Review of Mariner 10 Observations: Mercury Surface Impact Processes
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The major evidence concerning Mercury’s craters remains the imaging of Mariner 10 from over three decades ago.  We are beginning to gain information about Mercury’s unimaged side from Earth-based radar.  The MESSENGER mission will start making major advances in a few years.  Issues that have developed and remain to be resolved include the specific roles of the Late Heavy Bombardment and of hypothetical ‘vulcanoids’ in cratering the planet, which affect calibration of the absolute chronology of Mercury’s geological and geophysical evolution, and the role of secondary cratering, by ejecta from both the visible craters and from the numerous large basins.

1.
Introduction
Mercury's surface was first revealed by Mariner 10 imaging.  Generally, Mercury is heavily cratered, with less cratered regions, superficially similar to the Moon.  Craters range from nearly saturated small-sized craters (many show clustering suggestive of secondaries) up to enormous multi-ringed basins, of which Caloris is the most prominent in Mariner 10 images.  Dozens of basins have been tentatively identified.  Morphometric statistics of Mercury’s craters have been compared with those for other terrestrial bodies and interpreted in terms of differences in surface gravity and other factors1-4.  

Craters are used for both relative and absolute age-dating of geological units on planetary bodies.  Early interpretations of Mercury’s cratering record drew analogies from the Moon: it was supposed that most craters and basins formed about 3.9 Ga, during the same Late Heavy Bombardment (LHB) that dominated lunar cratering5.  Through superposition relationships with other geological features (e.g. lobate scarps), a tentative chronology for Mercury’s geological history was derived (tied to the old Tolstoj basin and the younger Caloris basin), raising potential incompatibilities with geophysical inferences about interior cooling rates and processes that generate Mercury’s magnetic field2,5.

Craters on Mercury (and other bodies) are studied in several ways.  Beyond the Mariner 10 imaging, and expected imaging from MESSENGER and BepiColombo missions to Mercury, radar delay-doppler mapping, some at better than 2 km resolution, from Arecibo6 and other radar telescopes is starting to rival the resolution of the global-scale Mariner 10 imaging.  Studies comparing Mercury’s crater population with those on the Moon, Mars, and other bodies provides useful understanding.  Also relevant is modeling of impactor populations and simulations of their impact history on Mercury.  Theoretical studies of cratering mechanics, ejecta distributions, and regolith evolution have sometimes been applied to Mercury.


In detail, Mercury’s craters have morphological differences from those on the Moon and Mars, partly due to differences in gravity and impactor environment (e.g. higher velocity impacts on Mercury), but most of the differences are probably due to the different geological processes that erode and degrade craters after they have formed on the various planets.  For example, while many craters on Mars extend back to the Late Heavy Bombardment epoch that may be contemporaneous with the formation of many of Mercury’s craters, the Martian surface has undergone glaciation, rainfall/runoff, dust storms, sedimentation, exhumation, and many other processes not thought likely to have been relevant on Mercury. 

2.  Origins of Mercury’s Craters


Potential sources for the impactors that formed Mercury's craters are numerous.  In principle, the size distributions and the impact rates could have varied with time and in ways not necessarily correlated with the cratering histories of other bodies.  Sources include: the Near-Earth asteroids and their cousins (of which only three have yet been found) that orbit entirely interior to Earth’s orbit (termed Apoheles); short- and long-period comets, including sun-grazers; vulcanoids, an as-yet-undiscovered hypothetical population of remnant planetesimals from accretionary epochs, orbiting mainly inside Mercury’s orbit; and secondary cratering by ejecta from basins and large primary craters.  Endogenic crater-forming processes (e.g. volcanism) are also possible.  Differences in asteroid/comet cratering rates (perhaps including the LHB) are not expected to vary by large factors for Mercury compared with the Earth-Moon system or Mars.  But if vulcanoids were/are important, they could have extended the duration of Mercury’s intense cratering into epochs far later than the LHB, and even overprinted the LHB7.

It is possible that planetesimals interior to Mercury’s orbit never formed or that they were destroyed (e.g. by their mutual, high-velocity collisions) before the epoch of the LHB.  But if they did survive such early processes, it appears that their subsequent depletion by Yarkovsky Effect drift might have lasted for several billion years, perhaps resulting in appreciable post-LHB cratering of Mercury8.   (The Yarkovsky Effect has been found to have a potent effect in changing the orbits of small solar system bodies; it acts on rotating bodies due to the asymmetry between insolation and re-radiation in the thermal infrared.)  The point here is not to assert that current assumptions that tie Mercury’s absolute geological chronology to the LHB are wrong, but that such a chronology should not be taken as a strong constraint.  There are other geophysical aspects of Mercury that were surprising to the Mariner 10 researchers and originally seemed difficult to reconcile.  Mercury appears to have an active dynamo-generated magnetic field, although this has been debated.  Mercury’s buckled crust (expressed as a global distribution of lobate scarps) suggests global cooling and shrinking in post heavy-cratering epochs, but perhaps the cooling and crustal shortening has not gone to completion.  Recent bistatic radar interferometric studies9 suggest the presence of a molten layer within Mercury.  Theoretical modeling combined with hypotheses concerning impurities in the core may have reconciled Mercury’s small size and rapid cooling rate with these indications of a still molten portion of the planet’s core.  Nevertheless, the evaluation of these geophysical issues should not be strongly constrained by any particular cratering chronology.  Mercury’s heavily cratered regions may, in fact, reflect LHB cratering and its internal geological processes may have shut down soon afterwards (access to molten magma may have been closed off by crustal compression).  Alternatively, both the cratering and the faulting could have extended billions of years closer to the present time, if vulcanoid cratering was important.
3. Secondary Cratering

Secondary cratering may be a much more important process than previously thought.  Studies of both the sparsely cratered surface of Europa10 and of Mars11 have recently suggested that the steep branch of the crater size-frequency relation for craters smaller than a few km (originally identified by Shoemaker12 as the “secondary” branch but later attributed to the inherent size-distribution of collisionally evolved asteroids) really is dominated by secondaries from primaries larger than 10 km.  One study, for example, finds that a single 10 km diameter crater on Mars may be responsible for as many as a billion secondary craters larger than 10 m diameter11.  Crater chains, crater rays, and clusters of small craters visible in Mariner 10 images were already attributed to the process of secondary cratering on Mercury.  The global high-resolution imaging expected from MESSENGER, combined with the extensive intercrater plains on Mercury as well as the tendency for ejecta on Mercury to be less widely distributed around the globe than is true for the Moon, all should help explicate the role of secondary cratering as a planetary process. Possibly, many supposed primary craters several tens of km in size may instead be secondaries from basin-forming impacts, as Wilhelms13 believes is true for the Moon.
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