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The first MESSENGER flyby of Mercury obtained images of 21% of the surface not seen by Mariner 10,
including the center and western half of the Caloris basin and regions near the terminator that show details
of the nature of smooth and intercrater plains. These new data have helped to address and resolve a series of
longstanding questions on the existence and nature of volcanism on Mercury and the distribution of volcanic
materials. Data from the Mercury Dual Imaging System (MDIS) on the MESSENGER spacecraft have shown
the following: (1) Numerous volcanic vents, in the form of irregularly shaped rimless depressions, are
concentrated around the interior edge of the Caloris basin. (2) These vents appear to be sources for effusive
volcanism that in one case built a shield in excess of 100 km in diameter and in some cases formed bright
haloes around the vents that are interpreted to represent pyroclastic eruptions. (3) Lobate margins of plains
units, seen previously in Mariner 10 data, are documented in MESSENGER images with more clarity and are
often distinctive in morphology and color properties, supporting the interpretation that these features are
the edges of lava flow units. (4) The interior of the Caloris basin is filled with plains units spectrally
distinctive from the rim deposits, and comparison with the lunar Imbrium basin and superposed impact
crater stratigraphy provide evidence that these units are volcanic in origin; detailed differences in the
mineralogy of lava flow units, so prominent in Imbrium, are not seen in the Caloris interior. (5) Some of the
smooth plains surrounding the exterior of the Caloris basin show distinct differences in color and
morphological properties, supporting a volcanic origin. (6) Some smooth and intercrater plains units distant
from the Caloris basin show evidence of flooding and embayment relations unrelated to Caloris ejecta
emplacement; local and regional geological and color relationships support a volcanic origin for these plains.
(7) Large impact craters show a sequence of embayment of interior floor and exterior ejecta deposits that
supports a volcanic origin for the embayment and filling processes. (8) Crater embayment and flooding
relationships in selected areas suggest volcanic plains thicknesses of many hundreds of meters and local
thicknesses inside impact craters of up to several kilometers. (9) Impact crater size–frequency distributions
for Caloris exterior deposits, including the facies of the Caloris Group and relatively high- and low-albedo
smooth plains, show that they are younger than plains interior to Caloris and thus must be dominantly the
product of post-Caloris volcanism. These new data provide evidence that supports and confirms earlier
hypotheses from Mariner 10 data that volcanism was important in shaping the surface of Mercury. The
emerging picture of the volcanic style of Mercury is similar to that of the Moon, the other small, one-plate
planetary body: there are no major shield volcanoes (e.g., comparable to Tharsis Montes on Mars), shallow
magma reservoirs are rare, and there is little evidence for surface deformation or long-lived volcanic sources
related to sites of upwelling mantle. The close association of volcanic plains and surface deformation features
suggests that future observations and analyses can help document the relation between the volcanic flux and
the evolving state and magnitude of stress in the lithosphere of Mercury.
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1. Introduction and background

One of themajor goals of theMErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) mission is to investigate
the history of volcanism onMercury (Solomon et al., 2007; Head et al.,
2007). For terrestrial planetary bodies, volcanism–the eruption of
internally derived magma and formation of surface deposits–provides
important clues to interior melt generation in space and time and to
the general thermal evolution of the planet.

On the Moon there are distinctive composition-related albedo
variations between the volcanic mare lowlands and the cratered
highlands. Within the lunar highlands, smooth plains units with a
higher albedo than the maria (Cayley Formation) were also mapped
and interpreted to be volcanic (Wilhelms and McCauley, 1971).
However, upon landing on the Cayley plains, it became apparent to
Apollo 16 Astronauts Young and Duke that the Cayley Formation
Fig. 1. Distribution of plains units fromMariner 10. The map is compiled from integrating the
et al., 1981; Guest and Greeley, 1983; McGill and King, 1983; Spudis and Prosser, 1984; Tras
consisted of impact breccias (Young et al., 1972), suggesting that the
intermediate-albedo lunar upland plains resulted from emplacement
of impact ejecta rather than lavas (Oberbeck et al., 1974; Oberbeck,
1975; Wilhelms, 1976).

Mariner 10 arrived at Mercury shortly after Apollo 16, and image
data revealed the presence of two smooth plains units (Fig. 1) that
appeared similar in smoothness and embayment relations to the lunar
maria. These widespread plains deposits, occurring as relatively
smooth surfaces between craters (intercrater plains), and as appar-
ently ponded material (smooth plains and Caloris floor plains), were
proposed by most investigators to be volcanic in origin (Murray et al.,
1975; Trask and Guest, 1975; Strom et al., 1975; Strom, 1977; Dzurisin,
1978). Others, however, argued that the plains on Mercury might
represent basin ejecta (Wilhelms, 1976), deposits similar to those
found at the Apollo 16 landing site on the Moon (e.g., Oberbeck et al.,
1977). One of the problems in confidently determining a volcanic or
geological maps derived fromMariner 10 images (Schaber and McCauley, 1980; De Hon
k and Dzurisin, 1984; King and Scott, 1990; Strom et al., 1990).
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impact origin for the plains onMercury is the relatively low resolution
and variable viewing geometry of the Mariner 10 images, often
insufficient to resolve lunar-like volcanic features such as flow fronts,
vents, and small domes (Schultz, 1977; Malin, 1978; Milkovich et al.,
2002).

Nonetheless, crater counts of Caloris basin ejecta facies and smooth
plains deposits indicated that the smooth plains were emplaced after
Fig. 2. Lunar volcanic vents. (A) Rimless depression in the Sulpicius Gallus Formation, south
depression and sinuous rille (Hadley Rille; Lunar Orbiter IV-102-H3). (C) Small shields near H
domes; Lunar Orbiter III 123H2).
the Caloris basin formed (Spudis and Guest, 1988), and on this basis
they were interpreted to be the product of volcanic eruptions, not
contemporaneous ejecta emplacement. Furthermore, reprocessed
Mariner 10 color data provided additional evidence for the volcanic
origin of the smooth plains (plains units with different color could be
recognized and showed embayment relationships) and related
candidate pyroclastic activity (distinctive color units draped over
western Serenitatis; depression is 5.6 km by 2.3 km. (Apollo Metric 1812). (B) Elongate
ortensius crater (6.5°N, 28.0°W) (perspective view of rimless depressions on lunar mare
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adjacent topography) (Robinson and Lucey, 1997). Exploring this
conundrum, Head and Wilson (2001) assessed whether partial
melting of the mantle could have occurred but extrusive volcanism
be inhibited. They found that during ascent and eruption of magma
under a range of conditions appropriate to Mercury, 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. Invoking a global compressional state of
stress in the lithosphere (e.g., Strom et al., 1975), Head and Wilson
(2001) developed a scenario by which rising magma intruded the
crust but did not reach the surface. Under such conditions the level of
resurfacing or the array of volcanic landforms seen on theMoon, Mars,
and Venus would not be expected.

That fundamental questions have persisted concerning the surface
geology and thermal evolution of Mercury underscores the impor-
tance of the MESSENGER mission. One of the major goals of the
mission is to provide information on the origin of surface plains
deposits from imaging, spectroscopy, and altimetry. The mission will
also assess the composition and evolution of the mantle and core by
mapping surface mineralogy, elemental chemistry, tectonic features,
and gravity and magnetic fields (Solomon et al., 2007). The Mercury
Dual Imaging System (MDIS) (Hawkins et al., 2007) on MESSENGER
Fig. 3. Lunar elongated rimless depression and associated pyroclastic deposit in the southern
pyroclastic ring at the Outer Rook ring of the Orientale multi-ring basin. Linear depression,
image (orbit 204). (B) Sketch map of (A). (C) Orientale dark pyroclastic ring deposit surrou
(C). (Modified from Head et al., 2002).
provided high-resolution imaging and color data during the first
Mercury flyby on January 14, 2008, for about 21% of the surface not
previously seen by spacecraft, including the entire Caloris basin and
surrounding plains, as well as areas viewed by Mariner 10 (Solomon
et al., 2007, 2008). Preliminary analysis of these data revealed
evidence for volcanic vents and edifices (Head et al., 2008),
stratigraphic relationships suggesting volcanic fill of the Caloris
basin interior (Murchie et al., 2008), different crater ages for plains
units (Strom et al., 2008; Fassett et al., 2009–this issue), and
distinctive differences in color data between numerous plains and
surrounding uplands (Robinson et al., 2008), all supporting a volcanic
origin for many occurrences of smooth plains. Here we provide a more
detailed analysis and synthesis of the MDIS data related to extrusive
volcanism. In a separate analysis we examine evidence for intrusive
activity (Head et al., 2009–this issue).

MDIS is an articulated system with a multispectral wide-angle
camera (WAC) and monochromatic narrow-angle camera (NAC)
(Hawkins et al., 2007). During the first flyby, MDIS obtained 1213
science images, including two NAC mosaics (covering the circum-
Caloris region with a spatial resolution of 200–300 m/pixel) and an
11-band WAC mosaic (covering the hemisphere at ~2.4 km/pixel). In
preparation for these analyses, MDIS images were calibrated to
part of the Orientale basin. (A) Elongated linear rimless depression at the center of a dark
7.5×16 km, interpreted to be the source vent for the dark pyroclastic ring. Clementine
nding source vent (A). Clementine image (orbits 203–205). (D) Geologic sketch map of
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radiance factor and photometrically corrected to standard viewing
geometry (Robinson et al., 2008). In a manner similar to other
analyses (Robinson et al., 2008; Murchie et al., 2008; Blewett et al.,
2009–this issue), principal component (PC) analysis of the WAC 11-
band color data and spectral ratios was used to identify and map
spectral contrasts between surface materials. The first principal
component (PC1) emphasizes variations in reflectance, and the
second (PC2) emphasizes spectral variations related to the physical
state or chemistry of thematerial (predominantly slope of the spectral
continuum). For related geological analyses, images were map-
projected and coregistered using MDIS optical parameters, the
Mercury and spacecraft ephemeris data, and knowledge of the
orientation of both the spacecraft and the pivot of MDIS.

2. The circum-Caloris irregular rimless depressions: evidence for
volcanic vents and shields

Volcanic vents and their surrounding deposits form the morpho-
logical and mineralogical features that permit the recognition of the
process of volcanism onplanetary bodies, the interpretation of specific
volcanic styles, and the assessment of volumetric significance and
duration of the process. On the Moon (Fig. 2), a wide range of volcanic
vents are observed (Schultz, 1976b): (1) circular to elongate rimless
depressions associated with pyroclastic deposits (Fig. 2A) (Lucchitta
and Schmitt, 1974; Head and Wilson, 1979; Head et al., 2002; Gaddis
et al., 2003); (2) summit pits on small, low shield volcanoes (Fig. 2C)
(Head and Gifford, 1980); (3) circular and elongate depressions
associated with sinuous rilles (Fig. 2B); (4) chains of craters thought
to represent magmatic degassing; (5) circular to irregular craters
associated with small cones; and (6) linear fissures from which lava
flows emerge (Head, 1976).

Scalloped rimless depressions are very typical of volcanic source
vents on the Earth, Moon, and other planets (Fig. 3) and are generally
readily distinguished from impact craters, which also are depressions.
Impact craters form fromhypervelocity impacts that excavatematerial
and deposit it as ejecta on and beyond the crater rim, with a
systematic decrease in average thickness with radial range. Volcanic
eruptions can also produce elevated landforms around vents, ranging
from tephra cones around relatively small, short-lived eruptions to
large shield-like structures around vents that are continuously active
over longer time periods. Commonly these larger structures have very
Fig. 4. Irregular rimless depressions inside the rim of the Caloris basin. (A) Color imag
associated with the rimless depressions. Color images are RGB composites (red, inverse
et al., 2008 for details). (B) Southern part of the Caloris basin, showing the location of t
Fig. 5A, B, and C are shown by boxes.
different exterior morphology and topography from impact craters,
with sinuous flow lobes and shallow sloping flanks. Moreover, the
structure of the craters themselves is also different. Impact craters
show a distinctive andwell-established transition inmorphology with
increasing size from simple circular bowl shapes to complex polygonal
planforms and flat floors (e.g., Pike, 1988). Although scalloped rims
commonly characterize the transition from simple to complex craters
(the Mercury immature-complex crater class of Pike, 1988), all other
impact crater characteristics are preserved and there is rarely
confusion between these craters and those of volcanic origin, even
in the case of degraded impact craters (which are always circular or
elliptical, not irregular, and whose rims may decrease in elevation, but
rarely disappear entirely).

Volcanic craters having diameters in excess of several hundred
meters commonly form from magma migration in a shallow magma
reservoir; growth of the magma reservoir causes inflation of the
summit, and lateral intrusion and eruption causes deflation and
collapse of the surface above the reservoir. For large edifices and
reservoirs, successive stages of inflation and collapse of the reservoir
lead tomultiple intersecting depressions and to scalloping of the walls
and rim of the depression as a whole (e.g., Crumpler et al., 1996;
Wilson et al., 2001). These processes can lead to a variety of summit
caldera sizes and shapes. For eruptions, edifice width and height are
linked to the characteristics of the lavas and the duration of activity;
high-effusion-rate, low-viscosity lavas can build broad low shields,
while higher-viscosity lavas might build steeper and taller edifices. In
summary, large scalloped depressions on top of edifices that are
surrounded radially by lava flows (e.g., Olympus Mons) are clearly of
volcanic origin. Intermediate-scale scalloped rimless depressions in
the 10–20 km diameter range are unlikely to be primary impact
craters but need to be examined on a case by case basis to distinguish
them from highly degraded impact craters or very large secondary
craters and crater clusters.

Such intermediate-scale rimless depressions on the Moon are
often characterized by surrounding pyroclastic deposits. Along the
southwestern margin of the Serenitatis basin (Fig. 2A), a dark
mantling deposit, the Sulpicius Gallus Formation, is associated with
a series of arcuate rilles and predatesmuch of the later central mare fill
(Carr, 1966). Linked to loading, flexure, and deformation associated
with filling of the basin by mare deposits (Solomon and Head, 1979,
1980), these rilles and associated pyroclastic deposits are clearly
e of the Caloris basin interior showing the locations of the major color anomalies
of PC2; green, PC1; blue, relative visible color, 430 nm/560 nm ratio; see Robinson
he major rimless depressions along the inner margin of the basin rim. Locations of



232 J.W. Head et al. / Earth and Planetary Science Letters 285 (2009) 227–242
embayed by later central mare fill (Head, 1974a). A 5.5-km-long,
kidney-shaped, rimless depression (Fig. 2A) is centrally located in the
Sulpicius Gallus deposit, which is interpreted as a mantle of
pyroclastic origin on the basis of geological and stratigraphic
relationships (Head, 1974a), visual observations from orbit (Lucchitta
and Schmitt, 1974), and spectral character (Gaddis et al., 2003).
Exposures in the walls of the depression have been interpreted to
represent ~50-m-thick deposits of pyroclastic material similar to
those sampled in related deposits on the southeastern margin of
Serenitatis basin at the Apollo 17 site (Lucchitta and Schmitt, 1974). A
second example is seen associated with the Outer Rook ring of the
Orientale basin (Fig. 3), where an elongate rimless depression 7.5 km
by 16 km (Fig. 3A and B) centrally located within a ~150-km-diameter
ring of dark mantle (Fig. 3C and D) is interpreted to be the source for
the eruption that produced the spectrally distinct dark mantle ring
(Head et al., 2002). As in the Serenitatis example, the close proximity
of the rimless depression and pyroclastic deposit to the impact basin
ring (Fig. 3C) suggests that the volcanism is associated with impact
basin evolution.

Initial analysis of MESSENGER data from the first flyby revealed
color and morphologic evidence for two types of volcanic vents
around the Caloris basin inner margin (Robinson et al., 2008; Murchie
et al., 2008; Head et al., 2008) (Fig. 4). Deposits surrounding one of
these vents were interpreted to represent a shield-like structure more
than 100 km in diameter (Head et al., 2008) (Fig. 5A). Other features
are irregularly shaped rimless depressions with scalloped walls,
similar to volcanic vents on the Moon (Figs. 2 and 3). These vent-
like features on Mercury (Figs. 4B and 5A–C) are characterized by
surrounding diffuse bright deposits (Head et al., 2008) that display
distinctive color characteristics (a redder spectral continuum than
other materials) different from fresh impact craters and also show no
evidence of the ray-like patterns typical of impact craters (Murchie
et al., 2008; Robinson et al., 2008). The diffuse bright deposits are
interpreted to be of pyroclastic origin on the basis of their
characteristics and proximity to the irregular depressions (Head
et al., 2008; Murchie et al., 2008; Robinson et al., 2008; Kerber et al.,
2009–this issue). Impact crater ejecta deposits surrounding craters of
different sizes show evidence that material with similar spectral
characteristics lies at relatively shallow depths below the central
Caloris basin fill (Murchie et al., 2008) (Fig. 4A and B). Major
outstanding questions are (1) What is the nature of the volcanism
associated with these features and structures? (2) What is their
spatial and temporal relation to the Caloris basin and its subsequent
fill? (3) How are they related to the smooth plains that characterize
the Caloris interior and exterior? (4) How are they related to the
tectonic structures that characterize the Caloris basin interior? (5) Are
similar features recognized in association with other impact craters
and basins?

Geological analysis has revealed many additional aspects of these
deposits that can help address these questions. The main occurrence
of these features is along the southern margin of the Caloris basin
interior (Figs. 4A–B and 5), where eight separate examples are found,
and along the southeastern margin (Fig. 6), where a large deposit is
seen that can now also be recognized in the Mariner 10 images. Two
additional small deposits with similar color characteristics lie just
inside the basin along its north–northwestern margin (Fig. 4A), but
the morphological features are not very distinctive. The southeastern
example is instructive because it can be observed in both MESSENGER
and Mariner 10 image data, under two different illumination
conditions (Fig. 6). The deposit was originally mapped as part of the
extensive Caloris basin floor plains material, occurring in an alcove in
the Caloris Montes Formation and the contiguous Odin Formation
(Guest and Greeley, 1983) (Fig. 6A). A crater chain (cs4; red), about
135 km long, separates the main Caloris floor plains material from the
alcove in which the rimless depressions occur, and two impact craters
(c3 and c4, Fig. 6A) are superposed on the region. Although originally
mapped as a c4 secondary crater chain (Guest and Greeley, 1983), the
structure is long and continuous, unlike many crater chains that are
more discontinuous, and appears to extend to the north and the south
as a graben structure (the c3 crater is superposed on the southern
transition). The color anomaly (Fig. 6C) is centered more on the two
irregular depressions (two west-pointing arrows in Fig. 6A) than on
the crater chain, but the proximity of the features is striking and very
similar to the setting of the lunar southwestern Serenitatis graben/
vent/pyroclastics relationship (Fig. 2A). The northern irregular
depression is about 25 km in length and 12 km in width, and it has
a distinctly scalloped flat rimwith scallops in planform ranging from 4
to 10 km in width. The southern depression is about 10 km by 17 km
and is more kidney-shaped in planform. Between the two depressions
and the crater chain is a sinuous lobate scarp facing westward from
the depression area and partly embaying the crater chain (small east-
pointing arrow in Fig. 6A). Sinuous scarps elsewhere on Mercury have
been interpreted as both tectonic features (wrinkle ridges) and
candidate volcanic flow fronts (Strom et al., 1975). The extreme
sinuosity of this scarp, its scarp-like rather than ridge-like nature
(compare with wrinkle ridges west of the c4 crater), and its close
proximity to the irregular depressions suggest that this may be a steep
lava flow front (see alsoWilson and Head, 2008).We interpret the two
scalloped depressions discussed here (Fig. 6) to be of volcanic origin
on the basis of: (1) their central location in the color anomaly, (2)
their scalloped and rimless nature, (3) the associated lobate feature,
and (4) their proximity to the elongated crater chain of apparent
internal origin. Although available images are at the limits of
resolution for detecting primary volcanic features such as sinuous
rilles and volcanic cone fields (e.g., Milkovich et al., 2002), these
findings suggest that the regions around the irregular depressions
should be an important focus of the orbital phase of MESSENGER.

As outlined previously (Head et al., 2008), the largest and most
prominent irregular rimless depression (Fig. 5A) is found atop a
shield-like structure over 100 km in diameter, and the depression is
surrounded by a prominent bright deposit with diffuse margins,
interpreted to be of pyroclastic origin (Head et al., 2008; Murchie
et al., 2008; Robinson et al., 2008; Kerber et al., 2009–this issue). The
age relations with the adjacent units and features are complex. The
deposit is clearly superposed on the Caloris basin material. The crater
just to the west of the kidney-shaped depression appears embayed
and thus predates the volcanism. To the northeast of the deposit, the
central Caloris plains appear brighter and more mottled, are
dominated by graben and wrinkle ridges (Murchie et al., 2008;
Watters et al., 2009–this issue), and do not have the distinctive color
characteristics of the deposit around the irregular depression. The
contact between the Caloris interior plains and the edifice appears to
be structural, with the boundary being characterized by a wrinkle-
ridge-like scarp facing away from the Caloris interior and toward the
edifice. Taken alone, these relationships could imply that the central
Caloris plains were emplaced and deformed after the edifice,
embaying it, and that this contact was then partly thrust over the
base of the edifice. Alternatively, the edifice flows could be younger
and have flowed down to, and been stopped by, an already existing
wrinkle ridge. No other evidence is seen for the edifice or irregular
depression deposits being cut by the tectonic ridges and rilles more
common in the Caloris interior (Murchie et al., 2008; Watters et al.,
2009–this issue).

Seven other occurrences of similar color anomalies, often asso-
ciated with irregular depressions, are seen along the southern Caloris
rim between these two examples (Figs. 4 and 5A–C). In color anomaly
2 (Fig. 5C), an irregular depression 25 km by 10 km lies at the northern
end, and a 20-km-long arrow-shaped depression is at the southern
end. An unusual 1–2-km-wide sinuous trough occurs just west and
northwest of the anomaly and extends for about 100 km from the
Caloris rim to the vicinity of the northern depression, where it is
obscured by superposed craters. An elongate depression 2 km by 7 km



Fig. 5. (A) Westernmost rimless depression (occurrence 1) and surrounding deposits, including bright, diffuse deposits interpreted as a mantle formed by pyroclastic eruptions. (B) Color image and sketch map of rimless depression
occurrences 2 and 3. (C) Color image and sketch map of rimless depression occurrences 4–8.
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Fig. 6. (A) Geological map of the area surrounding rimless depression occurrence 9 (Guest and Greeley, 1983). (B, C) Images of rimless depression occurrence 9: (B) Mariner 10.
(C) MESSENGER color images; red=inverse of PC2, green=PC1, and blue=relative visible color (430 nm/560 nm ratio) (Robinson et al., 2008; Blewett et al., 2009–this issue).
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is centered on color anomaly 3, and a larger elongate depression
(~12 km×7 km) is located about 18 km to the southwest; the
southeast portion of this latter feature is incomplete and perhaps
embayed. A distinctive sinuous scarp lies about 30 km to the northeast
near the edge of the central Caloris plains unit; the scarp appears to be
a wrinkle ridge or central plains flow front.

Color anomalies 4–8 occur along a 400-km-long swath of the
southern Caloris basin interior (Figs. 4 and 5B), forming along both
linear margins (4, 7, 8) and broad embayments in the basin rim (5, 6).
The eastern part of this region is within ~200 km of the Mozart crater
rim, located to the southeast. Several lines of Mozart secondary crater
chains, up to about 10–12 km in diameter, trend southeast–northwest
across the area. Most of the irregular depressions interpreted to be
vents are readily distinguished from the linear crater chain clusters.
Anomaly 4 is approximately circular with a diameter of ~50 km, a
central dark feature, and a surrounding bright annulus ~5–8 km in
width. The brightness and circularity suggests that this deposit might
be in part pyroclastic in origin, similar to the interpretation of the
bright diffuse annulus in area 1. Anomaly 5 contains a 15-km-long
irregular rimless depression along its southern edge but not centrally
located within the color anomaly; the setting of the depression,
nestled in an embayment in the Caloris basin rim, is similar to the
rimless depression in the lunar Orientale basin (Fig. 3). Anomaly 6
contains a small elongate depression about 10 km in length along its
northern margin, but it is too close to a chain of Mozart secondaries of
similar size to be certain of a non-impact origin. Area 7 shows a near-
circular depression at the center of the ~50–60-km-wide anomaly,
and area 8, ~20 km in diameter, is also bright and diffuse.

An interesting characteristic of this region (Fig. 4B, arrow) is that a
similar color anomaly is associated with a ~19-km-diameter crater in
the Caloris interior plains, about 180 km north of anomalies 7 and 8. If
the rim and ejecta consist of excavatedmaterial similar to the deposits
to the south, depth of excavation estimates suggest that deposits
similar to those along the margin of the basin lie at depths of ~1–2 km
below the central Caloris fill (Murchie et al., 2008; Watters et al.,
2009–this issue). Spectral characteristics of the much larger crater
about 160 km to the north indicate that deeper Caloris material is
different in mineralogy (Murchie et al., 2008; Blewett et al., 2009–this
issue; Watters et al., 2009–this issue).

In summary, the irregular rimless depressions associated with
these color anomalies suggest that the related units can represent
effusive volcanic deposits that sometimes build low shields and that
also include pyroclastic eruptive contributions (Robinson and Lucey,
1997; see also Kerber et al., 2009–this issue). The materials have a
high reflectance, are relatively reddish, and differ spectrally from
the plains of the Caloris floor and other crustal material (Robinson
et al., 2008; Murchie et al., 2008; Blewett et al., 2009–this issue).
Although hints of sinuous rilles (Carr, 1974) are seen, these data are
below the limits of resolution required to confidently interpret their
nature and origin (e.g., Milkovich et al., 2002). The age of these
deposits (younger or older than the Caloris interior regional plains)
is ambiguous in many individual cases, but the stratigraphic
relationships with superposed craters and color data suggest that
they generally predate the Caloris interior plains (see also Murchie
et al., 2008; Watters et al., 2009–this issue). Similar relationships
are common on the Moon (Fig. 3), where early filling of basins can
occur along the base of the massifs at the basin edge (e.g., Head,
1974a) and then these vents can be preserved as the basin interior
fills with lavas and undergoes loading, flexure, and continued filling
concentrated in the interior (Solomon and Head, 1979, 1980). Other
spectrally distinctive edifices interpreted to be of effusive and
explosive origin (the Gruithuisen and Mairan “red spots”) are also
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seen around the margin of the lunar Imbrium basin and date to early
phases of the filling of the basin by volcanism (e.g., Head andMcCord,
1978; Chevrel et al., 1999; Wagner et al., 2002). The loading and
flexure associated with lava filling can, moreover, create stresses that
are favorable to marginal dike emplacement and extrusion (e.g.,
Solomon and Head, 1980). Analysis of higher-spatial resolution data
from the MESSENGER orbital phase will help to document further
these deposits and to resolve these outstanding questions.

3. Evidence for volcanic filling of the Caloris basin interior

As exemplified by the Orientale basin, initially formed lunar impact
basins are relatively deep and not filled with lava (Head, 1974b).
Subsequent filling with mare basalts then covered and modified
impact basin interiors and exteriors to a great degree, resulting in a
series of stages of modification and loss of interior rings and structures
(Head, 1982). For example, the lunar Imbrium basin is heavily
modified and has been flooded out to the main topographic rim and
beyond, largely obscuring the original basin ring structure (Fig. 7A).
Comparison of the Imbrium basin and the Caloris basin (Fig. 7) shows
that Caloris has been similarly filled nearly to the rim. Furthermore,
many of the impact craters in the Imbrium interior (e.g., Archimedes;
Fig. 7. Comparison of the lunar Imbrium basin and the Caloris basin onMercury. (A) Earth-ba
et al., 1967). (B) Color-composite Clementine image of the Imbrium basin (red: 750 nm/41
formed after the basin but was subsequently externally embayed and internally filled
(D) MESSENGER WAC false-color image of the Caloris basin (see explanation in Fig. 4 capti
Head,1982) show evidence for impact into the substrate, excavation of
subsurface lavas, and then subsequent mare emplacement both
embaying the exterior and flooding the interior (Fig. 7B, arrow).
These relationships have been used to document the sequence of
major units in the volcanic filling of the Caloris basin (Robinson et al.,
2008; Murchie et al., 2008; Watters et al., 2009–this issue).

A major question in basin characterization is the role of impact
melting and the abundance and areal significance of these deposits.
On the Moon, impact melt deposits line the floor and interior of fresh
basins (such as Orientale) that have not been subsequently filled
extensively with lava (e.g., Head, 1974b; Howard et al., 1974; Spudis,
1993). The majority of lunar basins, however, have been subsequently
filled with mare basalts (e.g., Hiesinger et al., 2000, 2003), and one
might infer that if the basin appears filled, and the original basin rings
buried and obscured, the original deposit of impact melt has been
covered by subsequent lava flooding. Calculations strongly suggest,
however, that impact melt is proportionally more important in larger
basins (Cintala and Grieve, 1998) and at higher impact velocity
(Cintala, 1992), specifically that the volume of impact melt formed
relative to that of the crater will grow, and proportionally morewill be
retained inside the basin rim (Cintala and Grieve, 1998; Pierazzo et al.,
2007). Given the higher mean impact velocity on Mercury and the
sed telescopic view of the Imbrium basin on the Moon. Consolidated Lunar Atlas (Kuiper
5 nm; green, 750 nm/950 nm; blue, 415 nm/750 nm). The crater Archimedes, which
by lava, is shown by the arrow. (C) MESSENGER NAC mosaic of the Caloris basin.
on).



Fig. 8. Proximal smoothplains facies. High-albedoplains (image centeredat 47.2°N,121.1°E) are observedwithin the confines of ancient craters to thenorthwest of Caloris basin. (A)Mosaic
of fourMESSENGERNAC images (inset:WAC false-color image constructed from images takenwithfilters at 480, 750, and 1000 nm). (B) Sketchmap of (A). Inset is identical to that of (A).
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large size of the Caloris basin (~1550 km diameter), onemust consider
the possibility that the basin might have been filled primarily with
impact melt. Examination of the Caloris basin interior (Figs. 4A
and 7C–D) shows that this is unlikely to have been the case. The
presence of marginal volcanic vents (Head et al., 2008), the distinctive
color properties of the basin interior (Robinson et al., 2008), the
evidence for volcanic fill from embayment and flooding relationships
in superposed impact craters (Murchie et al., 2008; Watters et al.,
2009–this issue), as well as differences in crater size-frequency
distributions between the interior plains (Strom et al., 2008) and of
the basin itself (Spudis and Guest, 1988; Table 3) all point to an origin
of the interior Caloris plains by volcanic filling processes.

Despite many similarities, the surface mineralogy and diversity of
the lava fill differs considerably between Imbrium and Caloris (Fig. 7).
MESSENGER data from the first Mercury flyby were of insufficient
resolution and illumination geometry to document the morphologic
features that might reveal sequential emplacement of plains units
over time, and the prominent color contrasts between volcanic units
within Imbrium (see Hiesinger et al., 2000, 2003) are not observed in
Caloris (Murchie et al., 2008; Robinson et al., 2008). Thus, a major goal
for MESSENGER orbital operations will be the acquisition of imaging
and spectral data to characterize and date the range of volcanic units
in the interior.

4. Evidence for the role of volcanism in the emplacement of
smooth plains exterior to the Caloris basin

The major units interpreted to be the deposits associated with the
formation of the ~1550-km-diameter Caloris impact basin were
defined by McCauley et al. (1981) as the Caloris Group and are
summarized in Spudis and Guest (1988): mountain material (Caloris
Montes Formation), intermontane plains (Nervo Formation), hum-
mocky plains (Odin Formation), and lineated plains (Van Eyck
Formation). A major question posed by the Mariner 10 results was
an impact versus volcanic origin of smooth plains exterior to the
Caloris basin (Fig. 1) (e.g., Murray, 1975; Strom et al., 1975; Wilhelms,
1976). Reprocessing of the Mariner 10 color data (Robinson and Lucey,
1997) provided compelling spectral, geologic, and stratigraphic
evidence that some of the smooth plains were indeed of volcanic
origin. Data from the first MESSENGER flyby help to support and
confirm the findings of Robinson and Lucey (1997) and show that
volcanism did indeed play an important role in the resurfacing of
Mercury. MESSENGER images provide a basis for assessing the extent
to which Cayley-like smooth plains of impact origin are present in the
circum-Caloris region (e.g., Wilhelms,1976).We examine evidence for
exterior plains occurring proximal to the basin rim crest (defined as
within a basin radius of the rim crest) and distal plains (defined as
those more than a basin diameter from the rim crest).

4.1. Proximal plains deposits

Among plains deposits external to the Caloris basin but within a
basin radius of the rim (Fig. 1), the MESSENGER albedo and color data
reveal evidence for the embayment and filling of a Caloris radial
structure and several large adjacent craters (Fig. 8, and inset), in a
manner similar to the types of relationships seen in the reprocessed
Mariner 10 data by Robinson and Lucey (1997). In this region, located
several hundred kilometers northwest of the Caloris basin rim, a
portion of the lineated Van Eyck Formation is buried by higher-albedo
plains, forming a long linear swath extending away from the basin for
~375 km (Fassett et al., 2009–this issue). In surrounding areas, the
background hummocky and knobby terrain and some smooth plains
showmorphological characteristics typical of the Odin Formation, and
spectral characteristics of complex mixtures of low-reflectance
material (LRM) and intermediate terrain (IT), typical of much of the
circum-Caloris region (see southeastern part of Fig. 8) (Robinson et al.,
2008; Blewett et al., 2009–this issue). Within this area, however, two
ancient and highly degraded craters show evidence for higher-albedo
surface deposits with distinctive spectral properties relative to the
surroundings and interpreted by Robinson et al. (2008, their Fig.1C) to
be volcanic in origin. The southern crater (2), ~180 km in diameter,
contains higher-albedo (due, in part, to superposed secondary
craters), spectrally distinct plains units that differ from the adjacent
smooth plains and hummocky material. The current data are of
sufficient resolution to permit distinguishing units with color data
(e.g., showing that they are different) but not to characterize them
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(e.g., showing why they are different in detail) (see discussion in Head
et al., 1978). The unit on the floor of crater 2 embays the interior crater
margins, scarps are seen along the western margin, and scarps (most
likely wrinkle ridges and/or flow fronts) are seen on the plains
surface. Similar relationships are seen in the northern crater (1),
~125 km in diameter. These relationships (albedo and spectral
distinctiveness, embayment relationships, and texture) provide
stratigraphic evidence that support a volcanic origin for at least
some of the proximal circum-Caloris smooth plains (see also Robinson
et al., 2008).

4.2. Distal plains deposits

An occurrence of relatively high albedo and spectrally distinct
regional smooth plains (centered at 4.5°S, 112°E) over 1500 km
southwest of the Caloris basin rim (Fig. 9A and inset) is seen in the
new data in an area of embayed and partly to largely filled ancient
craters and basins near the terminator. In the southeastern part of this
area (Fig. 9B), regional smooth plains fill an ancient basin over 300 km
in diameter, and to the northwest, several large craters are partly or
wholly filled by plains. The plains units delineated in Fig. 9A (see
inset) show MDIS color characteristics indicating that they differ
from the surrounding crater rims and uplands (Robinson et al., 2008);
the color boundaries correspond to the margins of the plains mapped
in Fig. 9B, supporting a volcanic origin for the plains, as also suggested
from similar relationships in other areas in Mariner 10 data by
Robinson and Lucey (1997). For example, the interior of a large ~145-
km-diameter crater in the northwest has been completelymodified by
plains (Fig. 9C) (McClintock et al., 2008; their Fig. 2). We further
analyzed these plains units using three approaches to assess their
Fig. 9. Distal smooth plains facies. (A) High-albedo plains material is observed in MESSENG
derived from images with filters at 480, 750, and 1000 nm. (B) Detailed mapping of relatively
embayed or flooded by smooth plains material. Depth measurements are inferred from bur
(D) Impact crater size-frequency distributions for superimposed and embayed craters withi
origin and emplacement histories: (1) the morphology of plains
surfaces and the nature of plains boundaries, (2) the comparative size-
frequency distribution of superposed and buried craters, and (3) the
amount of fill implied by the depth of plains within craters.

The plains units have smooth surfaces that are distinct from the
surrounding rougher, hummocky terrain. No evidencewas observed for
the types of volcanic vents seen around the outer margins of the Caloris
basin rim (Head et al., 2008; Murchie et al., 2008). The majority of the
plains are confined within craters and basins larger than 50 km across,
and in adjacent intercrater regions. In some areas the outer boundary of
the plains unit is marked by lobate scarps that appear to be superposed
on the adjacent rough terrain (Fig. 10A). Similar marginal lobes seen in
Mariner 10 data have been interpreted to represent the margins of lava
flows that had yield strengths in the range of basaltic lavas on Earth
(Wilson and Head, 2008); if such flows are cooling-limited, implied
eruption rates would be in the range of the largest basalt fissure
eruptions on Earth (Wilson and Head, 1981). Additional evidence for
embayment and flooding relationships is seen in the form of partially
buried craters common throughout the plains (Fig. 10B). Although no
candidate volcanic vent features (e.g., sinuous rilles, domes) have yet
been identified in these plains, the distinctive color differences (Fig. 9A,
inset), the presence of lobate features along the edge of the plains units
(Fig. 10A), and the clearly buried impact craters (Fig. 10B), are all
consistent with a volcanic origin. We now use these relationships to
assess the thickness of the plains.

Impact crater size-frequency distribution data provide important
information about plains emplacement and thickness. In order to
assess further the plains emplacement history, we analyzed the nature
and distribution of impact craters in the five plains areas outlined in
Fig. 9A and B. We counted craters in these regions and subdivided
ER WAC false-color images approximately 1500 km from the Caloris basin rim. Inset is
high-albedo units from false-color WAC image. (C) Mapping of craters interpreted to be
ied craters and depth/diameter relationships for fresh craters on Mercury (Pike, 1988).
n units mapped in (B) (see discussion in Strom et al., 2008, for explanation of R plots).



Fig. 10. Structures associated with distal smooth plains on Mercury. (A) Lobate scarp
interpreted to be lava flow front. Image is a mosaic of MESSENGER NAC images. (B)
Context for (A) and impact craters at several stages of embayment and internal filling.
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them into those that were infilled or partially buried by the plains
from those that were superposed on top of the plains. Comparison of
the size-frequency distribution of the two populations shows that
there is a steep falloff in the number of buried craters less than 10 km
in diameter (Fig. 9D). We attribute this trend to the burial of older
craters in this diameter range by the emplacement of smooth plains
(e.g., Hiesinger et al., 2002). Fresh craters 10 km in diameter have rim
heights above the surrounding target terrain of ~440m (Pike,1988); if
the interpretation is correct that this deficiency of craters less than
10 km in diameter is due to flooding of fresh craters, then plains
thicknesses of ~0.5 km or more would be required to completely flood
them.

These thickness values for the plains units can also be compared
with those derived from depth–diameter relationships for fresh
craters. The current depths of impact craters that have been
substantially filled with plains can be used to estimate the thickness
of the fill by comparing these depths to the depths of fresh, unfilled
craters (e.g., De Hon, 1979; see Head, 1982, for further discussion of
the use and limitations of this method). Although detailed altimetry
data are not yet available for these areas, we chose craters that were
generally filled to very near the rim crest and used their diameter D
together with empirically derived depth–diameter ratios calculated
from Mariner 10 data by Pike (1988) to estimate depths. Four classes
of craters are present in this embayed crater population, ranging from
simple (Db3 km) to complex (DN30 km), giving a total of 15 craters
that were measured (Fig. 9C). The greatest thickness for the plains
derived from this approach was ~2 km (blue dots in Fig. 9C), and the
smallest was ~0.5–1 km (red-orange dots in Fig. 9C), with an average
depth of ~1.6 km. This average thickness, spread evenly over the
whole area of plains counted (Fig. 9C), would yield a total volume of
~1.1×105 km3, an order of magnitude lower than the Deccan Flood
basalts (e.g., Widdowson et al., 1997) and somewhat larger than
volumes associated with many smaller lunar maria (Head andWilson,
1992; Yingst and Head, 1997, 1998, 1999). The assumption of fresh
crater rim heights yields average thicknesses of less than a kilometer
for the plains, more similar to the thicknesses and volumes for the
small lunar maria (Yingst and Head, 1997, 1999). In summary, several
lines of evidence from MESSENGER data support a volcanic origin for
selected regions of smooth plains on Mercury (Spudis and Guest,
1988) and suggest that thickness of these deposits may range from
several hundredmeters up to as much as 1–2 km, comparable to those
of many lunar maria (Head and Wilson, 1992).

In contrast to the local occurrences of spectrally distinctive areas
described above, MDIS color data from the first MESSENGER flyby
provide evidence that large areas of the deposits surrounding and
proximal to the Caloris basin rim (including occurrences of the
hummocky plains of the Odin Formation) are spectrally similar to
each other (Robinson et al., 2008; Blewett et al., 2009–this issue).
Furthermore, crater densities on the broad smooth plains regions
proximal to the Caloris rim, and on parts of the Odin Formation, are
considerably below those on the interior plains of Caloris (Strom et al.,
2008). These relationships suggest that these units are unlikely to be
Cayley-like ponded ejecta deposits (they are younger than the basin
fill), and that at least some of the units interpreted to be related to the
emplacement of Caloris basin ejecta (such as the Odin Formation;
McCauley et al., 1981; Spudis and Guest, 1988) may instead be
volcanically resurfaced or of volcanic origin. Further analysis of MDIS
color data and more detailed crater size-frequency distribution
studies are needed to: (1) map additional exterior deposits (Figs. 8
and 9) that are spectrally distinctive from the typical background
material (e.g., Robinson et al., 2008; Blewett et al., 2009–this issue)
and (2) assess the nature and origin of units that traditionally have
been interpreted to be Caloris ejecta.

5. Additional criteria for recognition of volcanic plains: sequential
fill and intermediate events

Impact craters provide templates for the analysis of landform
degradation processes in space and time. Fresh impact craters and
basins show systematic and characteristic changes in their morphol-
ogies as a function of increasing diameter, and this sequence has been
well documented on the terrestrial planets, including Mercury (Pike,
1988). Degradation processes operating on impact craters on airless
bodies, such as the Moon and Mercury, are dominated by three major
factors. First, subsequent impacts at all scales tend to obliterate,
partially bury, subdue, or soften the initial crater morphology. Second,
tectonic deformation can deform the initial shape and shorten or
extend the crater through brittle deformation processes, producing
graben or ridges and scarps. Third, volcanic processes emplace lavas
that can embay and flood crater interiors and exteriors, eventually
completely burying them, and produce pyroclastic eruptions that can
mantle and obscure crater morphology (Head, 1974a, 1975, 1976;
Sharpton and Head, 1988).

Here we use new data acquired during the first MESSENGER flyby
to examine a series of impact craters and basins that illustrate the
transition from fresh crater morphology to completely buried craters
now represented only by a deformed ring at the position of a buried
crater rim. The major characteristics of fresh complex crater
morphology (Pike, 1988) are illustrated in Fig. 11A. These include,
from the interior outward, (1) central peaks or peak rings, (2) a flat
crater floor with primary crater floor roughness, and (3) a terraced
crater wall with ponds of impact melt on the back slopes of listric
faults that formed the terraces during initial collapse of the transient
cavity. From the rim crest outward, the morphologic elements include
(1) a crater rim formed from structural uplift and crater ejecta (which
decrease in height and thickness, respectively, with radial range,



Fig. 11. Sequence of increasingly flooded craters and small basins. All panels are mosaics of MESSENGER NAC images. (A) Fresh crater structure and morphology observed in a ~60-
km-diameter crater crater centered at 9.6°N, 125.7°E. (B) ~120-km-diameter Eminescu crater centered at 10.9°N, 114.2°E. (C) ~180-km-diameter crater centered at 21.9°N, 100.9°E.
(D) ~165-km-diameter crater centered at 1.6°S, 106.9°E. (E) ~180-km-diameter crater centered at 6.5°N, 100.3°E. (F) ~60-km-diameter buried crater centered at 10.0°N, 98.2°E.
Arrows in C–F show locations of buried rings and rims.
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providing the characteristic outward-sloping topography of the crater
rim), and (2) a radially textured ejecta deposit giving way outward to
crater chains and crater clusters. These elements provide the template
from which degradation processes can be measured.

A very fresh crater (Eminescu) interior, with an incipient peak
ring, provides a starting example (Fig.11B); primary roughness is still
observed on the outer margins of the crater floor, and relatively low-
albedomaterial surrounds and embays the flanks of the central peaks
and the more prominent elements of the primary floor roughness.
The smooth material could represent initial stages of volcanic
flooding, but without more definitive evidence, it is not possible to
distinguish it from impact melt deposits associated with initial crater
formation. For example, the lunar crater Copernicus shows evidence
for smooth deposits on the northwestern crater floor that are
associated with impact melt emplacement (Pinet et al., 1993; Pieters
et al., 1994).
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Increasing levels of degradation and flooding are seen in Fig.11C, in
which the radial texture of the rim deposits is seen to be degraded but
still visible (lower right), but the crater interior has been highly
modified. The primary crater floor roughness has been replaced by
smooth plains with wrinkle ridges and lobate scarps, and the plains
clearly have flooded and buried the crater wall terraces over almost
the entire crater interior, implying a significant depth of flooding. Also
consistent with significant flooding is the nature of the remnant
central peak ring. On the eastern and northern interior, remnants of a
peak ring are still exposed, while in several other places along a circle
extrapolated from the exposed peaks (see arrows), arcuate wrinkle-
ridge structures suggest deformation concentrated above an under-
lying portion of the peak ring, as is often seen in lunar and martian
craters and basins. No evidence is observed for the type of superposed
lineated crater rim texture that would represent the influence of large
basin secondary ejecta and the emplacement of Cayley-plains-type
ejecta filling (e.g., Fassett et al., 2009–this issue), as observed in the
circum-Imbrium basin region of the Moon.

A larger crater, ~165 km in diameter, appears even more
completely flooded (Fig. 11D). The interior of the crater is filled with
smooth plains, and no remnants of wall terraces are preserved; along
the northwestern margin, the smooth plains almost breach the rim
crest. In the interior, no primary remnants of a peak ring are
preserved, although they are invariably present in fresh basins at
this diameter (Pike, 1988). Instead, a semi-continuous wrinkle ridge
ring is observed (see arrows) at the approximate location of the
predicted peak ring (Pike, 1988). In addition, at least two superposed
and flooded impact crater remnants are observed on the crater floor.
The westernmost is ~32 km in diameter and almost completely
flooded to its rim crest. The other, to the southwest, is smaller (~18 km
in diameter); its southeastern rim is breached and flooded. Assuming
that these craters were fresh when flooded, their rim crest diameters
imply original depths of 2.0 and 1.7 km, respectively, and rim crests of
~800 and 600 m above the original surrounding terrain, respectively
(Pike, 1988).

Another example similar in size (~180 km diameter; Fig. 11E)
appears slightly more flooded. The interior plains flood nearly to the
crater rim crest in the northern part of the crater, and a breached and
nearly buried ~25-km-diameter impact crater is located on the
western floor (suggesting interior fill to ~2 km and rim burial of
~700m). There is a wrinkle-ridge ring in the interior at approximately
the predicted ring position (Pike, 1988), with one knob at ~3 o'clock
perhaps representing a high peak protruding from the buried peak
ring. The larger crater itself (Fig. 11E) is also very highly degraded by
individual superposed impacts; at least 14 craters larger than10 kmare
superposed on the rim and rim crest. Several of these superposed
craters have been flooded by smooth plains in their interiors, and the
ejecta from these craters have been emplaced inside the large crater
and subsequently embayed by smooth plains on the crater floor. For
example, ejecta from the ~38-km-diameter crater on thenorthwestern
rim landed inside the large crater, but the deposits are nowflooded and
embayed by smooth plains. Similarly, the exterior ejecta deposits of the
large crater have been significantly embayed by surrounding smooth
and intercrater plains, particularly to the north and northwest.
Comparison of the crater rim texture to the north of the crater to
that of a fresh crater (Fig. 11A) shows that the distal portions of the
ejecta have been significantly embayed by plains. All evidence of distal
radially textured deposits and secondary chains and clusters has been
covered by smooth plains deposits, embaying the large crater to
approximately the base of the raised rim (compare Fig. 11A and E).

As shown in these examples, and also illustrated in the analysis of
the emplacement of smooth plains (Figs. 8 and 9), the rim crests of
impact craters can be completely flooded and modified beyond any
recognition of the primary landform, in a manner similar to theway in
which peak rings have been flooded in these examples (Fig. 11C, D and
E). For example, ~50 km to the northwest of the crater in Fig. 11E lies a
wrinkle-ridge ring embedded in a pattern of generally northeast-
trending linear wrinkle ridge segments (Fig. 11F). A few small peaks
occur on the northeastern portion of the ring, perhaps representing
the remnants of a flooded and buried rim crest.

Partially flooded and embayed craters and wrinkle-ridge rings are
common in the lunar maria and in the regional plains of Mars, where
they represent impact craters that have been partially or wholly
buried by lava flows. In these cases, wrinkle ridges form from
contractional deformation of the volcanic plains, and where there is
subsurface topography, such as a flooded impact crater, the topo-
graphy can act as a stress concentrator that localizes deformation of
the near-surface material. In the case of the Letrone–Flamsteed region
of southern Oceanus Procellarum on the Moon, the crater Letrone is
embayed and modified, with its northern margin completely flooded
(Whitford-Stark and Head, 1980; Mustard and Head, 1996), while
farther to the north, the crater Flamsteed is almost completely buried
by mare basalts (Pieters et al., 1980; Heather and Dunkin, 2002),
forming an incipient wrinkle-ridge ring as part of the regional
northwest–southeast-trending system in Oceanus Procellarum
(Whitford-Stark and Head, 1980). The presence of wrinkle-ridge
rings is generally interpreted to imply flooding of a crater to a level
above its rim crest and subsequent deformation of the plains. The
presence of wrinkle ridge rings can then be used to infer the
emplacement of volcanic plains, and also to estimate the thicknesses
of these plains from the size of the ring and the inferred diameter,
depth, and rim height of the original crater (De Hon, 1979).

6. Discussion and conclusions

Observations made during the first MESSENGER flyby of Mercury
have helped to address and resolve a series of questions, largely
outstanding since the end of the Mariner 10 mission, related to the
existence, nature, and distribution of volcanism on that planet. These
new data have revealed numerous volcanic vents, in the form of
irregularly shaped rimless depressions, located preferentially around
the interior of the edge of the Caloris basin. These vents are interpreted
to be sources for effusive volcanism, including a shield in excess of
100 km in diameter, and pyroclastic eruptions, represented by bright
haloes around the vents that aredistinctive in color data. The interior of
the Caloris basin is filled with plains units spectrally distinct from the
rim deposits, and comparison with the lunar Imbrium basin and
superposed impact crater stratigraphy provide evidence that these
units are volcanic in origin. Plainswith distinctive color characteristics,
lobate plains unitmargins, and the sizes of embayed and buried impact
craters all support the interpretation that at least some of the smooth
plains surrounding the exterior of the Caloris basin (Fig.1) are volcanic
in origin. Other color and crater size–frequency distribution relation-
ships suggest that large areas near the basin rim are unlikely to be
Cayley-like ponded ejecta deposits (they are younger than the basin
fill), and that at least some of the units interpreted to be related to the
emplacement of Caloris basin ejecta (such as the Odin Formation;
McCauley et al., 1981; Spudis and Guest, 1988) may instead be
volcanically resurfaced or volcanic in origin. Large impact craters show
a sequence of embayment of interior floor and exterior ejecta deposits
that supports a volcanic origin for filling material. Flooding relation-
ships documented in selected areas suggest volcanic plains thicknesses
ofmanyhundreds ofmeters and local thicknesses inside impact craters
of up to several kilometers. In addition to the evidence for volcanic
deposits outlined here, the first MESSENGER flyby revealed evidence
for intrusive activity in the form of a floor-fractured crater, similar to
some seen on the Moon (Schultz, 1976a), and a radial graben swarm
centered in the Caloris basin (e.g., Murchie et al., 2008) that may have
been formed by subsurface dike-emplacement events (e.g., Head et al.,
2008).

These new data provide evidence that supports and confirms
earlier hypotheses from Mariner 10 data that volcanism was
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important in shaping the surface of Mercury (Strom et al., 1975;
Spudis and Guest, 1988; Robinson and Lucey, 1997). The emerging
picture of the volcanic style of Mercury is similar to that of the Moon,
the solar system's other small one-plate terrestrial planetary body
(Head and Wilson, 1991, 1992). There are no major shield volcanoes
such as the Tharsis Montes on Mars, shallow magma reservoirs are
rare, and there is little evidence of mantle hot spots as long-lived sites
of magmatism and deformation. Also similar to the Moon is the
evidence for linkage of volcanism and its distribution and style to the
formation of impact basins (Head, 1976; Head and Wilson, 1992). In a
manner similar to those on the Moon, volcanic vents are observed
around the margins of impact basins, often in association with basin
rings (Fig. 7), and the inner parts of the basin tend to be filled by
younger volcanic deposits, embaying the older marginal deposits.
Pyroclastic deposits are often associated with these volcanic vents
and, because of their preservation as blankets around the margins,
provide evidence of these earlier phases of basin-related volcanism. As
with the Moon, the nature of these deposits can provide important
information on mantle and crustal volatiles and chemistry (Saal et al.,
2008; Kerber et al., 2009–this issue). Further, emerging evidence for
exterior smooth plains of volcanic origin shows that their character-
istics and distribution are very similar to those on the Moon; these
involve embayment and filling of large impact craters to depths
measured in hundreds of meters to over a kilometer (e.g., De Hon,
1979) and the formation of patches of plains deposits similar in scale
to those on the Moon (e.g., Yingst and Head, 1997, 1998, 1999).

Upcoming MESSENGER flybys and orbital operations will provide
the high spatial and spectral resolution needed to identify small-scale
geological features diagnostic of volcanism, to distinguish units of
different composition and mineralogy, and to determine the size-
frequency distribution of impact craters on the scale of individual
units. This array of information will permit a census of plains units of
both impact and volcanic origin. Altimetry and gravity data will also
provide quantitative information helpful to an assessment of the
thicknesses, volumes, and deformation histories of both types of
plains.
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