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REPORT

Return to Mercury: A Global
Perspective on MESSENGER’s
First Mercury Flyby
Sean C. Solomon,1* Ralph L. McNutt Jr.,2 Thomas R. Watters,3 David J. Lawrence,2
William C. Feldman,4 James W. Head,5 Stamatios M. Krimigis,2,6 Scott L. Murchie,2
Roger J. Phillips,7 James A. Slavin,8 Maria T. Zuber9

In January 2008, the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft became the first probe to fly past the planet Mercury in 33 years. The encounter
revealed that Mercury is a dynamic system; its liquid iron-rich outer core is coupled through a dominantly
dipolar magnetic field to the surface, exosphere, and magnetosphere, all of which interact with the solar
wind. MESSENGER images confirm that lobate scarps are the dominant tectonic landform and record
global contraction associated with cooling of the planet. The history of contraction can be related to the
history of volcanism and cratering, and the total contractional strain is at least one-third greater than
inferred from Mariner 10 images. On the basis of measurements of thermal neutrons made during the
flyby, the average abundance of iron in Mercury’s surface material is less than 6% by weight.

Mercury, the closest planet to the Sun, is
the smallest of the inner planets of our
solar system and in many ways the most

unusual (1). Its high bulk density implies that
an iron-rich core makes up 60% or more of its
mass (2), a fraction at least twice that of any
other planet. Mercury’s heavily cratered sur-
face points to early cessation of internal geo-
logical activity (3), yet its outer core is molten
(4), and it is the only inner planet other than
Earth to have an internal magnetic field (5). The
first spacecraft to visit Mercury was Mariner 10,
which flew by three times in 1974 and 1975
and imaged about 45% of the planet’s surface
(6). In January 2008, the MErcury Surface,
Space ENvironment, GEochemistry, and Rang-
ing (MESSENGER) spacecraft (7) became only
the second probe to encounter the planet en
route to its insertion into orbit about Mercury in
March 2011. The broad range of observations
made during MESSENGER’s first flyby illu-
minate the strongly dynamic interactions among
Mercury’s interior, surface, tenuous atmosphere,
and magnetosphere.

The January flyby was the first of three, each
to be followed by a propulsive maneuver near
the next aphelion, needed to reduce the arrival
speed at Mercury to the point that orbit insertion
can be accomplished (8). The Mercury flybys
and subsequent maneuvers yield successive or-
bits having ratios of the orbital period of Mer-
cury to that of the spacecraft of about 2:3, 3:4,
and 5:6. In January, the spacecraft approached
Mercury from the night side and crossed the
dawn terminator shortly after closest approach at
an altitude of 201 km (Fig. 1). MESSENGER
viewed the sunlit side of Mercury, including
about 21% of the planet’s surface never imaged
by Mariner 10, primarily on departure. Obser-
vations totaling about 500 MB in volume were
acquired by all MESSENGER instruments, in-
cluding 1213 images obtained by the Mercury
Dual Imaging System (MDIS) (9).

Mercury’s iron-rich core is central to the dy-
namical interactions that govern the planet’s geol-
ogy, exosphere, and magnetosphere. The planet’s

magnetic field is the result of a magnetic dynamo
in the molten outer core, although whether that
dynamo is currently operating (10–12) or operated
only in the past and imparted a long-wavelength
remanent or frozen field to Mercury’s outer crust
(13) has been a matter of debate. MESSENGER
confirmed that Mercury’s internal field is dom-
inantly dipolar and indicated that there may be a
quadrupole component, but no shorter-wavelength
crustal anomalies were detected near closest ap-
proach (14). The last two results are not supportive
of an entirely remanent field (13) and therefore
point to a modern dynamo, but the contribution
of crustal fields cannot be fully assessed until low-
altitude measurements are made over more of the
surface. Because maintenance of a dynamo requires
an energy source such as freezing of an inner core
or precipitation of solid iron from an outer core
containing lighter elements alloyed with iron (15),
the history of Mercury’s magnetic field is closely
tied to the core’s thermal history and bulk compo-
sition. That core thermal history is likely expressed
in the deformation of Mercury’s surface.

For the 45% of Mercury’s surface viewed by
Mariner 10, the dominant deformational struc-
tures are lobate scarps, interpreted on the basis
of morphology and the deformation of earlier
impact features to be the surface expression of
thrust faults formed by horizontal shortening of
the crust (16). Lobate scarps cut across all major
geological units and display a broad distribution
of orientations. These characteristics led to the
hypothesis that lobate scarps formed during an
episode of global contraction that followed the
end of heavy-impact bombardment of the inner
solar system (16). The cumulative amount of con-
tractional strain accommodated by the lobate
scarps mapped from Mariner 10 images, inferred
from topographic relief (16) and dimensional
scaling relations (17), is 0.05 to 0.1%. When ex-
trapolated to the entire planetary surface, this total
strain provides an important constraint on models
for the thermal history of Mercury’s core and
mantle (18). A number of questions were raised by
the Mariner 10 results, however, including whether
the 55% of the surface not imaged during that
mission would display similarly pervasive contrac-
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Fig. 1. Trajectory of the first MESSENGER flyby of Mercury viewed in a Mercury-fixed coordinate
system from above Mercury’s north pole. The spacecraft traveled from left to right. Shown are the
time the spacecraft was in eclipse, the position of the terminator during the flyby, the hemisphere
of Mercury previously imaged by Mariner 10, and the point of closest approach.
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tional faults, whether the identified scarps provide a
reliable means for estimating the total contraction
since the era of heavy bombardment, and whether
limits could be placed on when the contraction
occurred relative to other geological events pre-
served at Mercury’s surface.

MESSENGER images of an additional 21%
of Mercury’s surface not previously viewed by
spacecraft show that contractional fault structures
are widespread and diverse in geometry. As in
the area imaged by Mariner 10, lobate scarps are
the most prominent tectonic landform. Such scarps
range to 600 km in length (Fig. 2). Other con-
tractional features, including wrinkle ridges and
high-relief ridges, are also evident. The only areas
imaged by either Mariner 10 or MESSENGER
within which extensional, rather than contractional,
faults have been documented are the interior of the
1550-km-diameter Caloris basin (19) and a small
portion of the inner floor of the younger 250-km-
diameter Raditladi peak-ring basin (20); for both
features, the extensional faults are probably the re-
sult of postimpact uplift of the basin floor (16, 19).
MESSENGER images provide numerous exam-
ples of craters that have been substantially de-
formed and shortened by younger lobate scarps
(Fig. 3), confirming that the scarps are contrac-
tional and providing additional opportunities to
infer the magnitude of horizontal shortening accom-
modated in such areas. In the examples of Fig. 3,
the horizontal displacement on the faults beneath
each of the lobate scarps must have been at least
one to several kilometers to account for the dis-
tortions of the older craters they have cut.

MESSENGER obtained images of many areas
viewed by Mariner 10 but at different resolution
and, at least as importantly, at different lighting
conditions. Many tectonic features not recog-
nized from Mariner 10 images can be identified
in MESSENGER images of those same areas
(Fig. 4). These newly recognized features indicate
that the average contractional strain of Mercury’s
surface recorded by lobate scarps exceeds the es-
timates obtained from Mariner 10 observations
alone. The summed length of lobate scarps in the
portion of the surface imaged by both Mariner 10
and MESSENGER, together with a displacement-
length scaling relation for faults on Mercury (17),
yields an average contraction one-third greater than
previous estimates. Moreover, the average contrac-
tion estimated from the total length of scarps recog-
nized in regions newly imaged by MESSENGER
is comparable to this larger figure. Because neither
MESSENGER nor Mariner 10 images were ob-
tained at optimum lighting conditions for the
recognition of low-relief tectonic features in all
areas, this new estimate is a minimum.

Most models of the cooling of Mercury’s man-
tle and core (18) have predicted that the accumu-
lated contractional strain since the end of heavy
bombardment ~3.8 billion years ago was greater
than the strain estimated from the geometry of
lobate scarps identified in Mariner 10 images
(17). The models most consistent with the Mariner
10 results had a comparatively creep-resistant
(anhydrous) mantle, slowly decaying interior heat
production (dominated by 232Th as opposed to
the shorter-lived 235U and 40K), and a large amount

(>6% by weight) of a lighter element such as S
in Mercury’s outer core to retard the growth of a
solid inner core (18). An increase by at least one-

Fig. 2. Beagle Rupes, a prominent
lobate scarp (white arrows) im-
aged on the portion of Mercury’s
surface viewed for the first time by
MESSENGER, is more than 600 km
long and offsets the floor and walls
of the ~220-km-diameter, elliptically
shaped impact crater Sveinsdóttir.
The floor of the impact crater was
flooded by smooth plains and sub-
sequently deformed by wrinkle ridges
before scarp development. Beagle
Rupes is one of the most arcuate of
the lobate scarps found on Mercury
to date. A ~30-km-diameter crater
sits undeformed on the northwest-
southeast segment of Beagle Rupes
(black arrow). This MDIS monochrome
(750-nm) narrow-angle camera (NAC)
image mosaic is centered at about
3°S, 103.5°E; north is to the top in
this and other images and mosaics.
The relative positions on the planet
of the area in this image, other im-
ages in this paper, and images and
profiles in companion papers are depicted in fig. S1. The mosaic consists of NAC frames EN0108825899M,
EN0108825904M, EN0108826004M, EN0108826095M, EN0108826100M, EN0108826105M,
EN0108826191M, EN0108826196M, EN0108826201M, EN0108826206M, EN0108827037M, and
EN0108827042M.

Fig. 3. Three examples of craters substantially de-
formed by a lobate scarp. In each case, portions
of the crater floor and rim have been buried by
overthrusted material. (A) The northern segment
of Beagle Rupes has crosscut a ~17-km-diameter
impact crater (centered near 0.3°N, 101°E; arrows) on
intercrater plains. From NAC frame EN0108827037M.
(B) The northeast-southwest–trending segment of a
lobate scarp has cut a ~5-km-diameter impact crater
(centered near 7.9°S, 108.2°E; see inset) located
near the rim of a larger degraded impact crater that
was flooded by smooth plains and subsequently
deformed by wrinkle ridges. This mosaic consists of
NAC frames EN0108825899M, EN0108825904M,
EN0108825994M, and EN0108825999M. (C) A
northwest-southeast–trending lobate scarp has
deformed an ~11-km-diameter crater (centered near
16.5°S, 133°E) on intercrater plains. From NAC frame
EN0108828317M.
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third in the average preserved contractional strain
will relax one or more of these model restrictions
and permit a greater range of possible planetary
thermal histories.

Additional information on the timing of global
contraction relative to other major events in Mer-
cury’s geological evolution can be derived from
MESSENGER observations. From Mariner 10
images it was seen that scarps deform all major
geological units, including the comparatively
young smooth plains, but no instance of a scarp
embayed by plains was recognized (16). A candi-
date for such an embayment relation was imaged
by MESSENGER (Fig. 5). This and similar rela-
tions, together with the abundance of evidence that

smooth plains are volcanic deposits (19, 21), indi-
cate that scarp development began before many
smooth plains were emplaced and continued after
the eruption of the youngest appreciable expanse
of smooth plains material yet observed. Whereas a
number of lobate scarps deformed older craters

(Figs. 2 to 4), there are also many examples of
undeformed craters superposed on scarps (e.g.,
Figs. 2 and 5). These relations offer the promise
that the rate of global contraction subsequent to late
heavy bombardment can be estimated and tied to
the history of plains emplacement. Such records
would constrain the evolution of mantle temper-
atures and the rate of growth of the solid inner core
and its potential as a power source for Mercury’s
core dynamo.

Even though Mercury is more than 60% Fe
by weight, the average Fe abundance of Mercury’s
surface materials, and by inference its crust and
mantle, is lower than those of the other inner
planets (22). This contrast is rooted in planetary
formational processes (1), but distinguishing among
competing hypotheses requires accurate mea-
surements of the structure (23) and major-element
chemistry (24) of Mercury’s crust. MESSENGER
detected no absorption features attributable to Fe2+

in silicates either in disk-averaged or higher–spatial
resolution visible and near-infrared spectra (25) or
with multispectral imaging (26). The generally red
spectral slopes displayed by Mercury surface ma-
terials (25, 26) have been attributed to nanometer-
scale particles of Fe metal, originating frommeteoritic
iron or reduction of iron-bearing surface minerals
and redeposited from vapor by space weathering
processes accompanying meteoroid and charged-
particle impacts (27). The most direct information
on surface Fe abundance must await measurements
by the Gamma-Ray and Neutron Spectrometer
(GRNS) (28) once MESSENGER is in orbit about
Mercury.

An upper limit on surface Fe abundance can
be estimated from measurements made by the
Neutron Spectrometer (NS) sensor on GRNS.
Thermal neutrons provide information about sur-
face abundances of neutron-absorbing elements,
e.g., Fe, Ti, Gd, and Sm (29). MESSENGER’s NS
can measure thermal neutrons with Doppler filter
spectroscopy (DFS) (30), which uses the spacecraft
speed (~7 km/s) to separate slowly moving thermal
neutrons (~2 km/s) from more energetic epithermal
neutrons. DFS was applied to the flyby observa-
tions and made use of a 90° spacecraft rotation
near closest approach to provide separate mea-
surements of Doppler shifted (J+) and nonshifted
(J0) neutrons. The ratio J0/(J+ − J0) provides an
estimate of the thermal neutrons from Mercury,
which can then be related to the abundances of
neutron-absorbing elements. Lunar soils provide
approximate analogs to Mercury surface materials
because of their low H content and their wide
ranges of Fe and Ti abundances. On the basis of a
comparison of Mercury flyby measurements with
modeled neutron fluxes for a range of lunar soils
(31), the upper-limit neutron absorption content is
less than that of the comparatively low-Fe Luna 20
soil, for which neutron absorption is nonetheless
dominated by Fe, at 5.8% by weight (32). If all
neutron absorption in Mercury’s soil were due to
Fe, then the MESSENGER data suggest that the

Fig. 4. This ~270-km-long lobate scarp, which de-
formed the two large craters in the center of the
mosaic, was not visible in Mariner 10 images of the
area, because during the Mariner 10 flybys the Sun
was locally at a high angle to the surface. This mo-
saic is centered near 24°S, 254°E, and uses images
acquired before the flyby closest approach. The
mosaic consists of NAC frames EN0108821370M,
EN0108821375M, EN0108821397M, and
EN0108821402M.

Fig. 5. Possible embayment of lobate scarps by
smooth plains. Smooth plains material, interpreted
to consist of volcanic flows, appears to have ponded
against the structural relief of a preexisting lobate
scarp formed in older intercrater plains (lower set of
thick white arrows). Low-relief ridges in the smooth
plains just outward of the scarp face may be evi-
dence of continued movement on the underlying
thrust fault after plains emplacement. In the upper
left (upper set of thin white arrows), a lobate scarp
cuts across both intercrater plains (topmost arrow)
and smooth plains that filled the floor of a ~120-
km-diameter impact crater (Fig. 3B). Slip on the
fault scarp appears to postdate the formation of
wrinkle ridges formed in the smooth plains interior to
the crater. Shown also is the undeformed crater
superposed on this scarp (black arrow). This mosaic is
centered near 10°S, 110°E, and uses images acquired
ondeparture fromclosest approach. Themosaic consists
of NAC frames EN0108828307M, EN0108828312M,
EN0108828359M, and EN0108828364M.

Fig. 6. Schematic depiction of several of the interconnections among Mercury’s interior, surface,
exosphere, magnetosphere, and interplanetary environment.
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Fe abundance is less than ~6% and would be lower
still if Ti, Gd, or Sm is present. For comparison,
the average Fe abundance is about 5% and 8% in
Earth’s continental and oceanic crust, respectively,
and 5% in lunar highlands crust (33).

During its flyby, MESSENGER provided a
comprehensive view of solar wind interaction with
Mercury’s magnetic field and neutral atmosphere
and, indirectly, its surface. At the time of the flyby,
solar activity was low and, in contrast with Mariner
10 observations, no energetic charged particles with
energies above ~30 keV were detected (34). Mag-
netometer observations (14) of the magnetospheric
boundaries, current systems, and plasma waves
confirm that this magnetosphere appears structur-
ally to be a miniature of that of Earth. One notable
difference is the presence of a double current sheet
at the dawn terminator that likely represents heavy
planetary ion effects unique to Mercury (34). The
Mercury Atmospheric and Surface Composition
Spectrometer observed neutral Na and Ca in Mer-
cury’s exosphere—delivered from surface materials
in part by the same micrometeoroid and ion-impact
processes that space-weather the surface—and
mapped the structure of Mercury’s antisunward
Na tail (35). The Fast Imaging Plasma Spectrom-
eter sensor on the Energetic Particle and Plasma
Spectrometer instrument (36) observed a range of
heavy magnetospheric plasma ions—including O+,
Na+, Mg+, K+, Ca+, S+, and H2S

+—derived from
the exosphere or surface (37). On the basis of the
full set of observations made duringMESSENGER’s
first flyby, Mercury is seen to be a dynamic planet
where the interactions among core, surface, exo-

sphere, magnetosphere, and interplanetary environ-
ment are strongly interlinked (Fig. 6). Subsequent
encounters under different solar conditions and
one Earth year in orbit about Mercury as the Sun
approaches the next maximum in the solar cycle
should permit MESSENGER to explore these in-
teractions across their full range of behavior.
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Spectroscopic Observations of
Mercury’s Surface Reflectance During
MESSENGER’s First Mercury Flyby
William E. McClintock,1* Noam R. Izenberg,2 Gregory M. Holsclaw,1 David T. Blewett,2
Deborah L. Domingue,2 James W. Head III,3 Jörn Helbert,4 Timothy J. McCoy,5 Scott L. Murchie,2
Mark S. Robinson,6 Sean C. Solomon,7 Ann L. Sprague,8 Faith Vilas9

During MESSENGER’s first flyby of Mercury, the Mercury Atmospheric and Surface Composition
Spectrometer made simultaneous mid-ultraviolet to near-infrared (wavelengths of 200 to 1300
nanometers) reflectance observations of the surface. An ultraviolet absorption (<280 nanometers)
suggests that the ferrous oxide (Fe2+) content of silicates in average surface material is low
(less than 2 to 3 weight percent). This result is supported by the lack of a detectable 1-micrometer
Fe2+ absorption band in high-spatial-resolution spectra of mature surface materials as well as
immature crater ejecta, which suggests that the ferrous iron content may be low both on the
surface and at depth. Differences in absorption features and slope among the spectra are evidence
for variations in composition and regolith maturation of Mercury’s surface.

Before MESSENGER’s first flyby of Mer-
cury on 14 January 2008, our knowl-
edge of the planet’s surface mineralogy

came from low-spatial-resolution, ground-based
spectroscopic observations. Early disk-integrated
observations showed a low-albedo, relatively

featureless spectrum that increases monoton-
ically across the visible to near-infrared wave-
lengths, a characteristic referred to as a “red”
spectral slope (1–3). On the Moon these spec-
tral characteristics result from space weather-
ing, a process in which amorphous silica coatings
containing nanometer-scale metallic iron (nano-
phase metallic iron, npFe0) darken exposed rego-
lith, increase spectral slope, and reduce spectral
contrast (4, 5). Although Mercury’s surface ap-
pears to be highly space-weathered, the ab-
sence of identifiable near-infrared absorptions
argues for a low average ferrous iron content
(2, 6, 7). This view is supported by recent mid-
infrared emission spectra and reflectance ob-
servations that have been interpreted to indicate
the presence of plagioclase feldspar and low-iron
orthopyroxene (enstatite) (6, 8, 9) and high-Ca
clinopyroxene (10). These mid-infrared spectra
support the presence of Na-bearing feldspar
and Mg-rich minerals (8), which are present in
very-low-iron terrestrial rock types. To more
fully understand Mercury’s surface composi-
tion, it is necessary to explore regional spectral
variations across units that contain relatively
unweathered materials, such as ejecta from
small craters, which are often less than 100 km
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