fields (Smith et al. 2001). The MES-
SENGER mission will use the latter approach (Zuber et al. 2007). Mercury’s obliquity and
libration amplitude can also be determined from Earth-based radar observations, using either
multiple images of features on Mercury viewed with a common geometry but at differing
times (Slade et al. 2001) or correlations of the speckle pattern in radar images of the planet
obtained at two widely separated antennas (Holin 2002). Observations made with the latter
method indicate that C,,/C < 1 at 95% confidence (Margot et al. 2007), a result strongly
indicative of a molten outer core. Improved estimates of Cy,,/C as well as the determination
of C require a more precise determination of the planetary gravity field from tracking an
orbiting spacecraft.

3.5 What Are the Radar-Reflective Materials at Mercury’s Poles?
The discovery in 1991 of radar-bright regions near Mercury’s poles and the similarity of the

radar reflectivity 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
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Fig. 6 Radar image of the north
polar region of Mercury, obtained
by the Arecibo Observatory in
July 1999 (Harmon et al. 2001).
The radar illumination direction
is from the upper left, and the
resolution is 1.5 km. Mercury
polar deposits are the radar-bright
regions within crater floors

surface or near-surface water ice (Harmon and Slade 1992; Slade et al. 1992). Subsequent
radar imaging at improved resolution (Fig. 6) has confirmed that the radar-bright deposits
are confined to the floors of near-polar impact craters (Harmon et al. 2001). Because of the
small obliquity of the planet, sufficiently deep craters are permanently shadowed and are
predicted to be at temperatures at which water ice is stable for billions of years (Paige et al.
1992). 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 (Bar-
low et al. 1999). 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 sufficient polar ice to match the characteristics
of the deposits (Moses et al. 1999).

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 floor farthest from the pole (Harmon et
al. 2001). Both of these characteristics are consistent with thermal models for water ice
insulated by burial beneath a layer of regolith tens of centimeters thick (Vasavada et al.
1999), although the detection of radar-bright features in craters as small as 10 km in diameter
and the observation that some radar-bright deposits within about 30° of longitude from the
equatorial “cold poles” extend up to 18° southward from the pole pose difficulties for current
thermal models (Harmon et al. 2001).

Two alternative explanations of the radar-bright 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 sulfides
in the regolith can account for a high disk-averaged index of refraction and low microwave
opacity of surface materials (Sprague et al. 1995). The second alternative hypothesis is that
the permanently shadowed portions of polar craters are radar bright not because of trapped
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volatiles but because of either unusual surface roughness (Weidenschilling 1998) or low di-
electric loss (Starukhina 2001) of near-surface silicates at extremely cold temperatures. This
second suggestion can be tested by carrying out impact experiments with very cold sili-
cate targets (Weidenschilling 1998) or measuring dielectric losses of silicates at appropriate
temperatures and frequencies (Starukhina 2001), while the first 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 (Boynton et al. 2007) and because any polar volatiles may be
buried beneath a thin layer of regolith (Vasavada et al. 1999). The most promising mea-
surements include searches of the polar atmosphere with an ultraviolet spectrometer for the
signature of excess OH or S (Killen et al. 1997) and neutron spectrometer observations of
the polar surface to seek evidence for near-surface hydrogen (Feldman et al. 1997).

3.6 What Are the Important Volatile Species and Their Sources and Sinks on and near
Mercury?

Mercury’s atmosphere is a surface-bounded exosphere whose composition and behavior are
controlled by interactions with the magnetosphere and the surface (Domingue et al. 2007).
The exosphere is known to contain six elements (H, He, O, Na, K, Ca). The Mariner 10 air-
glow spectrometer detected H, He, and O (Broadfoot et al. 1974, 1976), while ground-based
spectroscopic observations led to the discovery of Na (Potter and Morgan 1985), K (Potter
and Morgan 1986), and Ca (Bida et al. 2000). The exosphere is not stable on timescales
comparable to the age of the planet (Hunten et al. 1988), so there must be sources for each
of the constituents. H and He are likely to be dominated by solar wind ions neutralized by re-
combination at the surface, but the other species are likely derived from impact vaporization
of micrometeoroids hitting Mercury’s surface or directly from Mercury surface materials
(Domingue et al. 2007).

Proposed source processes for supplying exospheric species from Mercury’s crust in-
clude diffusion from the interior, evaporation, sputtering by photons and energetic ions,
chemical sputtering by protons, and meteoritic infall and vaporization (Killen et al. 1999).
That several of these processes play some role is suggested by the strong variations in ex-
ospheric characteristics observed as functions of local time, solar distance, and level of solar
activity (Potter et al. 1999; Killen et al. 2001; Hunten and Sprague 2002) as well as by
correlations between atmospheric Na and K enhancements and surface features (Sprague et
al. 1998). Simulations of Mercury’s Na exosphere and its temporal variation in which most
of the above source processes are incorporated have shown that evaporation exerts a strong
control on the variation of surface Na with time of day and latitude (Leblanc and Johnson
2003). These simulations provide good matches to measurements of changes in the Na ex-
osphere with solar distance and time of day (Sprague et al. 1997) and observations (Potter
et al. 2002b) of Mercury’s sodium tail (Fig. 7).

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 sili-
cate. Whether Mercury is metal rich because of mechanical segregation between metal and
silicate grains in the hot, inner solar nebula (Weidenschilling 1978) or because of extensive
volatilization or impact removal of the outer portions of a differentiated planet (Cameron
1985; Fegley and Cameron 1987; Benz et al. 1988; Wetherill 1988), the planetary crustal
concentrations of volatile elements should be very low. For several of the proposed sources
of exospheric Na and K, surface abundances ranging from a few tenths of a percent to a few
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Fig. 7 Composite image of the
sodium D2 emission line in the
vicinity of Mercury obtained at
the McMath-Pierce Solar
Telescope at the National Solar 40,000 km
Observatory on May 26, 2001
(Potter et al. 2002a). The Na tail
is in the anti-sunward direction,
and south is at the top. The color
scale for intensity (in
kiloRayleighs) is logarithmic
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percent by weight are commonly required (Killen et al. 2001). Simulations of variations in
the exospheric Na abundance, however, can match all observations with a supply of fresh
Na no greater than that predicted by meteoritic impact volatilization (Leblanc and Johnson
2003).

A spacecraft in orbit about Mercury will provide a range of opportunities for elucidat-
ing 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. Surface sources of exospheric materials can be mapped with gamma-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.

4 Mission Science and Measurement Objectives

The six guiding science questions lead naturally to six science objectives for the MESSEN-
GER mission, which in turn lead to corresponding sets of measurement objectives to be
accomplished by the spacecraft (Fig. 8).

Addressing the origin of Mercury’s anomalously high ratio of metal to silicate leads to
the scientific objective to map globally the major element chemistry and mineralogy of the
planet’s surface. To differentiate among the leading formation hypotheses for Mercury, the
elements mapped should include both volatile (e.g., K) and refractory (e.g., Ca, Al) species.
Spectral measurements from visible to near-infrared wavelengths at spatial resolutions of
several kilometers or better are needed to search for absorption features diagnostic of miner-
alogy. The global maps should at least regionally be at a resolution sufficient to distinguish
the compositions of the principal geological units and to determine whether the composition
of material excavated from depth and ejected by young impact craters differs from that of
surrounding surface materials (cf. Blewett et al. 2007). MESSENGER will obtain major-
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element maps of Mercury’s surface at 10% relative uncertainty or better at the 1,000-km
scale and determine local composition and mineralogy at the ~20-km scale.

Assessing the geological history of Mercury leads to the scientific objective to image
globally the planetary surface at a horizontal resolution of hundreds of meters or better
coupled with spectral measurements of major geologic units at visible and near-infrared
wavelengths. Viewing geometry for imaging should be optimized to discern geological fea-
tures over a range of scales. High-resolution imaging and the determination of topographic
profiles across key geological features from altimetry or stereo will aid in the interpretation
of surface geological processes. MESSENGER will obtain a global image mosaic (mono-
chrome) with at least 90% coverage at 250-m average resolution or better, image at least
80% of the planet stereoscopically, obtain a global multi-spectral map at 2 km/pixel average
resolution or better, and map the topography of the northern hemisphere at a 1.5-m average
height resolution.

Addressing the nature and origin of Mercury’s internal magnetic field leads to a require-
ment to make measurements of the vector magnetic field both near the planet and through-
out the planet’s magnetosphere. Repeated measurements from orbit are needed to separate
internal from external contributions to the field. Measurement of the distributions of ener-
getic particles and plasma boundaries will be critical in the interpretation of magnetospheric
structure and dynamics and their relationship to the internal field and solar wind conditions.
MESSENGER will obtain a multipole model of Mercury’s internal magnetic field resolved
through quadrupole terms with an uncertainty of less than ~20% in the dipole magnitude
and direction.

Determining the size of Mercury’s core and whether its outer core is liquid or solid
requires the measurement of Mercury’s obliquity, the amplitude of Mercury’s physical li-
bration, and the magnitude of the second-degree coefficients in the harmonic expansion
of Mercury’s gravitational field. These quantities can be measured by repeated altimetric
measurements of Mercury’s long-wavelength shape and by the determination of Mercury’s
gravitational field from ranging and range-rate measurements from an orbiting spacecraft.
MESSENGER will provide a global gravity field to spherical harmonic degree and order 16
and determine the ratio of the polar moment of inertia of the solid outer shell of the planet
to the polar moment of inertia of the entire planet (Cy,/C) to ~20% or better.

Determining the nature of Mercury’s polar deposits is a challenging goal for a spacecraft
in an orbit that does not feature a low-altitude periapsis over one of the poles, but several
measurements are promising. Ultraviolet spectrometry of Mercury’s near-limb region can
reveal whether species diagnostic of candidate polar deposit materials (e.g., OH, S) are
present at excess levels in the polar exosphere. Gamma-ray and neutron spectrometry, for
sufficiently strong signals, could detect an enhancement of near-surface H in the floors of
polar craters. Imaging and altimetry of high-latitude craters can confirm which areas are
in permanent shadow and strengthen thermal models for polar regions. By use of all of
these methods, MESSENGER aims to identify the principal component the polar deposits
at Mercury’s north pole.

Determining the volatile budget on Mercury and the sources and sinks for dynamic vari-
ations in the exosphere leads to measurement requirements for the identification of all ma-
jor neutral species in the exosphere and all major charged species in the magnetosphere.
The former can be accomplished by ultraviolet and visible wavelength spectrometry of
the exosphere with sufficient spectral resolution to detect and identify emission lines di-
agnostic of known and possible species. The latter can be carried out by in situ analysis
of the energies and compositions of charged particles within and in the vicinity of Mer-
cury’s magnetosphere. Measurements of surface composition will illuminate the question of
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the extent to which surface materials act as sources for the exosphere, and measurements
of magnetosphere-solar wind interactions will inform questions on the sources and sinks
of magnetospheric and exospheric species. MESSENGER will obtain altitude profiles at
25-km resolution of the major neutral exospheric species and characterize the energy distri-
butions of major ion species, both as functions of local time, Mercury heliocentric distance,
and solar activity.

5 Payload Overview

The measurement objectives for MESSENGER (Fig. 8) are met by a payload consist-
ing of seven instruments plus radio science. The instruments (Fig. 9) include the Mer-
cury Dual Imaging System (MDIS), the Gamma-Ray and Neutron Spectrometer (GRNS),
the X-Ray Spectrometer (XRS), the Magnetometer (MAG), the Mercury Laser Altime-
ter (MLA), the Mercury Atmospheric and Surface Composition Spectrometer (MASCS),
and the Energetic Particle and Plasma Spectrometer (EPPS). The instruments communi-
cate to the spacecraft through fully redundant Data Processing Units (DPUs). The mass
and power usage of each instrument are listed in Table 1. A brief summary of each of the
seven instruments is given below. This summary updates an overview of the payload pub-
lished early in the design stage of the project (Gold et al. 2001). Detailed descriptions of
each instrument can be found in companion papers in this volume (Anderson et al. 2007;
Andrews et al. 2007; Cavanaugh et al. 2007; Goldsten et al. 2007; Hawkins et al. 2007;
McClintock and Lankton 2007; Schlemm et al. 2007). The MESSENGER radio science
(RS) capabilities and objectives are described in another companion paper (Srinivasan et al.
2007).

5.1 MDIS

The MDIS instrument (Hawkins et al. 2007) includes both a wide-angle camera (WAC)
and a narrow-angle camera (NAC) with an onboard pixel summing capability. That combi-

Table 1 Some characteristics of MESSENGER instruments

Instrument Mass? (kg) Power? W)
MDIS 8.0 7.6
GRNS 13.1 22.5
XRS 34 6.9
MAG 44 4.2
MLA 7.4 16.4
MASCS 3.1 6.7
EPPS 3.1 7.8
DPUs 3.1 12.3
Miscellaneous® 1.7

Total 47.2 84.4

4 Mass includes mounting hardware and captive thermal control components. The mass for MDIS includes
the calibration target. The MAG mass includes the boom

b Nominal average power consumption per orbit; actual values will vary with instrument operational mode
and spacecraft position in orbit

¢ Includes purge system, payload harnesses, and magnetic shielding for the spacecraft reaction wheels
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nation of features was chosen to provide images of a nearly uniform horizontal resolution
throughout MESSENGER’s elliptical orbit while minimizing downlink requirements. Be-
cause of the geometry of the orbit and limitations on off-Sun pointing by the spacecraft, the
WAC and NAC are mounted on opposite sides of a pivoting platform to provide for optical
navigation and planetary mapping during the Mercury flybys. MDIS is the only MESSEN-
GER instrument with a pointing capability independent of the spacecraft attitude. The MDIS
pivot can point from 50° toward the Sun to 40° anti-sunward centered on nadir, where it is
co-aligned with the other optical instruments, all of which are mounted on the spacecraft
lower deck (Fig. 9). The pivot platform drive has a redundant-winding stepper motor system
and a resolver to measure the platform rotation to a precision <75 prad.

The thermal design for MDIS faced the challenge that the instrument must work in cold
space and yet be able to point at the >700-K sub-solar region of Mercury for extended
periods and still produce high-quality images. Throughout this range of environmental con-
ditions, the charge-coupled device (CCD) camera heads are maintained between —10 and
—40°C to minimize their dark noise. The MDIS thermal protection system includes high-
heat-capacity beryllium radiators, diode heat pipes to shut off thermal conduction when
viewing the hot planet, phase-change “wax packs” to limit temperatures during hot periods,
and flexible thermal links to tie these elements together.

The WAC is a refractive design with a 10.5° field of view (FOV) and a 12-position filter
wheel to provide full-color mapping. The NAC is an off-axis reflective design with a 1.5°
FOV and a single band-limiting filter. The passband is a compromise between limiting the
light at Mercury to keep the exposure times reasonable and providing high throughput for
stellar imaging required for optical navigation.

The CCD camera heads use highly integrated, low-mass electronics with 12-bit inten-
sity resolution. The CCD detectors are 1,024 x 1,024 pixel frame-transfer devices with
electronic shuttering. There is no mechanical shutter. There are both manual and automatic
exposure controls, and the exposure range is from 1 ms to ~10 s. The cameras can be com-
manded to perform on-chip summing of 2 x 2 pixels for 512 x 512 pixel images as required.
The imager hardware can also compress the images from 12-bit to 8-bit quantization with a
variety of look-up tables. Images are sent directly to the spacecraft solid-state recorder. They
are later read back into the main spacecraft processor for additional image compression as
commanded on an image-by-image basis.

5.2 GRNS

The GRNS instrument (Goldsten et al. 2007) includes two sensors, a Gamma-Ray Spec-
trometer (GRS) and a Neutron Spectrometer (NS). The GRS is a cryocooled, high-purity
germanium detector with an active shield and measures elemental abundances of O, Si, S,
Fe, H, K, Th, and U. Because it was not practical to mount the GRS on a long boom in the
Mercury thermal environment, the signal-to-background ratio was maximized by choice of
detector. Developing an actively cooled detector to operate at <90 K in the >700 K envi-
ronment at Mercury was a significant design challenge. The GRS sensor has a 50 x 50 mm
cylindrical detector with a Stirling-cycle cooler and an active scintillator shield of boron-
loaded plastic. A triple-layer thermal shield surrounds the germanium detector to minimize
heat leaks. The boron-loaded plastic scintillator shield is viewed by a large photomultiplier
tube (PMT). The anti-coincidence shield removes the cosmic-ray background and softer
component of the spacecraft gamma-ray background. The boron loading in the shield also
responds directly to slow neutrons and thereby supplements the NS data. The GRS elec-
tronics use a novel signal processing design that achieves linearity and stability that nearly
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equal the performance of a full digital signal processing system with a minimal amount of
radiation-hardened electronics.

The NS part of the GRNS is particularly sensitive to the presence of H but may also
provide information on Fe content. The NS sensor has two lithium glass scintillators on
the ends separated by a beveled cube of neutron-absorbing, borated plastic scintillator. The
glass scintillator plates are loaded with lithium enriched in °Li to detect thermal and epither-
mal neutrons. Because the MESSENGER orbital velocity is about 3 km/s, the difference in
counts in the ram and wake directions greatly enhances the discrimination of thermal and
epithermal neutrons. The borated-plastic central scintillator counts epithermal neutrons from
all directions and measures the energy depositions of fast neutrons. All three scintillators are
viewed by individual PMTs.

5.3 XRS

XRS is an improved version of the Near Earth Asteroid Rendezvous (NEAR) Shoemaker
X-ray spectrometer to measure the atomic surface abundances of Mg, Al, Si, Ca, Ti, and Fe
by solar-induced X-ray fluorescence (Schlemm et al. 2007). Three gas proportional coun-
ters measure low-energy X-rays from the planet, and a Si-PIN detector mounted on the
spacecraft sunshade (Fig. 9) views the solar X-ray input. The detectors cover the energy
range from 1 to 10 keV. XRS proportional counters have a 12° FOV, provided by a high-
throughput, Cu-Be honeycomb collimator. A matched filter technique is used to separate the
lower energy X-ray lines (Al, Mg, and Si). The proportional counter tubes are improved from
the NEAR Shoemaker design by the addition of anticoincidence wires surrounding most of
the tube, a low-emission carbon liner in the sensitive volume, and field-equalizing structures
at the ends of the tube to prevent the charge build-up that was seen on that spacecraft. The
planet-viewing portion of the instrument, the Mercury X-ray Unit (MXU) is mounted on
the lower spacecraft deck (Fig. 9). The XRS solar monitor consists of a small (0.03 mm?
aperture) detector protected by a pair of thin Be foils. The outer foil reaches >500°C and is
the hottest component on the spacecraft, while the detector, just 4 cm away, sits at —45°C.

54 MAG

MAG is a three-axis, ring-core, fluxgate magnetometer of the same basic design as that flown
on many planetary missions (Anderson et al. 2007). The MAG sensor head is mounted on a
lightweight, 3.6-m carbon-fiber boom extending in the anti-sunward direction. Because the
sensor can protrude from the shadow of the spacecraft when the spacecraft is pointed near
its allowable off-Sun limits, the sensor has its own sunshade. The MAG detector samples the
field at a 20-Hz rate, and hardware anti-aliasing filters plus software digital filters provide
selectable readout intervals from 0.05 s to 100 s. Readout intervals greater than 1 s generate a
sample of the 0.5-Hz filtered signal at the time of the readout. MAG data are output with 16-
bit quantization, which eliminates the need for range switching during orbital operations at
the £1530-nT full-scale range. Auto-ranging is provided at the less sensitive range, 51,300
nT full scale, in the event that large crustal fields are present. Spacecraft-induced stray fields
were minimized during subsystem development and fabrication. The reaction wheels and
a few propulsion system valves were provided with shielding and compensation magnets,
respectively, as needed to meet requirements on background magnetic fields.
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5.5 MLA

MLA includes a diode-pumped, Q-switched, Cr:Nd:YAG laser transmitter operating at
1,064 nm wavelength and four receiver telescopes with sapphire lenses (Cavanaugh et al.
2007). MLA is mounted on the spacecraft lower deck (Fig. 9), along with the other optical
instruments. A silicon avalanche photodiode (APD) and a time-interval unit, based on an
application-specific integrated circuit (ASIC) chip, measure altitudes to 30-cm precision or
better and ranges up to 1,200 km. Because of MESSENGER’s elliptical orbit at Mercury,
MLA will operate for about 30 minutes around the periapsis of each orbit. The laser trans-
mits pulses at 8 Hz through a beam expander with a heat-absorbing sapphire window. The
four 115-mm-diameter receiver telescopes comprise a multi-aperture receiver, which col-
lects the laser return pulses from Mercury and passes them via four optical fibers through
an optical bandpass filter to reject the solar background before going to the silicon APD
detector.

5.6 MASCS

The MASCS instrument combines an exospheric and a surface-viewing instrument in a sin-
gle package (McClintock and Lankton 2007). A moving-grating Ultraviolet-Visible Spec-
trometer (UVVS) will observe emissions from the Mercury exosphere during limb scans,
and a Visible-Infrared Spectrograph (VIRS) will observe the planetary surface. The two
spectrometers are contained in the same package and fed by a single front-end telescope.
The Cassegrain telescope feeds the UVVS Ebert-Fastie spectrometer directly. Its moving
diffraction grating design is optimized for measuring the very weak emissions of the ex-
osphere with excellent signal-to-noise ratio. UVVS spans the spectral range from 115 to
600 nm with three photon-counting PMT detectors. When scanning the limb, it has 25-km
altitude resolution and an average spectral resolution of 1 nm. VIRS is fed by a fused-silica
fiber-optic bundle from the focal plane of the front-end telescope. A holographic diffrac-
tion grating images onto two semiconductor line-array detectors. A dichroic beam splitter
separates the visible (300—1,025 nm) and infrared (0.95-1.45 um) spectra. The 512-element
visible detector is silicon, and the 256-element infrared detector is made of InGaAs. MASCS
requires no active cooling. The instrument is mounted on the lower spacecraft deck (Fig. 9).

5.7 EPPS

The EPPS (Andrews et al. 2007) instrument consists of an Energetic Particle Spectrometer
(EPS) and a Fast Imaging Plasma Spectrometer (FIPS). FIPS measures thermal and low-
energy ions with a unique electrostatic analyzer and a time-of-flight (TOF) spectrometer
section. The FIPS analyzer is sensitive to ions entering over nearly a full hemisphere, with
energy per charge (E/q) up to >15 keV/q. Particles of a given E/q and polar angle pass
through the dome-shaped electrostatic deflection system and into the position-sensing TOF
telescope. The ions are then post-accelerated by a fixed voltage before passing through a
very thin (~1 pg/cm?) carbon foil. Secondary electrons from the foil are measured with
a position-sensitive detector that reads out the initial incidence angle. Mass per charge of
an ion is measured by the E /g (set by the deflection voltage) and the TOF. The deflection
voltage is stepped to cover the full E /g range in about one minute. The EPS sensor measures
the TOF and residual energy of ions from 10 keV/nucleon to ~3 MeV and electrons to 400
keV. Time-of-flight is measured from secondary electrons as the ions pass through two foils,
while total energy is measured by a 24-pixel silicon detector array. The FOV, 160° by 12°,
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is divided into six segments of 25° each. The EPPS common electronics process all of the
TOF, energy, and position signals from both EPS and FIPS. EPS is mounted on the rear deck
of the spacecraft, whereas FIPS is mounted on the side of the spacecraft (Fig. 9), where it
can observe the plasma over a wide range of pitch angles.

5.8 RS

The radio frequency (RF) telecommunications system used to conduct radio science (RS)
as well as communicate with the MESSENGER spacecraft (Srinivasan et al. 2007) includes
two opposite-facing, high-gain phased-array antennas, two fanbeam medium-gain antennas,
and four low-gain antennas. The RF signals are transmitted and received at X-band fre-
quencies (7.2 GHz uplink, 8.4 GHz downlink) by the NASA Deep Space Network (DSN).
Precise observations of the spacecraft’s Doppler velocity and range assist in navigating the
spacecraft and will be inverted to determine the planet’s gravitational field, provide improve-
ments to the planet’s orbital ephemeris, and sharpen knowledge of the planet’s rotation state,
including obliquity and forced physical libration. The times of occultation of the spacecraft
RF signal by the planet will be used to determine local values of Mercury’s radius, of par-
ticular importance for Mercury’s southern hemisphere, most of which will be out of range
of the MLA instrument.

5.9 Complementarity of Instruments

As illustrated in Fig. 8, each of the mission science objectives will be addressed by at least
two elements of the MESSENGER payload (including Radio Science). Mercury’s elemen-
tal surface composition will be mapped by GRNS and XRS, which are complementary in
their elemental sensitivity and the depth of near-surface material contributing to detected
signals; mineralogical information will be obtained from the VIRS sensor on MASCS and,
with much less spectral resolution, the color imaging that will be carried out by the WAC
on MDIS. Mercury’s geological history will primarily be derived from mosaics of MDIS
images, in color and in high-resolution monochrome, but the interpretation of unit defini-
tion will be aided by spectral reflectance measurements by MASCS and the interpretation
of geological features will be enhanced by information on topography measured by MLA
and obtained from MDIS with stereogrammetry. Mercury’s magnetic field will be mapped
by MAG, while plasma and energetic particle characteristics measured by EPPS will help to
define the principal magnetospheric boundaries consistent with internal field structure. The
key parameters necessary to determine Mercury’s core radius and the nature of the outer core
can be derived independently from MLA and RS observations. The composition of polar de-
posits will be addressed by GRNS, MLA observations will address the topographic cold trap
hypotheses, and MASCS and EPPS observations will address whether the polar regions have
enhancements in neutral or ionized species that may be derived from polar deposit material.
The processes governing the exosphere will be variously addressed by the UVVS sensor on
MASCS, the EPPS measurements, and the chemical observations of potential surface source
regions by GRNS and XRS.

Just as each science objective is met with data from multiple payload elements, each in-
strument addresses two or more of the guiding science questions. This dual complementarity
provides for important crosschecks between sets of observations and ensures that mission
science requirements can be met even in the case of problems with one of the payload in-
struments.
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6 Spacecraft Overview

The requirements on the MESSENGER spacecraft (Santo et al. 2001) flowed directly from
the science requirements (Solomon et al. 2001) and mission design (McAdams et al. 2007).
The Delta IT 7925H-9.5 launch vehicle was the largest available to a Discovery-class mis-
sion. This vehicle provided 1,107 kg of lift mass to achieve the necessary heliocentric orbit.
This fact, coupled with the complex trajectory requiring that 599 kg (54%) of the spacecraft
launch mass be propellant, limited the spacecraft dry mass—a challenging constraint for de-
signing a fully redundant spacecraft with MESSENGER’s functionality. A schematic view
of the MESSENGER spacecraft, described in greater detail in a companion paper (Leary et
al. 2007), is shown in Fig. 10, and an image of the spacecraft in the process of being mated
to the launch vehicle is shown in Fig. 11.

The MESSENGER spacecraft structure, primarily lightweight composite material, was
integrated at the outset of design with a dual-mode propulsion system. The propulsion
system features state-of-the-art lightweight fuel tanks and can provide 2,250 m/s veloc-
ity change (AV) capability. A ceramic-cloth sunshade eliminates most of the solar input
throughout the cruise and orbital phases of the mission. The spacecraft is three-axis stabi-
lized and momentum biased to ensure Sun pointing while allowing instrument viewing by
rotation about the spacecraft-Sun line. Power is provided by two specially designed 2.6-m?
solar arrays consisting of two-thirds mirrors and one-third solar cells for thermal manage-
ment. Generally passive thermal management techniques have been used on the rest of the
spacecraft to minimize the required power while protecting the spacecraft from the harsh

Fig. 10 Schematic view of the Star trackers
MESSENGER spacecraft from

two perspectives. The identified

tanks and the large velocity

adjustment (LVA) thruster are LVA thruster
part of the propulsion system. i

The payload attach fitting (PAF) Auxiliary tank
mated the spacecraft to the third
stage of the launch vehicle at the
time MESSENGER was
launched and now encloses four
of the payload instruments

Helium tank

Solar arrays Phased array

antennas

Sunshade

Magnetometer
boom (deployed)
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Fig. 11 The MESSENGER
spacecraft on July 14, 2004, after
it was attached to the payload
assist module of the Delta II third
stage at Astrotech Space
Operations in Titusville, FL. The "
flat, reflective panels are the solar |
arrays stowed in their launch
positions; solar cells are the dark
strips between the optical solar
reflectors (mirrors) that permit
high-temperature operation. The
gold reflective material is thermal
blanket. A portion of the stowed
magnetometer boom is visible
between the solar arrays

environment near the Mercury dayside. A single redundant processor performs all nomi-
nal spacecraft functions, while two other processors monitor spacecraft health and safety.
Telecommunications are provided by redundant transponders, solid-state power amplifiers,
and a diverse antenna suite that includes two phased-array antennas, the first electronically
steered antennas designed for use in deep space.

Because the spacecraft is solar powered (except for a battery needed for eclipses), power
generation increases as the spacecraft moves sunward. Early in the mission the spacecraft
was oriented with the sunshade pointed away from the Sun at solar distances greater than
0.85 AU, allowing a substantial reduction in needed heater power. Peak power demand oc-
curs during science operations in orbit about Mercury. During the orbital phase, there are
eclipses of varying lengths, and for the longest eclipses (>35 minutes) science operations
are constrained by limits established to the permitted depth of discharge of the spacecraft
battery.

7 Mission Timeline

MESSENGER was launched successfully by a Delta II 7925H-9.5 rocket on August 3, 2004
(Fig. 12). A summary of major mission milestones from launch to orbit insertion is given
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Table 2 Key events in the MESSENGER mission

Event Date UTC

Launch 3 August 2004 06:15:56.5
Earth flyby 2 August 2005 19:13:08.4
DSM-1 12 December 2005 11:30:00.0
Venus flyby 1 24 October 2006 08:33:59.9
Venus flyby 2 5 June 2007 23:10:10.9
DSM-2 17 October 2007 22:30:00.0
Mercury flyby 1 14 January 2008 18:37:08.8
DSM-3 17 March 2008 19:00:00.0
Mercury flyby 2 6 October 2008 11:39:07.9
DSM-4 6 December 2008 19:00:00.0
Mercury flyby 3 29 September 2009 23:59:47.4
DSM-5 29 November 2009 19:00:00.0
MOI 18 March 2011 07:30:00.0

Times of key events are based on the full-mission reference trajectory database as of January 10, 2007. Times
shown for each Deep Space Maneuver (DSM) and for Mercury Orbit Insertion (MOI) correspond to the
start times of these propulsive maneuvers. Final times of future events (Venus flyby 2 and later) will differ
somewhat from the values shown

in Table 2. The cruise phase of the mission is 6.6 years in duration and includes six plan-
etary flybys—one of Earth, two of Venus, and three of Mercury—as well as a number of
propulsive corrections to the trajectory (Fig. 13). At the spacecraft’s fourth encounter with
Mercury, orbit insertion is accomplished on March 18, 2011. A full description of the design
of the MESSENGER mission and how the principal elements of mission design flowed from
the science requirements is given in a companion paper (McAdams et al. 2007).

The Earth flyby was accomplished successfully on August 2, 2005, with a closest ap-
proach distance of 2,348 km over central Mongolia (McAdams et al. 2007). The event
provided important calibration opportunities for four MESSENGER instruments. Prior to
closest approach, MDIS acquired images of the Moon for radiometric calibration. Images
of Earth (Fig. 14) were acquired with 11 filters of the MDIS wide-angle camera to test opti-
cal navigation sequences that will be used to target later planetary flybys, and a movie was
assembled from 358 sets of MDIS images taken in three filters every four minutes over a 24-
hour period after closest approach. MASCS obtained spectral observations of the Moon that
permitted absolute radiometric calibration of UVVS and VIRS as well as intercomparison
with MDIS, and MASCS observed Earth’s hydrogen corona in the month following closest
approach. MESSENGER also measured the magnetic field and charged particle characteris-
tics within Earth’s magnetosphere and across major magnetospheric boundaries. About two
months prior to the Earth flyby, MESSENGER’s MLA instrument set a distance record (24
Gm) for two-way laser transmission and detection in space (Smith et al. 2006).

The first of the two Venus flybys, which occurred on October 24, 2006, and achieved
a closest approach distance of 2,987 km, increased the spacecraft’s orbit inclination and
reduced the orbit period. No scientific observations were made during that flyby, however,
because direct communication with the spacecraft was precluded by the fact that Venus and
Earth were on opposite sides of the Sun.

The second Venus flyby on June 5, 2007, will lower the spacecraft perihelion distance
sufficiently to permit the subsequent three flybys of Mercury. Closest approach for the sec-
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Fig. 12 Launch of the MESSENGER spacecraft on August 3, 2004. The Delta II 7925H-9.5 rocket was
launched from Cape Canaveral Air Force Station Space Launch Complex 17B, Florida, at 06:15:56.5 UTC
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Fig. 14 MDIS WAC image of
Earth taken on August 2, 2005,
shortly before closest approach
during the Earth flyby. Portions
of North, Central, and South
America are visible

ond Venus flyby is targeted at 313 km altitude over 12°S, 165°E, near the boundary between
the lowlands plains of Rusalka Planitia and the rifted uplands of Aphrodite Terra. All of the
MESSENGER instruments will be trained on Venus during that flyby. MDIS will image the
nightside in near-infrared bands, and color and higher-resolution monochrome mosaics will
be made of both the approaching and departing hemispheres. The UVVS sensor will make
profiles of atmospheric species on the dayside and nightside as well as observations of the
exospheric tail on departure. The VIRS sensor will observe the planet near closest approach
to sense cloud chemical properties and search for near-infrared returns from the surface. The
laser altimeter will serve as a passive 1,064-nm radiometer and will attempt to measure the
range to one or more cloud decks for several minutes near closest approach.

The European Space Agency’s Venus Express mission (Svedhem et al. 2005), now in an
elliptical polar orbit about Venus, should still be operational in June 2007. The MESSEN-
GER flyby will therefore permit the simultaneous observation of Venus from two indepen-
dent spacecraft, a situation of particular value for characterization of the particle and field
environment at Venus. MESSENGER’s EPPS will observe charged particle acceleration at
the Venus bowshock and elsewhere. The Magnetometer will provide measurements of the
upstream interplanetary magnetic field IMF), bowshock signatures, and pickup ion waves as
a reference for EPPS and Venus Express observations. The encounter will enable two-point
measurements of IMF penetration into the Venus ionosphere, primary plasma boundaries,
and the near-tail region.

The three flybys of Mercury, in January and October 2008 and September 2009, will
provide important new scientific observations of Mercury in advance of the orbital phase of
the mission. MDIS will carry out an extensive campaign of imaging during each approach
and departure (Solomon et al. 2001), and the geometry of the flybys (McAdams et al. 2007)
are such that much of the surface unseen by Mariner 10 will have been imaged by the end
of the second flyby (Hawkins et al. 2007). Each flyby will pass within 200 km of Mercury’s
surface, permitting measurements of the magnetic field and charged particle environment at
closer distances from the planet than achieved by Mariner 10 (Connerney and Ness 1988).
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Fig. 15 MESSENGER’s
nominal orbit around Mercury.

A
s

Parameters of the orbit were 0 =60° N7 i=80°
determined by balancing science ( P =12 hours
objectives against propulsion and ! <l

trajectory constraints and the
design of the spacecraft thermal
and power systems

o = Periapsis latitude
h, = Apoapsis altitude!
h, = Periapsis altitude

h, = 15,193 km
* i = Orbital inclination

The UVVS system on the MASCS instrument will carry out surveys of exospheric species
and map the species in Mercury’s magnetotail, and VIRS will conduct detailed mapping
of dayside surface reflectance at visible and near-infrared wavelengths in search of min-
eralogical absorption features. The MLA will range to the surface near nightside closest
approaches, and the GRNS and XRS instruments will collect early baseline measurements
of the Mercury environment.

Within a few days of orbit insertion, the spacecraft will be in its mapping orbit, which
has an 80° inclination to Mercury’s equator, an initial 200-km minimum altitude over 60°N
latitude, and a 12-hour orbit period (Fig. 15). As a result of solar torques, the periapsis lat-
itude drifts northward and the minimum altitude progressively increases. Once per 88-day
Mercury year the spacecraft will execute orbit correction maneuvers to return the minimum
altitude to 200 km (McAdams et al. 2007). Otherwise propulsive events will be minimized to
permit the recovery of Mercury’s gravity field from ranging and Doppler velocity measure-
ments (Srinivasan et al. 2007). The orbital phase of the mission is scheduled for one Earth
year, or slightly longer than two Mercury solar days (Fig. 13). At the end of the nominal
mission the periapsis latitude will be 72°N. Approximately one year after the last propulsive
adjustment to its orbit, the spacecraft will impact Mercury’s surface.

While in Mercury orbit, observations are staged by altitude and time of day so as to
maximize scientific return among all scientific instruments (Fig. 13), subject to restrictions
on spacecraft attitude set by the need to maintain sunshade pointing within small angular
deviations in yaw and pitch of the sunward direction (Leary et al. 2007). MDIS will build
on the flyby imaging to create global color and monochrome image mosaics during the
first six months of the orbital phase; a global monochrome base mosaic will be obtained at
250-m/pixel or better average spatial sampling, low emission angle, and moderate incidence
angle, and a global color mosaic will be obtained at a resolution of 2 km/pixel or better. Em-
phasis during the second six months will shift to targeted, high-resolution imaging (up to
~ 20 m/pixel resolution) with the NAC and repeated mapping at a different viewing geom-
etry to carry out global stereogrammetry (Hawkins et al. 2007). GRNS and XRS will build
up observations that will yield global maps of elemental composition at resolutions that will
vary with latitude, species, and (for XRS) the intensity of the solar X-ray flux (Goldsten et
al. 2007; Schlemm et al. 2007). MAG will measure the vector magnetic field over six Mer-
cury sidereal days (each 58.65 Earth days) under a range of solar distances and conditions,
which should permit separation of internal and external fields sufficient to resolve Mercury’s
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quadrupole magnetic moment (Korth et al. 2004) and shorter-wavelength features near pe-
riapsis latitudes (Anderson et al. 2007). MLA will measure the topography of the northern
hemisphere over four Mercury years (Cavanaugh et al. 2007). RS will extend topographic
information to the southern hemisphere by occultation measurements of planet radius, and
the planet’s obliquity and the amplitude of the physical libration will be determined indepen-
dently from the topography and gravity field (Srinivasan et al. 2007). The VIRS component
of the MASCS instrument will produce global maps of surface reflectance from which min-
eralogy and its variation with geological unit can be inferred, and the UVVS component of
the MASCS instrument will produce global maps of exospheric species abundances versus
altitude and their temporal variations over four Mercury years and a range of solar activ-
ity (McClintock and Lankton 2007). EPPS will sample the plasma and energetic particle
population in the solar wind, at major magnetospheric boundaries, and throughout the envi-
ronment of Mercury at a range of solar distances and levels of solar activity (Andrews et al.
2007).

An additional important constraint on payload observing sequences is imposed by a rate
of data downlink from the spacecraft to the DSN that varies strongly with time during the
mission orbital phase (Fig. 16). The strategy to deal with such a variable data return is to
store most data on the spacecraft solid-state recorder during periods when Mercury is far
from Earth and to downlink combinations of stored data and newly acquired data during
periods when Mercury is closest to Earth. A data prioritization scheme will assist in manag-
ing the downlink process. Under fairly conservative assumptions (downlinking to one 34-m

Expected Daily Bit Rates
40

35

I I A | |

1 31 61 91 121 151 181 211 241 271 301 331 361
Days Since MOI

Thousands

Bits Per Second

Fig. 16 Downlink data rates per day during the mission orbital phase. Peaks in the curve correspond to
times near Mercury inferior conjunction; longer segments with zero data rate correspond to Mercury superior
conjunction, and shorter segments correspond to times when Mercury passes between the Sun and Earth. This
profile is based on the assumption that downlinked data will be received for 6.5 hours each day by one of the
DSN 34-m antennas
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DSN station for 6.5 hours per mission day) a total of more than 100 Gb of data will be
returned during the mission orbital phase.

The orbital observation strategy is based on a combination of position along the orbit
(northern polar zone, mid zone, and far zone as defined in Fig. 13) and a balance between
available downlink and solid-state recorder resources. The exploratory nature of this mission
requires built-in flexibility in the planning strategy in order to take maximum advantage of
what is learned during the flybys and the early part of the orbital phase. Many of the instru-
ments operate in conjunction with each other in observational campaigns that are defined by
science objectives but are constrained by limits on data volumes. Margin and multiple op-
portunities for high-priority observations are therefore incorporated into the strategy where
possible.

8 Data Products and Archiving

On the basis of its guiding science questions and measurement objectives, the MESSENGER
project has defined a set of data products that will be produced primarily by the MESSEN-
GER Science Team and archived with NASA’s Planetary Data System (PDS). These data
products and the schedule for delivering them to the PDS are defined in a formal MESSEN-
GER Data Management and Science Analysis Plan (DMSAP) and are discussed in more
detail in a companion article (Winters et al. 2007).

Planning and acquisition of science measurements are handled by MESSENGER’s Sci-
ence Planning Group (SPG). The SPG is responsible for ensuring that the data acquisition
plan includes all observations needed to meet the mission’s measurement objectives. These
measurements are made available to the MESSENGER Science Team through the Science
Operations Center (SOC). Data products that have been tagged for delivery to the PDS are
generated by the MESSENGER Science Team and delivered to the SOC for submission to
the PDS.

8.1 Data Validation

The SPG performs two types of validation processes to ensure that the instrument measure-
ments meet all requirements for producing MESSENGER’s data products. The validation
process is divided into observation validation and observation quality verification. Observa-
tion validation ensures that those observations requested via the instrument command loads
are actually executed and the expected measurements are returned to the SOC. Observation
quality verification involves an examination of the returned data to ensure that they are of
sufficient quality to meet the science objectives. The criteria on which the quality assess-
ment is made is provided by MESSENGER’s Science Steering Committee (Solomon et al.
2001).

Those observations that are not executed or returned to the SOC (for various reasons,
such as loss of spacecraft function), or those observations which fail the quality assessment,
are rescheduled in the data planning and commanding process. This information is conveyed
to the Science Team via four discipline groups (Solomon et al. 2001) and the SPG. Both
validation processes ensure that the data products produced by the MESSENGER team meet
the mission’s science objectives.

The data acquisition is monitored weekly by the SPG, and the progress toward meeting
mission objectives is constantly assessed and reported to the Science Steering Committee.
Coverage maps for each instrument’s data set are generated daily to assess the mission’s
science objectives and to validate the data acquisition process.
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8.2 Data Products

The data products produced by the MESSENGER mission are divided into two broad cat-
egories: raw data or Experimental Data Records (EDRs) and higher-level data products or
Reduced Data Records (RDRs). The EDRs are formatted raw instrument data produced by
the SOC directly from the spacecraft telemetry for use by the Science Team. The EDRs are
used by the SOC and Science Team to produce the RDRs.

The RDRs have been divided into three groups: Calibrated Data Records (CDRs), De-
rived Data Products (DDPs), and Derived Analysis Products (DAPs). CDRs generally con-
sist of EDR data that have been transformed into physical units. This transformation is done
by either Science Team members or the SOC via algorithms provided by the Science Team.
DDPs and DAPs are higher-level products produced by the Science Team and delivered to
the SOC for submission to the PDS. These higher-level products may be constructed from
observations made by more than one instrument. A list of the DDPs and DAPs that the MES-
SENGER project will be archiving to the PDS may be found in a companion paper (Winters
et al. 2007).

8.3 Archiving Plan

The MESSENGER project is working closely with the PDS to facilitate the data archiv-
ing process, and toward that end a Data Archive Working Group (DAWG) was established
early in the project (Solomon et al. 2001). Through this group the EDR and RDR data for-
mats have been defined and described in instrument software interface specification (SIS)
documents. These documents have been reviewed and approved by both the MESSENGER
project and the PDS. These baseline efforts permit the archiving process to be streamlined,
portions of the process to be automated, and the full delivery schedule for MESSENGER’s
data products (Winters et al. 2007) to be met.

During the MESSENGER mission there are several designated deliveries of data to the
PDS (Winters et al. 2007), each associated with a mission milestone. The first four deliveries
are, respectively, six months following the second Venus flyby (EDR data only) and six
months following each of the Mercury flybys (EDRs and either calibration documentation
or CDRs). Deliveries of orbital data (EDRs and CDRs) are scheduled at six-month intervals
following orbit insertion. High-level RDR products (DDPs and DAPs) will be delivered to
the PDS one year after the end of the mission, providing the Science Team adequate time to
produce these products with the full MESSENGER data set.

9 Conclusions

The MESSENGER mission to Mercury will provide important new information on the for-
mation and evolution of the inner planets. We will have obtained the first global views of
Mercury’s geology, exosphere, magnetic field, and magnetosphere. We will have ascertained
the state and size of Mercury’s core, fractionally the largest among the terrestrial planets. We
will have learned about the nature of Mercury’s polar deposits and what that nature implies
for the sources of and storage mechanisms for near-surface volatiles. We will have carried
out the first chemical remote sensing of Mercury’s surface and from that information ob-
tained new constraints on the planetary processes that led to Mercury’s high ratio of metal
to silicate. This new information will fuel a new understanding of planetary formation, the
early history of the inner solar system, the origin of planetary magnetism, and modes of
solar wind-magnetosphere interaction.
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It is noteworthy that the MESSENGER mission is a product of NASA’s Discovery Pro-
gram, under which mission concepts are constrained at the outset by cost, schedule, and
launch vehicle. Those constraints contributed to the extended duration of the mission cruise
phase and limited the number of potential payload instruments. MESSENGER is nonethe-
less ambitious in its scientific scope for a Discovery mission, a tribute to the fact that sci-
entific requirements guided the development of spacecraft (Leary et al. 2007) and mission
design (McAdams et al. 2007) at every stage in the project, from initial concept through
all design trades and testing. Those same science requirements now frame decisions made
regularly in mission operations (Holdridge and Calloway 2007).

During and following the MESSENGER mission, the MESSENGER team will be work-
ing in close communication with the team now developing the BepiColombo mission, which
involves the launch in 2013 of two spacecraft that will be inserted into Mercury orbit in 2019.
Such communication is intended to ensure that the scientific return will be optimized from
both missions (McNutt et al. 2004).
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Abstract Mariner 10 and Earth-based observations have revealed Mercury, the innermost
of the terrestrial planetary bodies, to be an exciting laboratory for the study of Solar System
geological processes. Mercury is characterized by a lunar-like surface, a global magnetic
field, and an interior dominated by an iron core having a radius at least three-quarters of
the radius of the planet. The 45% of the surface imaged by Mariner 10 reveals some dis-
tinctive differences from the Moon, however, with major contractional fault scarps and huge
expanses of moderate-albedo Cayley-like smooth plains of uncertain origin. Our current
image coverage of Mercury is comparable to that of telescopic photographs of the Earth’s
Moon prior to the launch of Sputnik in 1957. We have no photographic images of one-half of
the surface, the resolution of the images we do have is generally poor (~1 km), and as with
many lunar telescopic photographs, much of the available surface of Mercury is distorted
by foreshortening due to viewing geometry, or poorly suited for geological analysis and
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impact-crater counting for age determinations because of high-Sun illumination conditions.
Currently available topographic information is also very limited. Nonetheless, Mercury is
a geological laboratory that represents (1) a planet where the presence of a huge iron core
may be due to impact stripping of the crust and upper mantle, or alternatively, where forma-
tion of a huge core may have resulted in a residual mantle and crust of potentially unusual
composition and structure; (2) a planet with an internal chemical and mechanical structure
that provides new insights into planetary thermal history and the relative roles of conduction
and convection in planetary heat loss; (3) a one-tectonic-plate planet where constraints on
major interior processes can be deduced from the geology of the global tectonic system;
(4) a planet where volcanic resurfacing may not have played a significant role in planetary
history and internally generated volcanic resurfacing may have ceased at ~3.8 Ga; (5) a
planet where impact craters can be used to disentangle the fundamental roles of gravity and
mean impactor velocity in determining impact crater morphology and morphometry; (6) an
environment where global impact crater counts can test fundamental concepts of the dis-
tribution of impactor populations in space and time; (7) an extreme environment in which
highly radar-reflective polar deposits, much more extensive than those on the Moon, can
be better understood; (8) an extreme environment in which the basic processes of space
weathering can be further deduced; and (9) a potential end-member in terrestrial planetary
body geological evolution in which the relationships of internal and surface evolution can
be clearly assessed from both a tectonic and volcanic point of view. In the half-century since
the launch of Sputnik, more than 30 spacecraft have been sent to the Moon, yet only now is
a second spacecraft en route to Mercury. The MESSENGER mission will address key ques-
tions about the geologic evolution of Mercury; the depth and breadth of the MESSENGER
data will permit the confident reconstruction of the geological history and thermal evolution
of Mercury using new imaging, topography, chemistry, mineralogy, gravity, magnetic, and
environmental data.

Keywords Mercury - MESSENGER - Planets and satellites: general - Mariner 10 - Caloris
basin

1 Introduction and Background

In the 47 years between the launch of Sputnik, the first artificial satellite of the Earth,
and the launch of the MErcury Surface, Space ENvironment, GEochemistry, and Rang-
ing (MESSENGER) spacecraft to Mercury in 2004, the golden age of Solar System ex-
ploration has changed the terrestrial planets from largely astronomically perceived objects
to intensely studied geological objects. During this transition, we have come to under-
stand the basic range of processes differentiating planetary interiors, creating planetary
crusts, and forming and modifying planetary surfaces. We have also learned how the rel-
ative importance of processes has changed with time; the chemical and mineralogic na-
ture of surfaces and crusts; the broad mechanical and chemical structure of planetary in-
teriors; and the relationship of surface geology to internal processes and thermal evolu-
tion (e.g., Head 2001a, 2001b). Together with these new insights have come outlines of
the major themes in the evolution of the terrestrial planets (e.g., Head and Solomon 1981;
Stevenson 2000).

These comprehensive advances and the synthesis of our understanding mask an underly-
ing problem: Our level of knowledge of the terrestrial planets is extremely uneven, and this
difference threatens the very core of our emerging understanding. Nothing better illustrates
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Fig. 1 (a) Earth-based telescopic photograph of the Moon typical of the area of the Moon seen prior to the
time of the launch of Sputnik in 1957. Lick Observatory photograph. (b) Photographic coverage of Mercury
from Mariner 10 (launched 1973) available at the time of the launch of the MESSENGER mission to Mer-
cury in 2004, almost a half-century after Sputnik (shaded relief airbrush map; USGS, Flagstaff). (¢) Map of
the Earth’s Moon in equal area projection showing the distribution of mare basalts on the nearside and far-
side. Compare with (a) and note the distinctive nearside-farside differences in lunar mare basalt distribution
unknown before Luna 3 in 1959, and the general lack of mare deposits on the nearside limbs and southern
nearside, a fact underappreciated due to Earth-based telescope viewing geometry (a)

this point than our currently poor knowledge of the planet Mercury. Mariner 10 imaged less
than one-half of Mercury at a resolution of ~1 km/pixel and even these data are variable
in terms of quality due to differences in viewing geometry and solar illumination (Strom
1987). Indeed, our current image data for Mercury are generally comparable in resolution
and coverage to our pre-Sputnik, Earth-based telescope photographs of the Moon (Fig. 1).
However, the pre-Sputnik Earth-based telescope photographs of the Moon are actually more
useful in terms of the range of different illumination conditions available. Recently, radar
delay-Doppler mapping has begun to provide data with sufficient spatial resolution to enable
some geologic studies of the side of Mercury not seen by Mariner 10 (e.g., Harmon et al.
2007).
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Table 1 Instruments on the MESSENGER mission to Mercury (Gold et al. 2001; Santo et al. 2001)

Instrument Description

Mercury Dual Imaging System (MDIS) Wide-angle and narrow-angle imagers that map landforms and
variations in surface spectra and gather topographic informa-
tion (Hawkins III et al. 2007)

Gamma-Ray and Neutron Maps the relative abundances of different elements and
Spectrometer (GRNS) helps to determine if there is ice in the polar regions
(Goldsten et al. 2007)

X-Ray Spectrometer (XRS) Detects emitted X-rays to measure the abundances of various
elements in the materials of the crust (Schlemm II et al. 2007)

Magnetometer (MAG) Maps the magnetic field and any regions of magnetized rocks
in the crust (Anderson et al. 2007)

Mercury Laser Altimeter (MLA) Produces highly accurate measurements of topography
(Cavanaugh et al. 2007)

Mercury Atmospheric and Surface Measures the abundances of atmospheric gases and minerals
Composition Spectrometer (MASCS) on the surface (McClintock and Lankton 2007)

Energetic Particle and Plasma Measures the composition, distribution, and energy of charged
Spectrometer (EPPS) particles (electrons and various ions) in magnetosphere

(Andrews et al. 2007)

Radio Science (RS) Measures very slight changes in spacecraft velocity to study in-
terior mass distribution, including crustal thickness variations
(Srinivasan et al. 2007)

Yet there are striking contradictions brought about by what little information we do have
about Mercury. Could a terrestrial (Earth-like) planet form and evolve with no extrusive
volcanic activity? Can the internally generated resurfacing of a terrestrial planet conclude at
~3.8 Ga? Can one of the hottest planetary surfaces in the Solar System harbor an inventory
of cometary ices? Can a planet containing an iron core proportionally much larger than that
of the Earth not show demonstrable surface signs of internal convection? Can we confidently
place Mercury in the scheme of geological and thermal evolution without ever having seen
more than half of its surface with spacecraft observations? These and other questions formed
the basis for the scientific rationale for the MESSENGER mission to Mercury (Solomon
2003). In this contribution, we review our basic current knowledge of the characteristics
of the surface of Mercury at several scales, the geological features and processes observed
thus far, and how this knowledge relates to its overall geological and thermal evolution. In
the course of this review, we identify key unanswered questions, and how future studies
and observations, in particular the MESSENGER mission and its instrument complement
(Table 1), might address these. We first assess the state of knowledge of the surface from
Earth-based remote sensing data, then review the current understanding of the geology of
Mercury from Mariner 10 data, and end with a series of outstanding questions that can be
addressed by the MESSENGER mission.
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2 Remote Sensing and the Nature of the Surface of Mercury

Knowledge of the physical, chemical, mineralogic, and topographic properties of planetary
surfaces is critical to understanding geological processes and evolution. Remote observa-
tions using instruments designed to characterize the surface at various wavelengths, first
with Earth-based telescopes, and then with instruments on flybys and orbiters, have been
the traditional manner in which we have learned about planetary surfaces. Two problems are
presented by the proximity of Mercury to the Sun, first in making observations of a planet in
such close solar proximity, and second the difficulty in placing a spacecraft in orbit around
a planet so close to the huge solar gravity well. These factors, coupled with the apparent
spectral blandness of Mercury, have resulted in rather limited knowledge of the nature of
the optical surface. Here we review current knowledge and outstanding problems that can
be addressed with MESSENGER instrument measurements and data.

2.1 Chemistry and Mineralogy

We know very little about the surface composition of Mercury (see detailed discussion in
Boynton et al. 2007). Several decades ago it was realized that Mercury has a steeply red-
dened, quite linear reflectance spectrum throughout the visible and near-infrared (McCord
and Clark 1979; Vilas 1988). It is similar to, but even redder than, the reddest lunar spec-
trum. Debate over the existence of minor spectral features in this spectral range (especially a
possible pyroxene band near 0.95 pm) has been resolved in recent years by well-calibrated,
higher quality spectra: Mercury’s spectrum varies spatially from featureless to one with a
shallow but well-resolved pyroxene absorption band (Fig. 2, bottom) (Warell et al. 2006).
There are hints of absorption and emission features at longer infrared wavelengths (domi-
nated by thermal emission) (Fig. 2, top), but their reality and the mineralogical implications
have been debated (Vilas 1988; Boynton et al. 2007).

As is the case with the Moon, interpretation of such data by comparison with laboratory
samples of plausible minerals is complicated by the major role played by space weathering
(the modification of the inherent spectral signature of the minerals present by bombardment
and modification of the minerals by micrometeorites, solar wind particles, etc.). Because
Mercury is closer to the mineral-damaging radiation of the Sun, meteoroid impact veloc-
ities are much higher there, and Mercury’s greater surface gravity inhibits widespread re-
golith ejecta dispersal, space weathering is predicted to be even more substantial than on
the Moon, and it is likely that Mercury’s spectrum is modified by space weathering even
more than the lunar spectrum (e.g., Noble and Pieters 2003). Mineral grains at Mercury’s
optical surface are probably heavily shocked, coated with submicroscopic metallic iron, and
otherwise damaged (e.g., Noble and Pieters 2003).

Although exogenous materials space-weather Mercury’s surface, they are not expected to
contaminate the mineralogical composition of the surface (by addition of exogenous mater-
ial) to a degree that would generally be recognizable in remote-sensing data. The volumetric
contribution of meteoritic material to lunar regolith samples is ~1—2% and there is no rea-
son to expect it to be very different on Mercury. This is primarily because the projectile
volume is tiny compared with the volume of planetary surface material that is displaced in a
cratering event and cycled through the regolith. In addition, the Moon loses more mass than
it gains by impact (Shuvalov and Artemieva 2006) and despite Mercury’s higher escape ve-
locity the greater impact velocities probably result in less retention of projectile material on
Mercury. Darkening by admixture of fine carbonaceous material is probably overwhelmed
by direct space-weathering effects. Small percentages of exogenous material are important
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Fig. 2 Spectra of the surface of 14 T T T T T
Mercury. (Top) A spectrum for
the surface of Mercury in the
mid-infrared (Sprague et al.
2002). Comparison with
laboratory samples shows a peak
near 5 um that has been attributed
to pyroxene and one near 8 um
similar to the spectral
characteristics of anorthitic B R I sy
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(black). Solar reflectance and
thermal emission components for 2 : T T T T
the IRTF spectra have been
removed, and each spectrum has
been divided by a linear fit to the
continuum. All spectra are
normalized at 1 ym. The FeO
absorption band is seen at
0.8-1.1 pm in the 2003N and
2003S spectra but absent in the
2002N spectrum, indicating
lateral variability on the surface.
From Warell et al. (2006)
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to the degree that they are cold-trapped at the poles or visible in the tenuous atmosphere of
Mercury.

A common interpretation of Mercury’s nearly featureless spectrum is that its surface is
analogous to the lunar anorthositic crust (Tyler et al. 1988; Sprague et al. 1994) (Fig. 2,
bottom). But is there evidence for mare-like basalts that might have formed the smooth
plains? Recent analyses have revealed the presence of a shallow 0.8—1.3 um absorption fea-
ture centered near 1.1 um that can be confidently interpreted as a characteristic iron-bearing
silicate absorption (Fig. 2, bottom) (Warell et al. 2006), indicating that at least locally, soils
may contain up to a few percent FeO. The scale of the observations precludes assignment
of these spectra to specific geological units. Analysis of the exosphere of Mercury from
ground-based observations has revealed enhanced Na and K emissions (e.g., Sprague et al.
1998) that may be correlated with specific areas on the surface of Mercury, specifically very
fresh impact craters.

Ground-based remote sensing has also focused on imaging the parts of Mercury unim-
aged by Mariner 10 using advanced astronomical techniques (charge-coupled device, or
CCD cameras and short exposure times) and modern processing software (combination
of multiple images) (Warell and Limaye 2001; Mendillo et al. 2001; Ksanfomality 2004;
Ksanfomality et al. 2005). Such efforts have resulted in the interpretation of a very large
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Fig. 3 Distribution of smooth Smooth Plains
plains on Mercury. Calorian-aged ~ (Calorian-Tolstojan)
smooth plains are shown in dark
gray, and Calorian and/or
Tolstojan are shown in black. The
remainder is cratered terrain.
Together these smooth plains
cover about 10.4 x 10% km? or
40% of the part of Mercury
imaged by Mariner 10. Lambert
equal-area projection centered on
0°N, 260°E (100°W), with north
to the top. From Spudis and
Guest (1988). Copyright, Arizona
Board of Regents

impact basin (up to 2,300 km) with a dark central region in the unimaged part of Mercury
(Ksanfomality 2004).

No totally self-consistent physical and chemical model for the composition, grain-sizes,
and other parameters of Mercury surface soils has yet been devised that is fully compatible
with these observations. Until space weathering processes are better understood, it will re-
main uncertain what firm constraints can be placed on Mercury’s surface composition and
its variation in relation to geologic units. The results from MESSENGER’s numerous in-
strumental measurements (see also Boynton et al. 2007) (Table 1) will be critical to this
understanding.

The Mariner 10 spacecraft carried no instrumentation capable of providing composition-
ally diagnostic remote-sensing information. The color images taken of Mercury have been
reprocessed in recent years, showing slight but real differences in color, which may be corre-
lated with surface morphology (Robinson and Lucey 1997). It is not clear whether variations
in titanium content of surface soils might be responsible for the observed variations, as they
are for color variations within the lunar maria. Albedo variations may also reflect, in some
unknown way, variable composition, but Mercury lacks albedo variations as prominent as
those between the highlands and maria of the Moon.

Initial analyses of Manner 10 color images of Mercury led to three major conclu-
sions: crater rays and ejecta blankets are bluer (higher ratio of ultraviolet, or UV, to or-
ange) than average Mercury, color boundaries often do not correspond to photogeologic
units, and no low-albedo blue materials are found that are analogous to titanium-rich lu-
nar mare deposits (Hapke et al. 1980; Rava and Hapke 1987). From these early studies
it was noted that in a few cases color boundaries might correspond to mapped smooth
plains units (Fig. 3); for example, Tolstoj basin (Rava and Hapke 1987) and Petrarch
crater (Kiefer and Murray 1987). However, the calibration employed in these earlier stud-
ies did not adequately remove vidicon blemishes and radiometric residuals. A recalibra-
tion of the Mariner 10 UV (375 nm) and orange (575 nm) images resulted in a signifi-
cantly increased signal-to-noise ratio (Robinson and Lucey 1997). These improved images
were mosaicked and have been interpreted to indicate that color units correspond to pre-
viously mapped smooth plains on Mercury, and further that some color units are the re-
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Fig. 4 Trends in the visible color of the lunar surface. The visible color of the lunar surface can be de-
scribed by two perpendicular trends (opaque mineral concentration and iron-plus-maturity). The addition of
ferrous iron to an iron-free silicate material (e.g., anorthosite) reddens the visible slope and lowers the albedo
(a translation down the iron-maturity line; upper right to lower left). Color changes in lunar soil during matu-
ration mimic the iron trend. As soils mature they redden (UV brightness/orange brightness) and their albedo
decreases (orange brightness); soils translate down the iron-maturity line from upper right to lower left as
they age. Adding spectrally neutral opaque minerals, such as ilmenite, results in a color trend that is nearly
perpendicular to the iron-maturity line. Opaques lower the albedo but decrease the relative redness (an in-
crease in the UV/orange ratio) of lunar soils. These two trends can be used to map the distribution of opaques
(opaque index) and the iron-plus-maturity parameter through a coordinate rotation such that their perpen-
dicular axes become parallel with the X and Y axes of the color-albedo plot (Robinson and Lucey 1997;
Lucey et al. 1998); the dotted line indicates the position of the iron-maturity line after rotation. Adapted from
Robinson and Lucey (1997)

sult of compositional heterogeneities in the crust of Mercury (Robinson and Lucey 1997;
Robinson and Taylor 2001).

The newly calibrated Mariner 10 color data were interpreted in terms of the color re-
flectance paradigm that ferrous iron lowers the albedo and reddens (relative decrease in the
UV/visible ratio) soil on the Moon and Mercury (Hapke et al. 1980; Rava and Hapke 1987;
Cintala 1992; Lucey et al. 1995, 1998). Soil maturation through exposure to the space en-
vironment has a similar effect; soils darken and redden with the addition of submicroscopic
iron metal and glass (Fig. 4). In contrast, addition of spectrally neutral opaque minerals
(i.e., ilmenite) results in a trend that is nearly perpendicular to that of iron and maturity:
Opaque minerals lower the albedo and increase the UV/visible ratio (Hapke et al. 1980;
Rava and Hapke 1987; Lucey et al. 1998). For the Moon, the orthogonal effects of opaques
and iron-plus-maturity are readily seen by plotting visible color ratio against reflectance
(Lucey et al. 1998).

From Mariner 10 UV and orange mosaics a similar plot was constructed for the Mercury
observations, and a coordinate rotation resulted in the separation of the two perpendicu-
lar trends (opaque mineral abundance from iron-plus-maturity) into two separate images
(Robinson and Lucey 1997). The rotated data made possible the construction of two para-
meter maps: one delineating opaque mineralogy and the other showing variations in iron
and maturity (Figs. 5 and 6). The opaque parameter map distinguishes units corresponding
to previously mapped smooth plains deposits. The three best examples are the plains asso-
ciated with Rudaki crater, Tolstoj basin, and Degas crater, each distinguished by their low
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Fig. 5 Essential spectral
parameters for the Mariner 10
incoming hemisphere. (Upper
left) Orange (575 nm) albedo;
boxes indicate areas enlarged in
Fig. 6 (top is B, bottom is A).
(Upper right) Relative color
(UV/orange); higher tones
indicate increasing blueness.
(Lower left) Parameter 1-
iron-maturity parameter; brighter
tones indicate decreasing
maturity and/or decreasing FeO
content. (Lower right) Parameter
2-opaque index; brighter tones
indicate increasing opaque
mineral content. The relatively
bright feature in the center right
of the albedo image is the
Kuiper-Muraski crater complex
centered at 12°S, 330°E (30°W).
Adapted from Robinson and
Lucey (1997)

opaque index relative to their corresponding basement materials (Robinson and Lucey 1997;
Robinson et al. 1997, 1998). In all three cases, the basement material is enriched in opaques.

A critical observation is that none of these units show a distinct unit boundary in the
iron-plus-maturity image that corresponds to the morphologic plains boundary, leading to
the interpretation that the smooth plains have an iron content that differs little from the
global average. In the case of the Tolstoj basin (Robinson et al. 1998), a distinct mappable
opaque index unit corresponds with the asymmetric NE-SW trending ejecta pattern of the
basin, known as the Goya Formation (Schaber and McCauley 1980; Spudis and Guest 1988).
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UV/orange

Fig. 6 Color ratio images of portions of Mercury. Enlargement of areas found on the Mariner 10 incom-
ing hemisphere, keying on color units indicative of possible volcanically emplaced materials near the crater
Rudaki (R; 120 km diameter; top row, A), Homer (H; 320 km diameter; top row, A), and Lermontov (L;
160 km diameter; bottom row, B). Red is formed from the inverse of the opaque index (increasing redness
indicates decreasing opaque mineralogy; Fig. 5, lower right), the green component is the iron-maturity pa-
rameter (Fig. 5, lower left), and blue shows the relative color (UV/orange ratio; Fig. 5, upper right). The
plains unit seen west and south and filling the crater Rudaki exhibits embaying boundaries indicative of ma-
terial emplaced as a flow, and it has a distinct color signature relative to its surroundings. The blue material
on the southwest margin of the crater Homer exhibits diffuse boundaries, is insensitive to local topographic
undulations (black arrows), and is aligned along a linear segment of a Homer basin ring. A portion of the
blue material seen northwest of the crater Lermontov is somewhat concentric to a small impact crater (black
arrow) and may represent material excavated from below during the impact. However, examination of the
iron-maturity parameter and opaque index images (bottom row) suggests that the darkest and bluest material
(white arrows) in the deposit is not associated with an impact ejecta pattern, but rather that the anomalous
lighter blue ejecta is composed of the dark material, although less mature and possibly with an admixture of
basement material, overlying the darker blue portions of the deposit. Note that the opaque index was inverted
relative to that shown in Fig. 5 to enhance contrast in the color composites (upper left and lower left panels).
Adapted from Robinson and Lucey (1997)

This stratigraphic relation implies that formation of the Tolstoj basin (~550 km diameter)
resulted in excavation of anomalously opaque-rich material from within the crust. The Goya
Formation is not a mappable unit in the iron-plus-maturity image, indicating that its FeO
content does not differ significantly from the local (and hemispheric) average.

A distinctive unit exhibiting diffuse boundaries (Fig. 6) is found near both Homer
and Lermontov craters; examination of the iron-maturity parameter and opaque index
images reveals that the darkest and bluest material in this deposit is not associated
with an ejecta pattern, leading Robinson and Lucey (1997) to favor a pyroclastic ori-
gin (Figs. 6 and 7). The relatively blue color, high opaque index, and low albedo of
these materials (for both areas) are consistent with a more mafic material, possibly anal-
ogous to a basaltic or gabbroic composition, or simply an addition of opaque miner-
als. Sprague et al. (1994) reported a tentative identification of basalt-like material in this
hemisphere with Earth-based thermal IR measurements, while later microwave measure-
ments were interpreted to indicate a total lack of areally significant basaltic materials
on Mercury (Jeanloz et al. 1995). Earth-based spectral measurements have often been
unable to resolve a ferrous iron band or to make any unassailable compositional infer-
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Fig. 7 A visual comparison of plains interpreted by some as flood lavas on Mercury found on the floor
of the Tolstoj basin [left, 17°S, 196°E (164°W)] with Mare Humboldtianum on the Moon (right, S6°N,
280°E). Both data sets were acquired by Mariner 10 with similar resolutions (~1 km per pixel; each image is
about 625 km across) and viewing geometries (incidence angle = 65° for Mercury; 55° for the Moon). The
most obvious distinguishing characteristic of the lunar mare deposit is its albedo contrast with the underlying
highlands (right), a contrast not observed for Mercury (left). The key morphologic properties used to identify
flood lavas on the Moon (other than albedo) are embayment relationships and ponding in topographic lows
(usually basins; see arrows on both images). For the Moon, classic flow features such as flow fronts and vents
are not visible at a scale of 1 km, except in some cases under low-Sun illumination (see Milkovich et al. 2002,
and references therein)

ences (Vilas 1988), although a generally anorthositic crust is favored (Blewett et al. 2002;
Warell and Blewett 2004). From the data currently available it is not possible to iden-
tify basaltic material or of any other rock type; however, the Mariner 10-derived spectral
parameters, stratigraphic relations, and morphology are interpreted by numerous work-
ers to be consistent with volcanically emplaced materials (e.g., Spudis and Guest 1988;
Robinson and Lucey 1997). The areal extent of these diffuse deposits is small, and thus it
is unlikely that current Earth-based observation could detect their presence. Regardless of
the mode of emplacement, the materials found around the craters Homer and Lermontov,
and the plains units identified earlier (Figs. 5-7), argue that significant compositional units
occur within the crust of Mercury and that at least some of them were likely to have been
emplaced by volcanic processes.

Thus, Mariner 10 data provide clues to the nature and distribution of spectrally distinctive
parts of the crust of Mercury related to processes of crustal differentiation, impact excava-
tion, maturation, plains relationships, and possible pyroclastic volcanism. MESSENGER
(Table 1) will provide high-resolution multispectral images of much of the surface of Mer-
cury that, together with the results of high-spectral-resolution data, will permit characteriza-
tion of the mineralogy of the surface. Together with data on crustal chemistry (e.g., Boynton
et al. 2007), MESSENGER will thus provide a more global characterization of the chemistry
and mineralogy of the crust, and the documentation of variations in a host of geological en-
vironments. For example, analysis of the ejecta deposits and central peaks of craters with a
range of diameters can provide essential information on the crustal structure of Mercury, as
has been done on the Moon (e.g., Tompkins and Pieters 1999), and examination of the range
of mineralogy of the plains can lead to important insight into the origin and source hetero-
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geneity of volcanically emplaced plains, as has been done on the Moon (e.g., Hiesinger et
al. 2003).

2.2 Physical Properties: Photometry

The physical properties of the regolith on Mercury (such as porosity, particle size distrib-
ution, surface roughness, and particle albedo and structure) can be constrained through the
analysis and modeling of photometric observations. To date these photometrically derived
properties for Mercury have been studied through the analysis of both telescopic observa-
tions (Danjon 1949; de Vaucouleurs 1964; Dollfus and Auriere 1974; Mallama et al. 2002;
Warell and Limaye 2001) and Mariner 10 spacecraft measurements (Hapke 1984; Bowell et
al. 1989; Robinson and Lucey 1997). There have been several studies of Mercury’s photo-
metric properties using Hapke’s (1993) model (Veverka et al. 1988; Domingue et al. 1997;
Mallama et al. 2002; Warell 2004), especially in comparison to similar studies of the
Moon (Veverka et al. 1988; Mallama et al. 2002; Warell 2004). Early modeling of Mer-
cury’s photometric phase curve using this model was performed by fitting Danjon’s (1949)
disk-integrated observations and comparing the resulting fits to disk-resolved measurements
taken from Mariner 10 images (Veverka et al. 1988; Domingue et al. 1997). Danjon’s data set
covers 3° to 123° phase angle, which does not adequately constrain the opposition surge (in
terms of detecting any coherent backscatter effects, thus poorly constraining regolith poros-
ity and particle size distribution) or the backscattering regime (phase angles beyond 120°,
which constrain surface roughness versus albedo and particle structure). More recent obser-
vations by Mallama et al. (2002) extended the phase angle coverage range (2° to 170°), espe-
cially in the backscattering regime. In addition, disk-resolved photometric measurements are
now available from high-resolution CCD images obtained with the Swedish Vacuum Solar
Telescope (SVST; Warell and Limaye 2001). Warell (2004) improved previous modeling ef-
forts by simultaneously fitting both disk-integrated (Mallama et al. 2002) and disk-resolved
(Warell and Limaye 2001) observations, using a more comprehensive Hapke model (Hapke
1981, 1984, 1986, 1993, 2002) and a Henyey—Greenstein single particle scattering function
(which can be compared with the laboratory studies of particle scattering behavior versus
particle structure by McGuire and Hapke 1995).

The photometric studies of Veverka et al. (1988), based on analysis of disk-integrated
data from Danjon (1949), found that in comparing the regoliths on the Moon and Mercury,
Mercury’s regolith was less backscattering, possibly more compact, and similar in surface
roughness. Similar modeling by Mallama et al. (2002) of their disk-integrated observations
found that, in comparison, the regoliths of these two objects are similar in compaction and
particle size distribution, and that the surface of Mercury is smoother. The results from
Warell’s (2004) simultaneous modeling of the disk-integrated and disk-resolved photomet-
ric observations are more in line with the results from Mallama et al. (2002). Compared
with the lunar regolith, Warell (2004) showed that Mercury’s surface has a slightly lower
single scattering albedo, similar porosity, a smoother surface, and a stronger backscattering
anisotropy in the single-particle scattering function. The larger range in phase angle cover-
age of the Mallama et al. (2002) data, modeled by both Mallama et al. (2002) and Warell
(2004), provides a better determination of the surface roughness and particle scattering prop-
erties.

Porosity determinations based on Hapke’s model are strongly coupled to assumptions
made about the particle size distribution and the ratio of the radii of largest (7|argest) to small-
est (Fsmatest) particle within the regolith. The lunar regolith has been shown to have a grain-
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size distribution, Y, given by

V3

Y——
In (rlargest/rsmallest)

)]
(Bhattacharya et al. 1975). If this particle size distribution is assumed to hold true for both
the Moon and Mercury, then the relationship

h— —(%)Yln(p), @

where £ is the Hapke opposition width parameter and p is the porosity, can be used to
estimate regolith porosity. Mallama et al. (2002) found an & value of 0.065 for Mercury,
whereas Warell’s (2004) preferred solutions for Mercury and the Moon gave /i values of
0.09 and 0.11, respectively. For riagest/ Fsmaltest ratio values from 100 to 10,000, the porosity
difference between the surface of the Moon and Mercury is ~7%, with Mercury’s regolith
being slightly more porous (38% porosity with 7iargest/7smatiest = 1,000).

Values for the Hapke surface roughness parameter vary between 20° and 25° (Veverka et
al. 1988; Bowell et al. 1989; Domingue et al. 1997) to 8° to 16° (Mallama et al. 2002;
Warell 2004). The disk-integrated observations of Mallama et al. (2002) and the disk-
resolved observations of Warell and Limaye (2001) support a smoother surface on Mercury.
However, the Mariner 10 disk-resolved data better match a surface with the higher, lunar-like
roughness values. This discrepancy is most likely due to the variation in roughness across
the surface of Mercury and the relative sampling of the surface by the different data sets
(Warell 2004).

Analysis of the high-resolution CCD images of Mercury obtained with the SVST shows
that there is an inverse relationship between the spectral slope and emission angle (Warell
and Limaye 2001). A similar relationship between spectral slope and emission angle is ob-
served for the Moon, but the relationship is more pronounced in the Mercury observations.
Warell’s (2002) interpretation is that the regolith of Mercury is more backscattering than the
lunar regolith. The more backscattering nature of the surface is also seen in Warell’s (2004)
modeling of the integral phase curve and CCD images. When comparing the single particle
scattering characteristics of the modeling solutions of the Moon and Mercury with the lab-
oratory studies of McGuire and Hapke (1995), Warell (2004) found that the particles from
both objects are characterized by grains with internal scatterers. The comparisons indicate
that in general the regolith grains on Mercury have a higher number of internal scatterers and
are more like the lunar mare materials than the Iunar highlands. The backscattering nature of
the grains on both the Moon and Mercury are commensurate with highly space-weathered,
ground-up materials. The MESSENGER mission will provide important new information
on the physical properties of the surface of Mercury from imaging observations at different
viewing geometries, laser altimeter backscatter properties, albedo characterization of differ-
ent geological environments, and the reflectance properties of surfaces of different ages.

2.3 Radar Observations

Earth-based radar observations from Arecibo and Goldstone have provided information
on surface scattering properties, equatorial topography, deposits in permanently shadowed
crater interiors, and preliminary information about the morphology and morphometry of
portions of Mercury not observed by Mariner 10 (e.g., Harmon and Campbell 1988;
Clark et al. 1988; Harmon and Slade 1992; Anderson et al. 1996; Harmon et al. 1986,
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Fig. 8 Arecibo radar images from part of the surface not imaged by Mariner 10. (a) Feature “A,” an
85-km-diameter crater whose radar ray system may be the most well-developed in the solar system (SC,
same as transmitted sense polarization; i.e., same component transmitted and received). (b) Feature “B,” a
95-km-diameter impact crater with a very bright halo but less distinct ray system. Feature “B,” originally
considered to be a candidate for a large volcanic edifice, is now clearly seen to be a very bright-haloed impact
crater with a less distinct ray system than that of feature “A” (OC, opposite of transmitted sense polarization;
i.e., opposite component received from that transmitted). Images from Harmon et al. (2007)

1994, 2001, 2007). Doppler spectrum shape and depolarization data yield information on
dielectric properties and surface roughness, complementing the optical data. These data help
confirm the presence of a regolith layer and show that the smooth plains are smooth at radar
wavelengths (root mean square, or rms, slopes of about 4°). Quantitative data on equator-
ial topography have been very useful for the analysis of equatorial radius (~2,439.7 km)
and shape, the range of altitudes (~7 km, from —2.4 to +4.6 km), and definition of the
zero-altitude datum (+0.3 km), the most probable altitude as shown in the peak of the equa-
torial altimetric histogram (Harmon et al. 1986). Radar altimetry provided high-resolution
topographic profiles for major features on Mercury (Harmon et al. 1986) showing a system-
atic difference in the depths of large craters between Mercury (shallower) and the Moon,
and systematic differences between shadow measurements and radar measurements (17%
lower) for large crater depths on Mercury. Other profiles documented the steep topography
associated with major lobate fault systems (a 3 km drop in 70 km) and the rounded topog-
raphy associated with arcuate scarps. Radar altimetry of basins and smooth plains shows
the usefulness of depth determinations for basin degradation studies and regional topogra-
phy for revealing large-scale undulations (downbowing) in the smooth plains. Altimetry of
portions of Mercury not imaged by Mariner 10 revealed the extension of the circum-Caloris
smooth plains into the unimaged hemisphere and suggested the presence of similar cratered
terrain and plains there (Harmon et al. 1986).

Harmon et al. (2007) recently presented dual-polarization, delay-Doppler radar images
of nonpolar and unimaged regions of Mercury obtained from several years of observations
with the upgraded Arecibo S-band (12.6-cm) radar telescope. The images are dominated by
radar-bright features associated with fresh impact craters. As previously reported, three of
the most prominent crater features are located in the hemisphere not imaged by Mariner 10
and consist of feature “A”, a crater 85 km in diameter whose radar ray system may be the
most well-developed in the solar system (Fig. 8a), feature “B”, a crater 95 km in diameter
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with a very bright halo but less distinct ray system (Fig. 8b), and feature “C”, with rays
and secondary craters distributed asymmetrically about a 125-km-diameter source crater.
Feature “B”, originally considered to be a candidate for a large volcanic edifice (Harmon
1997), is now clearly seen to be a very bright-haloed impact crater with a less distinct ray
system than that of feature “A” (compare Figs. 8a and 8b). Two excellent examples of large
ejecta/ray systems preserved in an intermediate state of degradation were also described.
Although no evidence for volcanic edifices or central sources of lava flows are reported by
Harmon et al. (2007) in the unimaged portion of Mercury, diffuse radar albedo variations are
seen that have no obvious association with impact ejecta. Some smooth plains regions such
as the circum-Caloris plains in Tir, Budh, and Sobkou Planitiae and the interior of Tolstoj
basin show high depolarized brightness relative to their surroundings, which is the reverse
of the mare/highlands contrast seen in lunar radar images. In contrast, Caloris basin appears
dark and featureless in the images. The high depolarized brightness of the smooth plains
could be due to (1) compositional differences from the lunar maria (lower iron and titanium
content and thus less electrically lossy than mare lavas); (2) rougher small-scale surface
texture which, if the plains are volcanic, could be related to differences in lava rheology;
(3) a different roughness state due to the relative youth of the surface; and/or (4) a higher
dielectric constant (Harmon et al. 2007).

Thus, we anticipate that the MESSENGER mission image and altimeter data will provide
important new insight into surface topography in terms of the statistics of crater depths,
the documentation of large degraded basins, crater degradation processes, tectonics, plains
emplacement, and a determination of the features and stratigraphic relationships necessary
to reconstruct the geologic history of Mercury.

3 The Geology of Mercury: General Terrain Types, Stratigraphy, and Geologic Time
Scale

Prior to Mariner 10 nothing was known about the geological features and terrain types on
Mercurys; this situation changed virtually overnight with the first Mariner 10 images and the
two subsequent flybys (Murray 1975). Trask and Guest (1975) used traditional photogeo-
logic methods and the Mariner 10 images covering about 45% of the planet to produce the
first geologic terrain map of Mercury. They recognized (1) a widespread unit, intercrater
plains, (2) heavily cratered plains, (3) the Caloris basin and related deposits, (4) smooth
plains, (5) hilly and lineated terrain antipodal to the Caloris basin, and (6) numerous younger
craters and their related deposits, drawing attention to the similarities in units and geological
history of Mercury and the Moon.

Subsequent more detailed analyses of the images were undertaken in a comprehensive
geological mapping program at a scale of 1:5 M (e.g., Schaber and McCauley 1980; De
Hon et al. 1981; Guest and Greeley 1983; McGill and King 1983; Trask and Dzurisin 1984;
Spudis and Prosser 1984; Grolier and Boyce 1984). These geological maps, together with
specific studies assessing key geological processes (e.g., Gault et al. 1975; Strom et al. 1975;
Pike 1988; Schultz 1988; Strom and Neukum 1988; Melosh and McKinnon 1988; Thomas et
al. 1988), provided the basis for our current state of knowledge about the geological history
of Mercury (e.g., Murray et al. 1975; Spudis and Guest 1988). A time-stratigraphic system
for Mercury (e.g., Spudis 1985) based on the rock-stratigraphic classification constructed
during the 1:5 M quadrangle mapping and the earlier definition and subdivision of the
Caloris Group (McCauley et al. 1981), has facilitated a correlation of geological events
over the hemisphere imaged by Mariner 10 (Spudis and Guest 1988, plate 1-6) (Fig. 9) and
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Fig. 10 The geological time scale of Mercury compared with that of the Moon. The absolute ages for Mer-
cury are assumed to be tied to the lunar time scale but are not independently known. From Head (2006)

has permitted the continued comparison of the geological histories of Mercury and other
planetary bodies begun soon after Mariner 10 (Murray et al. 1975).

Currently the geological history of Mercury is divided into five time-stratigraphic sys-
tems (Spudis and Guest 1988) (Figs. 9 and 10). The oldest predates the Tolstoj basin and
consists largely of crater and multiringed basin deposits and extensive intercrater plains em-
placed prior to the Tolstoj basin. Assuming that the heavily cratered terrains were produced
by the same late heavy bombardment that is interpreted to have occurred on the Moon, this
system is thought to predate 4.0 Ga and is approximately analogous to the pre-Nectarian on
the Moon. This is also the very important period of crustal formation and early evolution dur-
ing which time the impact rate was sufficiently high that the surface geological record was
largely obliterated, and thus existing crater data are not very informative. For example, on
Mars during this time, the crust formed, major crustal magnetic anomalies were emplaced,
the fundamental global dichotomy in crustal thickness and topography was formed, and
Tharsis, a major manifestation of internal thermal evolution, was emplaced (see Solomon et
al. 2005). Despite our lack of knowledge of similar or analogous events in this period of the
history of Mercury, MESSENGER and its instrument complement (Table 1) hold promise
for detecting crustal magnetic anomalies, determining the origin of the magnetic field and
assessing the properties of the outer core (Margot et al. 2007) and its implications for con-
vection (e.g., Solomatov and Reese 2001), establishing the gravity field, determining global
shape and topography, characterizing the elemental and mineralogical nature of the crust,
establishing the major mode of crustal isostatic compensation (e.g., Zuber et al. 2007), and
correlating all of these with the global geological context and history.

The base of the next youngest period, the Tolstojan System, is defined by the Tolstoj
basin-forming event, and consists of Tolstoj and other crater and basin deposits as well as
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plains materials. This is assumed to date from ~4.0 to 3.9 Ga and is equivalent to the Nec-
tarian on the Moon. The base of the next overlying unit, the Calorian System, is defined by
the Caloris basin-forming event (evidently the last major basin formed on Mercury, Fig. 10)
and consists of Caloris basin deposits, smaller crater deposits and widespread smooth plains
deposits. It is thought to extend from about 3.9 Ga to perhaps as young as 3.0-3.5 Ga and
is analogous to the Imbrian Period on the Moon. The next youngest Mansurian Period is
defined by the crater Mansur and consists of impact crater deposits that contain no bright
rays (analogous to the Eratosthenian Period on the Moon). There is no evidence for regional
volcanic or tectonic activity during this time in the portion of Mercury imaged by Mariner
10. The Mansurian is thought to span the period from the end of the Calorian to about 1 Ga,
although the absolute chronology has not been determined to better than a factor of a few.
The youngest Kuiperian Period is defined by the bright-rayed crater Kuiper; deposits con-
sist of impact craters still maintaining their bright rays, and there is no evidence for any
regional volcanic or tectonic activity. The Kuiperian extends from ~1.0 Ga to the present
and is analogous to the Copernican Period on the Moon.

These five systems define a context for the occurrence of other geological activity
(Fig. 10). Widespread contractional deformation during the Calorian Period, after the for-
mation of the Caloris basin and the emplacement of Calorian smooth plains, resulted in
the lobate scarp thrust faults and wrinkle ridges in the imaged hemisphere. This suggests
that the compressional stresses that formed these tectonic landforms peaked after the end
of the period of heavy bombardment (Watters et al. 2004). Long-wavelength folds may
also have formed in the period of global contraction (e.g., Hauck et al. 2004). Smaller
wrinkle ridges formed on the smooth plains, and their emplacement and deformation have
been dated as later than the Caloris impact event but closely associated with Calorian time.
Spudis and Guest (1988) marshaled evidence in favor of a volcanic origin for the smooth
plains on Mercury, citing (1) their planet-wide distribution (Figs. 3 and 9), (2) their to-
tal volume well in excess of what could be explained by impact ejecta, and (3) crater
density data that indicated that major expanses of circum-Caloris smooth plains substan-
tially postdate Caloris and all other major basins (see their Table III). On the basis of
these data, they concluded that although the evidence is indirect, it is compelling enough
to conclude that Mercury underwent large-scale volcanic resurfacing subsequent to the
Caloris basin-forming impact. The extent and duration of the Calorian Period, and thus
of the emplacement of the smooth plains and their deformation by wrinkle ridges, is un-
known. By analogy with the lunar maria, Spudis and Guest (1988) estimated its duration
to be from about 3.9 Ga to perhaps as young as 3.0-3.5 Ga, but others have estimated
that the duration is much shorter (e.g., Strom and Neukum 1988; Neukum et al. 2001;
Strom et al. 2005). In the next section, we address the important question of impact cra-
tering rates and the absolute time scale. It is clear, however, that the MESSENGER mission
(Table 1) will obtain a significantly better understanding of the geological history of Mer-
cury through acquisition of data showing the geology of the other half of its surface, data to
obtain better crater size frequency distributions for age determinations, and topography to
study geological and stratigraphic relationships.

4 Geological Processes on Mercury: Impact Cratering and Basin Formation
The Mariner 10 images offered the opportunity to study the impact cratering process in a

planetary environment similar to the Moon in some ways (lack of an atmosphere and its
effects during crater formation and modification), similar to Mars in others (gravity), and
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different from both in terms of mean impact velocity. The morphology and morphometry
of impact craters can provide significant insight into the physics of the cratering processes,
as Mercury is a unique locale for calibrating the effects of impact velocity and gravity on a
volatile-depleted silicate crust (e.g., Schultz 1988; Pike 1988). Thus, Mercury was viewed as
a laboratory for the assessment of these variables and the Mariner 10 data as the first results.
Analyses were undertaken to characterize the morphology and morphometry of fresh and
degraded craters, and to assess the size-frequency distribution of impact craters to estimate
ages of regional geological units defined by geological relationships and thus contribute to
reconstruction of the geological history.

As with the Moon, Mars, Venus, and Earth, the morphologic complexity of impact craters
(Fig. 11) was observed to increase systematically with diameter (Pike 1988). Key morpho-
logic parameters were determined to be size dependent (e.g., depth, rim height, rim, floor
and peak diameter; presence of bowl shape, flat floor, central peak, scalloped walls, wall
terraces, etc.). Lunar-like classes of fresh craters were defined and ranged in increasing di-
ameter from simple, to complex, to protobasin, to multiringed basin. The data permitted
the relatively precise determination of transitions in depth/diameter relationships between
the crater classes. The diameter of the transition from simple to complex craters on Mer-
cury (~10.3 km) provided a comparison with that of the Moon, Mars, and Earth, and con-
firmed a strong inverse relationship with surface gravity and approach velocity. The new
data showed that impact craters on Mercury and the Moon differed significantly in some
other size-dependent aspects of crater form, such as protobasin, and two-ring basin, onset
diameter. In a comprehensive review of crater and basin morphometry on the Earth, Mars,
Moon, and Mercury, Pike (1988) found that neither average nor onset sizes of multiring
basins on Mercury and the three other planets scale with gravity and concluded that surface
gravity g, substrate rheology, and impactor velocity decrease in importance with increasing
size of the impact, with g the last to disappear. Although much of the complexity of the in-
terior of craters appears to be due to gravity-driven rim failure, inertially driven uplift of the
crater bowl apparently played a major role in initiating the collapse. The apparent absence
of clear influence of gravity on multiringed basin onset diameter led Pike (1988) to pro-
pose that multiringed basin formation is dominated by some combination of energy-scaled
and hydrodynamic-periodic processes. Crater morphologic and morphometric characteris-
tics were examined for craters on different substrates (e.g., smooth plains versus intercrater
plains) in order to search for variations attributable to differences in the substrate physical
properties. Although evidence for some variations was found, the effects were apparently
minor.

MESSENGER data offer the opportunity to extend the study of crater morphometry glob-
ally, to increase the population and the statistical sample, to obtain more reliable quantitative
measurements through altimeter observations and higher resolution images, and to search
for substrate differences over larger areas.

The morphology of impact crater deposits added significant insight into the physics of
the cratering process. For example, Gault et al. (1975) documented the role of gravity in
the emplacement of ejecta relative to the Moon, illustrating the reduction in the range of the
ballistic transport, the change in topography of the rim crest ejecta, and subsequent collapse
and the formation of terraces. Furthermore, Schultz (1988) combined the Mercury observa-
tions with results from laboratory experiments and suggested that crater shapes intrinsically
become flatter as the time for energy/momentum transfer increases, provided that a critical
transfer time is exceeded. This resulted in the prediction that observed shallower craters on
Mars relative to Mercury (at the same diameter) may be due to the low rms impact velocities
at Mars relative to Mercury.
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MESSENGER altimetry and imaging data, together with similar recently acquired data
for Mars, will permit this prediction to be tested. Testing this hypothesis will permit the bet-
ter understanding of potential differences in the impactor size-frequency distribution with
time in different parts of the Solar System, a key parameter in assessing planetary chronol-
ogy and interplanetary age comparisons (Schultz 1988). As pointed out by Schultz (1988),
the cratering record on Mercury contains critical information for the true understanding of
planetary bombardment history and distinguishing the effects of contrasting combinations of
targets and impactors. Impact crater degradation processes on Mercury were also analyzed
(e.g., Gault et al. 1975; Smith 1976) and shown to be very similar to the impact-caused
degradation seen on the Moon (e.g., Head 1975) with important variations related to the
more limited lateral ejecta dispersal on Mercury. MESSENGER image and altimetry data
will provide the basis to quantify these degradation relationships and to assess the relative
roles of impact degradation and viscous relaxation.

One of the most exciting discoveries of the Mariner 10 mission was the 1,300-km-
diameter Caloris impact basin (Murray et al. 1974). This feature (Fig. 12), similar in mor-
phology to lunar impact basins such as Orientale (e.g., McCauley 1977; McCauley et al.
1981), provided important insight into the nature of the surface of Mercury, the origin of
circum-Caloris smooth plains (were they emplaced as impact ejecta, e.g., Wilhelms 1976a;
or as volcanic plains, e.g., Trask and Strom 1976). The Caloris basin belongs to a class
of features known as central peak and multiringed basins on the Moon (e.g., Wilhelms
1987) of which there are many more representatives on Mercury (e.g., Murray et al. 1974;
Wood and Head 1976; Head 1978; McKinnon 1981; Pike and Spudis 1987; Pike 1988).
Twenty central peak basins (protobasins) were identified from the Mariner 10 data (Pike
1988) with diameters between 72 and 165 km. Thirty-one two- ringed basins, between 132
and 310 km in diameter, and possibly as many as 23 multiringed basins, between 285 and
1,530 km, were also detected. Furthermore, many other, more degraded features may be
basins poorly detected in the area imaged by Mariner 10. The degree of degradation and
stratigraphic relationships of these large basins are a fundamental factor in the development
of global stratigraphic relations on Mercury and other planets (e.g., Wilhelms 1987; Spudis
and Guest 1988). Indeed, using Mariner 10 stereo image data, Watters et al. (2001) discov-
ered a previously unknown impact basin. On the basis of the importance of high-resolution
altimetry data in the detection of degraded craters and basins on Mars (e.g., Smith et al. 2001;
Frey et al. 1999), it is obvious that the new MESSENGER image and stereo data, together
with the altimeter data, will reveal many previously undetected basins in both the previously
seen and unimaged areas of Mercury.

Related questions raised by the discovery of Caloris focus on how the interior of the
planet might respond to such a huge event, both in the basin interior and its far exterior. For
the far exterior, Mariner 10 discovered an unusual hilly and lineated terrain at the antipodal
point of the Caloris basin. The hilly and lineated morphology disrupts crater rims and other
pre-existing landforms, and stratigraphic relationships suggest that the texture formed at the
same time as Caloris (Trask and Guest 1975; Spudis and Guest 1988). Similar terrains are
seen on the Moon antipodal to the Imbrium and Orientale basins (e.g., Wilhelms 1987), and
it is thought that intense seismic waves might have been focused on the far side during the
basin-forming event, causing complex patterns of disruption (e.g., Schultz and Gault 1975;
Hughes et al. 1977). Unknown is the relative role of surface and interior waves, and how
different interior structure might influence the patterns and degree of development of the
terrain, which differs on the Moon and Mercury. An alternative hypothesis is that the ter-
rain formed by impact basin ejecta converging at the antipodal point (Moore et al. 1974;
Wilhelms and El-Baz 1977; Stuart-Alexander 1978; Wieczorek and Zuber 2001). Further-
more, clusters of crustal magnetic anomalies have been mapped at the antipodes of some
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Fig. 13 The Caloris basin
interior. (a) The interior plains of
the Caloris basin have
contractional (wrinkle ridges)
and extensional (troughs)
tectonic landforms. (b)
High-resolution image of the
interior plains showing
extensional troughs that form
giant polygons. Area is shown by
white box in (a) (Mariner 10
image 0529055)

lunar impact basins, suggesting a relationship between crustal magnetization and antipo-
dal basin effects (Hood 1987; Lin et al. 1988; Richmond et al. 2005). Thus, MESSENGER
data on detailed unit characteristics, crustal magnetic anomalies, and the gravity and internal
structure of Mercury will help to shed light on this significant but poorly known phenom-
enon.

The smooth plains that fill the interior of the imaged side of the Caloris basin have been
heavily deformed. Basin-concentric and basin-radial wrinkle ridges are crosscut by a com-
plex pattern of narrow extensional troughs (Fig. 13) (Strom et al. 1975; Dzurisin 1978;
Melosh and McKinnon 1988; Watters et al. 2005). In plan view, the troughs are highly
variable; some are linear while others are very sinuous, forming a polygonal pattern
that strongly resembles giant polygons subsequently found in polygonal terrain on Mars
and Venus (Carr et al. 1976; Pechmann 1980; McGill 1986; Hiesinger and Head 2000;
Johnson and Sandwell 1992; Smrekar et al. 2002). The Caloris polygonal troughs are dis-
tributed in an arc ~180 km from the basin rim, extending inwards ~450 km towards the
basin center (Fig. 13). How far the troughs extend into the unimaged hemisphere is cur-
rently unknown; however, the location of the most prominent polygonal troughs suggests
that the peak extensional strain is ~180 to 450 km from the basin rim (Watters et al. 2005).

Giant polygons in the interior of the Caloris basin are in sharp contrast to lunar maria
where trough-forming graben are found near the margins or outside the basins (McGill 1971;
Strom 1972; Maxwell et al. 1975; Golombek 1979). This lunar pattern is thought to be
due to loading from relatively dense, uncompensated volcanic-fill-inducing flexure of the
lithosphere and resulting in interior compression and extension on the margins (Phillips
et al. 1972; Melosh 1978; Solomon and Head 1979, 1980; Freed et al. 2001). Fur-
ther, the crosscutting relationships between wrinkle ridges and polygonal troughs indi-
cate that extension in Caloris postdates contraction (Strom et al. 1975; Dzurisin 1978;
Melosh and McKinnon 1988). The wrinkle ridges in the interior fill material of Caloris
and in the smooth plains exterior to the basin are likely to have formed in response to sub-
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sidence of the interior fill material (see Melosh and McKinnon 1988), possibly aided by
a compressional stress bias in the lithosphere due to global contraction (see Watters et al.
2004, 2005). Basin-interior extension, however, is not consistent with mascon tectonic mod-
els (see Freed et al. 2001). Interior extensional stresses may have resulted from exterior
annular loading due to the emplacement of the expansive smooth plains adjacent to Caloris
(Melosh and McKinnon 1988). This annular load could cause basin-interior extension and
concentric normal faulting. Alternatively, the Caloris troughs may have formed from lateral
flow of a relatively thick crust toward the basin center (Watters et al. 2005). Lateral crustal
flow causes late-stage basin uplift and extension consistent with the location and magni-
tude of the stresses inferred from the polygonal troughs. The MESSENGER mission will
obtain imaging, mineralogy, and altimetry data (Table 1) to document the temporal and spa-
tial relationships of these units and structures in order to assess their origin and evolution.
Furthermore, the new MESSENGER data will provide extensive detection of other basins
and craters, and their geological and geophysical characteristics, in the unimaged portion of
Mercury (e.g., Harmon et al. 2007).

5 Geological Processes on Mercury: Tectonism

The style and evolution of tectonism on a planetary body provide important information
on the lateral continuity, thickness, and lateral and vertical movement of the lithosphere in
space and time (Head and Solomon 1981). The geological record of tectonism on plane-
tary surfaces contains information on the style, timing, and magnitude of deformation, the
candidate causative processes and the relation to global thermal evolution. Indeed, a well-
constrained global history of tectonism may permit a much more refined understanding of
the formation and evolution of Mercury’s core, its spin-orbit history, and the origin of its
magnetic field (e.g., Zuber et al. 2007).

Tectonic features are a manifestation of the stress history of crustal and lithospheric ma-
terials on solid planetary bodies. Compressional and extensional stresses result in a variety
of tectonic landforms. Crustal extension results in normal faults, graben, and rifts [e.g.,
graben on the Moon (McGill 1974); rift zones on Mars (Lucchitta et al. 1992) and Venus
(Solomon et al. 1992; Basilevsky and Head 2002)], while compression results in folds, thrust
faults, and high-angle reverse faults [e.g., wrinkle ridges and lobate scarps on Mars (Wat-
ters 1988, 1991, 1993, 2003; Golombek et al. 2001), fold belts on Venus (Basilevsky and
Head 2000)]. Furthermore, compressional and extensional features are often found in and
around areas of inferred mantle upwelling and downwelling [e.g., circum-corona structures
on Venus (Stofan et al. 1997)], or lithospheric loading [e.g., deformation surrounding mare
loads on the Moon (Solomon and Head 1980) and the Tharsis Rise on Mars (Banerdt et
al. 1992)]. The combination of knowledge of the style, timing, and magnitude of deforma-
tion has permitted the distinction between histories dominated by segmented and laterally
interacting lithospheres, such as the plate tectonic system on Earth, and one-plate planetary
bodies (Solomon 1978), such as the Moon, Mars, and Mercury, dominated by an unseg-
mented continuous global lithosphere. One-plate planets are characterized by evolutionary
thickening of the lithosphere and predominantly vertical deformation (upwelling, loading)
(Head and Solomon 1981).

One of the major surprises of the Mariner 10 mission was the presence of widespread
evidence of hemisphere-scale crustal deformation (Strom et al. 1975). Tectonic landforms
are distributed throughout highland and lowland plains and the floor of the Caloris basin,
in the ancient intercrater plains and in the youngest smooth plains. The dominant form of
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Fig. 14 Lobate scarps in the
hemisphere of Mercury imaged
by Mariner 10. (a) Discovery
Rupes [~55°S, 323°E (37°W)]
and (b) Santa Maria Rupes
[~4°N, 340.5°E (19.5°W)] are
two of the most prominent lobate
scarps, landforms interpreted to
be the surface expressions of
thrust faults (Mariner 10 images
0528884 and 0027448)

deformation in the imaged hemisphere of Mercury is crustal shortening, expressed by three
landforms: lobate scarps, wrinkle ridges, and high-relief ridges. Lobate scarps are linear
or arcuate in plan view and asymmetric in cross-section, with a steeply sloping scarp face
and a gently sloping back scarp (Strom et al. 1975; Cordell and Strom 1977; Dzurisin 1978;
Melosh and McKinnon 1988; Watters et al. 1998, 2001, 2002). The asymmetric morphology
and evidence of offset crater floors and walls indicate that lobate scarps are the expression of
surface-breaking thrust faults (Fig. 14) (Strom et al. 1975; Cordell and Strom 1977; Melosh
and McKinnon 1988; Watters et al. 1998, 2001, 2002, 2004). Topographic data derived
from Mariner 10 stereo pairs indicate that the longest known lobate scarp, Discovery Rupes
(~500 km), also has the greatest relief (~1.5 km) (Fig. 14) (Watters et al. 1998, 2001).

Wrinkle ridges are generally more complex morphologic landforms than lobate scarps
(Fig. 15), often consisting of a broad, low-relief arch with a narrow superimposed ridge
(Strom 1972; Bryan 1973; Maxwell et al. 1975; Plescia and Golombek 1986; Watters 1988).
These two morphologic elements can occur independently of one another, and for wrinkle
ridges in the imaged hemisphere of Mercury, this is the rule rather than the exception (see
Strom et al. 1975). Although the consensus is that wrinkle ridges are the result of a combi-
nation of folding and thrust faulting, the number and the geometry of the faults involved are
not obvious (see Schultz 2000; Gold et al. 2001; Watters 2004). Mercury’s known wrinkle
ridges are predominantly found in the floor material of the Caloris basin and in the smooth
plains surrounding the basin.

High-relief ridges are the rarest of the contractional features (Watters et al. 2001). Com-
monly symmetric in cross-section, high-relief ridges have greater relief than wrinkle ridges
(Fig. 16). Topographic data show that the high-relief ridge informally named Rabelais Dor-
sum (Fig. 16) has a maximum relief of ~1.3 km. Some high-relief ridges, like Rabelais
Dorsum, transition into lobate scarps (Fig. 16), suggesting that they are also fault-controlled
structures, possibly the surface expression of high-angle reverse faults (Watters et al. 2001).

@ Springer



J.W. Head et al.

66

s19)e1d paring Apjuaredde punoe A)Lre[nord pue ‘Funind-ssord ‘9ouadIoAuod ‘uoreredos
‘spuar) [e1ouaS Jo SWLIS) Ul SAZPLI Ay} Ul sanLre[ruIs ay) AoN (eSewr oyderSodo) [e)Sip v TOIN) 9SU sIsIey], ay3 Jo 1red uId)ses oY) uo wnue[q deun] Ul SoSPL S[YULIM ‘JyS1y]
*(eSewr o[jody) YIPIM UT UIY ()~ ST MITA "S)[ESEq ATRW ) UT SASPLI P[ULIM JO Juawdo[aAdp 1) SUIMOYS STBITUIRS Iy Jeun] Jo Jred wroyinos ay) ‘2jppi (£910000 95w O]
JOULIBIA) UIPIA UI WY G8E~ ST MAIA “AINJISJA] JO sured ay) ur SaSpLI opULIM ‘427 "SIBJAl PUB UOOJA ) UO saImeay Je[ruuis pue AmoIdjy jo surerd oy uo saSpu opunipy - ST *Siq

pringer

As



The Geology of Mercury: The View Prior to MESSENGER 67

Fig. 16 Topographic expression of some prominent tectonic features in the southern hemisphere of Mercury.
The digital elevation model was generated from Mariner 10 stereo pairs (see Watters et al. 2001) and is
overlaid on an image mosaic. The locations of Discovery Rupes, Resolution Rupes, Adventure Rupes (all
lobate scarps), and Rabelais Dorsum (a high-relief ridge) are shown. Thrust fault dip directions are indicated
by black triangles. The mosaic covers 50°—75°S and 335°—280°E (25-80°W). Elevations are relative to a
2,439.0-km-radius sphere

One of the remarkable aspects of tectonics on Mercury is the absence of clear evidence
of extension in the hemisphere imaged by Mariner 10 outside the Caloris basin. More subtle
evidence of extension may occur in the form of a fabric of fractures that make up what
has been described as a tectonic grid (Dzurisin 1978; Melosh and McKinnon 1988). This
tectonic grid is expressed by lineaments that may reflect ancient lines of weakness in the
lithosphere (Melosh and McKinnon 1988).

Of the tectonic features on Mercury, lobate scarps are the most widely distributed spa-
tially (Fig. 17). An accurate assessment of the spatial distribution of the lobate scarps is
difficult because the distribution may be strongly influenced by observational bias intro-
duced by variations in the lighting geometry across the imaged hemisphere (see Cordell
and Strom 1977; Melosh and McKinnon 1988; Thomas et al. 1988). The incidence angle
of Mariner 10 images changes from 90° at the terminator to 0° at the subsolar point. Thus,
only a small percentage of the imaged hemisphere has an optimum lighting geometry for the
identification of lobate scarps or other tectonic features. However, recent mapping suggests
that the distribution of lobate scarps is not uniform, even in areas where the incidence angle
is optimum (>50°) (Watters et al. 2004). More than 50% of the area-normalized cumulative
length of lobate scarps occurs south of 30°S, with the greatest cumulative length between
50°S and 90°S (Watters et al. 2004) (Fig. 17). The dip directions of the thrust faults inferred
from the hanging wall-foot wall relationship suggests that there is no preferred thrust slip
direction north of 50°S (Fig. 17). South of 50°S, however, the lobate scarp faults all dip to
the north, NW, or NE; none dip southward (Fig. 17) (Watters et al. 2004). This indicates that
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across a broad zone in the southern hemisphere, there is a preferred southward thrust dip
direction.

The age of the lobate scarps is not well constrained. Lobate scarp thrust faults clearly
deform the oldest plains material, pre-Tolstojan intercrater plains emplaced near the end
of the period of heavy bombardment. Thus, the earliest preserved record of lobate scarp
formation occurred near or after the end of heavy bombardment (Strom et al. 1975). Lo-
bate scarps are also found in younger Tolstojan and Calorian-aged smooth plains units,
suggesting that thrust faulting continued after the formation of the Caloris basin and the
emplacement of the youngest smooth plains (Fig. 17) (Strom et al. 1975; Melosh and McK-
innon 1988). If lobate scarps were uniformly distributed in the imaged hemisphere, their
absence in hilly and lineated terrain antipodal to the Caloris basin would suggest that most
of the scarps were pre-Caloris in age (Cordell and Strom 1977). Several lines of evidence,
however, suggest a Calorian age of formation for the lobate scarps. First, lobate scarps
are not uniformly distributed outside the hilly and lineated terrain (Fig. 17). Second, there
is no evidence of embayment of scarps by ancient intercrater plains (Strom et al. 1975;
Melosh and McKinnon 1988) or by younger Tolstojan and Calorian smooth plains materials
(Watters et al. 2004). Third, while lobate scarp thrust faults often cut across and offset the
floors and rim walls of large impact craters (Fig. 14), there are no incidences of large craters
superimposed on scarps. Fourth, there is no apparent degradation or partial burial of lobate
scarps by Caloris ejecta in the northern hemisphere (Watters et al. 2004). Thus, all the lobate
scarps in the imaged hemisphere may have formed after the emplacement of the Calorian
smooth plains (Watters et al. 2004).

Mechanisms for the formation of the lobate scarps include global contraction due to inte-
rior cooling, tidal despinning, a combination of thermal contraction and despinning, and the
interaction of thermal stresses and stresses related to the Caloris basin (Strom et al. 1975;
Cordell and Strom 1977; Melosh and Dzurisin 1978a, 1978b; Pechmann and Melosh 1979;
Melosh and McKinnon 1988; Thomas et al. 1988). Slow thermal contraction of the
planet from secular cooling of the interior is predicted to result in global, horizon-
tally isotropic compression (Solomon 1976, 1977, 1978, 1979; Schubert et al. 1988;
Phillips and Solomon 1997; Hauck et al. 2004). Thermal models predict the onset of
lithospheric contraction before the end of the period of heavy bombardment (Solomon 1977;
Schubert et al. 1988). Slowing of Mercury’s rotation by despinning due to solar tides
and the relaxation of an early equatorial bulge is predicted to induce stresses in the
lithosphere (Melosh 1977; Melosh and Dzurisin 1978a; Pechmann and Melosh 1979;
Melosh and McKinnon 1988). Stresses from tidal despinning predict E-W compression
in the equatorial zone and N-S extension in the polar regions (Melosh 1977). The rapid
spindown model suggests that despinning and thermal contraction thus may have been coin-
cident and the stresses coupled (Pechmann and Melosh 1979; Melosh and McKinnon 1988).
The formation of the Caloris basin may have influenced the pattern of tectonic features by
introducing stresses that interacted with existing lithospheric stresses from thermal contrac-
tion (Thomas et al. 1988). This interaction might have temporarily reoriented stresses and
resulted in the formation of Caloris-radial thrust faults.

All the models described here have limitations in explaining the spatial and tempo-
ral distribution of the lobate scarps. Although the orientation of wrinkle ridges in the
smooth plains exterior to the Caloris basin may have been influenced by basin-related
stresses, few lobate scarps in the imaged hemisphere are radial to Caloris (Fig. 17).
Tidal despinning predicts a system of normal faults in Mercury’s polar regions that have
not been observed (Solomon 1978; Schubert et al. 1988; Melosh and McKinnon 1988;
Watters et al. 2004). In the absence of other influences, thermal contraction would be
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expected to generate a uniform distribution of thrust faults with no preferred orientation
and no preferred thrust slip direction (Watters et al. 2004). The amount of crustal short-
ening expressed by lobate scarps is another important constraint. Strom et al. (1975) es-
timated a reduction in planetary radius of ~1—2 km assuming an average displacement
of 1 km for the total length of the lobate scarps mapped over an area covering ~24% of
the surface. From displacement—length (D-L) relationships of the thrust faults, the strain
expressed by the lobate scarps in an area covering ~19% of the surface has been esti-
mated to be ~0.05%, corresponding to a radius decrease of <1 km (Watters et al. 1998).
This is consistent with estimates obtained using all the known lobate scarps in the im-
aged hemisphere (Fig. 17). Such low values of strain and radial contraction are diffi-
cult to reconcile with existing thermal contraction models and may indicate that only a
fraction of the total strain due to interior cooling is expressed by the observed thrust
faults, or that the earliest activity is obscured by the cratering flux or intercrater plains.
Other tectonic features such as long-wavelength lithospheric folds (Dombard et al. 2001;
Hauck et al. 2004) or small-scale faults that are difficult to detect with existing image data
may account for the strain deficit. Similar, broad contractional belts are seen on Venus (e.g.,
Frank and Head 1990) but differ in morphology in that evidence for extensive thrusting and
surface shortening is not as apparent.

Conspicuously absent from the portion of Mercury seen thus far are features that might
be attributed to large mantle swells or voluminous mantle-derived magmatism (such as the
Tharsis region of Mars) and intermediate-scale mantle activity (such as coronae on Venus).
The relatively thin (~500 km) mantle of Mercury may have limited the length-scale of
mantle-driven tectonism. With the exception of the interior of the Caloris basin, also absent
is evidence for extensive lithospheric loading and flexural deformation (as seen on the Moon
and Mars) and large-scale features indicative of extensional deformation (such as graben and
rifts seen on the Moon, Venus, and Mars). The common occurrence of crustal heterogeneities
and asymmetries on Mars, the Moon, and Venus suggest that it is unwise to conclude at
present that the other half of Mercury will be the same as the hemisphere seen by Mariner
10.

The MESSENGER mission (Table 1) will provide regional- to global-scale altimetry and
imaging data that will permit the quantitative characterization of the tectonic features on the
part of Mercury unimaged by Mariner 10 and allow a quantitative global assessment of tec-
tonic features in order to derive more rigorous estimates of the style, timing, and magnitude
of deformation, the candidate causative processes, and the relation to global thermal and
interior evolution (e.g., Nimmo 2002; Nimmo and Watters 2004).

6 Geological Processes on Mercury: Volcanism and Plains Formation

Volcanism, the eruption of internally derived magma, and its surface deposits, provide one of
the most important clues to the location of interior thermal anomalies in space and time and
to the general thermal evolution of the planet. Volcanism is among the dominant endogenic
geologic process on other terrestrial planetary bodies and can produce significant resurfacing
during the evolution of the body. Volcanism is a key element in the formation and evolution
of secondary crusts (those derived from partial melting of the mantle) and tertiary crusts
(those derived from remelting of primary and secondary crusts) (Taylor 1989).

Little is known concerning the history of volcanism on Mercury. In contrast to the Moon,
where there are distinctive composition-related albedo variations between the cratered up-
lands (relatively high) and the smooth volcanic mare lowlands (relatively low), the albedo
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of Mercury is relatively uniform across the surface. Prior to the Apollo 16 mission to
the Moon in 1972, a widely distributed smooth plains unit (the Cayley Formation) was
mapped in the lunar uplands, lying stratigraphically between the younger, low-albedo maria,
and the older, high-albedo impact basins and cratered terrain (Wilhelms and McCauley
1971). One of the purposes of the Apollo 16 mission (Hinners 1972) was to determine
the petrology and absolute age of this unit, thought prior to the mission to represent a
distinctive pre-mare, highland phase of volcanism (e.g., Trask and McCauley 1972). Dur-
ing Apollo 16 surface operations it became rapidly clear that the Cayley Formation con-
sisted of impact breccias (Young et al. 1972), and later assessments suggested that the
deposits were a combination of local (e.g., Head 1974) and regional, basin-related im-
pact ejecta (Oberbeck et al. 1974, 1977). On the basis of the Apollo 16 results, lunar
light plains were subsequently considered by most workers to have been emplaced by
impact crater and basin ejecta processes (Oberbeck 1975), rather than by extrusive vol-
canism (Trask and McCauley 1972). The subsequent documentation of mare volcanic de-
posits buried by layers of highland crater ejecta (cryptomaria; Head and Wilson 1992;
Antonenko et al. 1995) as well as some local moderate-albedo units thought to be of ex-
trusive volcanic origin (e.g., the Apennine Bench Formation; Spudis and Hawke 1986) sug-
gested that the interpretations of light plains might be more complex than simple ejecta
emplacement.

Arriving at Mercury shortly after Apollo 16, Mariner 10 revealed the presence of two
smooth Cayley-plains-like units alternately interpreted to represent effusive volcanic de-
posits or basin ejecta. These widespread plains deposits, occurring as relatively smooth sur-
faces between craters (intercrater plains), and as apparently ponded material (smooth plains;
Fig. 3), were proposed by some to be volcanic in origin (Murray 1975; Murray et al. 1975;
Trask and Guest 1975; Strom et al. 1975; Strom 1977; Dzurisin 1978). Others argued
that the plains deposits might represent basin ejecta, similar to those found at the lu-
nar Apollo 16 landing site (Wilhelms 1976a; Oberbeck et al. 1977). Part of the problem
concerning interpretation of smooth plains on Mercury as volcanic or impact in origin
is the relatively low resolution of the Mariner 10 data. Early on it was pointed out that
the Mariner 10 image data do not have the resolution required to resolve lunar-like vol-
canic features such as flow fronts, vents, and small domes (Schultz 1977; Malin 1978),
a problem further explored by Milkovich et al. (2002) (Fig. 18). Detailed examination
of lunar images at resolutions and viewing geometries comparable to those of Mariner
10 readily showed that small shields and cones, elongate craters, sinuous rilles and flow
fronts, all hallmarks of the identification of volcanism on the Moon (e.g., Head 1976;
Head and Gifford 1980), would not be resolvable in most of the Mariner 10 images
(Milkovich et al. 2002). Furthermore, larger features typical of volcanism on Mars [such
as huge volcanic edifices and calderas (Carr 1973; Crumpler et al. 1996)], and not seen
on the Moon (Head and Wilson 1991), were not observed by Mariner 10 on Mercury.
Also not observed in the Mariner 10 data were examples of the large (10-30 km diam-
eter) steep-sided domes suggestive of crustal magmatic differentiation processes seen on
the Moon (Head and McCord 1978; Chevrel et al. 1999) and Venus (Pavri et al. 1992;
Ivanov and Head 1999). Lobate fronts exposed at the edge of smooth plains occurrences
on Mercury (Fig. 19; arrows) suggested that these might have been volcanic flow margins,
but comparisons to marginal basin ejecta deposits on the Moon indicated that such features
could also be a product of impact ejecta emplacement (e.g., Milkovich et al. 2002). Thus, al-
though the surface features observed by Mariner 10 were most similar to lunar plains, there
were also fundamental differences between volcanism occurring on the two bodies (Head et
al. 2000).
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These various observations raised the interesting possibility that there may be no iden-
tifiable volcanic units on Mercury. Crater counts of Caloris basin ejecta facies and smooth
plains deposits, however, indicated that the smooth plains were emplaced after the Caloris
basin (Spudis and Guest 1988) (Figs. 9 and 10), and on this basis they were interpreted
to be the product of volcanic eruptions, not contemporaneous ejecta emplacement. On the
other hand, the lunar Cayley plains also often showed younger ages than the adjacent tex-
tured ejecta deposits from major basins [for smaller crater diameters; see Wilhelms (1987)].
The counts of Spudis and Guest (1998) were carried out using carefully defined contiguous
map units and only larger craters unaffected by secondaries. Reprocessed Mariner 10 color
data (e.g., Robinson and Lucey 1997) (Figs. 4-7), as discussed earlier, provided additional
evidence for the possible volcanic origin of the smooth plains.

Could extrusive volcanism not have occurred on Mercury, and if such advective cool-
ing processes did not occur, how did the planet dissipate its accretional heat and that from
subsequent decay of radioactive nuclides? Perhaps Mercury experienced styles of volcanism
unknown on the Earth and Moon, and current data do not allow us to recognize such unusual
deposits. Another possibility is that partial melting of the mantle may have occurred, but that
extrusive volcanism did not. Investigating these possibilities, Head and Wilson (2001) as-
sessed the ascent and eruption of magma under Mercury conditions for a range of scenarios
and found that a thick low-density crust could, as with the Moon (e.g., Head and Wilson
1992), inhibit and potentially preclude dikes from rising to the surface and forming effusive
eruptions. This, combined with an apparent global compressional net state of stress in the
lithosphere (e.g., Strom et al. 1975), could produce a scenario in which rising magma in-
truded the crust but did not reach the surface to produce the level of resurfacing or the array
of landforms seen on the Moon, Mars, and Venus. Indeed, Head and Wilson (2001) showed
how easy it was, given the range of conditions known to occur in the history of terrestrial
planetary bodies, to create a planet with little to no extrusive volcanic activity.

The fact that such fundamental questions remain concerning Mercury’s thermal evolution
underscores the importance of the MESSENGER mission to elucidating the early evolution
of the terrestrial planets. The dominant endogenic geologic process on the Earth, Moon,
Mars, and Venus is volcanism, characterized by massive extrusions of basaltic lavas, signif-
icant resurfacing of their surfaces, and emplacement of large volumes of intrusive magmas
(e.g., Basaltic Volcanism Study Project 1981).

From these and related observations described earlier, it is possible to make some gen-
eral inferences concerning the source regions of volcanic extrusions—the upper mantle.
From terrestrial analyses it is known that FeO abundance of mantle source regions corre-
sponds, to a first order, to the FeO content of the erupted magma (e.g., Longhi et al. 1992).
The observation that candidate volcanic deposits identified on Mercury do not have FeO
abundances differing from the hemispheric average indicates that the mantle source of such
material is not enriched in FeO relative to the crust, or conversely that the ancient crust
is not depleted in FeO relative to the upper mantle (Robinson et al. 1997, 1998). If the
plains deposits had a significant increase (or decrease) in FeO relative to the basement rock
that they overlie (ancient crust), then they would appear as a mappable unit in the iron-
plus-maturity image and albedo (Figs. 4, 5, 6 and 7). In contrast, mare deposits found on
the Moon (mare lavas versus anorthositic crust) have a significant contrast in FeO content
relative to the ancient anorthositic crust they overlie [typically >15 wt% versus <6 wt%,
respectively; see Lucey et al. (1998)]. The global crustal abundance of FeO on Mercury
has been estimated to be less than 6 wt% from remote sensing data (McCord and Adams
1972; Vilas and McCord 1976; Vilas et al. 1984; Vilas 1985, 1988; Veverka et al. 1988;
Sprague et al. 1994; Blewett et al. 1997). The lack of structures corresponding to the candi-
date volcanic plains units in the iron-plus-maturity image is consistent with mantle magma
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source regions approximately sharing the crustal FeO composition, and so supports the idea
that Mercury is highly reduced and most of its iron is sequestered in a metallic core.

Thus, if there are no significant variations in iron abundance in the areas seen by Mariner
10 one must address the question “What could be the composition of candidate volcanics
on Mercury?” Komatiitic volcanics are found on the Earth with FeO abundances of under
5 wt%, as are relatively low-iron mafic lavas on the Moon in the Apennine Bench Forma-
tion (Spudis and Hawke 1986). The most likely candidate is a high-magnesium, low-iron
magma. The MESSENGER mission (Table 1) will therefore not only provide very impor-
tant information on the possible volcanic origin of surface plains deposits from imaging and
altimetry, but it will also permit assessment of mantle characteristics and mineralogy and
core evolution processes from surface mineralogy and chemistry. Superficially, Mercury
looks like the Moon, but Mariner 10 and terrestrial remote sensing data tell us that it must
be very different in many fundamental respects. Could Mercury be an Earth’s Moon that did
not undergo surface evolution by endogenic processes (e.g., mare volcanism) subsequent to
the period of large basin formation?

7 Geological Processes on Mercury: Polar Deposits

One of the most impressive discoveries from Earth-based observations is the detection of
high radar backscatter, strongly depolarizing deposits in the near-polar regions of Mercury
(e.g., Harmon and Slade 1992; Butler et al. 1993; Harmon et al. 1994; Harmon 1997). The
obliquity of Mercury is near 0° so there are extensive areas of permanently shadowed regions
within fresh craters that can act as cold traps for volatile compounds. On the basis of orbital
geometries, from Earth we are able to view these areas on Mercury slightly better than the
polar regions on the Moon. Earth-based radar observations (Harmon et al. 2001) detected
highly radar reflective deposits in these areas at both the north and south poles. The deposits
occur in fresh craters as low as 72°N latitude (Fig. 20). Degraded craters do not show the
high radar backscatter deposits because their interiors are exposed to the Sun. The neutron
spectrometer on the Lunar Prospector spacecraft discovered enhanced hydrogen signals in
permanently shadowed craters in the polar regions of the Moon (Feldman et al. 1998). This
has been interpreted as water ice with a concentration of 1.5 = 0.8% weight fraction.

The radar depolarized, highly backscattered signal is essentially identical to the intensity
and characteristics of the radar backscatter signals from the martian south polar water ice
cap and the icy Galilean satellites (Harmon et al. 2001). This has been used as evidence
that the deposits are water ice. The permanently shadowed cold traps are essentially full,
and the strong radar signals indicate that if the material is water ice then it is quite pure.
The estimated thickness of the deposits is believed to be at least 2 m, but radar observations
cannot set an upper limit on the thickness. The area covered by the polar deposits (both
north and south) is estimated to be ~(3 & 1) x 10" cm?. This is equivalent to 4 x 10'¢ to
8 x 10" g of ice, or 40-800 km? for a deposit 2-20 m thick (Vasavada et al. 1999).

Other material has been suggested for the polar deposits including sulfur, which has
radar backscatter characteristics similar to water ice, but a higher stability limit (Sprague et
al. 1995). A 1-m-thick layer of water ice is stable for 10° years at a temperature of —161°C,
while sulfur is stable at a considerably higher temperature of —55°C. Much of the region
surrounding permanently shadowed craters is less than —55°C, but there are no radar reflec-
tive deposits there (Vasavada et al. 1999). Very cold silicates have also been suggested as
a possibility, with the high radar response of the polar regions attributed to the decrease of
dielectric loss of silicate materials with lower temperature (Starukhina 2001).
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Fig. 20 Bright radar signals
from localized regions in
permanently shadowed craters at
high northern latitudes on
Mercury’s surface.

(a) Ten-microsecond north polar
SC image from Arecibo radar
observations on July 25-26,
1999, with a superimposed
location grid. Radar illumination
is from the upper left, and the
region beyond the radar horizon
is at lower right. (b) Details of
the central portion of the radar
image from July 25-26, 1999, in
the vicinity of the north pole (see
star). Resolution is 1.5 km. From
Harmon et al. (2001)

Herc-_:l;g North Fole

25-26 July 1999
1.5 km_resolution

If the deposits are water ice, the most likely sources of the water are micrometeoroid,
comet, and water-rich asteroid impacts. If the current terrestrial influx of interplanetary dust
particles is extrapolated to Mercury, over the last 3.5 billion years it could have delivered (3—
60) x 10'® g of water ice to the permanently shadowed polar regions (an average thickness
of 0.8-20 m). Impacts from Jupiter-family comets over the last 3.5 billion years could supply
0.1-200 x 10'® g of water to Mercury’s polar regions (corresponding to an ice layer 0.05-60
m thick). Halley-type comets can supply 0.2-20 x 10! g of water to the poles (0.1-8 m ice
thickness). These sources alone provide more than enough water to account for the estimated
volume of ice at the poles (Moses et al. 1999). The ice deposits could, at least in part, be
relatively recent deposits, if the two radar features A and B were the result of recent comet or
water-rich asteroid impacts. Crider and Killen (2005) estimated that if the polar ice deposits
are both clean and buried by ~20 cm of regolith, then they must have been emplaced less
than ~50 My ago.

Barlow et al. (1999) tested for the presence of subsurface ice by comparing the dif-
ferences in depth/diameter relationships between high-latitude and low-latitude craters and
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found no evidence for variations or the presence of “terrain softening” ground ice. Vilas et
al. (2005), using shadow measurements, examined the depth-diameter relationships of 12
near-north polar craters containing polar deposits; they found that these craters are shal-
lower by about one third than craters of comparable diameter in the general population. For
a single 30-km-diameter crater, the shallowing amounts to ~900 m, representing more than
600 km? of material. This volume of infilling material is significantly greater than that pre-
dicted by proposed mechanisms for the emplacement by either sulfur or water ice. If these
measurements are correct, then these craters, dating from the Mansurian Period (perhaps
~3-3.5 Ga), have been preferentially shallowed and have accumulated radar-anomalous
material on the permanently shadowed parts of their floors. A satisfactory mechanism for
such a process is unknown. The MESSENGER mission will use laser altimetry, neutron
spectrometry, high-resolution imaging, and elemental and mineralogical remote sensing to
verify these measurements and assess processes of crater floor fill.

8 The Geological History of Mercury: Impact Cratering Rates and the Absolute
Time Scale

The heavily cratered surfaces of the Moon, Mars, and Mercury all have similar crater
size/frequency distributions that probably represent the period of late heavy bombardment
(LHB) early in Solar System history (Fig. 21). The population of impactors during the LHB
is widely thought to have been similar throughout the inner Solar System (to within differ-
ences in encounter probabilities and energies), and the same is thought to be true for the
later and different population of impactors subsequent to the LHB. The LHB period ended
at ~3.8 Ga on the Moon and may have ended about the same time on Mercury. A notable
difference between the lunar curve and those for Mercury and Mars is that at diameters less
than about 50 km there is a paucity of craters on Mercury and Mars compared with the

Fig. 21 Comparative impact 1 N .
crater size-frequency
distributions. This “R plot,” b
obtained by removing an inverse /
cubed power-law from the

observed frequency versus 0.1
diameter, is a comparison of the
crater size/frequency distribution
of the heavily cratered highlands
on the Moon, Mercury, and Mars.

>y

-Qm\ﬁ

All three have a similar shape, 0.01 p | —=— Lunar Highlands
perhaps indicating a common . —®&— Mercury Highlands
—&— Mars Highlands

origin. The steeper slopes for

—¥— Mercury Post Calori
Mercury and Mars at smaller ury " ost Laors

—&— Mars Northern Plains

diameters reflect loss processes 0.001 _ . o perp
discussed in the text. Also shown A R
is the size distribution of the 1 10 100 1000 10*
post-Caloris crater population. Crater Diameter (km)

The bottom curve represents the
comparatively less cratered,
relatively younger surfaces on
Mars that have a distinctly
different crater size/frequency
distribution. After Strom et al.
(2005)
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Moon. This is usually interpreted, for Mars, as reflecting the loss of smaller craters due to
erosion and infilling processes early in the post-LHB history of Mars. In the case of Mercury,
it has been suggested that formation of thin but extensive so-called intercrater plains may be
responsible for the loss of smaller craters. It is not yet clear why such plains should be so
pervasive on Mercury, yet quite rare on the Moon. Intercrater plains are the most common
terrain type on at least the part of Mercury viewed by Mariner 10 (Fig. 9). On Mercury only
about 25% of the surface was viewed by Mariner 10 at Sun angles low enough to perform
reliable crater counts. Unfortunately, Mariner 10 resolution is only about 1 km/pixel, so
large counting areas are needed to obtain reliable statistics. These areas include the Mercury
highlands and the plains within and surrounding the Caloris basin.

The smooth plains surfaces that surround and fill the Caloris basin may also show a
crater size/frequency distribution similar to that of the lunar highlands, but at a lower density
(Fig. 21). This post-Caloris curve may be less steep in part because it has not been affected
by plains emplacement as has the highlands. Strom et al. (2005) interpreted the lower crater
density to indicate that the post-Caloris surface is younger than the highlands and suggest
that it formed near the end of the late heavy bombardment.

Surfaces younger than the LHB have a different crater size/frequency distribution on the
Moon and Mars (Strom et al. 1992). The distribution is characterized by a single-slope —3
differential power-law distribution (Fig. 21). No region on Mercury imaged by Mariner 10
clearly shows the younger population, although error bars on the post-Caloris counts are
nearly compatible with it and would certainly be compatible with a mixture of end-LHB
craters and still more recent cratering such as that observed on the lunar maria. This could
mean (e.g., Strom et al. 2005) that the surfaces available for crater counts in Mariner 10
images are all older than about 3.8 Ga. Perhaps there are more pristine, younger surfaces on
the 55% of the planet that will be available for study from future MESSENGER images.

One can measure the relative ages of geological units on planetary surfaces from the
spatial densities of superposed impact craters. “R values” represent a type of spatial density
measurement (e.g., Strom et al. 2005). For example, an R value of 1 basically means that
100% of an area is covered by craters of that general diameter; an R value of 0.01 means that
craters cover about 1% of the area. R values of craters on Mercury 40-100 km in diameter
(Fig. 21) are roughly five times lower for post-Caloris surfaces than for the highlands. If one
knows the rate at which craters are formed, and how that rate has changed with time, then
the absolute age of a surface can be determined. The rate of crater formation depends on
the relative proportions of different classes of impactor (e.g., comet or asteroid) that have
impacted the planet. Estimates of these factors contain large uncertainties and, therefore, the
estimated absolute ages are very uncertain. If the LHB was a cataclysmic event lasting only
50 or 100 My around 3.9 Ga that saturated the surfaces of the terrestrial planets, then the
cratering record prior to that event has been lost (Tera et al. 1974; Ryder 1990; Kring and
Cohen 2002).

More recently, the terrestrial planets have been impacted by a population of collisional
fragments derived from the main asteroid belt by a variety of dynamical processes (including
resonances and the Yarkovsky effect), plus some contribution of smaller comets, that pre-
sumably have impacted not only the Moon but all the terrestrial planets, although conceiv-
ably in somewhat different proportions. Another possibility for Mercury (Leake et al. 1987)
is that a population of so-called vulcanoids, orbiting the Sun in the vicinity of Mercury’s
orbit, has preferentially cratered Mercury, but with little influence on the other terrestrial
bodies. Searches for vulcanoids have not yet been successful. A vulcanoid population may
be modest today, or even totally depleted, but vulcanoids could have cratered Mercury dur-
ing post-LHB times, shifting much of Mercury’s inferred chronology from epochs around
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the LHB to more recent times. Indeed, Vokrouhlicky et al. (2000) calculated that the deple-
tion of a vulcanoid population mediated by the Yarkovsky effect might occur on the time
scale of about a billion years. On the other hand, vulcanoids may never have existed at all.
If vulcanoids never existed and the LHB was an inner-solar-system-wide phenomenon, then
the crater age of Mercury’s highlands is about 3.9 Ga (the absolute ages of the rocks may be
older), while the more lightly cratered Caloris plains are probably closer to about 3.8 Ga, to
the degree that they still show the signature of the LHB.

Another source of uncertainty concerning the origin and ages of Mercury’s craters is the
role of large secondary craters from Mercury’s numerous basins. It is possible that many or
most of Mercury’s craters up to 25 km in size or larger are secondaries formed by massive
ejecta from the dozens of large impact basins on Mercury, as has been advocated for the
Moon by Wilhelms (1976b). Although this perspective is not widely accepted, it has not
been disproven and should also be assessed in MESSENGER imaging.

Thus MESSENGER is absolutely crucial to determining the impactor flux in the inner
solar system and both absolute and relative ages, and therefore the chronology of the geolog-
ical evolution of the surface of Mercury. Some geological features (e.g., the lobate scarps)
are believed to reflect the geophysical evolution of the planet (e.g., global contraction during
cooling of the interior), while the wide range of plains deposits may hold the key to whether
volcanism has played a significant role in the evolution of Mercury, and if so, on what time
scales. It is vital that MESSENGER data be used to study the wide range of cratering-related
issues that were raised and certainly not firmly settled by Mariner 10 and subsequent Earth-
based studies of Mercury.

9 Geological Processes and Evolution and Qutstanding Questions

This review of our current knowledge of the nature of the surface of Mercury, the geological
processes operating there, and the geological history implied by their sequence of events and
relative importance with time sets the stage for a series of outstanding questions that can be
addressed by the MESSENGER mission and its suite of instruments (Table 1). Among these
critical questions are: What is the distribution of geological features and units in the 55% of
the planet not imaged by Mariner 10? Will new discoveries made in this current terra incog-
nita change our view of the dominant processes on Mercury and the resulting geological
history? Will the considerably higher-resolution MESSENGER images reveal the presence
of extensive volcanic source regions that could confirm a magmatic source for the smooth
plains of Mercury? Will there be distinctive mineralogical differences between different oc-
currences of smooth plains or between smooth plains and intercrater plains? Will studies
of crater populations sort out contributions due to asteroids, comets, possible vulcanoids,
and secondary craters? Will crater counts in the unimaged terrain show evidence for the
presence of post-~3.7-Ga planetary resurfacing? Will multispectral images and spectrom-
eter data of various deposits and landforms show evidence that can be interpreted in terms
of crustal thickness, structure, and vertical and lateral heterogeneity? Will tectonic features
discovered on the other half of the planet support the current view of a global net compres-
sional state of stress in the lithosphere over most of geological time? Will any evidence for
extensional deformation unrelated to basin deformation be found? Could the unimaged por-
tion of Mercury be characterized solely by extensional features, balancing the contractional
features on the imaged portion? Has the sign and magnitude of global stress changed with
time? What clues to the nature and thickness of the lithosphere, and how it has changed
with time, can be deduced from altimetric, gravity, and imaging data on crater, basin, and
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tectonic landforms? Will the presence of ice be confirmed in permanently shadowed zones
in crater interiors of the polar regions? Will the unusual depth relationships of impact craters
with near-polar radar anomalies determined from Mariner 10 shadow measurements be con-
firmed by MESSENGER altimetry? Will these same craters show any unusual mineralog-
ical characteristics relative to those without radar anomalies? Can MESSENGER impact
crater studies reveal details of impact melt generation and its fate in this high-velocity im-
pact environment? Can the full complement of MESSENGER data extend morphologic and
morphometric studies sufficiently to establish differences in substrate characteristics and
to help further in distinguishing the relative roles of impact velocity, gravity, and substrate
characteristics in the impact cratering process? Do any detected crustal magnetic anomalies
relate to geologic features and structures? Can evidence distinguishing crustal and dynamo
origins for the magnetic field be obtained (e.g., Stanley et al. 2005), and if so, what are
the implications for crustal formation processes and the history of mantle convection? The
complement of instruments on the MESSENGER spacecraft (Table 1), described elsewhere
in this volume, will provide the data necessary to address and, in many cases answer, these
fundamental questions. The MESSENGER mission, together with BepiColombo (Grard et
al. 2000) and future missions (e.g., Schulze-Makuch et al. 2005), will bring new insights
into key processes in planetary formation and evolution.
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Abstract The instrument suite on the MErcury Surface, Space ENvironment, GEochem-
istry, and Ranging (MESSENGER) spacecraft is well suited to address several of Mercury’s
outstanding geochemical problems. A combination of data from the Gamma-Ray and Neu-
tron Spectrometer (GRNS) and X-Ray Spectrometer (XRS) instruments will yield the sur-
face abundances of both volatile (K) and refractory (Al, Ca, and Th) elements, which will
test the three competing hypotheses for the origin of Mercury’s high bulk metal fraction:
aerodynamic drag in the early solar nebula, preferential vaporization of silicates, or giant
impact. These same elements, with the addition of Mg, Si, and Fe, will put significant con-
straints on geochemical processes that have formed the crust and produced any later vol-
canism. The Neutron Spectrometer sensor on the GRNS instrument will yield estimates of
the amount of H in surface materials and may ascertain if the permanently shadowed polar
craters have a significant excess of H due to water ice. A comparison of the FeO content
of olivine and pyroxene determined by the Mercury Atmospheric and Surface Composition
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Spectrometer (MASCS) instrument with the total Fe determined through both GRNS and
XRS will permit an estimate of the amount of Fe present in other forms, including metal
and sulfides.

Keywords Mercury - MESSENGER - Mercury’s surface chemistry - Gamma-ray
spectrometry - X-ray spectrometry - Space missions - Planetary surfaces

1 Introduction

Mariner 10 made no detailed measurements of surface elemental abundances or specific
minerals or rock types on Mercury. All that is known about Mercury’s surface composi-
tion comes from ground-based observations and inferences from color reconstructions of
Mariner 10 images. Recalibrations of the Mariner 10 images and the ratioing of images ob-
tained at different colors suggest that compositional boundaries and soil differences may
be discerned (Robinson and Lucey 1997) but give no chemical information. As ground-
based telescopic instrumentation has improved in sensitivity and efficiency, more data have
been collected from visible to radio wavelengths. These data have resulted in some knowl-
edge of the chemistry of Mercury’s surface, and almost all of the observations have raised
new questions. A major advance in our understanding of the composition of Mercury’s sur-
face will come from the suite of instruments onboard the MErcury Surface, Space EN-
vironment, GEochemistry, and Ranging (MESSENGER) spacecraft (Solomon et al. 2001;
Gold et al. 2001; Santo et al. 2001), scheduled to begin mapping Mercury’s surface from
orbit in March 2011.

These instruments will contribute significantly to four of the six prime objectives of the
MESSENGER mission (Solomon et al. 2001): (1) What planetary formational processes led
to the high metal/silicate ratio in Mercury? (2) What is the geological history of Mercury?
(3) What are the radar-reflective materials at Mercury’s poles? (4) What are the important
volatile species and their sources and sinks on and near Mercury? Mercury’s high uncom-
pressed density implies that a metal, iron-rich core occupies a much larger fraction of the to-
tal mass than for any of the other terrestrial planets. Proposed explanations for the high metal
fraction include mechanical sorting of silicate and metal grains by aerodynamic drag in the
early solar nebula (Weidenschilling 1978), vaporization of much of the outer silicate shell of
a differentiated planet by a hot solar nebula (Cameron 1985; Fegley and Cameron 1987), and
selective removal of silicate by a giant impact onto a differentiated planet (Wetherill 1988;
Benz et al. 1988). These hypotheses make distinct predictions for the chemical make-up
of Mercury’s present crust (Lewis 1988), so geochemical remote sensing of Mercury’s sur-
face can distinguish among the explanations for the planet’s unusually high metal fraction.
Geochemical remote sensing will also elucidate compositional differences among geologi-
cal units and, along with imaging and spectral measurements, will assist in the definition
of the global geological evolution of the planet. Candidate materials for Mercury’s po-
lar deposits—including water ice, elemental sulfur, and cold silicates (Slade et al. 1992;
Harmon and Slade 1992; Sprague et al. 1995; Starukhina 2001)—can potentially be distin-
guished through orbital observations. Because Mercury’s exosphere contains a number of
species that were derived from the planetary surface (Hunten et al. 1988), geochemical re-
mote sensing can elucidate sources and sinks for exospheric species and their temporal and
spatial variations.

In this paper we begin with a summary of current knowledge of the surface chemistry of
Mercury derived from Earth-based telescopic observations at visible to radio wavelengths
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as well as from Mariner 10 color images. We briefly discuss suggestions that rocks from
Mercury may be found among the world’s meteorite collections. We then summarize the
MESSENGER instruments that are most pertinent to observations of surface chemistry and
mineralogy. We close with a discussion of how data from these instruments will address four
of the scientific objectives of the MESSENGER mission.

2 Current State of Knowledge of Mercury’s Surface Chemistry

A variety of Earth-based astronomical observations of Mercury’s surface have yielded lim-
ited information on surface chemistry and mineralogy, including spectral reflectance mea-
surements at visible and near-infrared wavelengths, mid-infrared spectroscopy, microwave
emission observations, and radar imaging. Also relevant are observations of several surface-
derived species in Mercury’s tenuous exosphere and information on the color of Mercury’s
surface obtained from Mariner 10 images. Each type of observation is reviewed in turn.

2.1 Reflectance Spectra

One of the best-understood features in reflectance spectra of rocky bodies is an absorption
caused by an electronic transition in an iron cation (Fe>*). The electronic transition occurs
when Fe is bound to O in a silicate lattice. This absorption band is often seen in spec-
tra from asteroids and the Moon and indicates an FeO content of at least several weight
percent in minerals comprising the rocks on those surfaces. On Mercury, however, despite
many searches, the first unambiguous identification of the FeO band was obtained only re-
cently in spectra obtained at the Infrared Telescope Facility (IRTF) on Mauna Kea, Hawaii,
using the high-resolving-power échelle spectrograph, SpeX (Warell et al. 2006). Previous
efforts to identify this feature in spectra of Mercury’s surface (McCord and Clark 1979;
Vilas et al. 1984; Vilas 1985, 1988; Warell and Blewett 2004) have often been suggestive
but not convincing. The most recent spectra (Warell et al. 2006), covering the widest spectral
range, clearly exhibit a shallow absorption feature from 0.8 to 1.3 um with the center of the
symmetric shallow band near 1.1 um. Several locations have been measured, but only two
spectra unambiguously exhibit an absorption characteristic of iron-bearing silicates (Fig. 1).

From this evidence we deduce that Mercury’s surface materials contain at most a few
percent FeO in surface materials at some locations; at other locations the FeO abundances
are even lower. A very slight depression in the Mercury 2003 S spectrum centered near
1.85 um (Fig. 1) may be indicative of a small amount of orthopyroxene, which can exhibit
absorptions centered at 1 and 1.85 pm that are associated with the M2 lattice sites of Fe>*.
However, the absence of the 1.85 pm feature in the Mercury 2003 N spectrum indicates that
if the 1 um absorption is from FeO in pyroxene, it must be clinopyroxene, because the Fe?*
cation in the clinopyroxene occupies the M1 lattice site but not the M2 site. The shallow
band centered at 1 um and the absence of the band centered on 1.85 um is also consistent
with olivine, and the shape of the band is broadly similar to that indicative of forsterite, the
Mg-rich end member.

For the spectra showing the FeO absorption, the spectroscopic slits traverse several differ-
ent types of geological units, including intercrater plains, smooth plains, and heavily cratered
terrain (Spudis and Guest 1988). Because of atmospheric blurring of the image at the tele-
scope and the size of the slit sector footprint on the planet (about 800 km x 800 km), it is
not possible to identify the absorption feature with a particular geological unit.

These measurements support the inference, derived from a comparison of visible and
near-infrared reflectance measurements (0.4—0.8 pm) from Mercury with those from known
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Fig. 1 Spectra obtained at the IRTF using SpeX (gray data) from three different locations on Mercury’s
surface after removal of solar reflectance and thermal emission components and division by a linear fit to
the continuum at 0.77 and 1.6 um. All spectra are normalized at 1 pm and then offset for easy comparison
to one another and to spectra published by others. The 2002 Mercury spectrum from ~110°E longitude and
high northern latitudes shows no evidence for the FeO absorption band. Shallow bands centered at 1.1 um
are present in the 2003 spectra from longitude ~200°E and mid-northern and southern latitudes. These two
spectra are the first reflectance data to show an unambiguous FeO absorption band from 0.8 to 1.1 pm. From
Warell et al. (2006)

anorthositic regions on the Moon (Blewett et al. 1997), that Mercury’s surface has a low
abundance of ferrous iron (<2-3 wt% FeO). Blewett et al. (1997) also demonstrated,
with ratios of spectral reflectance at 410 nm to that at 750 nm, that near-infrared spectra
from Mercury’s surface have slopes that are steeper (redder) than lunar spectra and indica-
tive of mature anorthosite and no more than ~1% TiO, as ilmenite. Warell and Blewett
(2004) were able to constrain more tightly the FeO and TiO, contents on Mercury’s surface
from radiative-transfer models of laboratory spectra of mineral powders fit to visible (0.4—
0.65 um) spectra obtained at the Nordic Optical Telescope (NOT). The composition of the
mineral mixture with the best fit had 1.2 wt% FeO and ~0 wt% TiO,.

2.2 Microwave Emissivity

A detailed study of microwave emissivity (0.3-20.5 cm) from Mercury’s regolith (Mitchell
and de Pater 1994) demonstrated that Mercury’s surface is more transparent to electromag-
netic radiation at these wavelengths than the lunar surface and a suite of terrestrial basalts.
Mercury’s regolith materials must therefore be lower in Fe and Ti than those of the Moon.
This result is illustrated in Fig. 2, adapted from Mitchell and de Pater (1994), where the spe-
cific loss tangent as a function of frequency for materials in Mercury’s regolith is compared
with those from samples of the lunar maria, lunar highlands, and terrestrial basalts.

That Mercury’s regolith is more transparent to microwave radiation and at the same time
exhibits a weak or absent FeO absorption band in reflectance spectra indicates that sur-
face materials are very low in Fe, either in the form of FeO or of Fe metal. Because Fe
metal would be expected from extensive space weathering of FeO-bearing silicates (No-
ble and Pieters 2003; Sasaki and Kurahashi 2004), the shallow 1-um absorption band is
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Fig. 2 Ground-based microwave imaging and modeling have demonstrated that the specific loss tangent of
materials in Mercury’s regolith is systematically lower than that of the lunar regolith and a suite of terrestrial
basalts. The solid and dashed lines connect measurements made of the same sample at both 45 MHz and
9 GHz. From these results it has been inferred that Ti and Fe are not as abundant on Mercury’s surface as on
the Moon. From Mitchell and de Pater (1994)

indicative of an inherently low FeO mineralogy and is not entirely the result of extensive
space weathering (Robinson and Taylor 2001). In addition, we know that Mercury’s surface
is more mature than that of the Moon because its spectral slope is reddened at visible and
near-infrared wavelengths (McCord and Clark 1979; Vilas 1988; Robinson and Lucey 1997;
Blewett et al. 1997; Warell 2002, 2003; Warell and Blewett 2004). From these observations,
we may conclude that any volcanic units on Mercury are generally lower in FeO and TiO,
than the lunar maria (Jeanloz et al. 1995).

2.3 Mercury’s Exosphere as a Possible Indicator of Surface Composition

Mercury’s surface-bounded exosphere contains six known species (H, He, O, Na, K,
and Ca). The partitioning between exogenic and truly indigenous sources, however, is not
known (e.g., Potter and Morgan 1997; Domingue et al. 2007; Koehn and Sprague 2007). The
association of enhanced emissions from Na and K with specific regions on Mercury’s sur-
face (Sprague et al. 1990, 1997, 1998) may be indicative of enriched Na and K abundances
in surface materials in these regions. Sprague et al. (1990), for instance, reported enhanced
exospheric potassium emission near the longitude of the Caloris basin.

Enhanced Na emissions are associated in particular with areas of high radar backscat-
ter sometimes termed Goldstein features (Goldstein 1970). Follow-on radar imaging (Slade
et al. 1992; Harmon and Slade 1992; Butler et al. 1993; Harmon 1997; Harmon et al. 2007)
has led to naming two of these regions “features A and B” with centers near 35°S, 10°E,
and 55°N, 15°E, respectively. Both features have been interpreted as comparatively young
impact craters with extensive systems of radar-bright rays (Harmon et al. 2007). The freshly
excavated ejecta material may be the source of the Na seen in the enhanced emission obser-
vations. Figure 3 shows one example of ground-based images of Mercury’s Na exospheric
bright spots (Potter and Morgan 1990) and their association with radar bright spots on Mer-
cury’s surface (Sprague et al. 1998). The same phenomenon has been observed in slit spec-
troscopy over these regions (Sprague et al. 1997, 1998).
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Fig. 3 Locations of enhanced Na emission in Mercury’s surface-bounded exosphere are associated with sev-
eral features on Mercury’s surface. In this image, bright orange regions (enhanced atmospheric Na emission)
fall near the radar-bright regions A and B (Slade et al. 1992; Harmon and Slade 1992; Butler et al. 1993;
Harmon 1997; Harmon et al. 2007). Atmospheric smearing of the telescopic image and image rectification
can account for the offsets of the Na emission highs from the mapped features. From Sprague et al. (1998)

2.4 Mid-Infrared Spectroscopy

Planetary surface spectra in the mid-infrared can contain important information on major
minerals present in surface materials. Inferences on mineral composition can come from
comparisons with spectra from surfaces of known composition or with spectra from pow-
ders of minerals or their mixtures. Major minerals have their fundamental molecular vibra-
tion (Reststrahlen) bands in the region from 7.5 to 11 um. A transparency minimum (TM)
between 11 and 13 pm is associated with the change from surface to volume scattering and
is also an indicator of SiO, content. Another feature is the emissivity maximum (EM) of a
silicate spectrum, which usually occurs between 7 and 9 pm and is a good diagnostic of bulk
SiO, content in powdery mixtures of rocks, minerals, and glasses common in regoliths.
Mid-infrared spectra from Mercury exhibit variations with latitude and longitude that
indicate considerable heterogeneity of surface chemistry (Sprague et al. 1994, 2002; Sprague
and Roush 1998; Emery et al. 1998; Cooper et al. 2001). Comparisons of individual spectra
with those of lunar surface material or mixtures of rock and mineral powders indicate that
the dominant minerals at Mercury’s surface are plagioclase feldspar and pyroxene with some
spectral features suggestive of feldspathoids (Sprague et al. 1994; Jeanloz et al. 1995). Mid-
infrared spectra of Mercury’s surface from 240° to 348°E longitude exhibit an EM associated
with the principal Christiansen frequency (Sprague et al. 1994; Emery et al. 1998). The areal
extent of the spatial footprint in such measurements is about 200 km by 200 km for the best
spatially resolved observations to date and as much as 1,000 km by 1,000 km for the least
spatially resolved regions. The EM wavelengths in these spectra are generally indicative of
intermediate silica content (~50-57% SiO, by weight). An example spectrum is compared
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Fig. 4 (Top) Model spectrum created from two laboratory spectra—Na-bearing plagioclase feldspar
(labradorite) and low-iron, Mg-rich orthopyroxene (enstatite). (Bottom) Mid-infrared spectroscopic measure-
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spectrum (Sprague and Roush 1998) and the model both exhibit an emissivity maximum (EM) for both min-
erals and a transparency minimum (TM) for feldspar
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Fig. 5 A mid-infrared Mercury spectrum from equatorial regions at longitudes 335° to 340°E (20° to 25°W)
is shown along with a laboratory lunar spectrum from Apollo 16 particulate breccia 67031 (90% anorthite,
10% pyroxene). Figure courtesy of A. Sprague

in Fig. 4 with a model spectrum created from laboratory spectra of plagioclase feldspar and
Mg-rich pyroxene.

A spectrum from an equatorial region near 335° to 340°E longitude is compared with
a laboratory spectrum from an Apollo 16 lunar breccia in Fig. 5. The lunar sample is ap-
proximately 90% anorthite (Ca-plagioclase) and ~10% pyroxene. The EM for both spectra
is centered close to 8 pm and marked with an arrow. Other features in the Mercury spec-
trum are similar to the lunar sample spectrum and support inferences that Mercury’s surface
may be compositionally similar to low-FeO areas of the lunar highlands (e.g., Blewett et al.
2002).

A strong 5-um emission feature in a spectrum from 275° to 315°E longitude (Fig. 6)
closely resembles laboratory spectra of some pyroxene powders. The best fit is to diopside
(CaMgSi,0g). The low FeO abundance indicated by near-infrared reflectance spectroscopy
supports a low-iron pyroxene. The EM is also evident in the spectrum at a wavelength similar
to the EM in Fig. 4.
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Fig. 6 A spectral feature at 5 um in Mercury’s spectrum (Sprague et al. 2002) from longitudes 275° to 315°E
(45° to 85°W) resembles that exhibited in laboratory spectra (Salisbury et al. 1987, 1991) from two samples
of clinopyroxene. Also exhibited is an EM at 7.9 um indicative of intermediate SiO, content. Plagioclase
feldspar intermediate between anorthite and albite also has an EM at this wavelength. Spectra such as these
indicate that Mercury’s surface at these locations has spectral characteristics similar to those of low-iron
material rich in feldspar and calcic pyroxene

Many smaller fluctuations in the Mercury spectrum in Fig. 6 are not present in the
spectrum from the laboratory sample. These features may be in the Mercury spectrum be-
cause Mercury’s surface is much hotter than the environment of the chamber holding the
laboratory sample and the regolith is interfacing to a vacuum (Hunt and Vincent 1968;
Logan and Hunt 1970). Alternatively, the features may be noise in the spectrum or fea-
tures contributed by minerals that were not in the model mixture. Spectra obtained with the
Kuiper Airborne Observatory and taken above much of the Earth’s attenuating atmosphere
from longitudes 200° to 260°E have multiple EMs indicating a more complicated bulk com-
position or a more diverse mineralogy (Emery et al. 1998).

The transparency minimum (TM) between 11 and 13 um in Figs. 4, 5, and 6 is associated
with a change from surface to volume scattering. The wavelength where the minimum occurs
is generally a good indicator of the SiO, weight fraction in a powder or soil sample. The
spectrum in Fig. 4 has a clear TM at 12.3 um that is at the same location as the TM in
a laboratory spectrum of a mixture of feldspar and pyroxene powders. This agreement is
consistent with the location of the EM in the same spectrum as described earlier.

Spectra of Mercury (Cooper et al. 2001) showing the transparency minimum measured
using the McMath Pierce Solar telescope on Kitt Peak with a circular aperture over Mer-
cury on six different days are displayed in Fig. 7. Wavelengths of the TM fall between 12
and 12.7 um. The dominant spectral signature comes from the hottest regions in the field of
view. A simple thermal model gives an estimate of the longitude responsible for the greatest
flux at the detector. Middle spectra from ~180°, 170°, and 350°E longitude have probable
transparency minima at 12 pm. On the basis of empirical relations between TM wavelength
and silica content (Strom and Sprague 2003), the bulk composition associated with a trans-
parency feature at this wavelength is intermediate to mafic (45-57 weight% SiO,). The
spectrum from ~275°E (second from the top in Fig. 7) has a TM at 12.5 pm, indicative of
about 44 weight% Si0O, or an ultramafic composition. The spectrum from ~215°E longitude
(bottom spectrum in Fig. 7) has a doublet TM indicating two different dominant components
in the regolith, one mafic and one ultramafic.
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Fig.7 Spectra from Mercury’s surface for gibbous-phase, whole-disk measurements at six different locations
show transparency minima indicative of SiO, content. Sub-solar longitudes, top to bottom, are 268°, 265°,
180°, 170°, 350°, and 205°E. Sub-Earth longitudes are, top to bottom, 350°, 345°, 104°, 94°, 280°, and 131°E.
Wavelengths of TMs are between 12 and 12.7 um. Locations contributing the greatest flux to the observations
estimated from simple thermal models are, from top to bottom, ~280°, 275°, 180°, 170°, 350°, and 215°E.
Figure is adapted from Cooper et al. (2001)

Spectral features indicative of mafic or ultramafic rocks point to the presence of olivine
or pyroxene (or phases that are undersaturated in SiO,). Mg-rich olivine is a good candidate
because spectra from rocks with this mineral would not exhibit a strong FeO absorption band
(see Fig. 1) in their near-infrared spectra. In addition, the band in Mg-olivine is centered near
1 um rather than at 1.2 pm as in Fe-olivine because the Fe>* cation in the M1 and M2 lattice
sites absorbs at longer wavelength.

2.5 Color Variations

Recalibrated Mariner 10 images taken in the ultraviolet (375 nm) and orange (575 nm) in-
dicate compositional variations across Mercury’s surface consistent with those deduced by
Earth-based spectroscopic observations. The color images show color boundaries between
weathered surfaces and material excavated by fresh impacts. They also show color differ-
ences between smooth plains and the surrounding terrain indicating surface heterogeneity
owing to space weathering, grain size, or compositional differences (Robinson and Lucey
1997). The region of the Rudaki plains (3°S, 304°E) and Tolstoj (16°S, 196°E) smooth plains
display embayment relations indicative of lava flow boundaries (Fig. 8) and scattering prop-
erties similar to those of pyroclastic deposits and glasses on the Moon (Robinson and Taylor
2001).

In contrast to the Fe- and Ti-bearing basalts of the lunar maria, on Mercury there is
no evidence for substantial FeO and the microwave observations and near-infrared spectral
modeling and comparisons with the Moon appear to rule out a significant abundance of
TiO,. In at least two cases the smooth plains overlie material that is bluer (higher ultravio-
let/orange ratio) and enriched in opaque minerals relative to the average for the hemisphere
imaged by Mariner 10 (Robinson and Lucey 1997). Because the smooth plains are likely
lava flows, and the FeO solid/liquid distribution coefficient is near unity during partial melt-
ing, it is thought that Mercury’s mantle has an FeO content similar to plains materials and is
<3% (Robinson and Taylor 2001).
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Fig. 8 The mid-infrared
spectrum of Mercury shown in
Fig. 6 comes from a portion of
the region on Mercury’s surface
shown in the fop image. In the
Rudaki (R) plains, analysis of
color images has revealed unit
boundaries consistent with
volcanic emplacement. The
lower image is of the Tolstoj (7')
smooth plains. Sites of apparent
embayment by one unit over
another are indicated by arrows.
From Robinson and Taylor
(2001)

2.6 Radar Observations of Polar Deposits

One of the most puzzling and exciting results from ground-based observations of Mercury
was the discovery of regions of highly coherent backscattered radar signals from deposits
in the floors of impact craters near Mercury’s north and south poles (Slade et al. 1992;
Harmon and Slade 1992; Butler et al. 1993; Harmon et al. 1994). The coherent backscatter
property of the material is similar to the radar backscatter signature from water ice at the
Martian south pole and on the Galilean satellites of Jupiter. Because of this agreement, as
well as the fact that the floors of craters at the highest latitudes on Mercury are in permanent
shadow and therefore very cold, water ice is a good candidate for polar deposit material. The
water ice could be juvenile, released during volcanic emissions and quickly cold-trapped and
covered by regolith gardening at polar regions. Alternatively, it could have been delivered by
the impacts of comets or volatile-rich asteroids (Butler 1997; Moses et al. 1999; Crider and
Killen 2005) or formed by surface chemical interactions driven by solar wind impingement
on the surface and followed by poleward migration (Potter 1995).

Subsequent very high-resolution radar observations (Harmon et al. 2001) showed that
the high-backscatter material is found at latitudes as low as 72°N, making the water ice in-
terpretation more difficult to explain. Thermal models (Paige et al. 1992; Butler et al. 1993;
Vasavada et al. 1999) and Monte Carlo models of volatile distribution and storage in per-
manently shadowed regions (Butler 1997; Moses et al. 1999; Crider and Killen 2005) have
shown that water ice could be stable for several million years following deposition. A recent
comet impact delivering water vapor to Mercury could satisty the lifetime requirement.

@ Springer



MESSENGER and the Chemistry of Mercury’s Surface 95

Fig. 9 Regions of high coherent P |
radar backscatter and strong ( a )

depolarization (dark areas in
images) from the (a) north and
(b) south polar regions of
Mercury are attributed to deposits
of water ice or some other v
radar-transparent material (e.g.,
sulfur, cold silicates) on the
floors of permanently shadowed
craters. Figure adapted from
Harmon et al. (1994)

Sprague et al. (1995) argued that sulfur may be the backscattering material on grounds
that it is not as volatile as H,O ice and that it should be abundant in infalling and vaporiz-
ing micrometeoroids and may be sputtered from minerals such as sphalerite in the surface
regolith. Migration and cold trapping would naturally follow. In addition, the latitude range
of stability for S is greater than that of H,O ice, and deposits would not require special
conditions of permanently shadowed regions at polar latitudes. However, uncertainty exists
with respect to the stability of S and its potential to form more deposits than those observed,
for example extended polar caps (Butler 1997). The discovery of a substantial neutral sulfur
atmosphere (resonant emission triplet centered at 181.4 nm) at Mercury would support the
suggestion that the material is sulfur, either pristine or brought in by meteoroid infall. If the
putative volatile is water ice, then an OH exosphere may be present in polar regions (Killen
etal. 1997).

The physical property required of any surface material responsible for the high backscat-
ter and depolarizing behavior is low dielectric loss at low temperatures. Starukhina (2001)
argued that silicates at very low temperatures could also produce the observed radar char-
acteristics. Silicates, of course, are ubiquitous on Mercury’s surface, and extrapolations to
low temperatures and radar wavelengths of loss tangent measurements made on silicates at
other temperatures and frequency bands are consistent with the required low dielectric loss
(Starukhina 2001). On these grounds, cold, low-iron and low-Ti silicates provide another
candidate for polar deposit material.
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3 Meteorites from Mercury?

Delivery of meteorites to Earth from Mercury is far less probable than from the Moon or
Mars (Melosh and Tonks 1993; Gladman et al. 1996; Dones et al. 1999). The delivery must
be made rapidly, within a few tens of millions of years, or the gravitational well of the Sun
will circularize the orbit and eventually the ejecta will reimpact Mercury. Cratering models
over a range of ejection speeds from 0.25 to 5 km/s predict that less than 0.5% of the ejecta
from a Mercury impact should reach Earth (Melosh and Tonks 1993). Given this efficiency,
Gladman et al. (1996) inferred from the number of known Martian meteorites that a few
meteorites from Mercury may be expected on Earth.

Despite the predicted scarcity of such material, an awareness of the characteristics that
might be expected for a sample from Mercury’s surface or crust is important. On the basis
of the apparent lack of FeO at Mercury’s surface, differentiated Mg-rich silicates are sug-
gested. Love and Keil (1995) gave a thorough discussion of the Mg-rich silicates found in
the meteorite collection at that time and concluded that the best candidate was the anomalous
aubrite, Shallowater. However, the I-Xe closure age of Shallowater precludes the scenario
of delivery from Mercury to Earth in the short time required by dynamical calculations.

Another class of meteorites, the angrites, also originated in one or more differentiated
parent bodies (Mittlefehldt et al. 2002). Irving et al. (2005) argued that angrites may have
come from Mercury on the basis of petrographic evidence for decompression from pressures
appropriate to a planetary mantle, low Na, distinctive oxygen isotopes, and a range of cosmic
exposure ages suggestive of a large target body. The igneous formation ages (>4.55 Ga) are
likely too ancient for these rocks to be from a terrestrial planet, however, and angrites are
generally FeO-rich, contrary to the composition of most of Mercury’s surface. Thus, to date,
the weight of evidence suggests that known meteorites are not from Mercury.

4 MESSENGER’s Instrumentation for Surface Chemistry Measurements

Although many of the observations described earlier are suggestive of Mercury’s surface
chemistry, they are limited in scope and accompanied by the uncertainties inherent in
ground-based remote sensing. Interpretation of data from instrumentation designed for geo-
chemical measurements on MESSENGER will face challenges as well. The most obvious
of these is the effect of “space weathering,” the cumulative changes to a pristine regolith
surface caused by radiation effects, melting, and volatilization by meteoroid impact, solar
wind implantation, and conversion of oxidized iron in rocks and minerals to nanophase iron
(oneo) deposits (cf. Hapke 2001; Noble et al. 2001; Noble and Pieters 2003). In addition,
the recycling of exospheric ions in Mercury’s magnetosphere back to the surface may lo-
cally concentrate exospheric atoms (cf. Kallio and Janhunen 2003; Zurbuchen et al. 2004;
Koehn and Sprague 2007). Together, space weathering and local concentration of exospheric
constituents may affect the data and interpretation from surface science instruments.

The Gamma-Ray and Neutron Spectrometer (GRNS) (Goldsten et al. 2007), X-Ray
Spectrometer (Schlemm et al. 2007), Mercury Atmospheric and Surface Composition Spec-
trometer (MASCS) (McClintock and Lankton 2007), and Mercury Dual Imaging Sys-
tem (MDIS) (Hawkins et al. 2007) are the principal MESSENGER instruments that will
contribute to the study of Mercury’s surface chemistry and should enable the mission to
achieve its principal scientific objectives (Solomon et al. 2001). These instruments and their
strengths and weaknesses are briefly discussed in the following sections.
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4.1 GRNS

The GRNS instrument is composed of two subsystems (Goldsten et al. 2007)—the Gamma-
Ray Spectrometer (GRS) and the Neutron Spectrometer (NS). Versions of both instruments
have been highly successful in mapping the surface composition of the Moon (Feldman
et al. 1998, 2002, 2004a) and Mars (Boynton et al. 2002, 2004, 2007; Feldman et al.
2004b, 2005; Mitrofanov et al. 2002; Prettyman et al. 2004; Tokar et al. 2002). Because
of MESSENGER’s highly eccentric orbit (Santo et al. 2001), the highest-resolution infor-
mation will be obtained near periapsis (60—72°N) and in general the northern hemisphere
will be much better mapped than the southern hemisphere. Both the GRS and NS subsys-
tems require repeated orbits to build up a significant signal-to-noise ratio. In general the
GRS signal is weaker than that of the NS, so it requires a greater number of passes over
the same region to obtain a significant signal. Although the NS has a better signal-to-noise
ratio than the GRS, interpretation of its data is more model-dependent (e.g., Feldman et al.
2000a). As discussed in the following, in some cases we can take advantage of the GRS
and XRS data to constrain the interpretation of the NS data, giving us the advantage of the
higher signal-to-noise ratio of the NS but without as much model dependence for its results.

4.1.1 GRS

Because it is based on a nuclear technique, the GRS maps elemental abundances without
regard to the chemical compounds or minerals in which the elements may be located by
measuring gamma rays whose energies can be identified with specific nuclear transitions.
The GRS probes beneath the surface to ~10—15 cm. Therefore, the signal is not altered by
most space weathering mechanisms or by exospheric ion concentration. This feature has
the advantage that the results are quantitative and relatively unambiguous in terms of the
amount of an element present beneath the surface, with relatively small corrections needed
for matrix effects due to the abundances of other elements. Obviously it would be advan-
tageous to know not only the total amount of an element present but also its concentration
in minerals. To some extent we shall be able to do this by combining data from the GRS
with data from the UltraViolet and Visible Spectrometer (UVVS) and Visible and InfraRed
Spectrograph (VIRS) sensors on the MASCS instrument (McClintock and Lankton 2007).
The GRS measures gamma rays during both day and night and relies on long integration
intervals to build adequate statistics. The nature of the GRS data is such that it is possible
to make predictions of expected statistical uncertainties in the data with an assumed model
composition. Table 1 summarizes the results of one such calculation (Solomon et al. 2001).
The accuracies shown are sufficient to address the MESSENGER science objectives and are
discussed in more detail later. Each element emits one or more gamma rays with a charac-
teristic energy that is detected and identified by the GRS. The slight model-dependence of
the result is sensitive mostly to uncertainties in the flux of neutrons, which are the excitation
source for most of the gamma rays. The gamma rays from K and Th are due to radioactive
decay, and they are not subject to the uncertainties in the neutron flux.

On Mars Odyssey it was possible to detect H via both gamma rays and neutrons from
the Martian surface (Boynton et al. 2002; Mitrofanov et al. 2002; Feldman et al. 2004b). In
the case of MESSENGER, however, the much lower expected H content—hundreds of ppm
expected from the solar wind versus thousands of ppm at Mars from water as ice or water
of hydration in minerals (Boynton et al. 2002, 2007; Feldman et al. 2004b)—and the shorter
integration times close to the planet are expected to put H below the detection limit of the
GRS. The prospects of GRS-detectable quantities of water-ice-equivalent H in the top 30 cm
of Mercury’s regolith, even in the permanently shadowed regions where water ice has been
proposed to reside, are not strong.
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Table 1 Expected statistical uncertainties of MESSENGER GRS data for selected elements

Element Model composition Statistical uncertainty®
Mg 22.6% 0.8%

Si 21.5% 0.8%

K 0.12% 0.005%

Ca 4.0% 1.8%

Ti 1.0% 0.2%

Fe 2.3% 0.4%

Th 2.0 ppm 0.2 ppm

4 Absolute uncertainty (1-0) for an eight-hour integration time. A measurement time of eight hours is con-
sidered the minimum necessary to carry out coarse mapping of surface elemental composition at spacecraft
altitudes less than 1,000 km over Mercury’s northern hemisphere (with perhaps tens of to more than a hundred
pixels, depending on GRS element sensitivity). The total measurement time at such altitudes is only about
137 hours for the entire nominal mission. Table modified from Solomon et al. (2001)

4.1.2 NS

The NS, like the GRS, uses a nuclear-based technique, and it is sensitive to elemental abun-
dances independent of their chemical or mineral associations. As mentioned, interpretation
of the NS data in terms of elemental abundances is somewhat more model-dependent than
that of the GRS data, because many elements can have a significant effect on the energy
spectrum of the neutrons coming from Mercury’s surface (Feldman et al. 2000a), and there
are no spectral lines unambiguously identifying specific elements. The energy spectrum is
generally divided into just three energy bands, thermal, epithermal, and fast, and from the
flux in these bands the abundances of some elements can be estimated (Feldman et al. 1998,
2000a).

Unlike the GRS and the XRS (discussed later), it is more difficult to calculate quantitative
detection limits a priori for the NS. The hydrogen abundance, however, can be determined
with relatively little ambiguity from the neutron flux, because the equal masses of the hy-
drogen nucleus and the neutron allow H to “downscatter” neutrons to lower energies much
more effectively than any other element. Polar hydrogen deposits were mapped at the Moon
(Feldman et al. 2000b), and potentially the most significant contribution of the NS experi-
ment at Mercury will be the establishment of the presence of H in the polar regions (Feldman
et al. 1997) and the mapping of its abundance over most of the northern hemisphere. High
abundances of H near the permanently shadowed craters at high northern latitudes will be
strongly suggestive of near-surface water ice in these craters (and by inference in craters at
high southern latitudes).

Though the elliptical orbit of MESSENGER is biased such that the periapsis is over
northern latitudes, the distance from the north pole is such that the permanently shadowed
craters are a small fraction of the instrument footprint (Solomon et al. 2001). This orbit will
make it difficult to detect the signal from any polar ice deposits unless they are present in
very high amounts or cover a significant fraction of the field of view of the NS. At this
point it is unclear whether the MESSENGER NS will see a sufficiently strong signal to give
confidence that hydrogen-rich areas have been found.

It is possible that the NS may also be able to map abundances of Gd and Sm. This
technique depends on the very high thermal-neutron cross-sections of these elements and
the fact that their presence will lower the thermal neutron flux measured in orbit compared
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Table 2 Expected counting times and spatial resolutions of MESSENGER XRS data for selected elements

Element Assumed abundances Counting time Spatial resolution (km)
Quiet Sun Active Sun Quiet Sun Active Sun
Mg 22.5% 11 min 3 min 400 200
Al 3.0% 8 hr 50 min 2,800 900
Si 21.5% 18 min 3 min 500 200
Ca 4.0% - 10s 60
Ti 1.0% - 3 min 200
Fe 2.3% - 80's 150
S 4.0% - 50s 120

Note: Quiet Sun and Active Sun refer to periods with and without solar flares. Counting times and the derived
spatial resolution are those required to achieve a statistical uncertainty of 10% of the amount of element
present

with that expected in their absence. For this approach to work, good knowledge of the other
major neutron absorbers, e.g., Fe and Ti, is required, as are high abundances of Sm and Gd.
An example where such a measurement was successful is the Moon. There maps of Gd+-Sm
were made from data obtained by the Lunar Prospector Neutron Spectrometer (Elphic et al.
2000; Maurice et al. 2004).

4.2 XRS

As with the data from the GRS sensor, the elemental abundances determined from the XRS
instrument (Al, Mg, Si, S, Ca, Ti, and Fe) represent bulk values for surface material without
regard to the distribution among different minerals. However, the relative elemental abun-
dances will permit inference of plausible mineral type when combined with information
from the other instruments. The XRS has much better spatial resolution than the GRS, but it
determines abundances in the upper hundreds of microns versus tens of centimeters for the
GRS, and thus XRS data must be interpreted in the context of possible local concentration
of exospheric species. However, XRS data probe beneath many of the typical space weather-
ing coatings that are known to affect the interpretations of near-infrared spectral data (Noble
et al. 2001; Noble and Pieters 2003). The nature of the XRS data, as for GRS data, is such
that it is possible to make model-dependent predictions of expected statistical uncertainties
in the data. These calculations, given in detail by Schlemm et al. (2007), are summarized in
Table 2.

The sensitivity of the XRS depends strongly on the activity of the Sun. MESSENGER
will be in orbit about Mercury near the time of solar maximum, so we may expect a large
amount of solar flare activity, which significantly shortens the time of data collection for a
given statistical precision. Table 2 shows the extent of this reduction in data collection times.
The calculation for active Sun is made for an M-class flare. The derived spatial resolution
in Table 2 is calculated assuming an average orbital altitude of 560 km in the northern polar
zone (Solomon et al. 2001).

4.3 MASCS and MDIS

The UVVS and VIRS sensors on MESSENGER’s MASCS instrument are well suited to
make spectral maps of Mercury’s surface from 115 to 1,450 nm at a spatial resolution of
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less than 10 km near periapsis. The UVVS will map spectral features at ultraviolet (UV)
and visible wavelengths that are diagnostic of mineralogy, especially discerning between
types of feldspars, pyroxenes, olivines, and sulfides using distinct differences in spectral
slope and features between 115 and 600 nm (Wagner et al. 1987). The VIRS sensor will
map 0.8-1.2 pm Fe?* charge transfer absorptions associated with the M2 lattice sites in
common silicates such as pyroxene and olivine. Such measurements will determine the FeO
abundance in the regolith and permit mapping of its variation with geological unit. Other
features between 200 and 1,450 nm associated with sulfides and possible additional reduced
regolith materials (Burbine et al. 2002) will be sought and mapped. Further, the UVVS
sensor will be used to search for S and OH components in the exosphere. A discovery of
either or both of these components at high latitudes could indicate the composition of the
polar deposits even if the sensitivity for detection of H via the NS sensor is not sufficient. If
neither of these components is detected, the results could provide support for the suggestion
that the depolarized signals are a signature of cold silicates with low loss (high transmission)
at radar wavelengths (Starukhina 2001). MDIS will give detailed color imaging and ratios
that will be used to understand the degree of space weathering of the surface, which is
critical to our ability to interpret spectral features found in the MASCS data.

4.4 Synergy between MESSENGER Instruments

One of the important characteristics of the MESSENGER payload with respect to the geo-
chemical objectives is the ability to combine the data from several instruments. As noted
earlier, both the GRNS and XRS determine elemental abundances independent of the chem-
ical or mineralogical host for the element. MDIS and MASCS will both measure spectral
slope and color ratios, map the major FeO absorption bands if present, and make distinc-
tions among feldspar, pyroxene, and olivine compositions if space weathering has not ob-
scured the spectral features that laboratory measurements have shown to be important. For
example, as noted, both olivine and pyroxene have FeO bands that can be used to estimate
oxidized Fe content. These species are likely to be the principal silicate minerals to con-
tain Fe, so the GRS and XRS data on Fe can be compared with the mineralogical data to
constrain the interpretation. Because of extensive space weathering of Mercury’s surface,
there may be Fe in metallic form (npFe®), although ground-based microwave measurements
indicate that such material must be much less abundant than on the surface of the Moon.
Comparison of FeO determined via MASCS and total Fe determined via GRS and XRS
could yield the amount of npFe? in the regolith. Likewise, determining the variation of Si
and the Th/K ratio across the surface from the GRNS instrument (Boynton et al. 2007;
Taylor et al. 2006, respectively, for Mars) will help to infer the nature of magmas and vol-
canic deposits on Mercury’s surface.

5 Addressing MESSENGER Science Objectives
5.1 The Origin of Mercury’s High Metal/Silicate Ratio

Data from the MESSENGER instruments will distinguish among the hypotheses for the high
metal fraction of Mercury: aerodynamic drag by solar nebular gas (Weidenschilling 1978),
preferential vaporization of silicates in a hot solar nebula followed by removal by a strong
solar wind (Cameron 1985; Fegley and Cameron 1987), or selective removal of silicate as
a result of a giant impact (Wetherill 1988; Benz et al. 1988). The different instruments on
MESSENGER are well suited to address this question.
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Under the aerodynamic drag hypothesis, the bulk composition of Mercury should be sim-
ilar to that predicted on the basis of thermodynamic equilibrium in the solar nebula (Lewis
1988) except for a higher metal content. Subsequent differentiation of the planet would then
leave the surface with a crust enriched in Ca, Al, and incompatible elements, e.g., K and
Th, overlying the mafic mantle and metallic core. Under the preferential vaporization hy-
pothesis, the surface of Mercury should be greatly reduced in volatile elements (e.g., K)
and enriched in refractory elements (e.g., Th). Under the giant impact hypothesis, the re-
moval of an early crust would leave a surface composition appropriate to the formation of
a post-impact crust from partial melting of a generally depleted mantle. We would expect
depletion of Ca, Al, and the incompatible elements that would have been enriched under the
preferential vaporization hypothesis.

Clearly the elements determined by the GRNS and XRS instruments are well suited to
testing these hypotheses. The NS can map regions of relatively high Fe, Ti, or Gd and Sm
abundances. Depending on the activity of the Sun, coverage of Ca and Al may be limited
with the XRS, but we can combine the XRS data with MASCS observations to advantage.
MASCS will be able to map regions of the planet with different mineralogical composition,
so even with only limited XRS coverage of Ca and Al we can tie those data to other regions
through mineralogy and color imaging to estimate global abundances.

5.2 The Geological History of Mercury

It is expected that MIDIS imaging and spectral reflectance measurements will probably
make the biggest contribution toward understanding the geological history of Mercury. How-
ever, the elemental abundances may provide significant insight into processes that may have
been important in the formation of Mercury’s surface as well as providing information use-
ful for understanding the relative chronology of surface units. For example, it would be of
interest to know if different volcanic units have different contents of incompatible elements
and Si. If so, units having lower K and Th might indicate later evolution of basalts from a
mantle already depleted by earlier melt extraction.

5.3 Mercury’s Polar Deposits

Mercury’s polar deposits appear, on the basis of Earth-based radar, to be present only within
permanently shadowed crater floors, and if so their characterization by MESSENGER may
be challenging. Differences between the results from radar imaging of Mercury and the
Moon (Harmon 1997; Campbell et al. 2003) highlight some of the uncertainties in the in-
terpretation of the origin of these deposits. Such observations argue for more prominent
deposits of ice or other radar-anomalous species in the polar regions of Mercury, despite the
facts that the area of the polar zone that can retain water ice is larger on the Moon than on
Mercury (Ingersoll et al. 1992; Salvail and Fanale 1994) and the retention of water vapor re-
leased by comets and meteorites after impact should be greater at the Moon than on Mercury
because of lesser impact speeds at the Moon (Moses et al. 1999). By way of counterbalance,
observations by Solar and Heliospheric Observatory (SOHO) coronagraphs have revealed
approximately 700 Sun-grazing comets since 1979 (Marsden 2005). Such bodies cross Mer-
cury’s orbital plane, so it is likely that some of this population of objects impact Mercury.
Any water so delivered would quickly migrate to the polar regions.

If large areas of the north polar region of Mercury have high contents of ice or sulfur, the
NS and the GRS should be able to detect this material and determine its composition.
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5.4 Mercury’s Volatile Species and Their Sources and Sinks

Mercury’s tenuous exosphere contains very small amounts of H, He, Na, O, K, and Ca
(Hunten et al. 1988; Bida et al. 2000). Although the exosphere will be studied primarily
via the MASCS and Energetic Particle and Plasma Spectrometer (EPPS) (Andrews et al.
2007) instruments, the GRNS and XRS instruments can help to understand the nature of
the sources and sinks of these and any newly discovered species. One of the exospheric
constituents, K, is the element for which the GRS has the highest sensitivity. A GRS high-
resolution map of the abundance of K in crustal material is expected. The abundances and
variability of K found in the exosphere can then be related to different regions on the sur-
face to see if there is any correlation between exospheric activity and surface composition.
From Earth-based observations, Sprague et al. (1990) found enhanced column abundances
of K over the Caloris basin and the antipodal hilly and lineated terrain. It may be that ex-
tensional troughs on the floor of Caloris (Watters et al. 2005) and the chaotic nature of hilly
and lineated terrain (Strom and Sprague 2003) combined with the high diurnal temperature
variations near Mercury’s hot longitudes provide the conditions required to release K from
crustal materials to the exosphere.

6 Conclusions

The instruments on the MESSENGER spacecraft are well suited to address the scientific
objectives of the mission and many of the questions that have resulted from ground-based
observations made during the past several years. A combination of data from several instru-
ments will be needed to address fully several of these questions. MESSENGER is exemplary
of the strong benefits of missions in NASA’s Discovery Program, under which comprehen-
sive investigations are formulated with substantial synergy among the different elements of
the mission built from the outset into every element of mission and spacecraft design.
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Abstract Current geophysical knowledge of the planet Mercury is based upon observations
from ground-based astronomy and flybys of the Mariner 10 spacecraft, along with theoreti-
cal and computational studies. Mercury has the highest uncompressed density of the terres-
trial planets and by implication has a metallic core with a radius approximately 75% of the
planetary radius. Mercury’s spin rate is stably locked at 1.5 times the orbital mean motion.
Capture into this state is the natural result of tidal evolution if this is the only dissipative
process affecting the spin, but the capture probability is enhanced if Mercury’s core were
molten at the time of capture. The discovery of Mercury’s magnetic field by Mariner 10 sug-
gests the possibility that the core is partially molten to the present, a result that is surprising
given the planet’s size and a surface crater density indicative of early cessation of significant
volcanic activity. A present-day liquid outer core within Mercury would require either a core
sulfur content of at least several weight percent or an unusual history of heat loss from the
planet’s core and silicate fraction. A crustal remanent contribution to Mercury’s observed
magnetic field cannot be ruled out on the basis of current knowledge. Measurements from
the MESSENGER orbiter, in combination with continued ground-based observations, hold
the promise of setting on a firmer basis our understanding of the structure and evolution of
Mercury’s interior and the relationship of that evolution to the planet’s geological history.

Keywords Mercury - MESSENGER - Core - Rotational state - Magnetic dynamos -
Thermal history

1 Introduction

Mercury’s internal structure and evolution collectively constitute one of the solar system’s
most intriguing geophysical enigmas. In terms of its size and surface geology, Mercury is
often compared with Earth’s Moon. But in striking contrast to the Moon, which is depleted
in iron and has a small (if any) metallic core, Mercury’s size and mass (Anderson et al. 1987,
1996) indicate a high metal/silica ratio and a metallic mass fraction more than twice that of
Earth, Venus, and Mars (Wood et al. 1981). In addition, while the Moon is believed to have
cooled rapidly subsequent to accretion (Zuber et al. 1994; Neumann et al. 1996), Mercury
appears to possess a liquid outer core (Margot et al. 2007). Such an internal structure is
puzzling, as simple thermal evolution models (Cassen et al. 1976; Solomon et al. 1981;
Schubert et al. 1988) predict that a pure iron or iron-nickel core should have cooled and
solidified by now. A liquid core would survive if there is a sufficient amount of a light
alloying element such as sulfur to lower the melting point (Schubert et al. 1988).

Mercury’s internal structure and its thermal evolution ultimately must be reconciled with
the planet’s surface geology. Mercury has a heavily cratered surface (Murray et al. 1974;
Murray 1975; Trask and Guest 1975) with ancient compressional tectonic structures that
have been taken to imply global contraction (Strom et al. 1975; Watters et al. 1998) as-
sociated with secular cooling (Siegfried and Solomon 1974). Ancient intercrater plains
and somewhat younger smooth plains of possible volcanic origin (Strom et al. 1975;
Trask and Strom 1976; Robinson and Lucey 1997) constrain the early history of the mantle
and crustal magmatism.

The evolution of Mercury’s core state with time has implications for the planet’s spin
evolution. Mercury currently displays a 3 : 2 spin—orbit resonance, and the presence of a fluid
core would have enhanced considerably its probability of capture into this state (Counselman
1969).

It could be argued that the formation and dynamics of Mercury’s core has had a greater
influence on the geophysical evolution of the planet than for any other terrestrial planetary
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body. Consequently in this paper we treat the core as a point of focus as we review current
understanding of Mercury’s geophysics. In the context of this review we emphasize recent
advances in measuring and interpreting Mercury’s rotational state, in interpreting existing
magnetic observations, and in convective modeling of the planet’s mantle and core. We
describe how anticipated future observations from NASA’s MErcury Surface, Space EN-
vironment, Geochemistry, and Ranging (MESSENGER) mission will provide a means of
unraveling the unusual characteristics of Mercury’s evolution.

2 Physical and Chemical Characteristics
2.1 Geophysical Parameters

The size, shape, and mass of Mercury have been measured from radio tracking of the
Mariner 10 spacecraft and Earth-based radar ranging. Current knowledge of these para-
meters, summarized in Table 1, is based on historical observations as well as more recent
reanalysis of combined data sets (Anderson et al. 1987, 1996). Mercury has the largest un-
compressed density of the planets (Ringwood 1979) and thus the largest metal/silicate ratio,
exhibiting a fractional core mass M./M = 0.65 (Urey 1951; Siegfried and Solomon 1974),
where M is Mercury’s total mass. Although the interior has not been sampled, no heavy
element other than iron has a cosmic abundance that can account for the observed density. It
is believed that the planet has differentiated into an iron-nickel core of radius R./R ~ 0.75
(Siegfried and Solomon 1974), where R is Mercury’s radius. The gravitational flattening
(J>) of Mercury measured by Mariner 10 exceeds the value consistent with hydrostatic
equilibrium at Mercury’s slow rotation rate. Thus the present J, must be either “frozen in”
from a more rapid rotation rate in the past (Lambeck and Pullan 1980), or it must be domi-
nated by nonhydrostatic contributions such as the response of a finite-strength lithosphere to
the formation and modification of impact basins. Unfortunately the value of J, does not in
and of itself yield a useful constraint on plausible geochemical models of the radial density
distribution of the interior (Solomon 1976).

2.2 Bulk Composition
Beyond inference on fractional iron abundance from the mean density there is no direct

information on Mercury’s bulk composition (Wood et al. 1981). Solar system condensa-
tion models (Lewis 1972) suggest that Mercury is enriched in refractory relative to volatile

Table 1 Shape and bulk

properties of Mercury Parameter Value
Mass, 102 kg 3.302
Mean radius, km 2,440+ 1
Displacement of center of figure 640 +78
from center of mass in equatorial planel, m
From Yoder (1995) except where Mean density, kgm™> 5.427
noted Uncompressed densityz, kg m—3 5,300
! Anderson et al. (1996); 2Wood Surface gravity, ms~2 3.70
etal. (1981) b (642) x 1073
The Cy; coefficient is Ca (1£0.5) x 107

unnormalized
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elements compared with other terrestrial planets, and an equilibrium condensation sce-
nario (Lewis 1972, 1973) suggests that the silicate fraction of Mercury is dominated by
magnesium-rich pyroxene (Wood et al. 1981). Disk-averaged Earth-based visible and in-
frared spectral observations are consistent with the average composition of anorthositic
materials in the lunar highlands (Sprague et al. 1994). The lack of persistent absorption
bands identified with mafic minerals limits the average FeO content of surficial materi-
als to less than a few percent (McCord and Clark 1979; Wood et al. 1981; Jeanloz et al.
1995). Explanations for Mercury’s high metal content include the differential response of
iron and silicate grains to gas drag in the early solar nebula (Weidenschilling 1978), pref-
erential vaporization of silicate relative to metal in the hot solar nebula (Cameron 1985;
Fegley and Cameron 1987), and preferential removal of silicate by a giant impact that oc-
curred after Mercury had differentiated (Wetherill 1988). Implications of each of these hy-
potheses for the chemistry of Mercury’s silicate fraction are described at greater length in a
companion paper (Boynton et al. 2007).

2.3 Crustal and Mantle Structure

The crustal thickness on Mercury is not presently known. There are no observed surface
structural features with regular length scales associated with a subsurface chemical or rheo-
logical discontinuity (Zuber 1987) that hint at the existence of a low-density crust (Solomon
et al. 1981). Anderson et al. (1996) interpreted the offset between the centers of mass and
figure offset for Mercury (Table 1) as indicative of a hemispheric asymmetry in crustal
thickness. If interpreted in this context, along with assumptions about internal densities and
compositions, the maximum crustal thickness difference between the imaged and unimaged
hemispheres of Mercury would be about 13 km. Of course the interpretation of internal
structure using the information currently available is highly nonunique, so the use of geo-
physical and geochemical data sets from MESSENGER will advance considerably the con-
straints on internal structure.

Barring the existence of diagnostic tectonic structures on the unimaged parts of Mer-
cury’s surface, the best chance of estimating crustal and mantle structure may come
from future combined analysis of topography (Cavanaugh et al. 2007) and gravity (Srini-
vasan et al. 2007). Inversions in the spatial and frequency domain will be used to in-
fer crustal thickness and effective elastic lithosphere thickness (cf. Zuber et al. 1994;
Simons et al. 1997) on spatial scales comparable with data resolution.

2.4 Orbital and Rotational Parameters

Mercury’s modern orbital ephemeris has been developed from radar time-delay and Doppler
observations from the Goldstone, Arecibo, and Haystack radio observatories (Harmon et al.
1986; Harmon and Campbell 1988) as well as the three flybys of the Mariner 10 space-
craft (Standish 1990; Standish et al. 1992). These data, combined with radar tracking of
the surface, revealed that Mercury exhibits a 3 : 2 spin—orbit resonance (Pettengill and Dyce
1965) that is a consequence of tidal dissipation (Colombo 1965; Colombo and Shapiro 1966;
Goldreich and Peale 1966). Orbital information has also been used to refine the perihelion
advance of Mercury (Shapiro et al. 1972; Roseveare 1982) predicted by general relativity
(Einstein 1916). A summary of Mercury’s orbital and rotational parameters is given in Ta-
ble 2.
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Table 2 Orbital and rotational

parameters of Mercury Parameter Value
Semi-major axis, 10 km 57.91
Orbital eccentricity 0.2056
Perihelion, 100 km 46.00
Aphelion, 10° km 69.82
Sidereal orbital period, Earth days 87.97
Sidereal rotation period, Earth days 58.65
Synodic period with respect to Earth, Earth days 115.88
Mean solar day, Earth days 175.94

From Yoder (1995) except where Rotation rate @ x 105’ S 0.124

noted Obliquity!, arc minutes 21401

"'Margot et al. (2007)

3 Surface Constraints on Thermal Evolution

The record of impact, volcanism, and tectonism preserved on Mercury’s surface places im-
portant constraints on models of thermal evolution, and to some extent, on the rotational and
orbital evolution. Here we review salient aspects of Mercury’s surface geology relevant to
the planet’s geophysical evolution. Additional details on Mercury’s geology can be found in
a companion paper (Head et al. 2007).

3.1 Major Impact Basins

The largest impacts experienced by a planet during the late stages of accretion represent a
significant source of accretional energy (Safronov 1978; Kaula 1979), establish that crustal
formation predated the end of heavy impact bombardment of the solar system, and provide
information on the thermomechanical structure of the lithosphere at the time of and subse-
quent to formation of preserved impact structures. At 1,300 km in diameter, Caloris is the
largest well-preserved impact basin on Mercury; other significant basins include Beethoven
(625 km in diameter) and Tolstoj (400 km in diameter) (McKinnon 1981). Caloris and
Beethoven were only partially imaged by Mariner 10.

Application of models of basin formation and response to loading (Melosh 1978;
Melosh and McKinnon 1978; McKinnon and Melosh 1980) constrained by observed defor-
mation has been of limited value in reconstructing Mercury’s early thermal state because
of the absence of gravity and altimetry, limited imaging coverage of the largest basins,
and the paucity of large basins so far identified. The rarity of multiring basins on Mer-
cury in comparison with the Moon may indicate that Mercury’s lithosphere was thicker
and the planet substantially cooler in comparison with the Moon during late heavy bom-
bardment (Melosh and McKinnon 1988). A rough calculation indicates a lithosphere thick-
ness >100 km for Mercury (McKinnon 1981) in comparison with 25 to >75 km for the
Moon (Solomon and Head 1980) for the time of plains loading shortly after the forma-
tion of the youngest basins. But such rapid cooling for Mercury is not easily reconciled
with preliminary recent evidence for a present-day liquid outer core (Margot et al. 2007).
It has also been suggested that early multiring basins were obliterated by viscous relax-
ation, intercrater plains formation, and subsidence of lithospheric ring blocks (Leake 1982;
Melosh and McKinnon 1988). If the paucity of major basins relative to the Moon is ul-
timately confirmed, other possible explanations, such as the presence of a shallow core—
mantle boundary that would limit basin depth and possibly reduce the topographic relaxation
time of such structures, should also be investigated.
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Shock waves associated with the formation of Caloris may be responsible for disruption
of the surface that produced the hilly and lineated terrain at the antipode of the impact
(Schultz and Gault 1975b; Hughes et al. 1977; Strom 1984). Early simulations have shown
that for a planet-scale event such as Caloris, shock waves can combine constructively at
the planet’s surface antipodal to the impact (Schultz and Gault 1975a, 1975b; Boslough et
al. 1996). The Caloris event could have produced vertical ground movement of about 1 km
at the antipode (Hughes et al. 1977), which would require significant acceleration of the
surface. Improved modeling may ultimately provide information on the state of Mercury’s
interior at the time of the largest impacts.

3.2 Volcanism

Mariner 10 images of the surface of Mercury do not show obvious evidence of primary
volcanic landforms (Strom et al. 1975; Spudis and Prosser 1984). Some small volcanic
structures may have been identified, including domes, rimless pits, crater floor mounds,
lineaments, and contrasting crater floor/rim morphology (Dzurisin 1978; Malin 1978;
Head et al. 1981) in generally coarse-resolution Mariner 10 images. Ambiguous interpre-
tation of surface structures has been attributed to resolution effects (Head et al. 1981).

Mercury contains two major plains units that have been interpreted by some workers
to be a consequence of surface volcanism: older intercrater plains and younger smooth
plains (Trask and Strom 1976; Cintala et al. 1977; Strom 1977; Adams et al. 1981;
Spudis and Guest 1988). The volcanic origin of the intercrater plains units has been debated,
and an alternative interpretation is that these units consist of impact ejecta (Wilhelms 1976;
Oberbeck et al. 1977). The intercrater plains correspond to gently rolling terrain between
and surrounding areas of heavily cratered terrain and contain craters <10 km in diameter
(Trask and Guest 1975). The intercrater plains and heavily cratered terrain have a complex
stratigraphic relationship and are not clearly distinguishable in relative age (Trask and Guest
1975; Spudis and Guest 1988). It has been hypothesized that the plains preserve the record
of an early resurfacing event (Murray 1975). The intercrater plains are volumetrically sig-
nificant, obliterating craters smaller than 300-500 km in diameter (Spudis and Guest 1988).

Smooth plains (Strom et al. 1975; Trask and Guest 1975) account for about 15% of Mer-
cury’s imaged surface. These units have been viewed as analogous to lunar maria, with the
most obvious difference from lunar deposits being the lack of a strong albedo contrast with
surrounding cratered terrain (Adams et al. 1981). The smooth plains have albedos compara-
ble to the brightest lunar maria, consistent with that of low-iron, low-titanium basalts (Hapke
etal. 1975; Sprague et al. 1994). Combined analysis of opaque mineral abundance, iron con-
tent and soil maturity in recalibrated Mariner 10 color mosaics (Robinson and Lucey 1997)
has provided the most compelling evidence thus far for a volcanic origin of certain plains
units, on the grounds that color boundaries between plains units display lobate geometries
consistent with emplacement of surface flows.

3.3 Tectonics

The absence of structural features indicative of plate tectonics argues strongly that Mercury,
like the Moon, exhibited a single, continuous mechanical lithosphere from the time of heavy
bombardment (Solomon 1978). Mercury’s tectonic features are collectively a consequence
of secular cooling of the planet, tidal forces, lithospheric loading, and limited local stresses.
In further analogy to the Moon, the large Caloris basin contains what appear to be con-
tractional (thrust) and extensional (graben) structures that are likely a consequence of basin
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loading and viscoelastic relaxation (Maxwell and Gifford 1980; Fleitout and Thomas 1982;
Melosh and McKinnon 1988; Thomas et al. 1988). If smooth plains are volcanic in origin,
fractures in the basin floor may represent the surface expression of conduits that enabled the
upward transport of magma (Burke et al. 1981).

Unlike the Moon, the part of Mercury’s surface imaged by Mariner 10 shows evidence for
aregional to global distribution of tectonic landforms that include ridges, troughs, and linea-
ments of ambiguous origin (Dzurisin 1978; Burke et al. 1981; Melosh and McKinnon 1988).
The most prominently expressed features are lobate scarps (Strom et al. 1975), which have
been interpreted as the surface expressions of large-offset thrust faults (Strom et al. 1975;
Dzurisin 1978; Strom 1979). The scarps are arcuate to quasi-linear, 20-500 km-long struc-
tures that crosscut various terrains. Early work suggested a more or less uniform distribution
over the imaged part of Mercury’s surface (Strom et al. 1975), which favored an origin due
to global contraction. More recent mapping (Watters et al. 2004) shows that there is a higher
density of scarps in the imaged hemisphere of Mercury at latitudes poleward of 50°S, which
suggests that regional stresses also played a role. The observation that some scarps are dis-
rupted by large craters has been interpreted to indicate that scarp formation was ongoing
during the later stages of heavy bombardment (Burke et al. 1981), but the presence of scarps
on the smooth plains indicates that thrust faulting continued after smooth plains emplace-
ment (Strom 1979). The shortening associated with lobate scarps in the imaged hemisphere
of Mercury implies horizontal surface strains of ~0.05—0.1%, corresponding to a ~1—2 km
decrease in the planet’s radius (Strom et al. 1975; Watters et al. 1998). Global contraction of
this magnitude is also predicted by some thermal history models (Solomon 1976, 1977).

Mercury’s lobate scarps have alternatively been interpreted as a consequence of despin-
ning by solar tides (Burns 1976; Melosh and Dzurisin 1978) that also led to Mercury’s
current spin—orbit resonance (Goldreich and Peale 1966; Colombo and Shapiro 1966). Al-
though predicted low-latitude scarps are observed, the expected high-latitude extensional
features (Melosh 1977) have not yet been observed. The known distribution of tectonic fea-
tures dictates that global contraction is required to explain the deformation whether or not
despinning contributed to the lithospheric stress field.

4 Information from the Rotational State
4.1 Spin-Orbit Resonance

Mercury is unique among all solar system bodies in that its rotational angular velocity is sta-
bilized at 1.5 times its orbital mean motion. Figure 1 shows schematically this commensurate
spin. Here the stability against the secular tidal slowing of the spin is effected by the aver-
age torque on the permanent asymmetry, which tends to keep the axis of minimum moment
of inertia aligned toward the Sun as Mercury passes through perihelion (Colombo 1965;
Goldreich and Peale 1966). Tidal friction naturally slows an initially higher spin, and Mer-
cury would have had opportunity to be captured into any of several stable resonant spin
states with angular velocities that are half-integer multiples of the mean motion, n. The
probability of capture into one of the spin—orbit resonances, as the spin rate is slowed by
tides, increases as the order of the resonance decreases. The 3 : 2 resonance has the highest
probability of capture of any of those previously encountered if tides were the only dis-
sipative force acting and if the current orbital eccentricity prevailed (Goldreich and Peale
1966). The chaotic nature of the orbital motion in the solar system leads to much wider ex-
cursions in Mercury’s orbital eccentricity (~0—0.325) than were obtained in the previously
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Fig. 1 Rotation of Mercury in
the 3 : 2 spin—orbit resonance.
The dot on the orbital curve
marks the perihelion of the orbit,
whereas the dots on the small
ellipses representing Mercury
mark one end of the axis of
minimum moment of inertia. The
Mercury ellipses are separated by
equal time intervals

assumed quasi-periodic motion (0.11-0.24). Repeated passes of Mercury’s spin through the
spin—orbit resonances in both directions thereby yield capture into the 3 : 2 resonance after
4.5 x 10° yr in 55% of trial evolutionary simulations (Correia and Laskar 2004).

The probability for capture into the spin—orbit resonances increases substantially if Mer-
cury’s mantle were decoupled from the core by a liquid layer during the time of resonance
passage (Counselman and Shapiro 1970). There is thereby a relatively large probability of
capture into the 2 : 1 spin resonance that is a function of the core viscosity, the tidal dissipa-
tion function, the orbital eccentricity at the time of passage, and the value of (B — A)/C,,,
where A < B < C are the principal moments of inertia of Mercury and C,, is the moment
of inertia of the mantle and crust about the spin axis. For a kinematic core viscosity of 107°
m? s~! and plausible choices for the other parameters, the probability of capture can exceed
0.5 (Peale and Boss 1977). However, even if capture into the 2: 1 resonance were to have
occurred, the chaotic evolution of Mercury’s orbit can lead to escape from this resonance
as the eccentricity falls below a critical value near 0.005, where the resonance becomes
unstable (Correia and Laskar 2004).

4.2 Determination of Core State

A procedure for ascertaining the nature of Mercury’s core from precise determination of the
rotation state (Peale 1976; Peale et al. 2002) depends on

< - )( )( 2) 3
=<1 (1)
B—A)\ MR? c c

The following equations determine the factors in (1):
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In (2), ¢, is the amplitude of the physical libration, which is the maximum deviation of
the axis of minimum moment of inertia from the position it would have had if the rotation
were uniform at 1.5n, i, is the obliquity of the Cassini state, the state that Mercury’s spin
axis is expected to occupy, J, and Cy, are the second degree zonal and tesseral spherical
harmonic coefficients, respectively, in the harmonic expansion of Mercury’s gravitational
field, e is the orbital eccentricity, and / is the inclination of the orbit plane to the Laplacian
plane on which the orbit precesses at the uniform rate —u. [See Peale (1969, 1974) for
a discussion of generalized Cassini’s laws.] From virtually any initial obliquity, tidal and
core—mantle dissipation drive Mercury’s spin to the Cassini state (Peale 1974; Ward 1975),
in which state the spin axis and orbit normal remain coplanar with the normal to the Laplace
plane as both of the former precess around the latter with the ~300,000-year period of the
orbital precession. The spin axis is fixed in and precesses with the orbit frame of reference
if Mercury is in the Cassini state. Otherwise, it precesses around this state with a 500-
or 1,000-year period, depending on whether the core follows the mantle precession (Peale
2005).

The forced physical libration, with a period of 88 days, is due to the reversing torque on
Mercury as it rotates relative to the Mercury—Sun line, as shown in Fig. 1. The amplitude of
this libration is inversely proportional to the moment of inertia C,, of the mantle and crust
in the first part of (2) because the liquid core does not follow the short-period librations of
the mantle. In addition, the full polar moment of inertia C appears in the second part of (2)
because the core is likely to follow the mantle during its 300,000-year precession with the
orbit (see Sect. 4.3). These two conditions are necessary for the success of the experiment in
determining C,,/C, which will be near a value of 0.5 in most models of Mercury’s interior
(Siegfried and Solomon 1974). If C,,/ C in (1) were equal to 1, it would mean that C,, would
be replaced by C in the first factor in (1), and the core would be firmly coupled for the long
and short timescales. The conditions for determining core state are satisfied for a wide range
of core viscosities that include all current estimates of the viscosity of the Earth’s core (Peale
1976, 1981, 1988; Peale et al. 2002).

The only unknowns in (2) are ¢,,, i, J», and C,,. In the MESSENGER mission (Solomon
et al. 2001), all of the required parameters will be estimated or improved via the altimetry
(Cavanaugh et al. 2007) and radio science (Srinivasan et al. 2007) experiments, and the first
two are also measurable by Earth-based radar (Holin 1988, 1992, 2003; Margot et al. 2007).
In addition, measurement of the forced libration will be accomplished as part of the MES-
SENGER mission by estimating independently the libration of the surface from altimetry
and the interior from gravity using long-wavelength shapes of the global fields (Zuber and
Smith 1997). Table 3 summarizes the expected recovery of geophysical parameters using
a simulation of the approximate MESSENGER mission scenario (Zuber and Smith 1997).
Because of MESSENGER’s elliptical orbit, coverage of the surface from the Mercury Laser
Altimeter (MLA) (Cavanaugh et al. 2007) will be limited to the northern hemisphere; ra-
dio occultations of the spacecraft will be used to constrain planetary shape in the southern
hemisphere (Srinivasan et al. 2007). The latitude-dependent resolution of the gravity field
will permit study of crustal and lithospheric structure for much of the northern hemisphere
where information at spherical harmonic degrees as high as 76 (spatial resolution 100 km)
will be resolvable, while in the southern hemisphere only the lowest degree harmonics (no
higher than 10; relevant for deep internal structure and libration recovery) will be obtained.
Because of the nonuniform resolution expected, spherical harmonics are not optimum and
other representations of the gravity field will be investigated.
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Table 3 Simulated geophysical parameter recovery from MESSENGER

Parameter A priori value Recovery from Recovery from
gravity altimetry
Libration amplitude 1.435 x 1074 1.542 x 1074 1.568 x 104
in longitude, radians
Libration amplitude 350 376, 7% error 386, 9% error
in longitude, m
Obliquity, arcsec 0.0 2.0 0.2
Gravity
Cao —2.7x1073 —2.688 x 1073 (0.5% error) -
Cx 1.6 x 1073 1.598 x 1075 (0.2% error) -
S2n 0.0 1.4 x 1073 -
Topography
Cpo, m —733 - —754 (3% error)
Coy, m 72 - 180 m (150% error)
S22, m 395 - 447 m (13% error)

Cy, and Sy, are spherical harmonic coefficients, where [ and m represent degree and order of the spherical

harmonic expansion. All coefficients are normalized according to Kaula (1966). Note that Cog = —J5/(5) 172,

Simulation described by Zuber and Smith (1997)

4.3 Core—Mantle Coupling

Previous work (Peale 1976, 1981) has indicated that viscous coupling of a liquid core and
mantle satisfies the criterion that the core not follow the mantle on the 88-day timescale
of the physical libration but does follow the mantle on the 300,000-year timescale of the
precession for a wide range of plausible viscosities. More recent work (Peale et al. 2002)
shows that core-mantle coupling due to magnetic fields (Buffett 1992; Buffett et al. 2000),
to topography on the core-mantle boundary (CMB) (Hide 1989), and to gravitational inter-
action between the mantle and an asymmetric inner core (Szeto and Xu 1997), are not likely
to frustrate the condition that the liquid core not follow the mantle on the 88-day libration
timescale.

Inertial (pressure) coupling of the core to the mantle could compromise the experiment
by affecting either the libration in longitude or the spin precession. It is likely that any
deviations of the circularity of the CMB equator will be no larger than possible topography
induced by convection cells in the mantle whose horizontal extent is not significantly larger
than the mantle thickness (Hide 1989). It is therefore necessary to consider only a possible
effect of the pressure coupling on the precession of the spin axis. The criterion that pressure
at an elliptical CMB couples the core to the mantle is (Stewartson and Roberts 1963; Toomre
1966)

QY <e, 3)

where 1 is the rotational angular velocity, €2 is the precessional angular velocity & =
(a — c¢)/a is the core ellipticity, and a and c are the equatorial and polar radii of the CMB,
respectively. If we assume for the moment that the entire planet is in hydrostatic equilibrium,
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then
kf R3 &2
JH=———
3GM

where k/ is the fluid Love number (Munk and MacDonald 1960), and G is the gravitational
constant. We also note that, to lowest order (Kaula 1968),

; “

2 YR
Hh~—g— .
3 3GM

&)

The ¢ in (5) refers to the entire planet. The ellipticity of the CMB will depend on the radial
density distribution, but since the core radius is ~0.75R, the ellipticity of the CMB will not
be much smaller than this ¢ if hydrostatic equilibrium prevails as assumed here. The two
expressions for J, may be combined to yield

1+kyy?
e=4.5x 10*7£w—, (©6)
2 n?
so pressure coupling would occur if
Q %
S =32x10"%<45x 107, )
14 n

which is true if w /n > 26.7. This ratio is so large that it allows some relaxation from the
assumption of strict isostasy. Since ¥ /n = 1.5, pressure coupling of the core to the mantle
is completely negligible.

4.4 Free Motions?

There are possible situations where Mercury would not occupy the precise equilibrium state
as described that constrains the core properties. A large impact or other unspecified excita-
tion mechanism could excite the three free rotational motions. These include a free libration
in longitude, a free precession of the spin vector about the Cassini state, and a free wobble,
where “free” means that the amplitudes and phases of these motions are arbitrary. The free
libration in longitude results if Mercury’s axis of minimum moment of inertia is displaced
from the Mercury—Sun line when Mercury is at perihelion (Fig. 1). The gravitational torque
on the asymmetric planet, averaged around the orbit, acts to restore this alignment so that the
long axis will tend to librate around the solar direction at perihelion. The period of this libra-
tion is close to 12 y. The short-period torque reversals causing the 88-day physical libration
average to zero in this application. A free precession is characterized by a displacement of
the spin axis from the Cassini state position; this displacement leads to a precession of the
spin axis about the Cassini state with an approximately constant angular separation. The pe-
riod of this precession is about 500 y if the liquid core is not dragged along with the mantle,
and double that time if it is. A free wobble is the precession of the spin vector around the axis
of maximum moment of inertia in the body frame of reference. It is also called nonprincipal
axis rotation. The period of spin vector excursion in the body frame of reference is about
300 years if only the mantle and crust participate. Because the duration of measurements
by MESSENGER is much shorter than this period, and the proposed measurements will be
unable to detect a free wobble, we consider it no further here.
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Free motions are subject to dissipative damping, both from tides and from the relative
motion of the liquid core and solid mantle. Whether we should expect to find free motions
depends on the timescales for damping of such motions, which are given by (Peale 2005)

2.92 years 5
Tiip = — = 1.8 x 10° years,
1.41 x 10~4v1/2 +3.93 x 10422
89 years “ ®)
Toeee = Y =1.0 x 10° years,

8.59 x 103p1/2 + 8.08 x 10722_20

where Ty, and T are the damping timescales for the free libration and the amplitude
of the free precession, respectively. In (8), v is the kinematic viscosity in cm?/s, k; is
the second-degree tidal Love number (Munk and MacDonald 1960), and Q, is the tidal
dissipation function at a tidal period corresponding to the orbit period. The tidal model
is equivalent to the assumption that Q is inversely proportional to frequency. The torque
between the liquid core and solid mantle is assumed to be proportional to the differ-
ence between the vector angular velocities of the core and mantle. The proportionality
constant is related to the kinematic viscosity of the core fluid by equating the timescale
for the damping of a differential velocity between core and mantle to the timescale for
the relaxation of the differential motion of a fluid inside a rotating, closed container of
radius R.[T = R./(rv)'/?] (Greenspan and Howard 1963). [Further details in calculat-
ing the timescales in (8) were given by Peale (2005).] The analytical expressions for the
timescales shown in (8) are verified by numerical integration of the complete equations
of motion for v =0.01 cm?s™! and k,/Q, = 0.004, values that yield the numerical es-
timates on the right-hand sides of these equations. The value of v is in the middle of a
rather small range estimated for the Earth’s core (de Wijs et al. 1998), and the value of
k2/ Q, is comparable to that appropriate to Mars (Smith and Born 1976; Yoder et al. 2003;
Bills et al. 2005).

The timescales for damping the free libration in longitude and the free precession are
both short compared with the age of the solar system, so ordinarily we would expect both to
be damped to undetectable magnitudes. However, the small variations in the orbital elements
due to the planetary perturbations induce long periods of forced librations dominated by a
5.93-year variation, which is half of Jupiter’s orbital period (Peale et al. 2007). There will
also be a small amplitude variation near the free libration period of about 12 years due to a
near resonance of the orbital variations at Jupiter’s orbital period. This latter variation may
have been seen in the recent radar data (Margot et al. 2007).

Because the forced physical libration period is much shorter than that of the free libration,
any measurable amplitude of the latter will not compromise the determination of the for-
mer’s amplitude. The physical libration will simply be superposed on the longer-period free
libration as shown in Fig. 2. However, a significant amplitude of the free precession would
mean that the spin axis would not be coincident with the Cassini state, and the thereby uncer-
tain position for the latter would make the determination of C/M R? via the second equation
in (2) more uncertain. If Mercury’s spin is in the Cassini state, it is coplanar with the orbit
normal and the Laplace plane normal. The straight line in Fig. 3 represents the intersection
of the plane defined by the orbit normal and the Laplace plane normal with the unit sphere
centered on the coordinate system origin. Then the spin axis would intersect the unit sphere
at a point on this line. If there is a finite-amplitude free precession, the spin axis would be
offset from this position on a circular precession trajectory at some arbitrary phase. Figure 3
shows an example position determined observationally that would be indicative of a free
precession along with a segment of its precession trajectory.
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4.5 The Changing Cassini State Position

There is another possible deviation of the spin axis from the Cassini state in addition to a
free precession. The second equation in (2) shows the dependence of the Cassini state on
the orbital parameters, which includes the orientation of the Laplace plane. The variation
in the orbital parameters due to planetary perturbations, and the similarly slow change in
the geometry of the planets, means that the position of the Laplace plane and of the Cassini
state will change on the same timescales. However, an action integral, which is proportional
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to the solid angle swept out by the spin vector as it precesses around the Cassini state, is an
adiabatic invariant if the precession is fast relative to the slow changes in the parameters that
define the Cassini state (Goldreich and Toomre 1969; Peale 1974). As the timescales for the
slow variations usually exceed 10° y and the precession period is 500 or 1,000 y, one expects
the adiabatic invariant to keep the spin close to the instantaneous value of the Cassini state
as the latter’s position slowly changes. The adiabatic invariant is not conserved for the short-
period fluctuations in the orbital elements. However, these short-period fluctuations are of
small amplitude, and one expects the deviations of the spin vector from the Cassini state to be
commensurate with these amplitudes. The increasing precision of the radar determinations
of Mercury’s spin properties, and that anticipated for the MESSENGER mission, warrant a
check on just how closely the spin axis follows the changing position of the Cassini state.
By following simultaneously the spin position and the Cassini state position dur-
ing long-timescale orbital variations over the past 3 My (Quinn et al. 1991) and short-
timescale variations for 20,000 y (Jet Propulsion Laboratory Ephemeris DE 408, E.M.
Standish, private communication 2005), Peale (2006) showed that the spin axis remains
within one arcsec of the Cassini state after it is brought there by dissipative torques.
In Fig. 4 the variations of Mercury’s eccentricity and inclination to the ecliptic of year
2000 are shown for the last 3 x 10° y from data obtained from a simulation by T. Quinn
(ftp://ftp.astro.washington.edu/pub/hpcc/QTD). On this same timescale, the ascending node
of the orbit plane on the ecliptic generally regresses, with fluctuations in the rate. The
Quinn data have been filtered to eliminate periods less than 2,000 y. It is therefore nec-
essary to check also the effect of short-period variations. Figure 5 shows the variation
of e, I, and 2 over the 20,000-y time span of the JPL DE 408 ephemeris, where €2 is
the longitude of the ascending node of the orbit plane on the ecliptic. Short-period fluc-
tuations are superposed on the almost linear trend of these variables, where the ampli-
tudes are comparable to the line widths. Generally, the parameters e, I, 2, dI/dt, and
dQ/dt affect the Cassini state position. The angular velocity of the orbit plane can be
represented by the vector sum of dI/dt and d2/dt averaged over a suitable interval,
say 2,000 y. This angular velocity, while suitable for use in the equations of motion,
is not the instantaneous value of w in the second equation of (2), since another con-
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straint is necessary to determine the Laplace plane orientation (Yseboodt and Margot 2006;
Peale 2006).

The equations of variation of the spin position in the orbit frame of reference are numer-
ically integrated with the five parameters e, I, 2, dI/dt, and d2/dt determined at arbitrary
times from spline fits to the data. The position of the Cassini state is followed simultane-
ously, and the proximity of the spin to the Cassini state is determined as a function of time.
Since dissipation will drive the spin to the Cassini state, we start the spin in this state initially
and allow the evolution to proceed. The angle § between the spin and Cassini state positions
is shown in Fig. 6 for both the long- and short-timescale variations in the orbital parameters.
The fluctuations in § are generally <1” as asserted earlier. If the spin is started somewhat
displaced from the Cassini state, the initial displacement is maintained to within 1” as the
spin precesses around the Cassini state, which is consistent with the adiabatic invariance of
the solid angle described by the spin. Aside from superposed, small-amplitude fluctuations,
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an initial displacement for the short-period orbital variations is also maintained to the same
precision.

It is apparent that the real orbital element variations will not cause the spin to deviate
from the Cassini state by more than 1”, even with no damping. This conclusion leaves an
unlikely free precession as the only reason the spin vector might be displaced from the
Cassini state by a measurable amount unless tidal and core—mantle dissipation displaces
the spin significantly such as that which occurs for the Moon (Williams et al. 2001). The
experiment to determine the nature and extent of Mercury’s core from the details of the
rotation is thus likely to be successful.

5 Magnetic Field: Observations and Possible Explanations
5.1 Observations from Mariner 10

Two of the three flybys of Mercury by the Mariner 10 spacecraft resulted in the surpris-
ing measurement of a planetary magnetic field and magnetosphere (Ness et al. 1974, 1975,
1976). Mercury’s magnetosphere, reviewed in a companion paper (Slavin et al. 2007), ex-
hibits a bow shock and a magnetopause, which are manifest as well-resolved discontinuities
in the Mariner 10 magnetometer and plasma observations (Russell et al. 1988). The magnetic
field is characterized by a dominantly dipolar structure with the same polarity as Earth’s
present field. Mercury’s field is aligned approximately with the ecliptic normal and has a
moment of 300 nT-R;, (Connerney and Ness 1988). Because of its intensity, the observed
field cannot be a consequence of solar wind induction (Herbert et al. 1976) and is likely
of internal origin (Ness et al. 1975, 1976). Two possible interpretations of an internal field
include remanent magnetization of Mercury’s crust and a present-day dynamo generated in
a liquid iron core.

5.2 Remanent Magnetization

Thermoremanent magnetization acquired by igneous rocks that cooled below the Curie tem-
perature of mineral magnetic carriers during the presence of an ambient field has been doc-
umented on Earth, the Moon, and Mars and can be expected for at least some areas of the
crust of Mercury. Remanence has the appealing feature that it could explain the Mariner 10
observations in the event that Mercury’s core has either solidified or is partially liquid but
is not sufficiently well-stirred by convection to generate dynamo action (Stevenson 1983;
Stevenson et al. 1983). A crustal source for Mercury’s field was originally dismissed (Ness
1978, 1979; Connerney and Ness 1988), but new planetary magnetic observations combined
with experiment and theory have collectively caused the possibility to be revisited (Aharon-
son et al. 2004).

First, large coherent structures with sufficiently high remanent magnetization to explain
the Mariner 10 observations were not believed to exist in the terrestrial planets. However, the
Mars Global Surveyor mission has since provided magnetic observations of Mars pointing
to a crustal field of high specific magnetization (~20 Am~") (Acufia et al. 1998, 1999, 2001)
with horizontal scales for coherence of magnetization direction of hundreds of kilometers. In
addition, laboratory experiments have shown that single- and multidomain thermoremanent
magnetization in some iron oxide-rich minerals can be significant (Kletetschka et al. 2000a,
2000b). Although highly oxidized minerals (hematite, magnetite) may not be present in the
FeO-poor, water-poor crust of Mercury, other magnetic minerals such as pyrrhotite are more
likely to be present and can potentially carry magnetic remanence (Rochette et al. 2001).
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Another reason for excluding remanence derived from a simple theorem in mag-
netostatics (Runcorn 1975a, 1975b): a uniform shell magnetized by an internal source
subsequently removed has no external field. This theorem, known as Runcorn’s theo-
rem, dictates that even if magnetic minerals were present in Mercury’s crust, they could
not produce an external remanent field if they were distributed uniformly (Srnka 1976;
Stephenson 1976). However, it has recently been shown (Aharonson et al. 2004) that lat-
itudinally and longitudinally varying solar insolation could lead to long-wavelength varia-
tions in the depth to the Curie temperature, and thus the spatial distribution and intensity
of remanent magnetization. As is apparent from Fig. 1, Mercury’s 3 : 2 spin orbit resonance
causes the planet to have two equatorial “hot poles,” at 0° and 180° longitude. In addition,
Mercury’s surface temperature also varies latitudinally, with the greatest insolation at low
latitudes. Figure 7 shows the expected latitudinal pattern of surface temperature on Mercury
at two longitudes. Because of solar insolation and Mercury’s rotational and orbital orienta-
tions, therefore, surface temperature is a maximum at the equator and decreases toward the
north and south poles.

Such a crustal thermal structure breaks the previously assumed symmetry of Mercury’s
magnetized shell and allows for the possibility that the planet could have “frozen in” a mag-
netic field. Aharonson et al. (2004) recognized that the expected remanent signature would
have a dipolar component, as observed for Mercury. While the analysis of Aharonson et al.
does not prove that Mercury’s magnetic field is a consequence of remanence, it removes
previous objections to the idea and broadens the currently allowable thermophysical range
of the current core state. Stanley et al. (2005) discussed how MESSENGER could resolve
the internal vs. crustal origin of the field. The power spectrum of the field measured by
MESSENGER will provide insight into its origin, as would the detection of any tempo-
ral variability, which would point to an internally generated dynamo. If the field structure
correlates with gravity indicating topography at the CMB, then a thermoelectric dynamo
(Stevenson 1987) would be favored (Giampieri and Balogh 2002). Finally, small-scale mag-
netic structure with a shallow source depth would point to a crustal remanent field.

The question of the timescales of magnetic reversal versus crustal cooling remains to
be addressed in future testing of this hypothesis. Reversal timescales can in principle be
estimated from numerical dynamo models (e.g., Glatzmaier and Roberts 1995), and these
can be compared to models of crustal cooling (Turcotte and Schubert 1982).

@ Springer



122 M.T. Zuber et al.

5.3 Core Dynamo Models

An active dynamo source for Mercury’s field has been viewed as problematic because of dis-
crepancies between the observed field’s magnitude and theoretical estimates of the magnetic
field strength produced by an Earth-like dynamo. Specifically, an Earth-like dynamo, driven
by thermo-compositional core convection, would be expected to produce a much stronger
field than observed at Mercury (Stevenson 1987; Schubert et al. 1988).

There are two independent methods for estimating the magnetic field strength generated
by a dynamo. The first method, energy balance, involves balancing the gravitational energy
release driving the dynamo and the ohmic energy dissipated through electrical currents.
Using thermal evolution models for Mercury to estimate the gravitational energy, magnetic
field strengths of the order of 10°—107 nT are obtained (Stevenson et al. 1983; Stevenson
1987).

The second method, magnetostrophic balance, relies on assuming that Mercury’s dynamo
operates in the strong-field regime where the Lorentz force balances the Coriolis force. This
balance results in an estimate for the magnetic field of B = (2y/ pRey/o)'/2, where B is
the magnetic field, v/ is the planetary rotation rate, p is density, o is electrical conductivity,
Rey = UL /n is the magnetic Reynolds number, 7 is the magnetic diffusivity, U is a typical
velocity scale, and L is a typical length scale. For a magnetic Reynolds number Re,, on the
order of 10-1,000 (10 is the minimum Re,, value for dynamo action), the estimated field
strength is in the same range as obtained using energetic arguments.

The magnetic field estimates provided by these two methods do not immediately conflict
with the observed field value since the estimate is of the field strength in the fluid core,
rather than at some distance outside the core where the observations are made. Because the
magnetic field is solenoidal, the core field can be represented in spherical harmonics using
the toroidal-poloidal decomposition

B=Br+Bp=V xTi+Vx(VxPF), ©)

where B and Bp are the toroidal and poloidal field components, respectively, T and P are
the toroidal and poloidal scalars, respectively, and 7 is a unit vector in the radial direction.
Because the toroidal field has no radial component, it is not observable outside the conduct-
ing core and only the poloidal field is measured outside the dynamo generation region. The
magnetic field estimate given by the energy and magnetostrophic balance arguments per-
tains to the dominant magnetic field component in the core. Since the poloidal field at the
core mantle boundary inferred from the measured magnetic dipole intensity cannot match
the magnetic field estimates, it is most likely that the toroidal field is dominant in the core
(unless the poloidal field inside the core is significantly larger than both the toroidal field in
the core and the poloidal field at the core-mantle boundary).

A problem arises when one compares the dipole field strength at Mercury’s core—mantle
boundary, which is assumed to be representative of the poloidal field strength at the CMB, to
the toroidal field strength in Mercury’s core, estimated using the energy or magnetostrophic
balance arguments. The ratio of these fields is Bgip/Br ~ 1072—10~*. From a similar analy-
sis of Earth’s dynamo, Bgi,/Br ~ 10!, These dynamo solutions for Mercury are problem-
atic, because it appears that Mercury’s dynamo produces a much smaller Bg;,/ B ratio than
Earth’s dynamo and it is unclear why this should be the case.

Additional testing of the viability of Mercury’s magnetic field as a consequence of a
core dynamo requires consideration of observed and expected field properties for the end-
member thin-shell and thick-shell core geometries (see Fig. 8), where shell size reflects the
thickness of the liquid iron region relative to the total core radius.
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Fig. 8 Schematics of (a) thin-shell and (b) thick-shell dynamo models. Here R; is the radius of the solid
inner core, R, is the radius of the liquid outer core, x = R;/R,, and 67¢ defines the angular size of the
tangent cylinder

5.3.1 Thin-Shell Dynamo Models

One possible explanation for the difference in field partitioning is that Mercury’s dynamo
operates in a different core geometry than does Earth’s. Thermal evolution models for Mer-
cury (Stevenson et al. 1983; Stevenson 1987; Schubert et al. 1988) suggest that its core
might consist of a thin fluid shell surrounding a large solid inner core. This thin-shell dy-
namo geometry is different from the thick-shell geometry of Earth’s core (R; /R, ~ 0.35), a
distinction that may lead to differences in the magnetic fields they produce.

A recent study (Stanley et al. 2005) of magnetic field partitioning and characteristics for
various outer core shell thicknesses and Rayleigh numbers using a numerical dynamo model
(Kuang and Bloxham 1997, 1999) demonstrated that some thin-shell dynamos can produce
average Bgip/Br ratios of ~1072. These ratios are variable in time and can be as low as
~1073, consistent with the theoretical values for Mercury. In these dynamos, both the ratio
of poloidal field to toroidal field in the core (Bp/Br) and the ratio of dipole field at the CMB
to poloidal field in the core (Bgip/Bp) are smaller than the Earth-like case.

In these thin-shell dynamo models, illustrated in Fig. 9, a strong, stable toroidal field is
maintained inside the tangent cylinder through differential rotation. Little convection occurs
in this region, and hence little poloidal field is produced from the strong toroidal field inside
the tangent cylinder. Outside the tangent cylinder, only a few convection columns are present
that can produce poloidal magnetic field from toroidal field. However, the toroidal field is
much weaker in this region and very time dependent. The combination of a few convection
cells and a weak toroidal field results in a much weaker and smaller-scale poloidal field
produced in this region.

These Mercury-like dynamos occur over limited ranges of shell thickness and Rayleigh
number. Such dynamos require both a thin-shell geometry in order to restrict the convection
columns to the small region outside the tangent cylinder, so that they are not effective at
interacting with toroidal field, as well as a relatively low Rayleigh number (close to the
critical value for the onset of strong field dynamo action), so that convection is not yet
generated inside the tangent cylinder. In intermediate shell geometries, the region inside the
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Fig. 9 Snapshot from the R; /R, = 0.8 case of Stanley et al. (2005). (a) Contours of the magnetic field on
the CMB. (b) Contours of axial vorticity in the equatorial plane viewed from above. (¢) Meridional slices
showing (left) contours of the axisymmetric toroidal magnetic field and (right) the axisymmetric poloidal
magnetic field lines. Because the poloidal field is far weaker than the toroidal field, the two vector fields are
contoured independently in this figure. The colorbar in (a) applies to (b) and the left half of (c) as well

-

— i

tangent cylinder is smaller and convection columns outside the tangent cylinder can interact
with the majority of the toroidal field. At larger Rayleigh numbers, convection inside the
tangent cylinder is effective at producing a strong poloidal field there, and hence Earth-like
partitioning results.

5.3.2 Thick-Shell Dynamo Models

Recent thermal evolution modeling for Mercury has shown that the present ratio of the
solid inner core radius to its outer core radius (R;/R,) is a sensitive function of core sulfur
content and initial core temperature (Harder and Schubert 2001; Hauck et al. 2004). These
results suggest that thick-shell dynamo models may be relevant to Mercury. Numerical sim-
ulations have been carried out to determine how dynamo action varies for a wide range of
core geometries (Heimpel et al. 2005), covering R; /R, = 0.15 to 0.65. In these simulations,
illustrated in Fig. 10, weak external magnetic fields, comparable to that observed for Mer-
cury, are produced in strong-field, thick-shell cases with R; /R, = 0.10—0.20. The ratio of
Bp/Br is ~1072 in the case with R;/R, = 0.15. In contrast, cases with intermediate core
geometries between R;/R, = 0.25 and 0.65 generate strong external dipole fields that are
more Earth-like than the thick-shell cases.

For thick-shell dynamos (with R; /R, < 0.25), a single turbulent convection column is
the preferred mode of convection. This single columnar structure dominates the poloidal
flow in this simulation. Helical flow within the column acts locally to generate a poloidal
magnetic field. A strong retrograde zonal flow also exists throughout the region outside the
tangent cylinder. This strong zonal flow shears out the poloidal field into a toroidal magnetic
field. Because poloidal field generation occurs only in a single, localized region, the total
poloidal field energy is small. In contrast, the large-scale zonal shearing efficiently induces
a strong large-scale toroidal magnetic field.

It should be noted that a similar mechanism operates in both the thin-shell R; /R, = 0.80
model of Fig. 9 (Stanley et al. 2005) and the thick-shell R;/R, = 0.15 model of Fig. 10
(Heimpel et al. 2005). Columnar convection generates the poloidal magnetic field in a rel-
atively small portion of the core fluid, whereas toroidal magnetic field is induced by large-
scale zonal flows that occur over a much larger fractional volume of the core. Thus, in both
cases, the poloidal magnetic field is much weaker than the toroidal field because poloidal
magnetic field generation is generated efficiently only in a small, localized region.

Magnetic field observations by MESSENGER should be able to distinguish between
thick- and thin-shell dynamo scenarios. In both cases, localized strong radial magnetic
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Fig. 10 Snapshot from the R; /R, = 0.15 case of Heimpel et al. (2005). (a) Contours of the magnetic field
on the CMB. (b) Contours of axial vorticity in the equatorial plane, viewed from above. Arrows denote
equatorial velocity vectors. The region of intense vorticity marks out the single turbulent convection column
that develops in this model. The large-scale spiraling structure away from the convective region marks out
the region of zonal shear. (¢) Meridional slices showing (left) contours of the axisymmetric toroidal magnetic
field and (right) the poloidal magnetic field lines. Because the poloidal field is far weaker than the toroidal
field, the two vector fields are contoured independently in this figure

flux patches are produced outside the tangent cylinder where the convection cells gener-
ate poloidal field from toroidal field. Since the size of the tangent cylinder depends on
the inner core size, the thin- and thick-shell core geometries have different tangent cylin-
ders. The intersection of the tangent cylinder with the core—mantle boundary in a thick-shell
geometry occurs at much higher latitudes (~81° in the Heimpel et al. models) than in the
thin-shell case (~37° in the Stanley et al. models). If MESSENGER can determine the ap-
proximate latitude of these magnetic flux patches, it will be possible to determine the size
of the tangent cylinder and hence whether the dynamo operates in a thick- or thin-shell
geometry. Another difference between the thick- and thin-shell numerical models that may
be of help in determining Mercury’s core geometry is the tilt of the dipole component. The
Stanley et al. thin-shell models have dipole tilts that vary significantly in time and can be
quite large. In contrast, the Heimpel et al. models have a small dipole tilt that varies little in
time. Finally, the tangent cylinder is the site of a shear boundary layer in many models of
core flow. Such a large-scale shear can produce latitudinal gradients in secular variation that
may be inverted to estimate the geometry of Mercury’s core (e.g., Olson and Aurnou 1999;
Pais and Hulot 2000).

6 Thermal Evolution Models
6.1 Mantle Structure and Dynamics

The possibility that Mercury’s magnetic field is a consequence of a core dynamo would
require that the planet’s metallic core is at present at least partially molten. For thermal
evolution models in which core—mantle differentiation occurred early and the core is either
pure iron or an iron-nickel solid solution, an initially molten core should have frozen out by
now (Siegfried and Solomon 1974; Cassen et al. 1976; Fricker et al. 1976).

Current understanding of Mercury’s internal evolution has been developed in large part
through simulation of long-term heat transfer through the planet’s mantle. These models
incorporate either, or both, conductive and convective mechanisms for heat loss during Mer-
cury’s history. Since the Mariner 10 flybys, modeling has provided insights into: (1) the
planet’s interior evolution within the constraint of (limited) global contraction as inferred
from lobate scarps observed in images and interpreted as contractional in origin (Strom et
al. 1975), and (2) the existence of an intrinsic magnetic field (Ness et al. 1975). Early mod-
els were based on the assumption that Mercury’s mantle lost heat exclusively by conduction
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and were important in establishing the significance of an alloying element in Mercury’s
large core to forestall complete core solidification and the accompanying ~17 km of plane-
tary contraction that would result [~15 times more than that inferred from the lobate scarps
(e.g., Solomon 1976)]. Furthermore, the necessity of a partially molten core in order to sat-
isfy contraction estimates was also consistent with the requirement for a core dynamo origin
for the magnetic field (i.e., an electrically conductive fluid shell).

Widespread recognition that terrestrial planetary mantles could be unstable to convec-
tion (Schubert et al. 1979) led to further work on Mercury’s thermal evolution (Stevenson
et al. 1983; Schubert et al. 1988). As would be expected, models that included the more
efficient planetary cooling provided by mantle convection confirmed that a modest amount,
at least 2-3 weight%, of an alloying element such as sulfur is necessary to limit contraction.
However, it has also been demonstrated that even the enhanced cooling of mantle convec-
tion might not be sufficient to drive the core convection necessary for a modern dynamo
(Schubert et al. 1988).

6.2 Parameterized Mantle Convection

A recent reanalysis of the thermal evolution of Mercury (Hauck et al. 2004) extended the
parameterized mantle convection technique used in earlier studies to include the energet-
ics of mantle partial melting and temperature- and pressure-dependent flow laws for man-
tle materials. This class of model is also able to account for the conductive transport of
heat in the mantle when the thermal Rayleigh number is subcritical for convection. Such
a transition from early convective to later conductive heat transport is directly applicable
to Mercury’s thin mantle, a transition that tends to stabilize it against convection relative
to the other terrestrial planets. The time of such a convection-to-conduction transition de-
pends on the details of mantle material properties such as rheology and the concentration
of heat-producing elements, though a principal result is that the relatively low efficiency of
cooling via conduction is an important element of models capable of satisfying the small
amount of contractional strain recorded in lobate scarps (Hauck et al. 2004). As illustrated
in Fig. 11, that study also demonstrated that models that strictly satisfied the dual require-
ments of ~1—2 km of radial contraction since 4 Ga and a modern fluid outer core had >6.5
weight% sulfur content in the core, a creep-resistant (i.e., anhydrous) flow law for mantle
material, and heat production provided primarily by the very long-lived isotope 232 Th. Fig-
ure 12 shows the timing of the transition from mantle convection to conduction as a function
of bulk core sulfur content. At low sulfur contents most of the models have an inner core
when the model starts; the size of the initial inner core decreases as sulfur content increases.
Increasing sulfur content toward the peak at ~7 weight % sulfur results in a greater volume
of inner core crystallizing over the age of the solar system. Past the peak, the effect of the
adopted initial temperature profiles and core states is not apparent. The behavioral transi-
tion at ~7 weight % sulfur is probably controlled by the volume of core crystallized and
underscores the need to couple core and mantle evolution in modeling.

The dominance of 2*2Th in heat production in these models is predicted for the silicate va-
porization scenario for Mercury’s anomalously high iron-silicate ratio (Fegley and Cameron
1987). However, if the radial contraction is underestimated by even a factor of two, includ-
ing unrecognized mechanisms such as low-amplitude, long-wavelength folding that might
accommodate strain in addition to that localized and recorded in the lobate scarps, then the
concentration of heat-producing elements is unconstrained, though the bulk sulfur content of
the core would likely need to be greater than about 6 weight% to prevent greater contraction
(Hauck et al. 2004). Thermal convection in the outer core, a prerequisite for some dynamo
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models, is possible only under limited conditions: a weak (e.g., wet) mantle flow law, large
sulfur content of the core, and global contraction a factor of two or more greater than current
estimates. The likelihood and importance of heat production from “°K in the core (Murthy et
al. 2003) have not been thoroughly assessed for Mercury. Compositionally induced convec-
tion, fueled by the sinking of solid iron-nickel in a cooling outer core in which light-element
(e.g., sulfur) enrichment progressively increases, eases these restrictions considerably and
may be favored if Mercury’s magnetic field has a dynamo origin.
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7 Looking Ahead

Constraints on obliquity and libration provided by Earth-based radar (Margot et al. 2007)
prior to MESSENGER will allow improved a priori estimates of these parameters, permit-
ting more accurate measurements to be recovered by MESSENGER. These, combined with
improved estimates of the degree-two gravitational harmonic coefficients from radio track-
ing of the MESSENGER spacecraft (Srinivasan et al. 2007), along with refined geochemical
models enabled by MESSENGER observations of surface chemistry (Boynton et al. 2007),
will permit a direct estimate of Mercury’s core size. Any difference (or not) in the forced li-
bration of Mercury’s surface and deep interior as determined by tracking the libration in the
long-wavelength topography and gravity fields, respectively, will allow the viscous coupling
of the lithosphere and deep interior to be estimated (Zuber and Smith 1997). An improved
knowledge of the present core state will allow reconstructions of the planet’s thermal evolu-
tion over time to be sharpened.

Recent observational evidence that Mercury has a liquid outer core (Margot et al. 2007)
strengthens the hypothesis that the planet’s magnetic field is generated by a dynamo, though
it does not invalidate the possibility that a remanent crustal field could potentially contribute
to the field observed by Mariner 10 (Stephenson 1976; Aharonson et al. 2004). The current
state of dynamo modeling demonstrates that a dynamo solution for Mercury’s magnetic field
is possible on the grounds that both thin-shell and thick-shell dynamos can produce fields
with Mercury-like partitioning of toroidal and poloidal fields. However, the success of these
models does not rule out crustal magnetization or a thermoelectric dynamo (see Stevenson
1987) as the source of Mercury’s field. Future measurements of Mercury’s magnetic field
by the MESSENGER mission should resolve the issue. If any field variability in time is
observed, then an active dynamo source will be indicated. If the field structure is correlated
with gravity signatures at wavelengths appropriate to topography at the core—mantle bound-
ary, then a thermoelectric dynamo will be the most likely answer (Giampieri and Balogh
2002). Any small-scale structure with shallow source depths is crustal in origin. If no time
variation is detected, such a result would not rule out a dynamo source; rather it would mean
that the timescale of secular variation is longer than the length of time the observations have
been carried out. Determining whether the field is crustal or dynamo generated in this case
may be possible if evidence of an effect due to the tangent cylinder is seen. If the charac-
ter of the magnetic field is different inside and outside the tangent cylinder due to different
convection patterns in these regions, then a dynamo source for the field may be indicated.

The Mercury Planetary Orbiter spacecraft in the BepiColombo mission, expected to
explore Mercury subsequent to MESSENGER, is planned to be in a comparatively low-
eccentricity orbit with an equatorial periapsis (Grard and Balogh 2001). If implemented as
currently planned, BepiColombo will provide much-improved altimetric and gravitational
coverage of the southern hemisphere of Mercury, allowing global models of crustal and
lithosphere structure and refinement of rotational state. Measurements of Mercury’s mag-
netic field, coupled with those made by MESSENGER, will extend the temporal baseline
over which temporal variations in the internal field may be discernable. These observations
will collectively allow a fuller assessment of the relationship between Mercury’s core state
and the planet’s thermal and geologic evolution.
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Abstract The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MES-
SENGER) mission to Mercury offers our first opportunity to explore this planet’s miniature
magnetosphere since the brief flybys of Mariner 10. Mercury’s magnetosphere is unique in
many respects. The magnetosphere of Mercury is among the smallest in the solar system;
its magnetic field typically stands off the solar wind only ~1000 to 2000 km above the sur-
face. For this reason there are no closed drift paths for energetic particles and, hence, no
radiation belts. Magnetic reconnection at the dayside magnetopause may erode the subsolar
magnetosphere, allowing solar wind ions to impact directly the regolith. Inductive currents
in Mercury’s interior may act to modify the solar wind interaction by resisting changes
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due to solar wind pressure variations. Indeed, observations of these induction effects may
be an important source of information on the state of Mercury’s interior. In addition, Mer-
cury’s magnetosphere is the only one with its defining magnetic flux tubes rooted beneath
the solid surface as opposed to an atmosphere with a conductive ionospheric layer. This
lack of an ionosphere is probably the underlying reason for the brevity of the very intense,
but short-lived, ~1-2 min, substorm-like energetic particle events observed by Mariner 10
during its first traversal of Mercury’s magnetic tail. Because of Mercury’s proximity to the
sun, 0.3-0.5 AU, this magnetosphere experiences the most extreme driving forces in the
solar system. All of these factors are expected to produce complicated interactions involv-
ing the exchange and recycling of neutrals and ions among the solar wind, magnetosphere,
and regolith. The electrodynamics of Mercury’s magnetosphere are expected to be equally
complex, with strong forcing by the solar wind, magnetic reconnection, and pick-up of plan-
etary ions all playing roles in the generation of field-aligned electric currents. However,
these field-aligned currents do not close in an ionosphere, but in some other manner. In
addition to the insights into magnetospheric physics offered by study of the solar wind-
Mercury system, quantitative specification of the “external” magnetic field generated by
magnetospheric currents is necessary for accurate determination of the strength and multi-
polar decomposition of Mercury’s intrinsic magnetic field. MESSENGER’s highly capable
instrumentation and broad orbital coverage will greatly advance our understanding of both
the origin of Mercury’s magnetic field and the acceleration of charged particles in small
magnetospheres. In this article, we review what is known about Mercury’s magnetosphere
and describe the MESSENGER science team’s strategy for obtaining answers to the out-
standing science questions surrounding the interaction of the solar wind with Mercury and
its small, but dynamic, magnetosphere.

Keywords Planetary magnetospheres - Reconnection - Particle acceleration - Substorms -
Mercury - MESSENGER

1 Introduction: What Do We Presently Know and How Do We Know It?

Launched on November 2, 1973, Mariner 10 (M10) executed the first reconnaissance of
Mercury during its three encounters on March 29, 1974, September 21, 1974, and March
16, 1975 (see reviews by Ness 1979; Russell et al. 1988; Slavin 2004; Milillo et al. 2005).
All flybys occurred at a heliocentric distance of 0.46 AU, but only the first (Mercury I) and
third (Mercury III) encounters passed close enough to Mercury to return observations of
the solar wind interaction and the planetary magnetic field. The first encounter targeted the
planetary “wake” and returned surprising observations that indicate a significant intrinsic
magnetic field. The closest approach to the surface during this passage was 723 km where a
peak magnetic field intensity of 98 nT was observed (Ness et al. 1974). During Mercury I the
magnetic field investigation observed clear bow shock and magnetopause boundaries along
with the lobes of the tail and the cross-tail current layer (Ness et al. 1974, 1975, 1976).
The Mercury III observations were of great importance because they confirmed that the
magnetosphere was indeed produced by the interaction of the solar wind with an intrinsic
planetary magnetic field. Once corrected for the differing closest approach distances, the
polar magnetic fields measured during Mercury III are about twice as large as those along
the low-latitude Mercury I trajectory, consistent with a primarily dipolar planetary field.
Magnetic field models derived using different subsets of the Mariner 10 data and various
assumptions concerning the external magnetospheric magnetic field indicate that the tilt of
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the dipole relative to the planetary rotation axis is about 10°, but the longitude angle of the
dipole is very poorly constrained (Ness et al. 1976).

The plasma investigation was hampered by a deployment failure that kept it from re-
turning ion measurements. Fortunately, the electron portion of the plasma instrument did
operate as planned (Ogilvie et al. 1974). Good correspondence was found between the mag-
netic field and plasma measurements as to the locations of the Mercury I and III bow shock
and magnetopause boundaries. Plasma speed and density parameters derived from the elec-
tron data produced consistent results regarding bow shock jump conditions and pressure
balance across the magnetopause (Ogilvie et al. 1977; Slavin and Holzer 1979a). Within
Mercury’s magnetosphere, plasma density was found to be higher than that observed at Earth
by a factor comparable to the ratio of the solar wind density at the orbits of the two planets
(Ogilvie et al. 1977). Similar correlations are observed between solar wind and plasma sheet
density at Earth (Terasawa et al. 1997). Throughout the Mercury I pass plasma sheet-type
electron distributions were observed with an increase in temperature beginning near closest
approach coincident with a series of intense energetic particle events (Ogilvie et al. 1977;
Christon 1987).

Several groups have estimated the magnetic moment of Mercury from the observations
made during Mercury I and III. Conducting a least-squared fit of the Mercury I data to an
offset tilted dipole, Ness et al. (1974) obtained a dipole moment of 227 nTR3,, where Ry, is
Mercury’s radius (1 Ry, = 2439 km), and a dipole tilt angle of 10° relative to the planetary
rotation axis. Ness et al. (1975) considered a centered dipole and an external contribution
to the measured magnetic field and found the strength of the dipole to be 349 nTwa from
the same data set. From the Mercury III encounter observations these authors determined a
dipole moment of 342 nTR;, (Ness et al. 1976). Higher-order contributions to the internal
magnetic field were examined by Jackson and Beard (1977) (quadrupole) and Whang (1977)
(quadrupole, octupole). Both sets of authors reported 170 nTR3, as the dipole contribution
to Mercury’s intrinsic magnetic field. The cause for the large spread in the reported estimates
of the dipole term is the limited spatial coverage of the observations, which is insufficient
for separating the higher-order multipoles (Connerney and Ness 1988), and variable mag-
netic field contributions from the magnetospheric current systems (Slavin and Holzer 1979b;
Korth et al. 2004; Grosser et al. 2004).

Mercury’s magnetosphere is one of the most dynamic in the solar system. A glimpse of
this variability was captured during the Mercury I encounter. Less than a minute after M10
entered the plasma sheet during this first flyby there was a sharp increase in the B, field
component (Ness et al. 1974). The initial sudden B, increase and subsequent quasi-periodic
increases are nearly coincident with strong enhancements in the flux of >35 keV electrons
observed by the cosmic ray telescopes (Simpson et al. 1974; Eraker and Simpson 1986;
Christon 1987). Taken together, these M10 measurements are very similar to the “dipo-
larizations” of the near-tail magnetic field frequently observed in association with en-
ergetic particle “injections” at Earth (Christon et al. 1987). This energetic particle sig-
nature, and several weaker events observed later in the outbound Mercury I pass, was
interpreted as strong evidence for substorm activity and, by inference, magnetic recon-
nection in the tail (Siscoe et al. 1975; Eraker and Simpson 1986; Baker et al. 1986;
Christon 1987).

The stresses exerted on planetary magnetic fields by magnetospheric convection are
transmitted down to the planet and its environs by Alfven waves carrying field-aligned cur-
rent (FAC). At planets with electrically conductive ionospheres, such as the Earth, Jupiter,
and Saturn, these current systems are well observed and transfer energy to their ionospheres,
an important energy sink as well as serving as a “brake” that limits the speed and rate
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of change of the plasma convection (Coroniti and Kennel 1973). Mercury’s atmosphere,
however, is a tenuous exosphere, and no ionosphere possessing significant electrical con-
ductance is present (Lammer and Bauer 1997). For these reasons, the strong variations in
the east-west component of the magnetic field measured by M 10 during the Mercury I pass
several minutes following the substorm-like signatures may be quite significant. These per-
turbations were first examined by Slavin et al. (1997), who concluded that the spacecraft
crossed three FAC sheets similar to those often observed at the Earth (lijima and Potemra
1978). The path by which these currents close is not known, but their existence may indicate
that the conductivity of the regolith is greater than is usually assumed (e.g., Hill et al. 1976)
or other closure paths exist (Glassmeier 2000).

Another unique aspect of Mercury concerns the origin of its very tenuous, collisionless,
neutral atmosphere (e.g., Goldstein et al. 1981). Three exospheric neutral species, Na, K,
and Ca, have been measured spectroscopically from the Earth (Potter and Morgan 1985,
1986; Bida et al. 2000), and three other species, H, He, and O, were observed by Mariner
10 (Broadfoot et al. 1976). The large day-to-day variability in the sodium and potassium
exosphere at Mercury, including changes in both total density and global distribution, are
quite striking and may be linked to dynamic events in the solar wind and their effect on the
magnetosphere. For example, Potter et al. (1999) suggested that the underlying cause of the
large day-to-day changes in the neutral exosphere might be the modulation of the surface
sputtering rates by variations in the spatial distribution and intensity of solar wind proton
impingement on the surface. Our present understanding of Mercury’s neutral atmosphere
and the contributions that the MErcury Surface, Space ENvironment, GEochemistry, and
Ranging (MESSENGER) mission will make to this discipline are the subject of a companion
paper (Domingue et al. 2007).

2 MESSENGER Science Instruments

The MESSENGER spacecraft, instrument payload, and mission plan have been described
elsewhere (Gold et al. 2001). Here we provide a brief overview to emphasize the nature
of the measurements to be returned and how they will be used to achieve the mission’s
scientific objectives (Solomon et al. 2001, 2007). The MESSENGER spacecraft is shown in
Fig. 1. A key aspect of its design is the presence of a large sunshade that faces sunward when
the spacecraft is closer than 0.9 AU to the Sun. The spacecraft is three-axis stabilized, but
rotations about the Sun-spacecraft axis will be carried out while in Mercury orbit to orient
some of the instruments toward the surface.

The MESSENGER Magnetometer (MAG) is described in detail by Anderson et al.
(2007). The triaxial sensor is mounted at the end of a 3.6-m boom to minimize the mag-
nitude of stray spacecraft-generated magnetic fields at the MAG sensor location. Ground
testing and in-flight calibration have shown that the intensity of uncorrectable (i.e., variable)
stray fields will be less than 0.1 nT (Anderson et al. 2007). While the magnetometer is ca-
pable of measuring the full strength of the Earth’s field for integration and check-out, it is
designed to operate in its most sensitive field range of +1500 nT per axis when the space-
craft is orbit about Mercury. The 16-bit telemetered resolution yields a digital resolution
of 0.05 nT. In the baseline mission plan, the sampling rate of the instrument will be varied
according to a pre-planned schedule from 2 to 20 vectors s~! once in orbit about Mercury.
Additionally, 8-minute intervals of 20-vectors s~! burst data will be acquired during peri-
ods of lower-rate continuous sampling. The accuracy of the MESSENGER magnetic field
measurements is 0.1%.
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Fig. 1 The MESSENGER spacecraft behind its sunshade. Note the adapter ring at the bottom of the vehicle
which encloses the planet-nadir-pointing instruments. The Magnetometer (MAG) is located at the end of a
3.6-m double-hinged boom. The FIPS and EPS sensors are shown along with arrows indicating their locations
on the spacecraft

The MESSENGER Energetic Particle and Plasma Spectrometer (EPPS) is described in
detail by Andrews et al. (2007). EPPS is composed of two charged-particle detector sys-
tems, the Fast Imaging Plasma Spectrometer (FIPS) and the Energetic Particle Spectrometer
(EPS). FIPS has a near-hemispherical field of view and accepts ions with an energy-to-
charge ratio from 0.05 to 20 keV/q. EPS has a 12° x 160° field of view and accepts ions
and electrons with energies of 10 keV to 5 MeV and 10 keV to 400 keV, respectively. The
EPPS sensors are mounted between the attach points for the MAG boom and one of the
solar arrays. The fields of view of both the FIPS and EPS are such that they will measure
charged particles coming from the anti-sunward direction, as well as from above and be-
low the spacecraft. The FIPS field of view also encompasses the sunward direction, but this
portion of its field-of-view is blocked by the spacecraft and the sunshade. The EPPS mea-
surements are central to resolving the issues that arose from the incomplete and ambiguous
energetic particle measurements of M10. The energetic particle measurements of Simpson
et al. (1974) were compromised by electron pileup in the proton channel (Armstrong et al.
1975). They were later reinterpreted as having been responding to intense fluxes of >35 keV
electrons (Christon 1987).

3 MESSENGER Mission Plan

When evaluating the potential scientific impact of in-situ magnetospheric measurements, the
spatial coverage of the critical boundaries and regions is one of the most important factors.

@ Springer



138 J.A. Slavin et al.

P =12 hours

& = Periapsis latitude
h, = Apoapsis altitude
h, = Periapsis altitude

h, =15,193 km
: i = Orbital inclination

Fig.2 Orthogonal views of the 12-hr-long MESSENGER orbit. The left-hand image shows the orbital plane;
periapsis and apoapsis altitudes are 200 km and 15 193 km, respectively. The 80° inclination of the orbit is
apparent in the orthogonal view in the right-hand image

Figure 2 shows the highly inclined, eccentric orbit that MESSENGER will achieve following
insertion and trim maneuvers. This orbit represents a carefully considered trade between the
sometimes competing requirements of the planetary interior, surface geology, atmospheric
and magnetospheric science investigations and engineering constraints, particularly those
related to the thermal environment (Solomon et al. 2001; Santo et al. 2001). This orbit
satisfies the primary requirements of all of these planetary science disciplines and will enable
an outstanding set of measurements to be gathered.

From the standpoint of the magnetosphere, the most informative view of the MESSEN-
GER orbital coverage is to examine it relative to the bow shock and magnetopause surfaces.
These boundaries are, to first order, axially symmetric with respect to the X axis in Mercury-
Solar-Orbital (MSO) coordinates. This coordinate system is the Mercury equivalent of the
familiar Geocentric-Solar-Ecliptic (GSE) system used at the Earth. In this system Xyso is
directed from the planet’s center to the Sun, Yyso is in the plane of Mercury’s orbit and pos-
itive opposite to the planetary velocity vector, and Zyso completes the right handed system.
Mercury’s rotation axis is normal to its orbital plane and, therefore, parallel to the Zyso
axis. As discussed more fully in Anderson et al. (2007), Mercury’s magnetic field is best
described by a planet-centered dipole whose tilt relative to the Zyso axis is about 10° (Con-
nerney and Ness 1988). However, the longitude of Mercury’s magnetic poles are not well
constrained by the Mariner 10 data (Ness et al. 1976). (Note: for many science applications
the MSO coordinates will be “aberrated” using the relative speeds of the planet and the solar
wind so that the X} 4, axis is opposite to the mean solar wind velocity direction in the rest
frame of Mercury. Due to the high orbital speed of Mercury, especially at perihelion, the
aberration angle can approach, and for slow solar wind speeds exceed 10°.)

The efficacy of the MESSENGER orbit for magnetospheric investigations may be
judged by plotting these boundaries and the trace of the orbit over a Mercury year in the
(Yiso + Zyso)'? versus Xyso and Zyiso versus Yuso planes. In Figs. 3a and 3b, bow
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Fig. 3a Projection of the first
Mercury year of predicted orbits
for MESSENGER onto the
Xmso~(Vso + Zyisg) '/
plane. The conic traces in red are
the expected mean locations of
the magnetopause and bow shock
boundaries on the basis of the
two M10 encounters

Fig. 3b Projection of the first
Mercury year of predicted orbits
for MESSENGER onto the
YMSO_ZMSO plane. The circular
traces are the expected mean
locations of the magnetopause
and bow shock boundaries in the
XMmso = 0 plane on the basis of
two M10 encounters
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and Holzer (1979a). Mariner 10 crossed these boundaries too few times, over too restricted
of a range of solar zenith angles, to allow their shape to be accurately mapped. Hence, ter-
restrial bow shock and magnetopause shapes from Slavin and Holzer (1981) and Holzer and
Slavin (1978), respectively, have been assumed. As shown, the MESSENGER orbit will pro-
vide dense sampling of all of the primary regions of the magnetosphere and its interaction
with the solar wind. The low-altitude polar passes in the northern hemisphere provide an
excellent opportunity to observe and map field aligned currents. The region south of Mer-
cury’s orbital plane is better sampled at high altitudes than those to the north. However,
we expect that Mercury’s magnetosphere possesses considerable north-south symmetry. In
this manner, the MESSENGER orbit provides nearly comprehensive coverage of Mercury’s
magnetosphere and solar wind boundaries sunward of Xyso ~ —3 Ry.

4 Solar Wind-Magnetosphere Interaction
4.1 What Is the Origin of Mercury’s Magnetic Field?

A planet’s spin axis orientation and rotation rate, its atmosphere, the existence and nature
of any satellites, and its location within the heliosphere are all important factors influencing
magnetospheric structure and dynamics. However, the single most important factor is the
nature of its magnetic field, consisting of the magnetic field intrinsic to the planet and an
external contribution due to magnetospheric currents. As shown in Fig. 4, the sum of the
primarily dipolar planetary magnetic field and the fields due to the external currents produce
a magnetospheric magnetic field that is very different from a vacuum dipole even quite close
to the planet’s surface. On the dayside, the magnetic field is greatly compressed; the intensity
near the subsolar point is about twice that due to the planetary field alone. Conversely, the
surface magnetic field around midnight is somewhat reduced from that due to the planet
alone, while at higher altitudes on the nightside the local magnetic field is much stronger
than the planetary dipole field would predict due to the current systems that form the long
extended magnetotail.

Possible sources for Mercury’s magnetic field are an active dynamo, thermoremanent
magnetization of the crust, or a combination thereof. On the basis of analogy with the Earth,
itis often assumed that the source of Mercury’s magnetic field is an active dynamo. Although
thermal evolution models predict the solidification of a pure iron core early in Mercury’s
history (Solomon 1976), even small quantities of light alloying elements, such as sulfur or
oxygen, could have prevented the core from freezing (Stevenson et al. 1983). An active
hydrodynamic (Stevenson 1983) or thermoelectric (Stevenson 1987; Giampieri and Balogh
2002) dynamo operating at Mercury is, therefore, a strong possibility.

Thermoremanent magnetization of the crust may have been induced either by a large
external (i.e., solar or nebular) magnetic field or by an internal dynamo that existed ear-
lier in the planet’s history. The former possibility is implausible because any early solar or
nebular field would presumably have decayed much faster than the timescale for thicken-
ing of Mercury’s lithosphere (Stevenson 1987). The latter hypothesis of an early dynamo
as the source for thermoremanent magnetization at Mercury faces additional requirements
set forth by the magnetostatic theorem of Runcorn (1975a, 1975b). Runcorn showed that
the symmetry of the magnetic field due to thermoremanent magnetization of a uniform, thin
shell by a formerly active internal dynamo at the planet’s center does not produce a mag-
netic field external to the planet. However, Runcorn’s theorem is valid only under several
ideal conditions, including that (1) the permeability of the magnetized shell was uniform
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(Stephenson 1976), (2) the cooling of the planetary interior occurred from the outermost
layer progressively inward (Srnka 1976), and (3) the thermal structure of the lithosphere
exhibited no asymmetries during the cooling process (Aharonson et al. 2004). Breaking any
of the above stringent conditions could result in a net planetary magnetic moment. Hence,
crustal magnetization cannot be excluded as a source for some or all of Mercury’s plane-
tary magnetic field. More comprehensive discussions of the important issues surrounding
the origins of Mercury’s magnetic field and the contributions to their solution to be made by
MESSENGER can be found in companion papers by Anderson et al. (2007) and Zuber et
al. (2007).

4.2 How Will MESSENGER Measurements Be Used to Determine the Origin of
Mercury’s Intrinsic Magnetic Field?

Determining the origin of Mercury’s magnetic field is one of MESSENGER’s prime ob-
jectives. The approach to addressing this objective will be to produce an accurate repre-
sentation, or “map,” of Mercury’s intrinsic magnetic field and use it to distinguish among
the several hypotheses for the field’s origin. This process, combined with the MESSEN-
GER gravity and altimetry investigations, should ultimately yield considerable insight into
the interior structure and evolution of this small planet. Clues to the origin of the planetary
magnetic field are also expected to be found in the multipole decomposition of the planetary
field, which will be retrieved from an inversion of the magnetic field measurements.

The principal external current systems are the magnetopause current that confines much
of the magnetic flux originating in the planet to the magnetospheric cavity and the cross-tail
current layer that separates the two lobes of the tail. A “ring current” due to the drift motion
of trapped energetic ions and electrons, observed at Earth during geomagnetic “storms,” is
not expected because of the absence of closed drift paths in Mercury’s magnetosphere. How-
ever, a “partial” ring current may exist at times (see Glassmeier 2000). Finally, Slavin et al.
(1997) have reported evidence of high-latitude field-aligned currents at Mercury, but owing
to the absence of a conducting ionosphere, their global distribution may differ significantly
from those at Earth.

Two methods of accounting for the external field contribution are typically used when
inverting the measured magnetic field to create model descriptions of the intrinsic magnetic
field. In the first, a spherical harmonic expansion series is derived for the planetary field and
the external field is treated by adding a scalar potential function. Whether a scalar repre-
sentation best captures the external contribution is not clear. The second approach applies
our present understanding of magnetospheric current systems to model the individual mag-
netospheric current systems and subtract their contribution prior to evaluating the structure
of the intrinsic field. Several workers have adapted geometric descriptions of the magnetic
fields from magnetopause currents and tail currents in the Earth’s magnetosphere to Mer-
cury’s magnetosphere (Whang 1977; Korth et al. 2004). Our ability to characterize reliably
the structure of Mercury’s intrinsic magnetic field is, therefore, determined by the extent to
which the external field can be understood and accurately modeled.

The extensive spatial and temporal coverage of the MESSENGER observations will
yield a number of important benefits. First, the residuals remaining after fitting for dif-
ferent external field conditions will vary more distinctively, thus allowing better deter-
mination of the quality of the inversion solutions. Second, cross-correlation among the
spherical harmonic coefficients will be significantly reduced, allowing for the deriva-
tion of improved quasi-linearly independent higher-order moments of the field repre-
sentation (see Connerney and Ness 1988). Simulations of the magnetic field environ-
ment at Mercury have shown that the dipole moment should be recoverable to within
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10% without applying any corrections for the external field (Giampieri and Balogh 2001;
Korth et al. 2004). Further, the magnetic field data will provide significant clues about the
occurrence of dynamic magnetospheric processes, so it will be possible to pre-select the data
to be included in the inversion and reduce dynamic effects to a minimum. It is expected that
the most reliable solutions will be afforded by the most carefully chosen “northward IMF—
non-substorm’ observations when the magnetospheric currents are weakest. We expect that
the ultimate accuracy will be determined by a trade-off between statistical uncertainty, which
grows as the number of observations is reduced, and systematic error, which decreases as
the data are more carefully selected. In any case, the ultimately achievable accuracy for the
dipole term will be fairly high, on the order of a few percent, and many higher-order terms
should also be reliably recovered.

Additional analyses will examine the fine structure of Mercury’s crustal magnetic field.
The altitudes of the MESSENGER orbit in the northern hemisphere are sufficiently low
(200-km minimum altitude) that field structures due to crustal anomalies, if present, can be
directly mapped. The closest approach points of the three flybys are also at 200 km altitude
but at low latitudes. Large crustal remanent fields were found at Mars (Acuiia et al. 1998,
1999) and may also be present at Mercury, although the carriers of the remanence and the
internal field history are probably very different for the two bodies. If only those magnetic
features having a lateral extent larger than the spacecraft altitude can be resolved, then the
effective longitudinal and latitudinal resolution is determined by the spacecraft orbit. Ac-
cordingly, we expect to be able to resolve magnetic features with horizontal dimensions of
5°(about 200 km) near the orbit-phase periapsis at ~60-70° N latitude and near the closest
approach points of the flybys.

In summary, the MESSENGER data can be used to discriminate between the various
hypotheses for Mercury’s magnetic field only to the extent that the competing theories make
differing predictions involving quantities that can be measured directly or inferred from the
data. Unfortunately, the knowledge regarding the interior of Mercury is so limited that it
is difficult to forecast now how specific hypotheses will be validated or ruled out simply
through the generation of a more complete and accurate mapping of the planetary magnetic
field. The more likely scenario is that all of MESSENGER’s measurements taken together
will reveal unexpected features of the planet, its interior, and magnetic field that cannot be
accommodated by the present hypotheses for the origin of its intrinsic magnetic field — thus,
allowing some or most to be discarded and replaced by new theories and models.

4.3 How, When, and Where Does the Solar Wind Impact the Planet?

The manner, flux, energy spectrum, and location of solar wind and solar energetic particle
(SEP) impact upon the surface is important because of the role that these processes play in
sputtering neutrals out of the regolith into the exosphere and their contribution to changing
the appearance and physical properties of the surface (Killen et al. 1999, 2001; Lammer et
al. 2003; Sasaki and Kurahashi 2004). Solar wind and SEP charged particles may intercept
the surface by two mechanisms. First, finite gyroradius effects can result in ions being lost
to collisions with regolith material wherever the strength of the magnetospheric magnetic
field and the height of the magnetopause is such that their centers of gyration are within
one Larmor radius of the surface (Siscoe and Christopher 1975; Slavin and Holzer 1979a).
Second, “open” magnetospheric flux tubes with one end rooted in the planet and the other
connected to the upstream interplanetary magnetic field will act as a “channel” that guides
charged particles down to the surface, except for those that “mirror” prior to impact (Kabin
et al. 2000; Sarantos et al. 2001; Massetti et al. 2003).
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MAGMNETOPAUSE

Fig. 5 Schematic view of the
magnetosphere of Mercury.
Regions with low plasma
temperature (solar wind and tail
lobes) are colored blue while the
hotter regions (inner
magnetosphere and plasma sheet)
are shown in redder hues. The
two images illustrate the extreme
cases of minimal (A) and
maximal (B) tail flux expected ol SOUTH LOBE
for strongly northward and S
southward interplanetary MAGNETOPALISE
magnetic field, respectively

MAGNETOPAUSE

SOUTH
IMF

B. MAGNETOPALISE

An idealized view of Mercury’s magnetosphere under a northward interplanetary mag-
netic field (IMF), based on the Mariner 10 measurements, is presented in Fig. 5(a). It has
been drawn using an image of the Earth’s magnetosphere and increasing the size of the
planet by a factor of ~7-8 to compensate for the relative weakness of the dipole field
and the high solar wind pressure at Mercury (Ogilvie et al. 1977). The mean ~1.5 Ry
distance from the center of Mercury to the nose of the magnetosphere inferred from the
Mariner 10 measurements (Siscoe and Christopher 1975; Ness et al. 1976; Russell 1977;
Slavin and Holzer 1979a) corresponds to 10-11 Rg, where Rg is Earth’s radius and
1 Rp =6378 km.

Whether or not the solar wind is ever able to compress the dayside magnetosphere to the
point where solar wind ions directly impact the surface at low latitudes remains a topic of
considerable interest and controversy. Siscoe and Christopher (1975) were the first to take
a long time series of solar wind ram pressure data taken at 1 AU, scale it by 1/r? inward
to Mercury’s perihelion, and then compute the solar wind stand-off distance using a range
of assumed planetary dipole magnetic moments. They found that only for a few percent of
the time would the magnetopause will be expected to fall below an altitude of ~0.2 Ry, the
point where solar wind protons begin to strike the surface due to finite gyro-radius effects.

Rapid large-amplitude changes in solar wind ram pressure associated with high-speed
streams and interplanetary shocks might be expected easily to depress the magnetopause
close to the surface of planet. However, induction currents will be generated in the plane-
tary interior (Hood and Schubert 1979; Suess and Goldstein 1979; Goldstein et al. 1981;
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Glassmeier 2000; Grosser et al. 2004), and these currents will act to resist rapid magne-
tospheric compressions. Hence, the sudden solar wind pressure increases associated with
interplanetary shocks and coronal mass ejections may not be as effective depressing the
dayside magnetopause as a very slow, steady pressure increase of comparable magnitude.
Mercury’s interaction with the solar wind may, therefore, also provide a unique opportu-
nity to study this planet’s large electrically conductive core via its inductive reactance to
externally imposed solar wind pressure variations.

The “erosion”, or transfer, of magnetic flux into the tail is well studied at Earth, where
the distance to the subsolar magnetopause is reduced by ~10-20% during a typical interval
of southward IMF (Sibeck et al. 1991). Analysis of the Mariner 10 boundary crossings, after
scaling for upstream ram pressure effects, by Slavin and Holzer (1979a) indicated that the
subsolar magnetopause extrapolated from the individual boundary encounters varied from
1.3to 2.1 Ry, with the larger values corresponding to IMF B, > 0 and the smaller to B, < 0.
Similar variations in dayside magnetopause height have been found in MHD simulations of
Mercury’s magnetosphere under southward IMF conditions by Kabin et al. (2000) and Ip
and Kopp (2002). Further evidence that reconnection operates at Mercury’s magnetopause
comes in the form of the “flux transfer events” identified in the Mariner 10 data by Russell
and Walker (1985). These flux rope-like structures have been studied extensively at the ter-
restrial magnetopause where they play a major role in the transfer of magnetic flux from the
dayside to the nightside magnetosphere.

In the limit that all of the magnetic flux in the dayside magnetosphere of Mercury were to
reconnect quickly, the north and south cusps are expected to move equatorward and merge
to form a single cusp as displayed in Fig. 5(b). All of the flux north (south) of this single
cusp will map back into the northern (southern) lobe of the tail. Direct solar wind impact
on the surface will take place in the vicinity of the single, merged low-altitude cusp. How-
ever, such extreme events are not necessary. As shown by Kabin et al. (2000) and Sarantos
et al. (2001), the strong radial IMF near Mercury’s orbit should always be conducive to
solar wind and SEP particles being channeled to the surface along reconnected flux tubes
that connect to the upstream solar wind. For the completely eroded dayside magnetosphere
shown in Fig. 5(b), the solar wind and SEP charged particles would impact a large fraction
of the northern (southern) hemisphere of Mercury for IMF B, > 0 (B, < 0). Whether or
not the fully reconnected dayside magnetosphere shown in Fig. 5(b) is ever realized will
be determined by the rate of reconnection at the magnetopause and how long it takes for
Mercury’s magnetosphere to respond by reconnecting magnetic flux tubes in the tail and
convecting magnetic flux back to the dayside. However, it is notable that Slavin and Holzer
(1979a) have argued that the high Alfven speeds in the solar wind at 0.3 to 0.5 AU may
produce very high magnetopause reconnection rates and lead to strong erosion of the day-
side magnetosphere even if the timescale for the magnetospheric convection cycle is only
~1-2 min.

4.4 How Will MESSENGER Determine the Extent of Solar Wind Impact?

The two critical factors controlling the impact of the solar wind and SEP flux to the surface
are the height of the magnetopause and the distribution of “open” magnetic flux tubes that
are topologically connected to the upstream region. MESSENGER will encounter and map
the principal magnetospheric boundaries and current sheets, i.e., the bow shock, magne-
topause, magnetic cusps, field-aligned currents, and the cross-tail current layer, throughout
the mission. Typically, these surfaces are modeled by identifying “boundary crossings” and
then employing curve fitting techniques to produce 2- or 3-dimensional surfaces. If such
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encounters can be collected for a variety of solar wind and magnetospheric conditions, then
parameterized models may be produced. The essential requirement for this technique to be
successful is the availability of crossings over a wide range of local times and latitudes along
trajectories that provide good spatial coverage above and below the mean altitude of the
surfaces (e.g., see Slavin and Holzer 1981). Inspection of the first Mercury-year of MES-
SENGER orbits, displayed in Figs. 3a and 3b, indicates that the modeling of bow shock,
magnetosphere, and cross-tail current layer using boundary crossings should work very well
sunward of X ~ —3.5 R),. The lack of coverage of the northern halves of the bow shock and
magnetopause surfaces should not be a significant problem because of the expected symme-
try between the two hemispheres. The models of the magnetopause and magnetic cusps will
be used to infer the extent and frequency with which the magnetopause altitude becomes
so low that a given population of interplanetary charged particles may find itself within one
Larmor radius of the surface.

However, the measurements of the charged particle distribution functions and pitch angle
distributions by the FIPS and EPS sensors when MESSENGER is within the magnetosphere
will provide the most direct information regarding the ion and electron fluxes reaching the
surface of the planet. Charged particles on magnetic flux tubes that connect to the planet will
be lost if their magnetic mirror points are below the surface of the planet. This effect pro-
duces a “loss cone” signature in the particle pitch angle distributions, which is a definitive
indication of particles impacting the surface. The EPPS instrument will return charged par-
ticle distribution functions according to particle composition, charge state, and energy that
will be inverted to infer the flux of particles impacting the surface of Mercury. The results
are expected to vary greatly depending upon where the spacecraft is located, the topology of
the local magnetic field, and the state of the magnetosphere (i.e., IMF direction and substorm
versus non-substorm conditions).

5 Magnetospheric Dynamics
5.1 What Are the Principal Mechanisms for Charged Particle Acceleration at Mercury?

Charged particle acceleration is one of the most fundamental processes occurring in space
plasmas. Planetary magnetospheres are known to accelerate particles from thermal to high
energies very rapidly via a range of processes. The plasma in Mercury’s magnetosphere is
expected to come from two sources, the solar wind and the ionization of the neutral ex-
osphere. Solar wind plasma enters the magnetosphere by flowing along “open” flux tubes
that connect to the interplanetary medium as shown in Fig. 6. After reconnection splices
together an interplanetary and a planetary flux tube, the solar wind particles are channeled
down into the cusp region where either they mirror and reverse their direction of motion or
they impact the regolith and are absorbed. The solar wind particles that mirror and then flow
tailward find themselves in the “plasma mantle” region of the tail lobe. Due to the dawn-to-
dusk electric field that the solar wind interaction impresses across the magnetosphere, the
plasma in the mantle will “E x B” drift toward the equatorial regions of the tail where it
will be assimilated into the plasma sheet. Delcourt et al. (2003) showed that the large Larmor
radii of the newly created sodium ions will result in significant “centrifugal” acceleration as
the ions E x B drift at lower altitudes over the polar regions of Mercury. Similarly, at higher
altitudes Delcourt et al. found that these large Larmor radii will result in ion motion that
is generally non-adiabatic and follows “Speiser-type” trajectories near the cross-tail current
layer with the ions rapidly attaining energies of several keV.
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MAGNETOPAUSE

FLOW BURST
DIPOLARIZATION

PARTICLE,
ACCELER ATION

MAGNETOPAUSE

Fig. 7 Schematic depiction of a reconnection-driven substorm within Mercury’s magnetosphere (Slavin
2004)

The neutral species in the exosphere travel on ballistic trajectories determined only by
gravity and light pressure until the point where they become ionized by solar ultraviolet
(UV) radiation, charge exchange with a magnetospheric ion, or electron impact ionization.
At that point the newly created ion will begin to execute single particle motion according to
its velocity vector at the time of creation and the ambient electric and magnetic fields within
the magnetosphere (Cheng et al. 1987; Ip 1987; Delcourt et al. 2002, 2003). Alternatively,
some of the ions may possess sufficiently large Larmor radii to intersect quickly the mag-
netopause or the planet and be lost. For those pickup ions remaining in the magnetosphere,
their non-Maxwellian distribution functions will cause plasma waves to be excited, grow,
and scatter the ions until they become “thermalized.” The determination of the extent to
which planetary pick-up ions can actually be thermalized within Mercury’s small magne-
tosphere is a major objective of MESSENGER. Since Mercury takes 59 days to spin once
about its axis, planetary rotation is not expected to play any role in particle acceleration or
transport. Hence, the E x B drift or “convection” path for magnetospheric plasma is ex-
pected to follow relatively straight lines from the plasma sheet sunward toward the nightside
of the planet and the forward magnetopause, as shown in Fig. 6.

Some of the most energetic charged particles in the tail are thought to be accelerated by
the intense electric fields driven by the reconnection of magnetic flux tubes from the lobes of
the tail (Hill 1975). At Earth, recently reconnected flux tubes are observed to be bounded by
“magnetic separatrices” populated with newly accelerated ions and electrons (Cowley 1980;
Scholer et al. 1984). The particles possessing the highest Vel are found farthest from the
current sheet and closest to the separatrix boundary. These regions of sunward and tailward
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streaming energetic charged particles are colored red in Fig. 7. Indeed, short-lived “spikes”
in energetic ions and electron flux extending up to at least several MeV have been seen
in Earth’s distant magnetotail (Krimigis and Sarris 1979) and have been associated with
episodes of X-line formation and reconnection (Sarris and Axford 1979; Richardson et al.
1996). Non-adiabatic processes are necessary to explain these acceleration events, usually
attributed to the effect of extreme thinning of the cross-tail current sheet relative to the
Larmor radii of the ions and electrons (Biichner and Zelenyi 1989; Delcourt et al. 2003;
Hoshino 2005).

Many of these accelerated charged particles are immediately lost as they flow down the
tail to the interplanetary medium. Others, however, are carried sunward and undergo further
acceleration due to first invariant conservation. At Earth, ions convected from the inner edge
of the tail may have their energy increased by a factor of 100 by the time they reach the “ring
current” region at a radial distance of ~3 Rg from the center of the planet. By contrast, the
weak planetary magnetic field at Mercury greatly limits this type of adiabatic acceleration.
Indeed, Mercury may be ideal for the direct observation of acceleration associated with
X-line formation. As these charged particles approach Mercury and experience stronger
magnetic fields, the ions and electrons will begin to experience gradient and curvature drift
that causes the ions to drift about the planet toward dusk while electrons are diverted toward
dawn, as indicated in Fig. 6. The loss of these energetic particles via intersection with the
surface of Mercury or the magnetopause is expected to limit severely the flux of quasi-
trapped particles that complete a circuit about the planet (Lukyanov et al. 2001; Delcourt et
al. 2003), but their loss constitutes an additional source of surface sputtering.

Charged particles also experience acceleration during interactions with ultra-low-
frequency (ULF) waves (e.g., Blomberg 1997). Ion pickup due to photo-ionization of neu-
trals sputtered from the surface is expected to be a persistent feature of Mercury’s mag-
netosphere (Ip 1987). These newly created ions will then experience the convection elec-
tric field and be picked up in the plasma flow much as newly ionized atoms are swept
up in the solar wind flow near comets (e.g., Coates et al. 1996). The resulting pickup
ion distributions contain significant free energy and can be unstable to various cyclotron
wave modes, many of which have magnetic signatures in the vicinity of the ion gyro-
frequencies (Gomberoff and Astudillo 1998). Cyclotron waves may also be generated by
ions accelerated in the magnetotail as they convect sunward and are commonplace at
Earth (Anderson et al. 1992). At Earth ion populations can also drive long-wavelength,
low-frequency waves which, in turn, couple to field-line resonances (e.g., Southwood and
Kivelson 1981). While the ion gyro-frequencies and field-line resonance frequencies at
Earth are separated by a factor of 10 to 100, at Mercury the gyro-frequencies are fairly
low because of the low magnetic field strength at Mercury, while the field-line resonance
periods should be relatively high owing to the small size of the magnetosphere (Russell
1989). The wave-particle physics at Mercury may, therefore, be particularly interesting,
because the kinetic and longer wavelength waves should be coupled (Othmer et al. 1999;
Glassmeier et al. 2003).

5.2 How Will Energetic Particle Acceleration Processes Be Measured at Mercury?

The EPPS and MAG instruments will be used in concert to explore Mercury’s magne-
tosphere, map out its different regions, and determine the spatial and temporal variations
in the charged particle populations peculiar to the different parts of the magnetosphere (see
Mukai et al. 2004). For example, the magnetic field and plasma measurements will be used
to calculate the ratio of thermal particle pressure to magnetic pressure, termed the “B” value

@ Springer



150 J.A. Slavin et al.

of the plasma. The inner regions close to the planet and the lobes of the tail are typically
dominated by the magnetic field pressure and have very low g values, i.e., <0.1. The plasma
sheet region (see Fig. 6), in contrast, is dominated by thermal pressure. At Earth the plasma
sheet has § values that vary from a few times 0.1 in the outer layers to >>10 in the cen-
tral portion where the cross-tail electric current density peaks. The most dynamic events
observed in the Earth’s magnetosphere, such as “bursty bulk flows” and “dipolarizations,”
are generally found in the plasma sheet region (Angelopoulos et al. 1992). Streaming en-
ergetic particles accelerated in the separatrices emanating from X-lines are most frequently
observed in the outer layers of the plasma sheet where g ~ 0.1.

The MESSENGER EPPS instrument will provide comprehensive observations of ions
and electrons from low altitudes over the north polar regions (see Fig. 3b) out through
the lobes and into the cross-tail current layer. The flux of ions moving up and down these
magnetic flux tubes will be measured directly and used to infer the rate at which mass is
exchanged between the surface of the planet and the magnetosphere. Furthermore, any at-
tendant acceleration of the charged particles will also be observed. The natural tendency of
energetic particles to disperse, with faster particles reaching an observer before the slower
particles, is a strong modeling constraint for determining the source populations, drift paths,
and magnetic conjugacies. Modeling and analysis of dispersed ion-injection events at vari-
ous distances down the tail at the Earth have shown that it is often possible to specify the time
and location where the initial acceleration event took place (Mauk 1986; Sauvaud et al. 1999;
Kazama and Mukai 2005).

The MESSENGER Magnetometer is also designed to characterize waves and wave-
particle interactions at Mercury. The MAG instrument provides coverage up to 10 Hz, a band
that spans all of the relevant ion gyro-frequencies including protons throughout the planetary
magnetosphere. Even during periods of low telemetry allocations the magnetospheric sam-
pling will be no coarser than 2 vectors s~! providing coverage over all ULF and heavy-ion
gyro-frequencies. Moreover, the MAG provides a burst detection capability that will allow
capture of large-amplitude wave events. In concert with FIPS and EPS observations of ion
distributions and composition such measurements will provide a comprehensive survey of
wave activity and determine their correspondence with the local ion populations.

5.3 Do Terrestrial-Style Substorms Occur at Mercury?

Mercury is expected to be one of the best places to test and extend our understanding
of magnetospheric substorms. Because of its closeness to the Sun, this magnetosphere
is subject to the most intense solar wind pressure and IMF intensity in the solar system
(Burlaga 2001). The MESSENGER measurements will give detailed observations of sub-
storms in a magnetosphere where planetary rotation is negligible and no ionosphere is
present. The slow rotation of Mercury will result in sunward convection in the equator-
ial region being dominant throughout the forward magnetosphere. This is in stark contrast
with Saturn, the other planet where terrestrial-type substorms are thought to occur. Sat-
urn has a rapid rotation that dominates magnetospheric convection to the point where even
the tail magnetic field may be twisted into a helical configuration (Mitchell et al. 2005;
Cowley et al. 2005).

The absence of a collisional ionosphere at Mercury also has important consequences
for global electric currents and plasma convection. At Earth and Saturn it is believed that
the timescale for the substorm growth phase is determined by ionospheric line-tying that
in turn limits the rate of magnetic flux circulation from the dayside magnetosphere to the
nightside and back again (Coroniti and Kennel 1973). Furthermore, some theories of the
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substorm expansion phase at Earth require active feedback between the magnetosphere and
an ionosphere whose conductivity varies at least somewhat with the rate of charged particle
precipitation (Baker et al. 1996). Such feedback is presumably absent at Mercury, although
we shall evaluate the situation using the MESSENGER observations. In this manner, it will
be determined whether or not active feedback between an ionosphere and the equatorial
magnetosphere is a necessary condition for magnetospheric substorms. Finally, the flow
of field-aligned currents to low altitudes produces auroras in the Earth’s upper atmosphere
when the charge carriers impact neutral atoms. It is unlikely that classical auroras would
occur at Mercury. Nonetheless, Joule heating due to magnetospheric field-aligned currents
closing at very shallow depths beneath Mercury’s surface may create a “warm’” auroral oval
that might be visible at infrared wavelengths (Baker et al. 1987b).

Siscoe et al. (1975) and Ogilvie et al. (1977) showed that the energetic particle bursts
detected by Mariner 10 tended to occur at times when the magnetic field exhibited the dis-
turbed behavior characteristic of substorms at Earth. Mariner 10 entered the near-tail plasma
sheet on the dusk side of the tail during its first Mercury encounter. The magnetic field ob-
served inside the magnetopause was very tail-like and relatively quiet during the inbound
half of the encounter. Shortly after closest approach, |B| decreased rapidly, and the field in-
clination increased markedly, becoming less tail-like and more dipole-like. Such magnetic
field variations are a classic signature of substorm expansive phase onset at the Earth where
they are termed “dipolarization events” (Baker et al. 1996). Christon et al. (1987) conducted
comparative studies of the magnetic field changes observed in association with the Mercury
and Earth magnetosphere energetic particle events in the near-tail and found them to be
extremely similar.

Siscoe et al. (1975) also called attention to the fact that the IMF switched from north-
ward to southward while Mariner 10 was in the magnetosphere. These authors suggested,
by analogy to Earth, that this change in IMF direction initiated reconnection at the dayside
magnetopause, magnetic flux transfer to the tail, and, finally, tail reconnection. As shown
schematically in Fig. 7, tail reconnection is believed to drive fast plasma flows and energetic
particle acceleration. Indeed, Slavin and Holzer (1979a) found that the altitude of the day-
side magnetopause for both M10 encounters was reduced whenever the IMF B, component
was southward, consistent with the reconnection model. Siscoe et al. further used scaling
arguments to suggest that if substorms occurred at Mercury, then their timescales should be
of order 1-2 min, similar to the M10 energetic particle events, in contrast with the ~1 hr
typical of the Earth’s magnetosphere.

Eraker and Simpson (1986) and Baker et al. (1986) developed this scenario further and
suggested that the substorms in Mercury’s magnetotail resulted from magnetic reconnection
in the range of 3—-6 R, on the nightside, as shown in Fig. 7. During substorms in Earth’s
magnetosphere, the plasma sheet has been observed to be severed by magnetic reconnection
quite close to Earth, i.e., ~20-30 Rg or ~2-3 times the solar wind stand-off distance. The
reconnection process produces a magnetically confined structure (i.e., loop-like or helical
magnetic topology) termed a “plasmoid” (Hones et al. 1984; Slavin et al. 1984) that is
ejected down the tail at high speed, as schematically depicted in Fig. 7. As at the Earth,
the observation of plasmoids in Mercury’s magnetotail would provide direct information
regarding the time of onset and intensity of magnetic reconnection (e.g., Baker et al. 1987a;
Slavin et al. 2002).

5.4 How Will Substorm Activity Be Identified in the MESSENGER Measurements?

Given our present understanding of the Mariner 10 observations, we expect that substorms
in the MESSENGER data will appear whenever the IMF upstream of Mercury becomes
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persistently southward. When the spacecraft is located in the tail lobes on the night side
of Mercury, MAG should measure increases in the magnetic field strength and a “tail-like”
stretching of the field lasting for some tens of seconds. We expect that these energy storage
or “growth” phases (McPherron et al. 1973) would be soon followed by one or more rapid
dipolarizations of the magnetic field. If MESSENGER finds itself on the sunward side of
the site for magnetic reconnection in Mercury’s magnetotail, there should be strong sunward
plasma flow and intense energetic particle bursts. On the other hand, if MESSENGER were
located tailward of the magnetic reconnection site, then strong anti-sunward plasma flow and
magnetic signatures of plasmoids or flux ropes are anticipated (Fig. 7). However, it would
not be surprising if the small dimensions of this magnetosphere produce some unique and
unexpected substorm features.

Beyond these basic expectations, there are many important “system response” character-
istics that will be determined. For example, substorms at Earth are known to exhibit both
“driven” responses that can be predicted using linear “filters” and knowledge of the upstream
solar wind and IMF (Bargatze et al. 1985) and an unpredictable, “spontaneous” component
related to the magnetic energy stored in the lobes. Lacking a conductive ionosphere, it may
be that Mercury’s magnetosphere cannot store significant amounts of energy and the spon-
taneous component of substorm energy dissipation will be small or absent (Luhmann et al.
1998). In this case MESSENGER’s magnetic field and charged particle instruments may
frequently observe “continuous dissipation events” in the tail that are directly driven by the
solar wind. At Earth, in contrast, this type of intense, relatively featureless magnetospheric
convection is seen only in response to many-hour-long intervals of intense, strongly south-
ward IMF (Tanskanen et al. 2005).

We also expect to use the Mercury Atmospheric and Surface Composition Spectrometer
(MASCS) instrument to study key aspects of the solar wind-magnetosphere-exosphere in-
teraction. This spectrometer is described in a companion article (McClintock and Lankton
2007). As portrayed in Fig. 6, the strong dissipation of energy in substorm-like events at
Mercury is expected to produce powerful bursts of plasma and energetic particles directed
along magnetic field lines down onto the cold nightside surface of Mercury (Baker et al.
1987b). It is part of our observation strategy with MESSENGER to use the infrared de-
tection capabilities of MASCS to look for evidence of heating of the nightside regolith of
Mercury due to substorm energy precipitation.

6 Magnetosphere-Planetary Coupling

6.1 How Much Mass Is “Recycled” Between the Regolith, Exosphere, and
Magnetosphere?

Extensive analysis and modeling have been devoted to the investigation of how ion impact
sputtering, aided by solar photon desorption and micrometeoroid vaporization, may result
in the injection and acceleration of newly created ions followed by further re-circulation,
as diagrammed in Fig. 8 (Killen et al. 2001). Trajectory analyses conducted by Killen et
al. (2001) indicate that perhaps 60% of these photo-ions may subsequently impact the sur-
face, where they are adsorbed and become available for release via sputtering and impact
vaporization. Furthermore, if reconnection at the dayside magnetopause frequently exposes
significant fractions of the surface directly to impact by charged particles from the interplan-
etary medium, then the contribution of neutrals sputtered by solar wind ions (Sarantos et al.
2001) and solar energetic particles (Leblanc et al. 2003) into the exosphere may be a major
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Fig. 8 Mass exchange between —
the solar wind, magnetosphere, ] —
exosphere, and regolith at . 2f l
. ]
Mercury (Killen et al. 2001) < o/
;:,9 &_.
C Y =
S &,
; ; P
N\ .05_, £ & l
N \ 7, <4 o
] \ % \% & / o
\ % % Ly o
\ &, 5/ &4
\° @ 34
\ D, < 44
\-} 5/ &f
(- 5 24
Q, ., (=]
\ 7 =)
\ =
/

R aCE
¥
753

~CREANGY

?Okm

driver for this system. The relatively short times, i.e., hours, required for photo-ionization
and charge exchange will lead to sputtered neutrals being quickly ionized and picked-up by
the convective flow within the magnetosphere to produce a coupled system (see also Fig. 6).

The nature of this complex chain of coupled processes that link the planet to the at-
mosphere and the magnetosphere has become a major focus for the Mercury research com-
munity. Killen et al. (2001) found that Mercury’s atmosphere is sufficiently tenuous that it
would soon be depleted by losses, if it were not being continuously replenished from be-
low as depicted in Fig. 8. The creation of exospheric neutrals involves several competing
processes including photon desorption, ion sputtering, and meteoritic impact (e.g., Killen
and Ip 1999; Milillo et al. 2005). All of these processes and how the MESSENGER measure-
ments will contribute to our understanding of them are discussed in detail in a companion
article (Domingue et al. 2007).

The dynamic nature of Mercury’s magnetosphere is expected to complicate the measure-
ment of the rate of recycling of magnetospheric ions and neutrals. After a newly liberated
neutral leaves the surface, it follows a ballistic trajectory until it impacts the surface or be-
comes ionized (see review by Hunten et al. 1988). If a given particle becomes ionized then
it will be accelerated by the magnetospheric electric fields until it either collides with the
planetary surface or is thermalized and swept along by the convective flow in the equatorial
magnetosphere. The exospheric neutrals available for ionization depend heavily on the com-
position of the planetary surface. Charged particle and photon sputtering work on the first
few monolayers of the surface grains, so pre-sputtered atoms must first make their way to the
monolayers by diffusion. Gardening rates for the crust are much faster than the time required
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to deplete a grain of a given species, providing a constant supply of neutrals to the exosphere
(see Killen et al. 2004). On the basis of the Mariner 10 observations, the magnetospheric
reconfiguration time is only a few minutes (Siscoe et al. 1975; Slavin and Holzer 1979a;
Luhmann et al. 1998). Hence, the trajectories of magnetospheric ions through the magne-
tosphere may be quite complex (Delcourt et al. 2002).

Several studies have been performed that examine the importance of ion recycling in
Mercury’s exosphere and magnetosphere (e.g., Zurbuchen et al. 2004). Koehn (2002) used
the MHD model of Kabin et al. (2000) to study the surface-to-surface transport of OH*
and ST ions. For normal solar wind conditions, he found that ions created at mid-latitudes
tended to return to equatorial dusk regions, while ions formed elsewhere were lost to the
magnetosphere and solar wind. For very strong solar wind conditions, returning ions tended
to move poleward and duskward, enhancing mid-latitude regions. Recycling rates for this
study were less than 10%.

Delcourt et al. (2003) and Leblanc et al. (2003) followed the trajectories of Na™ ions
with an initial energy of 1 eV using a realistic magnetospheric magnetic field model. Their
results show Na™ returning to the surface primarily along two mid-latitude regions centered
on £30°, with some returning to duskside latitudes equatorward of £20°. Recycling rates
for these studies were 10-15%. Killen et al. (2004) utilized a new model (see Sarantos et
al. 2001) that, unlike that of Delcourt et al. (2003), takes into account radial magnetic field
orientation. Their ion initial energies were also ~1 eV. The measured recycling rates are
significantly higher (60%), and they find that dawnside-generated ions tend to return to the
surface, while duskside-born ions are swept away by the solar wind.

6.2 How Will the MESSENGER Observations Be Used to Discover the Extent of Mass
Exchange Between Mercury’s Regolith, Exosphere, and Magnetosphere?

Perhaps no science objective will so fully utilize the MESSENGER instruments as the
study of the mass exchange between the planetary surface, exosphere, and magnetosphere.
The MAG instrument will map the magnetic field, providing insight into magnetospheric
dynamics and supporting improved field models. The Gamma-Ray and Neutron Spec-
trometer (GRNS) and X-Ray Spectrometer (XRS) instruments (Goldsten et al. 2007;
Schlemm et al. 2007) will provide elemental composition maps of the surface, from which
exospheric neutrals arise, forming the seed population for magnetospheric ions. MASCS
will measure the composition of the neutral atmosphere, recently liberated from the re-
golith. EPPS will detect pickup ions in the magnetosphere and then map detected ions back
to surface regions from which they escaped. The Mercury Dual Imaging System (MDIS)
instrument (Hawkins et al. 2007) will then image the surface from which these neutrals and
ions are sputtered, thereby tying atmospheric and magnetospheric measurements back to
surface features.

In addition, EPPS and MAG will allow us to understand the complex interplay between
magnetospheric plasmas and the magnetic field. In the event that the magnetopause is com-
pressed sufficiently such that the solar wind can come into direct contact with much of the
surface, EPPS will monitor the likely large increase in exospheric neutrals and newly cre-
ated magnetospheric ions. Large increases in the rate of ion sputtering from the surface has
been offered as a likely explanation for the high degree of temporal and spatial variation
in Mercury’s atmosphere as observed from the Earth (Potter et al. 1999). Such increases
would soon lead to a large number of new photo-ions that can modify the magnetospheric
configuration, which MAG can also detect. In summary, most aspects of the recycling of
magnetospheric ions between the exosphere and surface are still very much open issues.
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The MESSENGER instrument payload will make the critical measurements that will re-
solve the most important questions regarding the mass exchange within this closely coupled
system.

6.3 Do Field-Aligned Currents Couple Mercury to Its Magnetosphere, and How Do They
Close?

Among the fundamental aspects of all planetary magnetospheres visited thus far are field-
aligned electric currents (Kivelson 2005). When magnetospheric magnetic fields reconnect
with the IMF and are pulled back into the tail at Earth, sheets of field-aligned current, termed
“Region 1” currents, flow down into the high-latitude ionosphere on the dawn side of the
polar cap and outward on the dusk side. These Region 1 currents are also expected to be
present at Mercury, as schematically depicted in Fig. 9, though their intensity and temporal
evolution may be greatly modified depending upon the nature of current closure path and the
electrical conductivity of the regolith (Slavin et al. 1997). When the magnetic flux tubes in
the tail reconnect again and high-speed plasma jets are generated toward and away from the
planet (see Fig. 7), another set of field-aligned currents are generated, termed the “substorm
current wedge (SCW)” (McPherron et al. 1973; Hesse and Birn 1991; Shiokawa et al. 1998).
These currents are also shown in Fig. 9. The SCW currents connect the midnight region of
the polar cap to the plasma sheet and transfer to the planet a significant fraction of the total
energy being released in the tail (e.g., Fedder and Lyon 1987). These SCW currents are the
most likely source of the field-aligned currents in the Mariner 10 measurements reported
by Slavin et al. (1997). Numerical simulations by Janhunen and Kallio (2004) and Ip and
Kopp (2004) suggest that Region 1 and SCW field-aligned currents will have important
consequences for the structure of Mercury’s magnetosphere as they do for that of Earth
(cf. Fedder and Lyon 1987). However, in order for these currents to reach a steady-state,
they must have a conductive path for closure. As Mercury possesses no such conductive
ionosphere, other mechanisms or paths must be found.

A moderately conductive regolith is a likely candidate for FAC closure at Mercury. Hill
et al. (1976) suggested a conductance value of 0.1 mho, which is not unreasonable based
upon the lunar measurements. If this value were indeed appropriate, however, the high
rate of joule heating in the regolith would severely limit the duration of the current flow
as the available magnetospheric energy would be quickly dissipated. Cheng et al. (1987)
showed that sputtering is a possible means to generate the neutral sodium atmosphere of
Mercury and a source population for magnetospheric ions. They further pointed out that
the new ions created by photo-ionization, electron impact ionization, and charge exchange
are available to be “picked-up” by the convective motion of the magnetospheric flux tubes
(Fig. 6). In doing so, they would give rise to a “pickup” or “mass loading” conductance (see
Kivelson 2005) that might contribute to the generation and/or closure of FACs at Mercury.
Photoelectrons have also been suggested as a source of current carriers (Grard et al. 1999;
Grard and Balogh 2001). However, the pick-up of planetary ions and the photoelectron
sheath over Mercury’s sunlit surface provide conductances that are only slightly greater
than the lunar values. Measurements of surface characteristics, as well as neutral and
ion populations near the surface of Mercury, are necessary for a better understanding of
magnetosphere-surface coupling. Glassmeier (2000) argued that field-aligned currents at
Mercury may close as diamagnetic currents in regions of enhanced plasma density near
the planet; for example, at low altitudes over the nightside of the Mercury where sunward-
directed, reconnection-driven fast flows encounter strong planetary magnetic field. Janhunen
and Kallio (2004) considered possible surface materials and mineralogy and concluded that
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Fig. 9 Depiction of possible Region 1 and substorm current wedge field-aligned currents at high latitudes.
Subsurface solar wind induction currents, flowing in the planetary interior, are shown at lower latitudes

the effective height-integrated conductance could fall within a wide range. In summary, the
new, more detailed measurements to be returned by MESSENGER are necessary before
the nature of the electrodynamic coupling between Mercury, its atmosphere, and its magne-
tosphere can be determined.

6.4 How Will MESSENGER Detect and Map Field-Aligned Currents and Determine Their
Closure Path?

The large-scale field-aligned currents at Mercury should be readily detected by MESSEN-
GER’s instrumentation. The signatures of currents at low altitudes in the Earth system
are well known (lijima and Potemra 1978; Zanetti and Potemra 1982). The low-altitude
northern hemisphere portion of the MESSENGER orbit, as depicted in Figs. 3a and 3b,
is ideal for detecting field-aligned currents since the magnetic perturbation scales as r~3/2
(Rich et al. 1990). Experience at the Earth shows that single spacecraft measurements pro-
vide accurate field-aligned current determinations using the infinite-current-sheet assump-
tion (Rich et al. 1990; Anderson et al. 1998, 2000). Although this approach breaks down
more than a few hours from dawn and dusk and under other circumstances (e.g., northward
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IMF) when fringing effects dominate the signatures, the magnetic signatures unambigu-
ously indicate the presence of the currents even if one cannot confidently infer the cur-
rent density distribution from the data (cf. Fung and Hoffman 1992; Waters et al. 2001;
Korth et al. 2005). In addition, particle data provide useful correlative observations of the
current carriers, and the FIPS and EPS sensors which measure composition, velocity, and
density for both ions and electrons will, in principle, give a direct measurement of current.
As most current carriers are of relatively low energy, the broad energy range of EPPS will
be of particular importance. Finally, GRNS, XRS, and other instruments will provide data
about the makeup of the regolith, allowing better estimates of the surface conductivity.

7 Summary

A common paradigm describing the accumulation of knowledge about a planetary body
suggests that advances come in four mission phases: “reconnaissance,” “exploration,” “in-
tensive study,” and “understanding.” Applied to Mercury, the Mariner 10 mission can be
said to have contributed to our progress by providing a reconnaissance-level characteriza-
tion. In particular, those measurements showed that Mercury possesses an intrinsic magnetic
field that interacts strongly with the solar wind, especially when the IMF is southward, and
produces short-duration, intense variations in the tail magnetic field that are well correlated
with energetic particle acceleration events.

As described here, the MESSENGER mission will explore Mercury’s magnetic field and
its magnetosphere for the first time. The mission will determine whether the planet’s mag-
netic field is the result of an ongoing convective dynamo, some other type of dynamo, or
crustal magnetization. MESSENGER will also characterize the structure and dynamics of
Mercury’s magnetosphere and its response to average and extreme interplanetary conditions.
In particular, it will determine whether Earth-like “substorms” occur, how the lack of an
ionosphere affects magnetospheric dynamics, and the processes responsible for Mercury’s
intense energetic particle acceleration events. Moreover, the mission will determine the na-
ture and importance of the coupling between this magnetosphere, the exosphere, and the
regolith and, via induction effects, the planetary interior. The importance of magnetospheric
charged particle precipitation for the maintenance and variability of the exosphere will be
determined. Conversely, the impact of newly formed heavy ions due to the ionizing effects of
solar extreme-UV radiation on the exosphere will also be measured. Finally, the existence
of field-aligned currents and the nature of their low-altitude closure will be revealed. The
success of MESSENGER in achieving these exploration-level, and some intensive-study,
objectives will, in turn, produce a foundation for the comprehensive investigations to be car-
ried out by future missions, such as BepiColombo (Grard and Balogh 2001), that will yield
a detailed understanding of this most intriguing magnetosphere.
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Abstract The existence of a surface-bounded exosphere about Mercury was discovered
through the Mariner 10 airglow and occultation experiments. Most of what is currently
known or understood about this very tenuous atmosphere, however, comes from ground-
based telescopic observations. It is likely that only a subset of the exospheric constituents
have been identified, but their variable abundance with location, time, and space weather
events demonstrate that Mercury’s exosphere is part of a complex system involving the
planet’s surface, magnetosphere, and the surrounding space environment (the solar wind and
interplanetary magnetic field). This paper reviews the current hypotheses and supporting ob-
servations concerning the processes that form and support the exosphere. The outstanding
questions and issues regarding Mercury’s exosphere stem from our current lack of knowl-
edge concerning the surface composition, the magnetic field behavior within the local space
environment, and the character of the local space environment.
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1 Introduction

The discovery of an atmosphere, or more accurately an exosphere, around Mercury was
made through the ultraviolet airglow and occultation experiments on the Mariner 10 space-
craft during its three flybys of the planet in 1974 and 1975. The Mariner 10 occulta-
tion experiment set an upper limit on Mercury’s atmospheric density of approximately
10° atoms/cm?, corresponding to a pressure of about 10~!? bar (Broadfoot et al. 1976;
Hunten et al. 1988), thus defining it as a collisionless exosphere with its exobase coinci-
dent with Mercury’s surface: a surface-bounded exosphere. Ultraviolet (UV) emissions of
the three atomic elements, hydrogen (H), helium (He), and oxygen (O), were detected with
the UV airglow spectrometer (Broadfoot et al. 1976; Kumar 1976). Since the Mariner 10 fly-
bys, exploration of Mercury’s exosphere has been conducted by means of ground-based tele-
scopic observations. Three additional elements, sodium (Na), potassium (K), and calcium
(Ca), have been detected through their resonance scattering emission lines (Potter and Mor-
gan 1985, 1986; Bida et al. 2000). Because the combined pressures of the known species are
much less than the total exospheric pressure measured by the Mariner 10 occultation experi-
ment, other species are expected to exist in this tenuous atmosphere. Additional constituents,
such as carbon (C), carbon monoxide (CO), carbon dioxide (CO,), lithium (Li), argon (Ar),
neon (Ne), and xenon (Xe) have been sought but not detected (Broadfoot et al. 1976;
Fink et al. 1974; Hunten et al. 1988; Sprague et al. 1996). Other species, such as hy-
droxyl (OH) and sulfur (S), have been suggested (Slade et al. 1992; Butler et al. 1993;
Sprague et al. 1995) and modeled (Killen et al. 1997; Koehn 2002; Koehn et al. 2002)
as related to the radar-bright deposits near Mercury’s poles (Harmon and Slade 1992;
Slade et al. 1992).

Telescopic observations from the mid-1980s to today have shown that there is tempo-
ral and spatial variability in Mercury’s exosphere. The elements have both high- and low-
velocity components and are influenced by the thermal and radiative environments in ad-
dition to the interstellar medium. For example, the variability in exospheric Na has been
mapped to variability in the solar wind (Killen et al. 1999, 2004a, 2004b) and its effects on
Mercury’s magnetosphere.

Mariner 10 also made the first in situ measurements of the planet’s magnetic field (Ness
et al. 1974; Simpson et al. 1974) and the space environment around Mercury (Ogilvie et
al. 1977). During the first flyby the spacecraft passed through the magnetotail of the planet
and provided the first hint that Mercury may have a magnetic field similar to, though of
lower amplitude than, the Earth’s. The second flyby passed across the dayside of the planet,
and the third again crossed the tail, this time closer to the planet’s surface. Analysis of
these data showed that the planetary magnetic field was probably a dipole with a moment
of 350 to 400 nT—Rﬁ,[, oriented within 10° of the rotational axis (Connerney and Ness 1988).
Additional details concerning Mercury’s magnetosphere can be found in a companion paper
(Slavin et al. 2007).

The fundamental observation, however, was that the magnetic field of Mercury is able
to stand off the solar wind, at least under nominal solar wind conditions. This implies a
dynamical coupling to the planet that is mediated by magnetospheric current systems that
must close near or within the planet. At Earth, the corresponding current systems close in
Earth’s ionosphere, but Mercury has no ionosphere. How do the required current systems
close at Mercury? One hypothesis is that Mercury’s exosphere provides a so-called “pick-
up conductance,” derived from the ionization and electric field acceleration of atmospheric
species, that enables the formation of an Earth-like magnetosphere despite the absence of
an ionosphere (Cheng et al. 1987; Ip 1993). Another proposed mechanism for closing cur-
rent systems is based on the assumption that the surface of Mercury is itself conducting
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(Janhunen and Kallio 2004). As will be discussed, the exosphere, magnetosphere, and sur-
face of Mercury form a complex, interacting system whose properties and dynamics are still
incompletely understood.

Exosphere—surface interactions for many of the exospheric constituents are not well un-
derstood, since many properties of Mercury’s regolith, such as porosity and composition,
are still poorly known (Head et al. 2007; Boynton et al. 2007). Given the variability of solar
wind conditions at Mercury’s orbit, and the relative weakness of Mercury’s magnetic field,
the solar wind at times can drive the magnetopause down to the surface of the planet. Under
these unusual conditions the surface is exposed directly to solar wind plasma and particles.
Even under normal solar wind conditions, solar wind plasma and particles can access the
magnetosphere and surface via a variety of processes, such as dayside reconnection creat-
ing open field lines or boundary layer processes. The composition of Mercury’s exosphere,
with its abundant H and He, clearly indicates a strong solar wind source. Once solar wind
plasma and particles gain access to the magnetosphere, they predominantly precipitate to
the surface, where solar wind species are neutralized, thermalized, and released again into
the exosphere. Moreover, bombardment of the surface by solar wind particles, especially
energetic ions, contributes to ejection of neutral species from the surface into the exosphere
(via “sputtering”) as well as other chemical and physical surface modification processes.
Details concerning the resulting “space weathering” of the regolith from scouring by solar
wind particles are given by Head et al. (2007).

This paper summarizes our current state of knowledge concerning the exosphere compo-
sition, especially in terms of sources, sinks, and processes. It discusses the observed structure
and density distributions within the exosphere and their association with the local environ-
ment. Exosphere—surface interactions and modeling efforts are compared with the current
set of observations. The complex interaction and interconnections between the space en-
vironment (solar wind and interplanetary magnetic field, or IMF) and Mercury’s magnetic
field, exosphere, and surface are examined. Last, predictions are summarized for what the
MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) mis-
sion may observe and discover.

2 Composition: Sources, Sinks, and Processes
Table 1, adapted from Strom and Sprague (2003), summarizes the currently known con-

stituents in Mercury’s atmosphere and their approximate abundances. The abundance of H
in Mercury’s exosphere is at least 10 times the abundance seen in the Moon’s exosphere

Table 1 Mercury’s exospheric species

Constituent Discovery reference Column abundance
(atoms per cmz)

Hydrogen (H) Broadfoot et al. (1976) ~5x 1010

Helium (He) Broadfoot et al. (1976) ~2 x 1013
Oxygen (O) Broadfoot et al. (1976) ~7 x 1012
Sodium (Na) Potter and Morgan (1985) ~2 x 101!
Potassium (K) Potter and Morgan (1986) ~1x 10°

Calcium (Ca) Bida et al. (2000) ~1 x 107
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(Hunten and Sprague 1997). This large difference may be connected to the presence of
a magnetic field on Mercury (Goldstein et al. 1981; Hunten and Sprague 1997). Gold-
stein et al. (1981) demonstrated that it is possible for Mercury’s magnetosphere to stand
off the normal solar wind (except at the high-latitude cusps). More recent hybrid models
show that Mercury’s magnetosphere is open a large part of the time (Kallio and Janhunen
2003a, 2003b, 2004a, 2004b). The distribution of Na atoms (discussed in the next section)
is commensurate with these more open models. The abundances of Na and K have been
observed to vary diurnally (Sprague 1992; Sprague et al. 1997; Hunten and Sprague 2002;
Schleicher et al. 2004), with latitude (Potter and Morgan 1990, 1997; Sprague et al. 1997),
and in association with surface features such as the Caloris basin and radar-bright spots
(Sprague et al. 1990, 1998). Localized enhancements of Na have been observed with both
imaging and spectroscopic techniques (Potter and Morgan 1990, 1997; Sprague et al. 1990,
1997; Hunten and Sprague 1997). More details on these variations are addressed in the next
section, which describes the structure and density distribution of materials within the ex-
osphere.

Measurements of many of the exospheric constituents show evidence for two-component
velocity (temperature) distributions (e.g., H), or for Weibull (a continuous probability dis-
tribution function) distributions (Na and K). The vertical distribution of H is best mod-
eled by two components: a dominant cold component with a temperature characteristic of
the cold nightside surface and a smaller component with a temperature distribution more
commensurate with the hot dayside surface temperature (Shemansky and Broadfoot 1977;
Hunten and Sprague 1997). Observations of Na indicate that this species is emitted into the
exosphere at higher velocities (commensurate with sputtering from the surface by charged
particles or energetic solar photons) and that thermalization to the surface temperature is
inefficient (Hunten et al. 1988; Hunten and Sprague 1997; Killen et al. 1999). Models of the
exosphere sources and sinks are constrained by the measurements of these multiple velocity
or temperature components.

Table 2 outlines the possible sources, sinks, and processes producing Mercury’s ex-
osphere. The sources and sinks are related to a complex interplay between exosphere—
surface interactions (discussed in more detail in Sect. 4) and solar wind, IMF, and planetary
magnetospheric interactions (discussed in more detail in Sect. 5) with the surface.

The observed abundances of H and He can be explained by solar wind capture and
radiogenic decay (*He). These species are lost from Mercury’s exosphere through ther-
mal escape. Heavier atoms, such as Na and K, are lost by photoionization. Once ion-
ized, roughly half are carried away by the solar wind (Killen et al. 2004a; Killen and
Crider 2004). Most of those recycled return on the dayside depending on the scale
height (Sarantos 2005). However, there is a small population of these ions that could
be trapped in Mercury’s magnetotail, accelerated back to the nightside of the planet,
and recycled through interactions with the surface (Ip 1993; Hunten and Sprague 1997;
Sarantos 2005).

The most extensively studied species in Mercury’s exosphere is Na. Sodium has been
observed to be highly variable, with column densities varying on timescales smaller than 24
hours. Distributions and enhancements of Na in the exosphere have been correlated with so-
lar wind magnetospheric interactions and variations in the regolith composition (e.g., Potter
and Morgan 1990, 1997; Killen et al. 1990, 1999, 2001; Sprague et al. 1997, 1998; Potter et
al. 1999; Lammer et al. 2003). Killen et al. (2001) examined how much of the Na population
could be attributed to photon-stimulated desorption (PSD), ion sputtering, and impact va-
porization of micrometeoroids. They concluded that the impact vaporization process could
provide up to 25% of the Na seen. The relative importance of each process is variable, both

@ Springer



Mercury’s Atmosphere: A Surface-Bounded Exosphere 165

Table 2 Mercury exosphere sources and sinks

Source processes Relevant species Recycling process References

Direct to exosphere

Solar wind capture H, He a, f

Radiogenic decay and He a, f
outgassing

Meteoroid volatilization Na, K, Ca b,d, f, g

Delivery to surface

Diffusion H, He, O, Na, K d,e, h,j, k1, m

Regolith turnover H, He, O, Na, K, Ca d,e, f

Magnetotail or ion H, He, O, Na, K, Ca a,c ek
recycling

Release from surface

Sputtering: physical Na, K, Ca Yes c,d,e f,j

Sputtering: chemical Na, K, Ca, OH Yes I,o

Thermal desorption H, He, O, Na, K Yes d, f,k,1
(evaporation)

Photon stimulated Na, K Yes d, 1
desorption (PSD)

Impact vaporization All n

Sink processes

Photoionization H, He, O, Na, K, Ca e f,d k

Thermal escape H, He f

Surface implantation: H, He, O, Na, K, Ca Yes e, f,k
adsorption

Surface implantation: H, O, Na, K, Ca Yes f, m

chemical bonding

a. Goldstein et al. (1981). b. Potter and Morgan (1985). c. Ip (1986). d. McGrath et al. (1986). e. Cheng et
al. (1987). f. Hunten et al. (1988). g. Morgan et al. (1988). h. Tyler et al. (1988). i. Killen (1989). j. Sprague
(1990). k. Sprague (1992). 1. Hunten and Sprague (1997). m. Potter (1995). n. Cintala (1992). o. Potter (1995)

with true anomaly angle and with solar activity, and is highly uncertain. The remainder of
the Na in Mercury’s exosphere is considered to come from a combination of processes that

deliver Na to the surface followed by a set of surface release processes.

The three processes listed in Table 2 that are believed to deliver exospheric material
to the surface are diffusion, regolith turnover, and ion recycling. Diffusion processes can
be subdivided into three types: regolith diffusion, volume diffusion, and grain-boundary
diffusion. Regolith diffusion, as examined by Sprague (1990), is the diffusion of sodium
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and/or potassium along cracks and voids between grains and rock fragments. Volume dif-
fusion, as studied by Killen (1989), is the solid-state diffusion through crystalline lattices.
Grain-boundary diffusion is the diffusion of material across grain surfaces. Killen (1989)
found that volume diffusion is too slow to produce the Na abundance observed in Mercury’s
exosphere. Sprague (1990) suggested that the combination of regolith and grain-boundary
diffusion can provide the requisite amounts of Na and K over the solar system lifetime with-
out relying on efficient recycling of material. These diffusion processes can also explain the
relative observed abundances of Na and K at the Moon (Sprague 1990). Mercury’s highly
variable Na/K abundance ratio, which is also much higher than the Na/K ratio observed
for the Moon, remains unexplained (Potter et al. 2002a). However, potassium column den-
sities have been observed to decrease with increasing levels of solar activity (Potter et al.
2002a), which led Ip and Kopp (2004) to postulate that the Na/K ratio variability, and high
value compared with lunar values, may be caused by the favored removal of K through its
preferential acceleration (resulting from its lower gyrofrequency compared with Na) by ion
cyclotron waves generated in the polar caps due to solar wind interactions. However, Saran-
tos (2005) tested the hypothesis that there exist more fractional losses for potassium ions
and found no statistical difference for the fractional recycling of Nat and K* due to ac-
celeration by the large-scale electric field. A more likely explanation for the variable Na/K
ratio is thermal diffusion acting faster on bound sodium than on potassium (Sprague 1992;
Killen et al. 2004a). It is also quite possible that the observed variation in the Na/K ratio
results from the fact that the two species were not observed concurrently and that spatial
and temporal variations are the cause of the differences.

Regolith turnover is another mechanism for bringing exospheric material to the surface,
namely through impact gardening. Ion recycling has been studied by Killen et al. (2004a),
Killen and Crider (2004), and Sarantos (2005). Work by Ip (1993) showed that exospheric
material, after ionization by solar UV photons, could be trapped in Mercury’s magneto-
tail and transported to the nightside. Sprague (1992) suggested that these ions could be
implanted into the nightside surface, where they can be neutralized and adsorbed into the
surface. However, Sarantos’ (2005) modeling shows that approximately twice as many ions
recycle to the dayside, but this result is highly variable with IMF conditions. Dayside re-
cycled photoions can be reemitted at short timescales due to PSD, but nightside recycled
ions can be reemitted only by meteoritic vaporization, ion sputtering, and electron-impact
sputtering. The emission rate on the nightside is probably one-third to one-half the dayside
rate, depending on the impact vaporization rate and nightside sputtering rate.

Although meteoroid volatilization is listed in Table 2 as a “direct to exosphere” source
process, volatiles released during the impact process may also be trapped within the sur-
face for later release to the exosphere. Conversely, the impact process could also release
exospheric species already present in the surface.

Once these materials are brought to the surface, a process is needed to release them to
the exosphere. The release processes listed in Table 2 include sputtering (both physical and
chemical), evaporation, meteoritic vaporization, and PSD. Physical sputtering is the release
of material through impact by energetic particles. Chemical sputtering involves a chemical
reaction between the surface material and the energetic particle, where the reaction prod-
uct is desorbed. Chemical sputtering has been suggested as a source of Na and OH (Potter
1995). The high-velocity component observed in the Na emission lines indicates a high-
energy mechanism for release of materials from the surface. This mechanism is commensu-
rate with sputtering by either charged particles from the solar wind or solar photons. Thermal
desorption, or evaporation, as proposed by McGrath et al. (1986), is too rapid to characterize
the atmosphere alone, but it is part of the exosphere recycling process. PSD is the desorption
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Fig. 1 The sources, sinks, and processes within the exosphere, surface, and magnetopause of Mercury

of particles due to UV photon bombardment. Laboratory studies by Yakshinskiy and Madey
(1999) demonstrated that Na can be released via PSD from lunar soil simulate. Killen et al.
(2001) modeled particle release from Mercury’s surface by PSD and found that PSD could
be an efficient particle release process on the dayside for volatile species such as Na and K.
The strong observed dependence of Na abundance with solar zenith angle supports PSD as a
major source process for Na (Killen et al. 2001). Refractory elements such as Ca would not
be thermally desorbed or sputtered by UV photons. Refractory species are most efficiently
released by impact vaporization (e.g., Mangano et al. 2007). Very hot calcium has been
observed in the exosphere, a large fraction of which directly escapes (Killen et al. 2005).

The possible sinks for depleting Mercury’s exosphere include thermal escape (H and He
only), photoionization and entrainment in the solar wind, and surface implantation. Neutral
atoms in the exosphere can be ionized and removed to the interplanetary medium via the
solar wind and magnetosphere (Killen et al. 2004a; Killen and Crider 2004; Sarantos 2005).
Thermal escape is an efficient process for the lighter elements H and He. Thermal escape
assisted by solar radiation pressure occurs for sodium and presumably also for potassium.
Up to 10% of the total sodium production rate is lost by escape into the Mercury “tail” during
periods of maximum solar radiation pressure (Potter et al. 2002b). Removal of material from
the exosphere via surface implantation can occur either through adsorption onto surface
grains or through chemical interactions, such as those that produce space weathering effects
in the regolith. Adsorption is more productive on the nightside, where evaporation is less
effective at releasing the material. Adsorption also includes the process of cold-trapping
material, such as in shadowed areas at high latitudes, or under outcroppings (Yan et al.
2006). The accumulation of material on the nightside for later release during Mercury’s day
is supported by the diurnal variations seen in the Na abundances (Sprague 1992; Sprague et
al. 1997; Hunten and Sprague 2002; Schleicher et al. 2004).

The life cycle (Fig. 1) of an exospheric species can be followed by starting its journey
to the surface from either the subsurface (by diffusion or regolith turnover) or from the ex-
osphere (by collision with the surface) (Killen and Crider 2004). If a neutral atom collides
with the surface it can be either scattered back into the exosphere or implanted into the
surface, where it is either adsorbed or chemically bonded in a surface space-weathering
process. A photoionized species can also collide with the surface (Killen et al. 2004a;
Sarantos 2005), where it will be either neutralized and adsorbed (such as with magnetotail
or ion recycling) or chemically bonded into the surface, also as part of the space-weathering
process. Species from the surface can be introduced, or reintroduced, into the exosphere
by sputtering, evaporation, PSD, meteoroid volatilization, impact vaporization, or scattering
from collision at the surface.
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3 Structure and Density Distributions

Several sets of observations constrain the six known constituents (H, He, O, Na, K, and
Ca). Atomic hydrogen, observed in two height distributions, is characterized by the day and
night surface temperatures, respectively, with scale heights above the surface of about 1,330
and 230 km. Helium emission, greatest over the dayside and above the sunward limb, was
measured as far as 3,000 km above the surface (Broadfoot et al. 1976). The Mariner 10 ob-
servations did not include measurements in the polar regions, so the distribution associated
with those areas is constrained only by telescopic measurements. Telescopic observations
show that Ca appears to be enhanced above the polar regions, but its distribution is not
fully known (Killen et al. 2005). Calcium is observed at extreme temperatures, and a large
fraction is above escape velocity (Killen et al. 2005). The mechanism for imparting these
energies is unknown. For O, observations by Mariner 10 provided only an upper limit on the
abundance estimate.

Ground-based observations of Na and K show variable abundances and distributions of
these elements. Possible associations between bright-ray craters and regions of freshly over-
turned regolith with enhanced Na abundance, as indicated by emission at the Na D2 line
at 589 nm (Sprague et al. 1998), are shown in Fig. 2. The brightest Na emission falls over
the Kuiper-Muraski crater complex (designated K) and the location of features with no-
tably bright albedo at both visible and radar wavelengths (A). Both of these geologic fea-
tures are associated with regions of freshly excavated material (Robinson and Lucey 1997;
Harmon 1997). The brightest region in the figure appears offset from the associated geologic
features. Atmosphere turbulence effects, or atmospheric seeing, would move the bright re-
gion toward the center of the image; thus it is more likely associated with the features closer

Fig. 2 This Na emission image,
adapted from Potter and Morgan
(1997), was taken with an image
slicer on the McMath-Pierce
Solar Telescope at Kitt Peak. It
shows an example of enhanced
Na emission observed over a
freshly cratered region (K,
Kuiper-Muraski crater complex).
A radar-bright spot (A) is at the
longitude of the limb. Both areas
K and A are associated with
regions of freshly overturned
regolith. Radar-bright spot B is at
the same longitude in the
northern hemisphere but shows
no enhancement of Na. Localized
Na sources near the planet limb
observed from ground-based
telescopes appear offset in the
direction of the planet center due
to atmospheric seeing effects.
Thus the bright red region is
likely associated with geologic
features near the limb. The color
bar codes the intensity of
emission, with red the brightest
(~6 MRayleighs for the date of
observation; December 7, 1990)
and blue-green the minimum
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Fig. 3 An example of the

asymmetric distribution of Na in MERCURY SODIUM D2 EMISSION

Mercury’s atmosphere (Potter et

al. 2006). This observation, made OC TOB E R 5, 2003
near Mercury’s perihelion, is a COMPOSITE IMAGE

composite of three 10”7 x 10”
images taken with the image
slicer on the echelle spectrograph
at Kitt Peak’s McMath-Pierce
Solar Telescope. Each pixel is 1”
square and is produced by
extracting the D2 emission line
from a high-resolution spectrum.
The figure shows integrated
intensity along the line of sight in
kRayleighs (kR) and is not in a
1: 1 relationship to zenith
column abundance. The tail is not
imaged here since only three

10" x 10” fields are shown.
Limb brightening is apparent on
the dayside due to line of sight -

effects 2770 KR

to the limb. In addition, the processing of image data obtained from an image slicer to a
representative two-dimensional map also shifts the location of the bright region. With this
said, it should be noted that the distribution of these elements changes on a daily basis and
this distribution could be a function of magnetosphere—solar wind interactions (Killen et al.
2001). Another example of the uneven distribution of atmospheric sodium (Fig. 3) is the ob-
servation of brightening along the sunlit limb and excess sodium at high southern latitudes
(Potter et al. 2006). In this case peak emission is observed at ~2.7 MRayleighs (2,700 kR).

Sodium and potassium atoms are massive enough to be mostly bound to the planet, and
thermal components with scale heights roughly approximated by the surface temperature
(30-60 km) are present (Sprague et al. 1997). However, several ground-based observations
have found an extended Na component that varies in distance according to Mercury’s true
anomaly, solar activity, and the orientation of magnetic fields in the solar wind (Potter et al.
2006). Scale heights of 150 km have been used to model the observed Na distributions seen
by Schleicher et al. (2004). Figure 4, adapted from Potter et al. (2002) and obtained from Kitt
Peak’s McMath-Pierce Solar Telescope, shows three regimes of the Na exosphere. Extended
coronae sometimes exist above both the north and south polar regions; a lower-scale height
region can be observed at the subsolar point; and there is a “tail” of material streaming in
the anti-sunward side. All of these three regimes are expected as a result of solar radiation
pressure. The abundance of the distant tail population is controlled by pressure from solar
photons and various source mechanisms. Thus the tail’s extent is expected to vary with the
position of Mercury relative to the Sun and has been modeled by Smyth and Marconi (1995)
and Leblanc and Johnson (2003).

Figures 5 and 6 show two extreme examples taken from the models of Leblanc and
Johnson (2003). The exosphere model simulation by Leblanc and Johnson (2003) includes
a surface source of atoms from an initially adsorbed layer of 4 x 102 atoms cm ™2 as well as
what is provided by infalling meteoritic material. As discussed in Sect. 4, these researchers
do not consider such other sources as diffusion and meteoritic vaporization. In their model
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Fig. 4 Emission from Na atoms
in Mercury’s exosphere and
anti-sunward tail are shown along 40,000 km
with a color bar indicating
emission intensity in kRayleighs
(Potter et al. 2002b). This image
was taken on May 26, 2001, at a
Mercury true anomaly of 130°.
This is a composite of ten

10" x 10” images taken with an
image slicer on the echelle
spectrograph at the McMath
Pierce Solar Telescope.
Resonance scattering reveals
sodium only in sunlight;
therefore, the relatively low
emission to the left, on the

nightside, does not mean that § 6.0 60.0 600.0 6000.0 KR

there is a lack of sodium there.
The Na distribution and emission h_— h
intensity are variable and depend
on true anomaly as well as
variable source processes.
Line-of-sight velocity was
determined by measuring the
shift of the centroid position of
the emission line from the rest
position on Mercury. These
velocities were converted to
heliocentric velocities by
dividing by the sine of the phase
angle. This image, made close to
aphelion, shows the Na extended
high above the polar regions
similar to the model shown in
Fig. 5

atoms accumulate on the nightside, and as a consequence the morning terminator is the main
source of sodium atoms to the atmosphere. Leblanc and Johnson (2003) concluded that the
north—south asymmetries can be attributed to maxima in surface Na concentration at high
latitudes just before the dawn terminator due to cold trapping.

Alternative models (as discussed in Sect. 4), such as that proposed by Killen et al. (2001,
2004a), incorporate additional processes. In these models cold-trapping is less efficient on
the nightside because impact vaporization and ion sputtering deplete the surface of adsorbed
atoms, and because many of the atoms that reach the nightside are already above escape
velocity. As a result, the exosphere is most dense on the dayside, either at the subsolar point
or with local enhancements where the magnetosphere is open to the solar wind.

Measurements of the distribution and abundance of the Na atmosphere above the limb
of Mercury were made during Mercury’s transit of the Sun in 2003 (Schleicher et al. 2004).
Using a triple etalon system with adaptive optics, the absorption profile of the Mercury Na
D2 line was measured. Na emission was observed to be greater above both polar regions than
above the equatorial limb of the planet. In addition, measurements above the morning side of
the planet exhibited greater Na emission than on the evening side. The predictive model of
Leblanc and Johnson (2003) shown in Fig. 5 is consistent with the observations, which also
occurred near aphelion. Schleicher et al. (2004) give Na scale heights for four geometries
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Fig. 5 At aphelion, at a true
anomaly angle of 181°, the Na
exosphere is extended above the
polar regions on the Sun side in
this model (Leblanc and Johnson
2003). The abundance units on
the color bar are logarithmic in
Na/cm? and distances are in units
of planet radius

Fig. 6 At a true anomaly of
252° the maximum Na emission
appears near the morning
terminator in this model from
Leblanc and Johnson (2003). As
described in the text, the Na
streams behind the planet under
the increased influence of solar
radiation pressure. This
geometric configuration
corresponds closely to that shown
in Fig. 4. Column abundance
units on the color bar are
logarithmic in Na/cm?

Table 3 Estimate of sodium
scale heights

3

1 0
Heliocentric distance (Rm)

10 -
Heliocentric distance (Rm)

Location Scale height (km)
Northern maximum 135+30
Southern maximum 130 £ 30
Western planetary limb (150)

Eastern planetary limb (150)

at Mercury’s limb, corresponding to the equivalent widths shown in Fig. 7. Good model
fits to the northern and southern maximum measurements give scale heights with error bars
as shown in Table 3. For the eastern and western planetary limbs, a scale height of 150
km was assumed for the model (shown in parentheses). Note that equivalent atmospheric
temperatures corresponding to these scale heights are between 1,350 and 1,520 K, consistent
with the results of Na D2 line width modeling by Killen et al. (1999).
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Fig. 7 Equivalent widths of the Mercury Na D2 line are plotted as functions of the distance from Mercury’s
limb. Models estimating fits to the equivalent width distributions yield estimates of the scale height (H) of
the Na distribution (Schleicher et al. 2004). ¢ is the azimuthal angle from the north pole of Mercury measured
in a clockwise direction around the observed limb of the Earth-facing disk, 7 is the optical depth at the line’s
center along the gazing line of sight, ng is the Na particle density, and ] is the Na column density

An estimate of about 1.6 kms~' is made for the velocity along the line-of-sight of the

measurement. This estimate is based on the Doppler width of the Na D2 line convolved with
the spectral resolution of the instrument.

Some information regarding the height distribution of Ca above Mercury’s surface has
been obtained by several spectroscopic measurements (Killen et al. 2005). Figure 8a shows
intensity of Ca422.6 nm emission at the slit locations during one such observing period, with
the Ca intensity color coded. Figure 8b shows the corresponding line of sight Ca velocity
corresponding to the slit locations shown in Fig. 8a. Clearly a high-energy process is placing
Caup to 3,000 km above Mercury’s surface. No near-surface Ca emission has yet been found
on the sunlit limb due to the difficulty of observing near the bright limb. The data shown
in Fig. 8 indicates that Ca is moving at extreme velocity in the direction of orbital motion
of Mercury, with a large fraction probably moving above escape velocity. These velocities
cannot be due to impact vaporization or ion sputtering but must be caused by a secondary
process such as dissociation or charge exchange (Killen et al. 2005).

No actual measured information regarding the height distribution of O is available (the
detection and estimated abundance of O made by Mariner 10 had no associated height dis-
tribution information, and ground-based observations cannot detect the emission line at
130.4 nm because of telluric atmospheric opacity in the UV). It is possible that Ca may
be vaporized in molecular form, and that CaO is dissociated after ejection from the surface,
leaving both Ca and O at high energy (Killen et al. 2005). In such a case it could be expected
that O will be escaping. Koehn and Sprague (2007) suggested that 0" and Ca''* delivered
by the solar wind to Mercury’s surface and subsequently ejected as neutral atoms into an en-
ergetic distribution in the Mercury space environment or exosphere are adequate to explain
the observations.
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3 May 2002 Mercury Ca Radiance
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Fig. 8 (a) Intensity of Ca emission at various slit locations of the High Resolution Echelle Spectrometer
(HIRES) placed from the limb to about one Mercury diameter away from the planet during observations
at the Keck I telescope on May 3, 2002. (b) Line-of-sight velocity components of calcium of 1 to 3 km/s
are color coded, corresponding to the slit locations in (a). They indicate extreme velocity in the direction
of orbital motion of the planet, probably on the order of 1.5 to 4. km/s. A large fraction of the calcium is
probably above escape velocity

4 Exosphere-Surface Boundary Interactions

Early theoretical treatments of Mercury’s (and the Moon’s) tenuous atmosphere assumed
the surface was saturated with an adsorbate (e.g., Hodges 1973; Hartle and Thomas 1974;
Hartle et al. 1973). This assumption defined a process in which every impact of an atom is
followed by the release of another similar atom at the impact site. Hartle and Thomas (1974)
assumed that the source of the lunar atmosphere is the solar wind, and that the flux of solar
wind particles hitting the surface is balanced by the rising flux. Therefore an equilibrium
is assumed between incoming solar wind ions and outgoing neutrals. A similar model was
derived for Mercury (Hartle et al. 1973), but it was invalidated by Mariner 10’s discovery of
an intrinsic magnetic field.

Classical exospheric models, derived for an exosphere whose exobase is in contact with
an atmosphere, are based on the assumption that the exospheric constituents are derived from
a reservoir of atoms whose source is freely evaporating with a Maxwellian velocity distrib-
ution equivalent to the local surface temperature. The resulting altitude distributions follow
a barometric law with certain deviations due to loss by escape (Chamberlain 1963). How-
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3 May 2002 Mercury Ca Velocity
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Fig. 8 (Continued)

ever, it is evident that many details of these models are not consistent with surface-bounded
exospheres. For a surface-bounded exosphere, the expected source processes include PSD,
ion sputtering, and meteoritic vaporization (see Table 2). The first two processes produce
a source whose velocity distribution is described by a statistical Weibull distribution at an
equivalent temperature of about 1,200 K (Madey et al. 1998). Unlike a Maxwellian velocity
distribution, this distribution is much hotter than the surface and includes a tail distribution
of very hot atoms. Vapor derived from meteoritic vaporization produces a gas that is ther-
mal, but very hot, about 3,000 to 5,000 K (Kadono and Fujiwara 1996; Kadono et al. 2002;
Sugita et al. 2003). Therefore classical exospheric models are not directly applicable to Mer-
cury’s exosphere.

The degree to which atoms thermally accommodate to the surface on contact is not well
known and is probably species dependent. The global distribution of H and He in Mercury’s
exosphere as measured by Mariner 10 is incompatible with thermal accommodation. Mod-
els based on the assumption of thermal accommodation predict an anti-solar/subsolar He
number density ratio of 200 at the surface. However, the measured ratio is smaller, by a
factor of about 10. Altitude distributions of the known gases in Mercury’s exosphere, when
fit to a scale height, give temperatures that are different for each constituent. The H seen
above the subsolar point has both a very cold component and a warm component, which
at 420 K is colder than the surface at that location. Helium was fit to a 575 K barometric
atmosphere above the subsolar point, which is closer to the subsolar temperature. However,
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the anti-solar density observed for He is much less than that predicted on the basis of ther-
mal accommodation. Sodium line profiles measured near the surface (not in the tail, which
is accelerated by radiation pressure) are consistent with a much hotter gas than the surface.
The Na exosphere is measured to be 1,200 K at the equator and 750 K at the poles, or at least
550 K hotter than the surface (Killen et al. 1999). The original Na D2 line width measured by
Potter and Morgan (1985) was shown to be consistent with ~90% of the Na atoms at 500 K
and the remaining ~10% at even higher temperatures (Hunten et al. 1988), suggesting that
different locations and times of measurement have different equivalent temperature distrib-
utions. The only other known constituent of Mercury’s atmosphere, Ca, has been observed
and modeled with temperatures consistent with a very hot gas (6,000 to 12,000 K) (Bida
et al. 2000). These temperatures indicate that nonthermal processes are important in pro-
ducing and maintaining Mercury’s surface-bounded exosphere, and that none of the known
constituents is in thermal equilibrium with the surface.

Another variable in the exosphere—surface boundary models is the sticking time, or the
time between impact of the downwelling atom and its rerelease into the atmosphere. Long
sticking times imply chemisorption (absorption resulting in a chemical bond) or physisorp-
tion (absorption into an atomic potential well resulting in a physical bond). It has been
suggested that atoms that stick to the surface become bound and do not have lower binding
energies than atoms intrinsic to the rock (Madey et al. 1998). The binding energy of sodium
is somewhat controversial, but there may be a variety of binding sites on a silicate surface,
particularly for a radiation-damaged surface (Yakshinskiy et al. 2000). In addition, the stick-
ing efficiency on a porous surface such as a regolith is greater than the sticking efficiency
on a flat surface due to multiple interactions with the surface on each impact. On silicate
surfaces, the sticking efficiency is about 0.5 at T; =250 K and decreases to a value of 0.2 at
T, =500 K (Johnson 2002).

While Johnson (2002) argued that most collisions with the surface are free—bound (the
atom is adsorbed or goes through a bound state prior to scattering), Shemansky and Broad-
foot (1977) argued that the surface of Mercury is not saturated with gas and that most colli-
sions of light atoms with the planetary surface are “free—free” (the atom is unbound before
and after the collision and does not go through a bound state), not free—bound. Measured
energy accommodation coefficients for He and Ne are quite small (0.009-0.07 and 0.06-0.3,
respectively), while accommodation coefficients for Ar can be large (0.29-0.67). Sheman-
sky and Broadfoot (1977) argued that collisions that do not involve adsorption are limited in
the amount of energy that can be gained or lost to the substrate at each collision. This situa-
tion is consistent with a gas that is derived from an energetic process such as ion sputtering
or meteoritic vaporization and remains hotter than the surface. It also explains the uniformity
of the H atmosphere relative to that predicted on the basis of thermal accommodation.

Thermal vaporization rates are critical to the resulting source rates and velocity distri-
butions of the constituents in Mercury’s exosphere. The role of thermal vaporization rates
is especially controversial in how they are treated in various exosphere—surface interaction
models. Thermal vaporization rates are governed by the binding energy of the atom balanced
against the temperature. The more tightly bound the atom, the lower the thermal vaporiza-
tion rate, but the higher the temperature, the higher the vaporization rate. The controversy
over the effect of thermal vaporization on the surface of Mercury arises from the recognition
that vaporization at equatorial latitudes near the subsolar region will deplete a monolayer of
sodium atoms quite quickly. Some models, such as that of Leblanc and Johnson (2003), do
not include any additional source of atoms at the exobase, e.g., through meteoritic vapor-
ization or diffusion (including regolith, volume, and grain-boundary diffusion). Given these
assumptions, a rapid depletion of sodium at equatorial latitudes on the sunlit side of Mercury
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will occur. Leblanc and Johnson (2003) concluded that the hot equatorial surface becomes
depleted in adsorbed sodium, thus shutting down the supply of atoms to the exosphere.

Sprague (1990) and Killen et al. (2004a) showed through modeling that the source of Na
atoms through grain-boundary diffusion and meteoritic vaporization taps a deeper source
and is therefore not depleted through thermal vaporization. Killen et al. (2004a) concluded
that a source of atoms to the extreme surface from the grains is robust enough to main-
tain PSD, ion sputter, and meteoritic vapor rates, and therefore these source rates for these
processes are independent of the abundance of adsorbed atoms. In other words, thermal
vaporization taps a different reservoir of atoms than the other three source processes.

Killen et al. (2004a) also showed that regolith gardening is fast enough on Mercury to
replenish the supply of sodium to the surface for the age of Mercury. Regolith gardening
rates are known for the Moon (Heiken et al. 1991). Killen et al. (2004a) assumed that the
regolith gardening rate can be scaled linearly to the meteoroid influx, which they assume is
roughly an order of magnitude larger at Mercury than that at the Moon. The scaled microm-
eteoroid flux is based on measurements at Earth orbit (Cintala 1992), and the flux of larger
meteoroids estimated from Spacewatch measurements (Marchi et al. 2005). These results,
however, are quite uncertain and will not be fully characterized without in situ measure-
ments. Meteoroid impacts supply the surface with fresh rock from below and bury the top
layers of regolith.

In addition to regolith gardening, meteoroid and micrometeoroid impacts affect the com-
position and storage of volatiles through vapor deposition. Although some of the vapor de-
rived from meteoroid impact is lost to the system, much of it is retained (Butler et al. 1993;
Crider and Killen 2005). The regolith grains at Mercury are most likely coated with glass
derived from impact vapor. Since glass is amorphous, atoms more readily diffuse through
it and evaporate from it (Shih et al. 1987). Thus source rates for the atmosphere from the
surface-boundary exobase are intimately dependent on meteoroid impact rates and on the
distribution of the impact vapor.

In modeling exosphere—surface boundary interactions, another effect that should be con-
sidered is the impact of surface charging on sputtering. Surface charging has been shown to
be an important process at both Mercury (Grard 1997) and the Moon (Vondrak et al. 2004)
due to efficient photoionization and interaction of the surface with solar wind ions and pos-
sibly with ions of planetary origin. Surface charging affects the trajectories of photoions
(Grard 1997) and hence recycling rates for photoions (Killen et al. 2004b). There is a pos-
sibility that charged dust levitates on Mercury as well as on the Moon (Stubbs et al. 2005).
Surface charging also will affect the rates and energies of ion sputtering since about 10% of
the sputter products will be ions (Elphic et al. 1993). For example, low-energy electrons can
cause negative charging and enhance outward diffusion of sodium (Madey et al. 2002).

The rates and effectiveness of ion sputtering as a process for producing and maintain-
ing Mercury’s exosphere are strongly affected by the local space environment. Mercury’s
surface is shielded from the solar wind by its magnetosphere to an extent dependent on
the solar wind dynamic pressure and on the magnitude and direction of the IMF. This
magnetosphere is a dynamic system that can vary dramatically between being closed or
open (Kabin et al. 2000; Sarantos et al. 2001; Kallio and Janhunen 2003a, 2004a, 2004b).
The solar wind can impinge on a large fraction of the dayside surface when the magne-
tosphere is in its open configuration. The effect of the solar wind impinging on the sur-
face is controversial, and much is based on studies of the lunar exosphere, some of which
is contradictory. While early models were based on the assumption that the lunar surface
simply acts as a sponge for solar wind particles (Hartle and Thomas 1974), the rapid vari-
ation in the observed sodium atmosphere of Mercury prompted some observers to postu-
late that the heavy ions in the solar wind or interplanetary medium are quite effective in
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sputtering atoms, particularly sodium atoms, from the surface (Potter and Morgan 1990;
Potter et al. 1999; Killen et al. 2001). Recent work has shown that highly charged
heavy ions can be orders of magnitude more effective at sputtering insolator targets than
singly charged ions of the same species (Shemansky 2003; Aumayr and Winter 2004).
Thus heavy ions in the solar wind can be as effective or even more effective at sputter-
ing than the more abundant H* and He™™ in the solar wind. The resulting atmosphere
would be asymmetric, as is observed, since the magnetosphere is expected to be asym-
metric north/south due to the sunward component of the IMF (Sarantos et al. 2001;
Leblanc and Johnson 2003). In addition to directly sputtering atoms from the surface, the
solar wind ions hitting the surface can produce radiation damage, which enhances the effi-
ciency of PSD (Potter et al. 2000). The role of magnetospheric shielding and its effects on
the ion-sputtered production of Na can be tested by observations of the lunar atmosphere
as the Moon moves inside and outside of the Earth’s magnetosphere. Potter et al. (2000)
showed evidence in lunar atmospheric Na observations that even though the Moon is fully
in sunlight, its atmospheric density begins to decline as soon as it enters the Earth’s magne-
tosphere, where it is shielded from the solar wind and continues to decline until the Moon
reemerges from the magnetosphere. However, lunar corona observations by Mendillo and
Baumgardner (1995) and Mendillo et al. (1999) of the Moon during eclipse show consistent
atmospheric Na abundances regardless of the Moon’s position within the Earth’s magne-
tosphere. From an analysis of these observations Mendillo et al. (1999) suggested that the
Na is from a blend of sources, 15% uniform micrometeoroid impact over the surface and
the remainder (85%) from photon-induced desorption. More recently, Wilson et al. (2006)
suggested that Na in the Moon’s exosphere from more ubiquitous sources, such as solar
and micrometeoroid bombardment, is augmented by plasma impact from the solar wind and
Earth’s magnetotail. These processes may also dominate at Mercury.

5 Solar Wind and Magnetospheric Interactions

Regardless of the relative roles of the processes listed in Table 2 the interactions among the
solar wind, Mercury’s magnetosphere, and Mercury’s surface all have a strong influence on
the production, maintenance, and character of Mercury’s exosphere. In order to understand
the generation and processes that maintain Mercury’s exosphere, an understanding of the
solar wind properties at Mercury and how the solar wind interacts with the planet’s magne-
tosphere and surface is required.

As the solar wind approaches the planet, it first encounters the bow shock: the transi-
tion between the supersonic flow of interplanetary space to the subsonic, slower flows of
the magnetosphere. The flow is held off by the magnetic field of the planet, but this field
is not an impassable barrier. The dynamic pressure of the solar wind plasma compresses
the planetary field and is balanced by the resulting magnetic pressure on the other side
of the magnetopause. If the upstream dynamic pressure is sufficiently high, the magne-
topause can come within a proton gyroradius of the surface, allowing direct precipitation
to the surface (Goldstein et al. 1981; Kabin et al. 2000). As the IMF comes into contact
with the planetary field, reconnection can occur—solar field lines join with the planetary
lines (assuming an anti-parallel field configuration), and the resulting new line is dragged
tailward by the solar wind. Once in the tail, another reconnection event recloses the field
line with its conjugate in the opposing hemisphere. These reconnection events have sev-
eral repercussions. First, they result in the peeling away of magnetic flux from the dayside
of the planet, bringing the magnetopause closer to the subsolar point on the planet’s sur-
face (Slavin and Holzer 1979). Second, these events can open the magnetic cusp regions to
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the inflow of solar wind plasma, allowing its interaction with the regolith along open field
lines. Reconnection can also accelerate impinging charged particles, leading to enhanced
sputtering or scouring of the regolith. Reconnection during the passage of a strong coro-
nal mass ejection (CME) or magnetic cloud can literally rip away the planetary magnetic
field, giving the solar wind full access to the surface (Koehn 2002). If a solar energetic par-
ticle event accompanies the CME, these energetic particles increase the sputtering effect
(Leblanc et al. 2003). The only information available on Mercury’s magnetosphere comes
from the Mariner 10 measurements of the magnetic field (Ness et al. 1974; Simpson et al.
1974) and of the thermal plasma environment (Ogilvie et al. 1977). The thermal plasma ob-
servations provide estimates of the standoff distances of the bow shock and magnetopause
consistent with the estimates based on the magnetometer measurements (Ness et al. 1975;
Ogilvie et al. 1977). Any refinements in our understanding of Mercury’s magnetic field
come from various modeling and simulation efforts. These models and simulations are con-
strained by the Mariner 10 magnetic field and plasma observations, by their predictions for
the generation and maintenance of the exosphere, and how these predictions for the ex-
osphere compare with observations (specifically the neutral Na measurements). An in-depth
and focused discussion of Mercury’s space environment and magnetosphere is provided in
a companion paper (Slavin et al. 2007), but this section provides a generalized overview as
it pertains to the generation and maintenance of Mercury’s exosphere.

Models of Mercury’s magnetic field, its interactions with the solar wind and IMF, and
the resulting possible interactions with the surface can be grouped into four basic cate-
gories: analytic models (Luhmann et al. 1998; Sarantos et al. 2001; Delcourt et al. 2002,
2003), semi-empirical models (Luhmann et al. 1998; Massetti et al. 2003), a quasi-neutral
hybrid (QNH) model (Kallio and Janhunen 2003a, 2004a, 2004b), and magnetohydrody-
namic (MHD) models (Kabin et al. 2000; Ip and Kopp 2002). Each model is an attempt to
describe the behavior of the magnetosphere as it interacts with the passing solar wind and
IMF. Of interest are the relative openness of the magnetosphere, how the solar wind and
IMF orientation drive this effect, and how the solar wind gains access to the planetary sur-
face. Calculations of the standoff distance of the magnetopause are important, as the direct
collision of the solar wind with the planetary regolith affects the composition of the ex-
osphere. Qualitatively, the predictions of these models all agree. Since Mercury’s magnetic
field is small and the exosphere is tenuous, solar wind ions can collide with the planet’s
surface along open field lines. The region of open field lines, or “cusp,” varies in response
to changes in, and the orientation of, the IMF. The models diverge in their predictions of the
extent of the cusp region and the amount of plasma interacting with the surface on open and
along closed field lines. And, of course, it is the size of the cusp region and the plasma flux
that are correlated to the amount of material observed within the exosphere.

An early attempt to model the magnetosphere of Mercury was made by Siscoe and
Christopher (1975). They modeled the standoff distance of the magnetopause as a func-
tion of solar wind dynamic pressure, including the effects of the distance of the planet from
the Sun. They estimated that the magnetopause would be compressed to the surface of the
planet less than 1% of the time. Slavin and Holzer (1979) improved this model by including
the effects of magnetic flux erosion in their calculations, allowing dayside reconnection to
enhance the planetward motion of the magnetopause subsolar point. They demonstrated that
the standoff distance is highly variable and predicted an upper bound on the subsolar stand-
off distance consistent with the Mariner 10 findings. Sarantos et al. (2001) used a modified
Toffoletto-Hill model (Toffoletto and Hill 1993) to characterize the behavior of the magne-
tosphere and open field lines as functions of the IMF. They found that a strong By (radial
component of the IMF), much more important at Mercury than at the Earth, controls the
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north—south asymmetry of the magnetosphere: for a southward IMF, a strong “positive” By
(sunward) results in precipitation primarily in the southern hemisphere, and vice versa for
a “negative” (antisunward) By. For a negative value of By, a turning Bz regulates the size
and latitude of the cusps. A strong negative B drives the cusps equatorward and increases
the open areas mapped by the cusps. By controls the dusk—dawn asymmetry of the cusps,
with a positive By driving the open regions duskward, and negative By producing a dawn-
ward open region. Killen et al. (2001) used the same model to explore the effects of space
weather on Mercury and to demonstrate the contribution of magnetospheric effects to the
sodium variability seen by Potter et al. (1999).

Luhmann et al. (1998) used a scaled version of the Tsyganenko model (Tsyganenko and
Stern 1996) of the Earth’s magnetosphere to simulate that of Mercury. The Tsyganenko
model allows only the Y- and Z-components of the IMF to be variables and has limited
applicability to Mercury since By dominates there. This model predicted a very “open”
magnetosphere during periods of southward IMF, which would allow the solar wind easy
access to the surface. They further predicted that the relative weakness of the magnetic field
of Mercury would render the magnetosphere highly sensitive to variations in the solar wind.
Massetti et al. (2003) also used a modified Tsyganenko model to simulate the magnetosphere
of Mercury. This model was explicitly used to map plasma precipitation onto the surface of
the planet along magnetically open regions of the magnetosphere. They found that the cusps
tend to map to a region ranging from 45° to 65° in latitude, with a longitudinal extent and
position based on By, as expected and shown in Sarantos et al. (2001). They showed a weak
dependence of the open field lines on upstream dynamic pressure. They also found that the
polar regions of the planet were relatively closed, as the solar wind tended to drag field lines
with polar footprints into the tail.

Kallio and Janhunen (2003a, 2003b) have modeled Mercury’s magnetosphere using a
Quasi Neutral Hybrid (QNH) code, and they also examined the possible variation in in-
teractions between the solar wind and planet surface based on different configurations of
the IMF and dynamic pressure. Qualitatively their results are similar to MHD models, but
there are distinct differences in the magnitude of the interactions predicted. Figure 9, taken
from Kallio and Janhunen (2003b), maps the particle flux of impacting protons and the
open/closed magnetic field line region for the following IMF configurations: (a) northward
IMF, (b) southward IMF, (c) Parker spiral IMF, and (d) a high dynamical pressure case. In
each case there are notable dawn—dusk particle flux asymmetries, but a north—south asym-
metry develops only in the Parker-like scenario when the IMF By is dominant as it is at
Mercury (Kallio and Janhunen 2003b). Three separate high-impact regions are apparent:
(1) an “auroral” impact region equatorward of the open/closed field-line boundary, (2) a
“cusp” impact region associated with the dayside noon-midnight meridian plane, and (3) a
subsolar impact region apparent with high solar wind dynamical pressure. Kallio and Jan-
hunen’s (2003b) QNH model results predict that a southward IMF orientation produces a
larger open field-line region than a northward IMF orientation. In addition, they predict that
any north—-south asymmetry in Mercury’s magnetic field caused by the radial component of
the IMF will also produce an asymmetry in the solar wind ion impact region on the sur-
face, such that there will be a higher particle flux on the hemisphere that is magnetically
connected to the solar wind.

MHD-based models include the acceleration effects of magnetic reconnection at Mer-
cury, which is well-suited for studying the impact of solar-wind scouring of the regolith.
Initial MHD-modeling by Kabin et al. (2000) looked at solar wind conditions with a Parker
spiral IMF and showed that the magnetosphere was highly susceptible to the driving force
of the solar wind. They found that the magnetic field lines for Mercury were closed at lati-
tudes equatorward of 50° and that contact between the surface and magnetopause occurred
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at the subsolar point only when dynamic pressures increased by a factor of nine over the
nominal conditions. They concluded that direct interaction between the solar wind and Mer-
cury’s surface is a rare phenomenon. Koehn (2002) extended the use of Kabin’s model by
incorporating data from the Helios spacecraft to generate upstream solar wind conditions as
input for the model. This set of solar wind data includes a passing CME or magnetic cloud at
0.3 AU. This event compressed the simulated magnetopause to the planetary surface for sev-
eral hours and opened the magnetopause to latitudes equatorward of 15°. During this time
period, the solar wind had relatively unimpeded access to Mercury’s surface. Studies by Ip
and Kopp (2002) using a similar MHD model showed that there are differences in Mercury’s
magnetosphere, where interactions between the solar wind and surface vary as a function of
the orientation of the IMF. They demonstrated that in a northward IMF configuration, Mer-
cury’s magnetosphere adopts a closed configuration and the size of the polar cap is at a
minimum. In contrast, a southward IMF configuration opens up the polar cap region to its
maximum size (from the pole equatorward to 20° latitude), even though the bow shock dis-
tance from the surface remains nearly the same for both configurations (Ip and Kopp 2002).
Increases in dynamic pressure, such as those associated with CMEs, also push the polar cap
boundary down to very low latitudes, supporting the hypothesis that solar wind variations
could induce rapid temporal changes in the exospheric Na abundances (Killen et al. 2001;
Ip and Kopp 2002).

There are limitations within each of these models, including the applicability of any
model of the Earth’s magnetosphere to Mercury. One of the major differences between the
two magnetospheres is the mechanism for closing current systems. Within the Earth this
is accomplished in the ionosphere, which does not exist for Mercury. Pick-up conductance
within the exosphere (Cheng et al. 1987) and a conducting surface layer (Janhunen and
Kallio 2004) have been proposed as possible mechanisms for Mercury. Many analytic and
data-based models (e.g., Luhmann et al. 1998; Delcourt et al. 2002, 2003; Massetti et al.
2003) do not include the radial component (Byx), which is dominant at Mercury. MHD
models (Kabin et al. 2000; Ip and Kopp 2002) also include assumptions that are invalid
at Mercury, such as the existence of a thin shock boundary and the assumption of thermal
equilibrium. The gyroradii of heavy ions can be as large as one planetary radius at Mercury,
which contradicts the assumptions of a thin shock boundary and collective ion behavior.
Mariner 10 measured a nonthermal electron distribution (Criston 1987), which further in-
validates the assumption of thermal equilibrium. These models do not include the effects
of induced surface currents, which will generate magnetic flux that opposes or counters ef-
forts to change Mercury’s magnetic field (Hood and Schubert 1979). Sudden jumps in solar
wind pressure will therefore not be as effective as one would otherwise expect in pushing
the magnetopause to the surface. The induction currents add magnetic flux to the dayside
magnetosphere to oppose the compression.

These models all predict that the extent of the cusps is determined by the orientation
and direction of the IMF and to a lesser extent by the dynamical pressure of the solar wind.
Many of these models show that dynamical pressures associated with energetic solar events
(such as CMEs) can compress the magnetopause to within a gyroradius of the surface, thus
allowing solar ion interaction with the regolith. However, in order to correlate the optical
emission of the exosphere with these solar wind—magnetosphere interactions, an estimate of
the solar wind particle flux reaching the surface is required. Flux estimates (Massetti et al.
2003; Kallio and Janhunen 2003a; Sarantos et al. 2007) are comparable to the rates needed
for PSD, implying that ion sputtering is an important but variable source for Mercury’s
exosphere. Killen et al. (2001) demonstrated that up to 32% of the exospheric Na content
can be generated from ion sputtering along open field lines when the IMF is orientated
southward, but ion-sputter yields are uncertain.

@ Springer



182 D.L. Domingue et al.

6 What’s Next?

To resolve many of the outstanding issues regarding the generation, maintenance, and char-
acter of Mercury’s exosphere in situ measurements are required, including: (1) mapping
of the exospheric constituents and the variation of column density with location and time;
(2) mapping of the magnetic field correlated to the solar plasma environment; (3) mapping of
the plasma environment with time; and (4) mapping the elemental and mineralogical prop-
erties of the surface. Temporal and spatial correlations of these types of measurements and
observations will provide a better understanding of the system that supports the existence of
an exosphere.

The MESSENGER spacecraft science payload has the capability to provide these in
situ measurements. The Mercury Atmospheric and Surface Composition Spectrometer
(MASCS) (McClintock and Lankton 2007) will measure and map constituents within the
atmosphere with its ultraviolet-visible spectrometer while also mapping the mineral spectral
properties of the surface with its visible-infrared spectrograph. The MESSENGER Magne-
tometer (Anderson et al. 2007) will map the magnetic field, while the Energetic Particle and
Plasma Spectrometer (EPPS) (Andrews et al. 2007) will observe and map the particle and
plasma environment about Mercury. The X-Ray Spectrometer (XRS) (Schlemm et al. 2007)
and the Gamma-Ray and Neutron Spectrometer (GRNS) (Goldsten et al. 2007) will map the
surface elemental abundances. Collectively the measurements from this suite of instruments
will go a long way toward resolving many of the unknown attributes of Mercury’s exosphere
and related processes.

MASCS, the key instrument targeted to study the exosphere, will provide pivotal data
for investigating the neutral exosphere. It will use the standard limb-scanning technique em-
ployed by Mariner 10 (Hunten et al. 1988) to measure altitude profiles of resonantly scat-
tered sunlight by exospheric species. The resulting column emission rates will be inverted
to yield density as a function of altitude that will have 25-km vertical resolution and ~300-
to 500-km horizontal resolution. MASCS will study the spatial distribution and temporal
behavior of the known atmospheric species (Na, Ca, K, O, and H) and will search for addi-
tional exospheric constituents (e.g., S, Al, Fe, Mg, and Si). Measurements of seasonal and
geographic changes in composition and structure will provide important input for models to
constrain the source and sink processes for the exosphere.

For example, simulations of MASCS operations show that the data collected will be
able to test such hypotheses as correlations between local surface features and exospheric
sources. These simulations use a dayside model that predicts integrated zenith column abun-
dances for the ambient exosphere. The model, including an additional localized source, was
used to simulate the exosphere for two cases: one for which thermal vaporization (TV) was
assumed as the dominant source for the ambient exosphere and another for which photon-
stimulated desorption was the dominant ambient source. In both cases, output column abun-
dances from the model were distributed with altitude in accordance with density distribu-
tions associated with a particular source process. MASCS observational geometries were
then calculated using the MESSENGER trajectory database and used to generate observed
tangential column emission ra