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Abstract Interest in asteroids is currently high in view of their scientific importance, the im-
pact hazard, and the in situ resource opportunities they offer. They are also a case study of
the intimate relationship between science and exploration. A detailed review of the twelve
asteroids that have been visited by eight robotic spacecraft is presented here. While the
twelve explored asteroids have many features in common, like their heavily cratered and
regolith covered surfaces, they are a remarkably diverse group. Some have low-eccentricity
orbits in the main belt, while some are potentially hazardous objects. They range from dwarf
planets to primary planetesimals to fragments of larger precursor objects to tiny shards. One
has a moon. Their surface compositions range from basaltic to various chondrite-like com-
positions. Here their properties are reviewed and what was confirmed and what was newly
learned is discussed, and additionally the explored asteroids are compared with comets and
meteorites. Several topics are developed. These topics are the internal structure of aster-
oids, water distribution in the inner solar system and its role in shaping surfaces, and the
meteoritic links.

It is suggested, that asteroid-scale grooves, ridges, and catenas on several explored as-
teroids argue against these asteroids having rubble pile interiors, i.e. interiors made when
impact fragments reaccumulate. The only body for which this is not true is the tiny Itokawa
and it is argued that this asteroid is a regolith breccia. The discovery of water on Vesta,
fluidization textures on comets and possibly Eros, and the relatively large number of active
asteroids inside the purported snowline, suggests that significant subsurface water may be
present on asteroids in the inner solar system and may partly account for their low densities.
The explored asteroids have also confirmed the linkage of the HED meteorites with Vesta
and Itokawa with the ordinary chondrite meteorites, Eros is somewhat problematical. So
while diversity, and the range of sizes, histories, and surface compositions, is the hall mark
of the explored asteroids, the number of explored asteroids is small compared with the di-
versity of material expected on the basis of asteroid astronomy and meteorite geochemistry.
The exploration of the solar system’s asteroids has only just begun.
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1 Introduction

Interest in asteroids has increased in recent years as solar system exploration has moved
them into center-stage as they are viewed as a stepping stone from the Moon to Mars.
At the same time, studies of meteorites and early solar system evolution have stressed the
importance of the small bodies and several competitive mission proposals have been suc-
cessful, for example NEAR-Shoemaker, Stardust, and OSIRIS-REx. Asteroid science has
also advanced considerably through the availability of modern ground-based astronomical
techniques (Stokes et al. 2002), the discovery that impact may have played a major role in
biological evolution in the past and that the impact threat to life on Earth continues (Belton
et al. 2004), and the realization that they could provide in-situ resources for space explo-
ration (Lewis 1996). This paper is a review of what is known about asteroids seen mostly
through the lens of spacecraft exploration.

1.1 Why a Review Focused on the Explored Asteroids

While our understanding of the solar system evolves like any other branch of Science, our
exploration of the solar system proceeds in a number of discrete steps. There is a progression
of techniques and there are significant differences in the information provided by each.

a. Telescopic observations locate an asteroid and enable orbits, spins, compositions (within
limits), and shape to be determined, but usually provide no resolution of features.

b. Radar observations of many asteroids provide overlapping and complementary data to
the other techniques.

c. Flyby missions provide images of part of the body with varying resolution.

d. Orbital missions provide high resolution stereo imagery over the whole object and the
ability to measure properties that require long observing periods or close proximity.

e. Landings allow surface properties to be measured.

f. Finally, sample return provides geochemical analyses of great precision and enables com-
parison with meteorite data.

The present paper is largely concerned with steps (c) to (f), what has been learned from
space missions. The exploration of space has analogs in many past explorations of the
Earth that also yielded considerable scientific returns (Lewis and Clark 2004; Pallas 1776;
Darwin 2006; Forster 2010; Von Humboldt 1996; Thomson 1880). The space program and
the exploration of the solar system are no different, and the present paper discusses the
science that has been learned through the exploration of asteroids.

1.2 100,000s of Asteroids and Only 8 Missions to 12 Asteroids

There are several hundreds of thousand asteroids, which are largely points of light. From
this we can determine orbits and magnitudes. For a small proportion of them we can gain
information on shape and rotation from ground based optical and radar data. Missions have
the potential to provide a new kind of data on a few objects, at very large expense, which
not only sheds light on the mission targets, but on the 100,000s of asteroids that we will
never visit. The missions have become more sophisticated and more ambitious with time.
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Eros, Vesta and Ceres, which were orbited by robotic spacecraft, form a complementary
set in which detailed space-borne exploration has been possible. Itokawa is unique in that
close exploration and sample return has been possible. Exploration of this asteroid can be
considered as a complement to studies of the LL chondrites. The remaining asteroids have
been the subject of flybys and therefore only partially explored. These mission targets might
be considered the third category.

In an attempt to give context to the data obtained for the explored asteroids, I will make
comparisons with other small bodies. There are two ways to do this. In some cases, com-
parison with other asteroids is possible, for example mass, size, rotation rate, pole, density
and composition. Then there is data where no other asteroid comparisons are possible but
data for the explored asteroids can be compared with data for other small bodies, for exam-
ple cratering and regolith processes on the explored asteroids can be compared with these
processes on the Moon and comets. The degassing of Ceres, and other asteroids, can be
compared with degassing on comets.

To date the asteroids that have been visited by spacecraft consist of Gaspra, Ida and its
moon Dactyl, Annefranck, Braille, Mathilde, Eros, Itokawa, Lutetia, Steins, Vesta, Toutatis,
and Ceres (Table 1). As discussed above, while some missions have produced vast amounts
of data others have produced relatively little data but their inclusion helps in the comparative
planetology of asteroid science. A review of missions and their scientific accomplishments
provides a number of perspectives of our knowledge of asteroids. To review their discovery
is to take a walk through the history, from the search for the missing planet to the search
for the asteroid that could destroy us, with all this entails for telling the story of new tech-
niques and methods. This approach also means writing a history of asteroid exploration, or
how robots and their instruments evolved, and how confidence and competence grew with
time. Finally, to focus a review this way underscores the way science and exploration can
productively go together.

This article begins with a summary of the discovery of the explored asteroids and mis-
sions that have been sent to explore them. The explored asteroids are then reviewed in terms
of their physical properties,—their orbits, photometric properties, spin, mass, volume, den-
sity, magnetic fields, and interiors—their geological properties, discussing their maps and
their surface features, and finally compositional properties. The article then concludes with
a discussion of several themes in asteroid science as an example of what can be learned
with data from the asteroid missions; continuity of the asteroid/cometary population, the
distribution and role of water in the inner solar system, and the nature of asteroid interi-
ors.

2 Discovery of the Explored Asteroids

As mentioned above, by recounting the discovery of the explored asteroids, we review the
history of asteroid discovery in general since their discovery is spread rather uniformly
over the last 200 years or so. Portraits of some of the discoverers of the present asteroids
are shown in Fig. 1. Much of the following material was taken from the websites of the
Minor Planet Center, the JPL Asteroid Database, and Wikipedia (whose asteroid entries
are generally excellent although the primary source has been consulted wherever possi-
ble).

The story of how Bode’s Law led to the discovery of the first asteroids is legend (Nieto
1972). When G. Piazzi (Fig. 1a) discovered Ceres in 1801, from the observatory at Palermo,
it was by accident, he was working on a star catalog and not searching for the missing
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Fig. 1 Some of the discoverers of the explored asteroids. (a) G. Piazzi discovered of Ceres in 1801. (b) H.W.
Olbers discoverer of Vesta in 1807. (¢) H. Goldschmidt who discovered Lutetia in 1885 shown here on a medal
with J.R. Hinds to his left and R. Luther to high right. (d) J. Palisa who discovered Ida in 1884 and Mathilde
in 1885. (e) G. Witt who discovered Eros (simultaneously with A. Charlois) in 1898. (f) G. Neujmin who
discovered Gaspra in 1916. (g) Karl Wilhelm Reinmuth who discovered Annefrank in 1942. (h) E.F. Helin
and (i) K.J. Lawrence who discovered Braille in 1992. Missing are C. Pollas who discovered Toutatis in
1989, A. Charlois who co-discovered Eros, and N. Chernykh who discovered Steins in 1969. Itokawa was
discovered by the LINEAR team in 1998

planet. However, it was soon widely assumed that the missing planet between Mars and
Jupiter, which was predicted by the law, had been discovered. However, three more were
quickly found, Pallas by W.H. Olbers (Fig. 1b) in 1802, Juno by K.L. Harding in 1804,
and Vesta by Olbers in 1807. For forty years these were the known asteroids, supposedly
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the fragments of the exploded missing planet. Olbers, made his discoveries from his home
observatory in Bremen. He announced his latest “planet” on the 29" March 1807 in a letter
Schroter dated 31% March (Lynn 1907) and later that year published his finding in Annalen
der Physik (Olbers 1807).

Starting in 1847 with the discovery of Iris by J.H. Hind, a well-known London as-
tronomer, asteroids were discovered at a steady rate for the rest of the century. In 1852
the most successful mid-nineteenth century asteroid hunter, artist-turned-astronomer, Her-
mann Goldschmidt (Fig. 1c), discovered Lutetia (Goldschmidt 1852). In fact, it was to be
the first of fourteen asteroids he would detect using two to four inch refractor telescopes
from his home in Paris.

Goldschmidt held the admiration of the astronomical community for his success in aster-
oid discovery for some time, but Johann Palisa was to surpass him. Between 1874 and 1923,
from the Naval Observatory at Pola and then the university observatory in Vienna, Palisa
(Fig. 1d) was to discover 122 asteroids, including Ida and Mathilde, mostly using a six inch
refractor (Raab 2002). Palisa frequently sold the naming rights to anyone willing to pay, and
in this way supported his work.

The first near-Earth asteroid to be discovered, and second largest (after Ganymed), Eros,
was an accidental discovery by Carl Gustav Witt (Fig. 1e) in Berlin on August 13, 1898. Ear-
lier that night, August Charlois, who was to discover 99 asteroids between 1887 and 1904,
often using the new method of astronomical photography. Within weeks Adolf J. Berberich
realized that the perihelion distance of Eros was well inside the orbit of Mars and that the
asteroid had come to within 0.15 AU of Earth on January 21, 1894. In 1901, E. Von Op-
polzer obtained one of the first asteroid light curves and twelve years later a rotation period
of about 5 hours was established (Yeomans, undated).

Gaspra was discovered on July 30, 1916, by Grigory Neujim (Fig. 1f), a Russian as-
tronomer who was to discover 74 asteroids between 1913 and 1936 from the Simeis Obser-
vatory in the Crimea using a 12 cm double astrograph photographic telescope (Chernykh
and Chernykh 2002). While Gaspra was discovered during the First World War, asteroid
Annefrank was discovered in the Second World War, on March 23, 1942, by Karl Wilhelm
Reinmuth (Fig. 1g) at the Konigstuhl Observatory in Heidelberg. Reinmuth was the most
successful discoverer of asteroids at the time, discovering over 395 permanently number
asteroids.

The remaining asteroids that have been visited by spacecraft illustrate the transition from
discoveries by individual astronomers to those made as a result of an institutionalized pro-
gram of asteroid discovery. The second NEA in our group is Toutatis which was first de-
tected in 1934 (and designated 1934 CT) but subsequently lost. It was recovered on the 4"
January, 1989, by Christian Pollas at the CERGA Observatory, Caussols, now part of the
Observatoire de la Coéte d’Azur. Steins was discovered by N. Chernykh, of the Crimean
Astrophysical Observatory in the Ukraine, who has discovered 537 asteroids, on the 10™
November 1969. With the space program ramping up, and after a successful Apollo pro-
gram, NASA became involved in asteroid discovery and it was Eleanor Helin (Fig. 1h) and
Kenneth Lawrence (Fig. 1i) at the Palomar Observatory under a NASA program of detect-
ing planet-crossing asteroids, who discovered our next asteroid target, Braille, on May 27%,
1992. The asteroid received its name as a result of a national contest organized by The
Planetary Society. Also as part of the modern thrust to detect near-Earth asteroids, Itokawa
was discovered September 26, 1998, by the US Air Force-NAS-Massachusetts Institute of
Technology joint LINEAR (Lincoln Near-Earth Asteroid Research) program operating at
Lincoln Laboratory’s site on the White Sands Missile Range near Socorro, New Mexico.
The asteroid was named after Hideo Itokawa, the prominent Japanese rocket scientist, dur-
ing the Hayabusa mission to the asteroid. As of 15 September 2011, LINEAR had detected
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231,082 new objects, of which at least 2,423 were near-Earth asteroids and 279 were comets.
LINEAR was responsible for the majority of near-Earth asteroid detections from 1998 until
it was overtaken by the Catalina Sky Survey in 2005 (Fig. 2).

3 The Missions

Details of the space missions to asteroids are given in Table 1. There is a very wide range
in the type and size of asteroids visited by robotic spacecraft (Table 2, Fig. 3). From the
dwarf planets Vesta and Ceres to the relatively large asteroids Lutetia, Matthilde and Ida,
Gaspra and Eros, and to the tiny Steins and Itokawa. Also noteworthy is the variety of
shapes, which range from a distorted spheroid in the case of Vesta and Ceres, approximate
spheroids for Lutetia and Mathilde, elongated shapes Ida, Gaspra and Eros, to the bifurcated
shape of Itokawa. Similarly, surface compositions, as indicated by their reflectance spectra
and taxonomy, vary widely.

The first asteroid to be visited by a robotic spacecraft was Gaspra (Fig. 4a), an olivine-
rich S class asteroid, which orbits in the inner edge of the asteroid belt (Belton et al. 1992).
Galileo was a high-cost mission to Jupiter that observed asteroids while passing through the
main asteroid belt. On the 29" October 1991, the Galileo spacecraft obtained four images
of Gaspra at wavelengths of 0.40, 0.56, 0.89, and 0.99 um while at a distance of 6,065 km
obtained. The spacecraft eventually passed within 1600 km of the asteroid. Information was
thus obtained on size, shape, and crater density, while spatially resolved spectra provided
data on composition and compositional variations across the asteroid.

Shoemaker-NEAR, the first of NASA’s Discovery class of relatively cheap missions, was
designed to explore the near-Earth asteroid Eros. On its way to Eros, on 27 June 1997, the
spacecraft encountered Mathilde (Fig. 4b), a C class asteroid, and obtained over 330 images
covering 60 % of the surface (Veverka et al. 1999a). Because of the large distance from the
Sun at the time of encounter, 1.9 AU, and power limitations, only the imager was turned on.

On the 28™ August 1993, while passing through the outer fringes of the asteroid bel,
Galileo encountered the S asteroid Ida (Fig. 4c) and was able to take 96 images over 18 time
intervals at distances of 240,429-2,494 km, the closest approach being 2,391 km (Belton
et al. 1996a). Thus 95 % of the surface was imaged, mostly at four wavelengths, some at
five. In February 15, 16", 1994, while 10,760 km from the asteroid, a satellite, later named
Dactyl (Fig. 4d), was observed in 47 images taken by two instruments (ISI and NIMS)

@ Springer



D.W.G. Sears

Iy X LES X €LS €9°¢ IS1 Y01 vI'L [4 ¢ 19¢°C 880°0 UureiN BISOA ¥
9Ty X €0TX0L'T €0y 6LC el Ly¥0 LE6'0 £€6°C €90 (VHA) ofjody (OV 6861) SHeINOL 6LTH
LYy X 18°¢ X L99 ¥9°¢ 0S¢ 99 1¥6'6 120°C ¥9¢€C 9440 UreiN (DA 6961) SUIAS £98T

9 X 8 X 99 ey LST 081 L9 £ve’l LY9°C 99C°0 UreiN (110 6¥61) SPITWEIN £6T

SLX 101 X 1Tl 08¢ 0s¢ L8 £90°¢ ¥€0°C Yey'e ¥91°0 UreiN B0 [

60T°0 X ¥67°0 X SES°0 (41 €91 69 79’1 £€56'0 vee'l 80 (VHd) ofredy (9€4S 8661) BALNON £116T
CTIXYI X9 Ort1 e (430! EVL'T 798¢ SIv0'0 BpI JO AMN[[ES 1408

981 X 'ST X 8°6S ¥8'v oLt (423 (430! EVL'T 798¢ SIv00 urey (19a 8861) ®PI £+

68 XG0l X8I 8C¢ 0¢l £5¢ €00y Se8'l 60CC LI urey (s¥S 9161) e1dsen 166
CTIHE XTI Xvve oLl 6L1 €0¢ €801 eel’l LSY'L o louy (OA 8681) so1d €€

10d 906 x 1ba 866 09y SL 08 6501 LSS'C L9LC 9L0°0 UleiN (dX €¥61) 819D |

0T xX01Tx1I7C 86°¢ 96¢ 1874 00°6¢ 8ce’l Ivee £er’0 SuIsso1o sIey (@ 2661) 211rerd 6966

PEX0S*X99 6C¢ 6868 Izt LyCy 1L0C €1ee 900 UureiN (NH TP61) queysuuy ¢ece
® 5 1 b 4 2

(ury) suorsuawIq (K) pourog 1910 SSB[0 110 promsy

1yeI0908ds Aq PaISIA U22q 9ARY JBY) SPIOIA)SE JO SUOISUAWIP pue ‘porrad 81110 N1qI0 T dqEL

pringer

As



The Explored Asteroids: Science and Exploration in the Space Age

21 Lutetia

253 Mathilde

243 |da
(243) Ida 1 Dactyl

433 Eros

951 Gaspra

2867 Steins

4 Vesta O 25143 Itokawa

Fig.3 (a) A compilation of asteroid images to illustrate their relative sizes (from Russell et al. 2012). Braille
and Toutatis not shown. They would be similar to Itokawa on this diagram. (b) Ceres, Vesta, and Eros com-
pared (NASA/JPL image)

the previous August. Dactyl was 100 km from the asteroid and 10-20 times smaller (Bel-
ton et al. 1996b). According to Chapman (1996), the main surprises at Ida were Dactyl
(which enabled a density estimate for Ida) and the ejecta blanket on the large fresh crater
Azzurra.
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Fig. 4 Images of the asteroids that have been visited by spacecraft. (a) Gaspra (18.2 x 10.5 x 8.9 km) was
imaged during the Galileo spacecraft fly-by in Oct 29, 1991, (b) Mathilde (66 x 48 x 46 km) was imaged
by the NEAR spacecraft during a fly-by June 27, 1997. (¢) Ida (59.8 x 25.4 x 18.6 km) was imaged by the
Galileo spacecraft during a fly-by on Aug 28, 1993. Also in the field of view, and indicated by an arrow, is
Ida’s moon, Dactyl. (d) Ida’s moon Dactyl (1.6 x 1.4 x 1.2 km) was discovered in images taken during the
Ida fly-by. (e) Braille (2.1 x 1.0 x 1.0 km) was imaged during a fly-by of Deep Space 1 on July 20th 1999,
(f) Eros (34.4 x 11.2 x 11.2 km) was imaged by the NEAR spacecraft prior to orbiting the asteroid for one
year. (g) Annefrank (6.6 x 5.0 x 3.4 km) imaged during a fly-by by the Stardust spacecraft on Nov 2, 2002.
(h) Itokawa (0.535 x 0.294 x 0.209 km) imaged by the Hayabusa spacecraft during its sample-collecting
rendezvous Sept 15, 2005 to April 25, 2006. (i) Steins (6.67 x 5.81 x 4.47 km) imaged by the Rosetta
spacecraft during a fly-by on Sept 5, 2008. (j) Lutetia (121 x 101 x 75 km) was also imaged by the Rosetta
spacecraft during a fly-by July 10, 2010. (k) Vesta (573 x 557 x 446 km) was imaged by the Dawn spacecraft
during it 15 month orbit July 16, 2011 to Sept 5, 2012. (I) Toutatis (1.70 x 2.03 x 4.26) was imaged by the
Chang’e 2 spacecraft during a fly-by Sept 12, 2012. (m) Ceres (equatorial radius 479.6 4= 2.4 km, polar radius
of 453 £ 4.5 km) imaged by the Dawn spacecraft shortly after going into orbit in March 6th, 2015
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Fig. 4 (Continued)

While the NEAR spacecraft orbited the Sun, a NASA technology development mission,
Deep Space 1, encountered asteroid Braille on July 29, 1999 (Fig. 4e). The mission was
designed to demonstrate ion propulsion, solar cell improvements, new navigation and self-
repair software, a beacon to minimize tracking costs, a miniature integrated camera and
spectrometer (with a range of 1.25 to 2.6 um), and two magnetometers mounted on booms
(Richter et al. 2001). Because of a software glitch, thought to have been caused by a cosmic
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Fig. 4 (Continued)

ray particle event, only two images of the asteroid were obtained at a distance of 13,500 km
on the outward journey (Buratti et al. 2004).

Shoemaker-NEAR arrived at Eros on 23 December 1998 programed to orbit the aster-
oid, but its engine shutdown prematurely and it flew by, its closest approach being 3800
km. Nevertheless, scientific data were obtained during the fly by Veverka et al. (1999b).
The spacecraft returned to Eros (Fig. 4f) on 14 February 2000 and successfully went into
orbit for a year, touching down on the surface on 12 February 2001 (Veverka et al. 2001).
During its year in orbit, the spacecraft obtained 160,000 images, at wavelengths of 0.4 to
1.1 wm with its multispectral imager, and 70 images during the final descent. The spacecraft
also deployed a near-infrared spectrometer with a range of 0.8 to 2.6 um to determine the
mineralogy of the surface (Veverka et al. 2000), a laser rangefinder to determine surface to-
pography (Zuber et al. 2000), a magnetometer to detect magnetic fields (Acuiia et al. 2002)
and an X-ray/gamma-ray spectrometer to determine surface elemental composition (Trom-
bka et al. 2000). Radio science enabled the determination of mass, density, rotation rate and
location of its poles (Yeomans et al. 2000).

Also a NASA Discovery Program mission, the Stardust spacecraft flew by asteroid An-
nefrank (Fig. 4g), on its way to comet Wild 2, on 2% November 2002. The spacecraft
obtained 72 images of the S-class asteroid at 11,415 km to 3078.5 km distance with a
passband of 0.47 to 0.94 um and phase angle of 40 to 140 deg (Newburn et al. 2003;
Duxbury et al. 2004a; Duxbury et al. 2004b). No filters were available. From the images,
phase curves, albedo, size, shape and the orientation of the asteroid were obtained.

The first mission to an asteroid not organized by NASA was the Japanese Space Agency’s
Hayabusa mission to asteroid Itokawa (Fig. 4h). Planned as sample return mission, the
spacecraft carried an X-ray spectrometer for elemental analysis and a near-infrared spec-
trometer (range 0.8 to 2.1 wm) for mineralogical analysis (Abe et al. 2006a, 2006b). It
also carried a conical collector to collect samples from the cloud produced by a projec-
tile fired from the spacecraft. The spacecraft arrived at Itokawa on 12 September, 2005
where it spent six weeks hovering at 20 km while performing remote sensing observations.
It descended to the surface on the 19" and 25" November 2005. During the descent phase,
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images were taken from 80 to 65 m above the surface. Hayabusa touched down on and sam-
pled a 60 x 100 m smooth area that lies between the “head” and “body” of the otter-shaped
asteroid (Yano et al. 2006). This region was named the Muses Sea in a tongue-in-check ges-
ture to the pre-flight name for Hayabusa that was Muses C. The process was not entirely
successful, but after an adventurous return flight, about 1000 individual mineral grains were
found on the recovered spacecraft (Nakamura et al. 2014).

The next asteroid encounter was the Rosetta spacecraft’s flyby of main belt E asteroid
Steins (Fig. 4i) on 5" September 2008 when it passed within 803 km. The main instrument
deployed at Steins was a camera system called OSIRIS which consists of a wide angle
camera with 11 filters covering a range of 0.24 to 1.1 um. A narrow angle camera with nine
filters failed 10 min before closest approach (Keller et al. 2010). The twelve filters on the
wide angled camera covered a range of 0.25 to 1 um.

Two years after its encounter with Steins, on July 10", 2010, Rosetta passed within
3170 km of the asteroid Lutetia (Fig. 4j), chosen because of it large size and puzzling spec-
trum. The OSIRIS instrument obtained 462 images covering 50 % of the surface, mainly
the northern hemisphere (Sierks et al. 2011), while the visible, infrared, and thermal imag-
ing spectrometer (with a range of 0.4 to 3.5 um) attempted to identify surface minerals and
determine surface temperature and thermal inertia (Coradini et al. 2011).

The Dawn mission, launched on September 27", 2007, was also flown as part of NASA’s
Discovery Program of small deep space science missions (Russell and Raymond 2011). Its
task was to orbit the two largest asteroids, Vesta and Ceres, both “dwarf planets” under
recent changes in IAU nomenclature, with instruments for panchromatic and multispec-
tral imagery; visible, infrared, y-ray, and neutron spectrometry. Radio science will enable
gravimetry (Rayman et al. 2006). Dawn arrived at Vesta (Fig. 4k) on 17" July, 2011, and
went into orbit. For 22 days it mapped the surface from ~2700 km using the panchromatic
camera, at a resolution of ~260 m/pixel, and the visible/IR spectrometer, with a resolution of
~700 m/pixel, using three geometries to obtain topography. During this phase, the mission
obtained 1179 stereoscopic panchromatic images covering 80 % of the surface, including
the southern pole which, unlike the northern pole, was fully illuminated by the Sun during
this “survey” phase (Jaumann et al. 2012). The spacecraft then dropped to a 700 km circular
orbit from September to early November, 2011, where it obtained 2500 clear filter images
with a resolution of about 70 m/pixel. The result of the mapping operations were global
maps in fifteen sections, five equatorial, eight mid-latitude (four north and four south) and
two polar (Roatsch et al. 2012). The orbit was then dropped to 210 km to continue mapping
for 70 days. Finally, the spacecraft returned to it 700 km mapping orbit where it obtained
additional images. The spacecraft was meant to leave Vesta after 12 months, but due to
technical problems did not leave until September 5, 2012.

As part of China’s lunar exploration program, Chang’e 2 orbited the moon at 100 km
from 9™ October, 2010, until 8™ June, 2011, ending this period with an orbit taking it within
15 km of the surface. The spacecraft was then transferred to the L2 point in the Earth-Moon
system. On April 15", 2012, Chang’e 2 left L2 for an encounter with Toutatis (Fig. 41)
on 13" December, 2012. The spacecraft carries an imaging spectrometer, gamma/X-ray
spectrometers, microwave detectors, a space environment monitoring system, and a laser
altimeter (Wang et al. 2010; Li et al. 2010).

The Dawn spacecraft recently went into orbit around Ceres where is will perform a sim-
ilar suite of investigations as it performed at Vesta. Initial images show a heavily cratered
surface with arcuate grooves emanating from the south polar region and a number of con-
spicuous bright spots (Fig. 4m).
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There are several additional mission to asteroids currently in progress. In addition to
Dawn being currently en route to Ceres, NASA’s OSIRIS-REx mission is a sample re-
turn mission that has been selected to rendezvous with C class asteroid Bennu (Drake and
Lauretta 2011). It will arrive at the asteroid in 2018, hover for 505 days at 5 to 0.7 km,
collect samples, and return them to Earth in 2023. The spacecraft carries a suite of cam-
eras, a LIDAR system, a visible/IR spectrometer, a thermal imaging spectrometer, and an
X-ray imaging spectrometer. The samples will be collected by a mechanism that briefly
touches the surface, and uses a blast of nitrogen to send the dust into a cage like struc-
ture.

The Japanese space agency, JAXA, launched the Hayabusa 2 mission on 3™ December
2014 to reach C asteroid 1999 JU3 in 2018, orbit for 18 months, and return samples to
Earth in 2020 (Yoshikawa 2011). The scientific instruments on Hayabusa 2 are an optical
navigation camera, a near-IR spectrometer, a thermal IR mapper, a LIDAR instrument, and a
sample collector similar to Hayabusa’s. The subsurface material will be exposed by a 2 km/s
impactor (Okamoto et al. 2013). The mission includes several small JAXA landers and a
German lander equipped with a camera, a radiometer, a magnetometer, and a hyperspectral
microscope (Jaumann et al. 2013).

4 Physical Properties
4.1 Orbits

The orbital elements for the explored asteroids are listed in Table 2 and are shown projected
onto the ecliptic as Fig. 5a—d. As is common in describing asteroid orbits, eccentricity is
plotted against semimajor axis in Fig. Se. Three of the asteroids that have been visited by
spacecraft are near-Earth asteroids, Itokawa, Eros, and Toutatis, Toutatis being notable for
its high eccentricity and thus large semimajor axis. The remainders are main-belt aster-
oids. Gaspra, Vesta, Annefrank, Steins and Lutetia lie between the 4:1 and 3:1 resonances
with Jupiter, Mathilde lies between the 3:1 and 5:2 resonances while Ida and Ceres orbit
just outside the 5:2 resonance. Toutatis has the highest eccentricity, Itokawa and Mathilde
have the next highest (~ 0.27), the remainder are < 0.25. Braille is in a Mars-crossing or-
bit.

The NEA population is in a steady-state as objects are ejected from the solar system
by planetary perturbations while being fed into near-Earth orbits, mostly from the main
belt. However, the size distribution for this young NEA population is too shallow for the
feeding mechanism to be collisional fragmentation, so it is thought that Yarkovsky drag
might be responsible for populating the Earth’s vicinity (Morbidelli et al. 2002). Yarkovsky
drag is the slowing down of the asteroid’s orbital velocity by emission of heat, and thus
momentum, at ninety degrees to the asteroid-Sun axis as it rotates away from the subsolar
point (Bottke et al. 2006). Clockwise rotation slows down an asteroid so it moves closer to
the Sun. anticlockwise rotation causes it to move further out. Many NEAs show the effect
of Yarkovsky drag on their orbits (Farnocchia et al. 2013).

Eros is an Amor asteroid (perihelion distance between 1.0 AU and 1.3 AU) while Itokawa
and Toutatis are Apollo asteroids (perihelion distance < 1.0 AU, semimajor axis > 1.0 AU).
Toutatis is also a Potentially Hazardous Object. This category of asteroid are defined as those
with a minimum orbit intersection distance of < 0.05 AU and an absolute magnitude of 22.0.
Toutatis is also one of a number of asteroids, the Alinda asteroids, with orbits that have been
described as chaotic, the result of a 3:1 resonance with Jupiter and a 1:4 resonance with the
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Fig. 5 (a—d) The orbits of the explored asteroids projected onto the ecliptic plane. (e) The orbits presented
as an eccentricity versus semimajor axis plot with the explored asteroids superimposed

Earth. This situation results in frequent close approaches to the Earth (Krivova et al. 1994;
Zausaev and Pushkarev 1994; Siregar and Soegiartini 2012).

Gaspra is a member of the Flora family, the largest of three families in the inner asteroid
belt (the others being the Nysa and Vesta families). The family was first recognized by
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Fig. 6 Phase curves for the explored asteroids. (a) Annefrank, Gaspra, Ida and Eros as summarized by Hillier
etal. (2011). (b) Itokawa from Lederer et al. (2005). (¢) Steins from La Forgia et al. (2012). (d) Toutatis from
Spencer et al. (1995). (e) Lutetia from Capaccioni et al. (2013). (f) Mathilde from Clark et al. (1999). (g) Vesta
from Longobardo et al. (2014). (h) Ceres from Helfenstein and Veverka (1989). (The reader should refer to
the original articles for several important details omitted from these sketches)

Hirayama in 1919. Its members have a large distribution in orbital elements caused by the
chaotic diffusion in narrow mean motion resonances, the Yarkovsky nongravitational force,
and the gravitational impulses received at close approaches with large asteroids. Thus the
Flora family will dynamically disperse on the few 10%-year time scale and its age must be
significantly less than 10° years (Nesvorny et al. 2002).

The Koronis family, of which Ida is a member, is a family of S-class asteroids in
the outer belt, a region dominated by C-class objects. The Koronis family is thought to
have originated in the breakup of a 120170 km object roughly 2 byr ago (Marzari et al.
1995).

@ Springer



The Explored Asteroids: Science and Exploration in the Space Age

4.2 Photometric Properties

The plot of the apparent brightness of a planetary surface as a function of solar-object-Earth
or spacecraft angle (the solar phase angle, «) is referred to as the phase angle curve. Exam-
ples of curves for the asteroids that have been visited by spacecraft, sometimes including
ground based data, are shown in Fig. 6. In general, brightness decreases as the cosine of
the phase angle increases (Lambert’s Law). The conspicuous increase at zero phase angle
(the opposition effect) is probably caused by the disappearance of shadows on the aster-
oid. The curve can be fitted to various theoretical and empirical curves. Lumme and Bowell
(1981a, 1981b) and Hapke (1981, 1984, 1986) have described rigorous treatments based on
radiation transfer theory. By way of example, the Hapke equation for absolute reflectance
[(1+ B@)P@) — 1]+ <%">(1 - ro)}

i
o]

L2, <(sm(a) +1(r — a)cos(a)))]s(a’ 0

00

3° T

where o is the single-particle scattering albedo, « is the solar phase angle, and 6 is the sur-
face roughness parameter. B, P, and S are empirical constants that allow for the backscater-
ring, the phase function of individual particles, and reflectance. By fitting this equation to
the phase curve it is possible to deduce geometric albedo (i.e. physical albedo, reflectance
at o = (° divided by reflectance of a perfect reflector), bond albedo (i.e. spherical albedo,
fraction of incident light scattered in all directions), and a parameter that describes the sur-
face roughness (Table 3). The Bond albedo (A) is related to the geometric albedo (p) by the
expression A = pg, where ¢ is the so-called phase integral.

A comparison on the Bowell and Hapke treatments was given by Bowell et al. (1989).
These authors concluded that, while both were successful, there remained difficulties. Re-
cently Shepard and Helfenstein (2007) found that the Hapke treatment was unsuccessful in
characterizing a number of known regolith simulant surfaces and suggested that the fault
lies with the inability of radiative transfer models to adequately account for discrete media
and the effects of porosity, and its assumption that individual particles are the primary scat-
tering units. Li et al. (2014) also pointed out that Vesta has photometric properties similar
to S asteroids, and thus that phase curves are not an effective means of determining surface
properties.

The parameters in the International Astronomical Union H-G photometric system are
H, the absolute magnitude, and G, the slope of the phase angle curve (see the appendix in
Bowell et al. 1989). As an example, Keller et al. (2010) find that for Steins H = 12.90 and
G = 0.45. Some authors fit the curve to a relationship such as A = Ay(1 + ma), where A
is the observed amplitude, A, is the amplitude at zero phase angle, « is the phase angle
and m is a constant governed by surface roughness. For S asteroids it is typically 0.03. As
we see below, Longobardo et al. (2014) considered simply the slope of the phase curve in
comparing asteroid surfaces.

Figure 6a compares phase curves for Annefrank, Gaspra, Ida, and Eros (the figure taken
from Hillier et al. 2011). The Stardust mission observed Annefrank with a phase angle
of 47.2-134.6°, while ground data are available for 2.3-18.3. The phase curve below 90°
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yielded an albedo on 0.41, a roughness of 20°, backscattering —0.19 (Newburn et al. 2003;
Hillier et al. 2011). Wisniewski et al. (1993) and Helfenstein et al. (1994) reported photo-
metric data for Gaspra. The latter authors reported a geometric albedo of 0.22 &+ 0.06, in
good agreement with the ground based estimate. Pre-Galileo photometery for Ida was re-
ported by Li et al. (1993). The Ida phase curve (19.5 to 109.8°), determined from ground
based and Galileo data, was discussed by Helfenstein et al. (1996). They also reported a
geometric albedo of 0.217)03. Helfenstein et al. (1996) also showed the phase curve for
Dactyl between 19.5 and 46.6° which was very similar to Ida’s. The data for Eros are from
Domingue et al. (2002) who reported Hapke parameters and calculated a Geometric albedo
of 0.29 £ 0.02 and a Bond albedo of 0.12 + 0.02.

Lederer et al. (2005) reported photometric data for Itokawa and produced the phase curve
shown in Fig. 6b. This asteroid has a higher geometric albedo than average main belt S-class
asteroids; this is consistent with results of other observers.

The phase curve of Steins (Fig. 6¢) was reported by La Forgia et al. (2012) who per-
formed a Hapke analysis (parameters shown on the curve) and reported that the asteroid
regolith was made of large, highly scattering iron-poor opaque silicate particles with high
macroscopic roughness, consistent with radar data for other E asteroids. If surface is en-
statite, then grain sizes of 30-130 mm were indicated and a correlation between grain size
and wavelength indicated a range of grain sizes.

The phase curve for Toutatis (Fig. 6d) was published by Spencer et al. (1995) from 0.2 to
121° using data from 25 sites at the asteroid’s close approach in December 1992 and found
that H = 15.3 and that the slope parameter, G, was 0.10 = 0.10. The data were subjected to
a full Hapke analysis by Hudson and Ostro (1998), deriving all the Hapke parameters and
concluding that the surface of Toutatis was covered with a fine particulate regolith.

The phase curve for Lutetia (Fig. 6e) was reported in an LPSC abstract by Capaccioni
et al. (2013) who had not yet made a full analysis.

For Braille there appears to be no phase curve in the literature, but Buratti et al. (2004)
reported that the geometric albedo of Braille was unusually high 0.34 £ 0.03 (at 0.63 pm),
which is also consistent with its placement within the rarer classes of stony asteroids, and
which suggests it has a relatively fresh, unweathered surface, perhaps due to a recent colli-
sion.

For Mathilde (Fig. 6f), Clark et al. (1999) reported phase angle curves for 1-16° (ground
based) and 40-136° (from NEAR spacecraft). They found a geometric albedo of 0.047 &
0.005 (the lowest yet reported for any solar system object).

Fornasier et al. (2011) recently added high phase angle data to the phase curves of Vesta
by Lagerkvist et al. (1995) and Hasegawa et al. (2009). They determined an albedo of 0.36 +
0.02 at 649 nm and 0.34 & 0.02 at 535 nm. Longobardo et al. (2014) report phase curves
for bright, dark and whole disk regions on Vesta (Fig. 6g). These authors defined the phase
slope as the reflectance decrease from 20° to 60°, relative to the reflectance at 20° for a
specific wavelength and found the results in Table 4. As defined, the slope of the phase curve
decreases from ~ 70 % to ~ 60 % to ~ 40 % in going from C to S to Steins and Lutetia
asteroids and these values are similar to the Vesta dark units, average, and bright units,
respectively. They also considered the relationship between phase slope and wavelength and
found little dependence, except perhaps for Stiens. Li et al. (2014) also pointed out that at
0.38, Vesta has the highest asteroid albedo.

Phase curve for Ceres from Helfenstein and Veverka (1989) are shown in Fig. 6h. The
limited phase angle made interpretation of this curve difficult, but better information on
surface properties will soon be available from the Dawn data.
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Table 5 Spin and orientation of spin axis of the explored asteroids

Asteroid Rotn rate (h) RA and Dec

Value Rf RA Dec Rf
5535 Annefrank (1942 EM) 15.12 1 unk unk -
9969 Braille (1992 KD) 226.4 2 unk unk -
1 Ceres (1943 XB) 9.074 26 300 53 254
433 Eros (1898 DQ) 5.27 3 11.4 17.2 3
951 Gaspra (1916 S45) 7.042 5 9 28 6,72
243 Ida (1988 DB1) 4.634 8 348.76 87.10 9
Dactyl >8 10 unk unk -
25143 Itokawa (1998 SF36) 12.132 11 90.53 —66.30 12
21 Lutetia 8.165 13 342 48 152
253 Mathilde (1949 OL1) 417.7 16 unk unk -
2867 Steins (1969 VC) 6.047 17 99 59 18
4179 Toutatis (1989 AC) 175 19 Tumbling 20
4 Vesta 5.398 21-23 308 48 24

4These authors reported the pole vector in ecliptic coordinates and here have been converted to RA and Dec
for easy comparison.

1: Schmidt et al. (2007), 2: Oberst et al. (2001), 3: Miller et al. (2002), 4: Souchay et al. (2003), 5: Wisniewski
et al. (1993), 6: Magnusson et al. (1992), 7: Barucci et al. (1992), 8: Binzel et al. (1993), 9: Davies et al.
(1996), 10: Veverka et al. (1996), 11: Nishihara et al. (2005), 12: Demura et al. (2006), 13: Zappala et al.
(1984), 14: Dotto et al. (1992), 15: Lagerkvist et al. (1995), 16: Torppa et al. (2003), 17: Mottola et al. (1995),
18: Lamy et al. (2008), 19: Jorda et al. (2012), 20: Spencer et al. (1995); Hudson and Ostro (1995), 21:
Stephenson (1951), 22: Gehrels (1979), 23: Blanco and Catalano (1979), 24: Thomas et al. (1997), 25: Saint-
Pé et al. (1993), 25: Chamberlain et al. (2007).

4.3 Rotation Rate, Orientation, and Shape

Rotation rates, orientation, and shapes can be determined from light curves (Fig. 7), from
radar data (when the asteroid comes close enough to Earth), spacecraft imaging, and laser
ranging. These asteroid data are summarized in Table 5. Rotation rate can be affected by
gravitational interactions between the asteroid and other asteroids or planets (Scheeres et al.
2000) and by interactions with the Sun through the YORP effect (Rubincam 2000). The
dominant force determining shape of most asteroids is fragmentation. If the asteroid is small,
the YORP effect (Rubincam 2000; Farnocchia et al. 2013), will move surface material and
affect shape. For large asteroids, the dwarf planets, isostatic adjustment, spin rate, and inter-
nal structure will determine the shape.

Annefrank (Fig. 7a) was observed for 26 minutes by Stardust and periods of ~ 12, 15
and 23 hours were suggested by the light curves, of which 15 h was considered most likely
(Schmidt et al. 2007). Annefrank was found to be at least 6.6 x 5.0 x 3.4 km, with its
shortest dimension normal to its orbit plane, highly angular, with flat appearing surfaces,
covered with smaller, rounder bodies (Duxbury et al. 2004a; Duxbury et al. 2004b).

The rotation period of Braille (Fig. 7b) was determined from light-curve observations
from four ground-based observatories and found to be 226.36 h (Oberst et al. 2001). Com-
bining the light curves with a model based on low-resolution images suggests that Braille is
2.1 x 1 x 1 km with photometric properties similar to the asteroid 4 Vesta, most notably a
comparably high albedo.
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data sets correspond to different months. Three periods are possible, 12, 15, and 23 h of which the authors
prefer 15 h. (b) Braille data from Oberst et al. (2001) with a 9.4 d sine wave compared with the prediction
based on a calculated model (solid line). The period indicated was 226.4 h. (¢) Eros data from Roach (1942)
give a period of 5.33 h. (d) One of several light curves for Gaspra published by Barucci et al. (1992) in
comparing the shape derived from light curves with the first images. The period is 7.042 h. (e) A representative
light curve for Ida from Binzel et al. (1993). (f) A representative light curve for Itokawa from Kaasalainen
et al. (2003) from which they determined a pole position of y = 355°; B = —84° + 5°, a rotation period
of 12.132 4 0.0005 hours and shape aspect ratios a = b = 2:0 and b = ¢ = 1:3. (g) The light curve for
Lutetia taken from Lagerkvist et al. (1995). Several other authors have published light curves for Lutetia and
the consensus period is 8.17 h. (h) The light curve for Mathilde shown is from Mottola et al. (1995) who
summarized earlier results and found a period of 17.4 d. (i) This is one of twenty-six light curves determined
for Steins by Lamy et al. (2008) who suggest a period of 6.04 h. (j) Spencer et al. (1995) gathered light curves
for Toutatis and suggested a period of 7.3 d, however the scatter suggests that the asteroid is tumbling and
will have different periodicities about three axes. (k) The light curve for Vesta reported by Stephenson (1951)
from which he calculated a period of 5.342 + 0.002 h. (The reader should refer to original articles for several
important details omitted from these sketches). (I) The light curve for Ceres from Chamberlain et al. (2007)

For Eros, landmark observation and Doppler ranging give a rotation period of 5.270 h
(Miller et al. 2002), in comparison with the ground based light curves of Roach (1942;
Fig. 7c) produced a rotation period of 5.33 h. An accurate shape model was produced by
laser ranging (Fig. 8) which gave a maximum size of 32.7 km (Zuber et al. 2000), compared
with 31.4 km from visual images (Veverka et al. 2000) and 36 km from radar observations
(Ostro et al. 1990). As originally indicated by the radar data, Eros is an elongated, curved
shape with two large depressions (Psyche and Humerous) thought to be old eroded craters.
The obliquity of Eros is very large, 89.0°, which means that the asteroid’s spin axis is close
to the ecliptic plane (Souchay et al. 2003). The rotation details of Eros are now sufficiently
well known that it is possible to calculate the nutation of the obliquity.
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(A) (8)

5 10 15

20
Slope [deg]
Fig. 8 Six perspective views of a three-dimensional shape model of 433 Eros from laser range finding as
reported by Zuber et al. (2000). The mesh represents the scaled shape, and the surface facets are color—
coded according to the surface slope with respect to a constant-density gravity field derived from the shape
model. The asteroid is viewed at the following (elevation, azimuth) pairs: (A) 30°N, 60°E; (B) 30°N, 120°E;
(C) 30°N, 0°E; (D) 30°S, 60°E; (E) 30°S, 300°E; and (F) 30°S, 0°E. This is a modified version of Fig. 3 in
Zuber et al. (2000).

Gaspra is another asteroid whose rotation period determined from light curves has been
checked against more accurate determinations by spacecraft (Fig. 7d). Barucci et al. (1992)
compared the shape of Gaspra calculated from ground-based light curves with the shape
observed by Galileo and concluded that light curves were now capable of making accurate
shape predictions (Fig. 9). Gaspra has prograde rotation with a period of 7.04 h, with the
rotation pole at a right ascension of 9.5 & 0.9° and declination of 26.7 & 1.2 (J2000). The
mean radius, axial ratios, and pole orientations from Galileo agree well with groundbased
data (Magnusson et al. 1992; Wisniewski et al. 1993).

As with Gaspra and Eros, the predictions of rotation period and shape of Ida based on
light curves (Fig. 7e) were confirmed by spacecraft data (Simonelli et al. 1996). There was
excellent agreement in the rotation period (4.633632 £ 0.000007 h), the shapes and ampli-
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Fig. 9 Galileo violet image
(1073160.78) with superimposed
shape model. Grid spacing is 10°.
Approximate pole location
shown is from Earth-based light
curve observations, which
suggest a prograde rotation for
Gaspra (counterclockwise in this
view) with a period of 7.04 hours.
The white cross marks the
projection of the model’s center.
The arrow at the right points to
the sun (Belton et al. 1992)

tudes of the synthetic and observed light curves (Binzel et al. 1993; Thomas et al. 1996;
Helfenstein et al. 1996). Ida’s volume is 16,100 =+ 1900 km?, surface area 3900 =+ 300 km?,
and maximum and minimum dimensions of 55.8 km and 15.8 km, somewhat crescent shaped
with a “waist”. The spin pole aligns with the model maximum principle moment of inertia
axis within 2°. The mean density is 2.6 £ 0.5 g/cm?, and surface acceleration between 0.3
and 1.1 cm/s? (Thomas et al. 1996).

There have been many studies of the light curve of Itokawa, mostly prompted by it being
the Hayabusa target (Lambert and Tholen 2001; Lowry et al. 2001; 2005; Dermawan et al.
2002; Kaasalainen et al. 2003; Ohba et al. 2003; Nishihara et al. 2005). The example shown
in Fig. 7f is from Kaasalainen et al. (2003). All report the same rotation rate and elongated
shape. For example, the rotation rate estimate from Nishihara et al. (2005) is 12.1324 £+
0.0001 hours while Ohba et al. (2003) suggested that Itokawa was a triaxial ellipsoid with
a/b=2.1and b/c = 1.7. These values were essentially borne out by the images from the
Hayabusa mission.

Because of its small size and well-known characteristics, there has been interest in
whether the YORP effect on the rotation rate of Itokawa can be detected (Scheeres et al.
2007; Lowry et al. 2014). Durech et al. (2008) placed an upper limit of ~ 1.5 x 1077 radd 2
on the YORP effect on Itokawa, which is inconsistent with the theoretical value of —2 to
—3 x 1077 radd 2. This prompted Scheeres and Gaskell (2008) to propose that the offset
in Itokawa’s center of mass and center of figure by 15 m would reverse the sign of the rate
change, a conclusion that was not confirmed by Breiter et al. (2009).

Many light curve analysis for Lutetia (Fig. 7g) were reported by several authors which
allowed the determination a synodic rotational period of 8.17 £ 0.01 hours (Zappala et al.
1984; Dotto et al. 1992; Lagerkvist et al. 1995). A determination of its shape, pole co-
ordinates and a prograde sense of rotation are reported in Magri et al. (1999). Torppa et al.
(2003), on the basis of available observations, determined new pole coordinates and a model
shape (sharp and irregular) with rough global dimensions a/b=1.2 and b/c = 1.2.

The slow rotation of Mathilde was described by Mottola et al. (1995) who used 52 days
of ground based observations, from February to June 1995, to calculate a rotation period
of 17.406 £ 0.010 days and a light curve amplitude of 0.45 £ 0.02 mag (Fig. 7h). A slight
deviation from single periodicity, with secondary period of 33 days, was interpreted as ev-
idence for a complex rotation state. Spacecraft images indicate that Mathilde has principal
diameters of 66 x 48 x 44 km with a mean radius of 26.4 & 1.3 km, somewhat smaller than
the value of 30 km suggested by previous telescopic data (Veverka et al. 1999a, 1999b).
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For Steins (Fig. 71), 26 light curves indicate a period of 6.04681 £ 0.00002 hours (Lamy
et al. 2008). The global shape observed in spacecraft images resembles a top with dimen-
sions along the principal axes of inertia of 6.83 x 5.70 x 4.42 km. It is conspicuously more
regular than other small asteroids like (233) Eros and (25 153) Itokawa. Its mean radius is
2.70 km and its equivalent radius (radius of a sphere of equivalent volume) is 2.63 km. The
north pole is oriented with a RA of 99 &+ 5° and Declination of 59 &+ 5°, so Steins has a very
large obliquity of 172° and a retrograde rotation (Jorda et al. 2012).

Keller et al. (2010) likened the shape of Steins to that of binary near-Earth asteroid 1999
KW4, which Scheeres et al. (2006) and Ostro et al. (2006) attributed to spin-up by the
YOREP effect. The typical time scale associated with YORP is 250 My for a 5-km main-
belt asteroid (Rubincam 2000). However, the rotation period of 6 hours is too long to induce
shape changes, and one would have to invoke a faster rotation rate in the past. YORP induced
torques can cause material to slide towards the equator to form the cone.

Toutatis has made several close passages by Earth and each has been used to obtain high
quality light curves and radar data. A representative light curve is shown in Fig. 7j, which
was obtained by data from 25 observatories during the September 1992 close approach, is
shown in Spencer et al. (1995). A period of 7.3 days is indicated but the scatter on the curves
suggests other periodicities are present, and the asteroid is tumbling (Harris 1994; Pravec
et al. 2005). Because of the large number of near-Earth passages and the complex spin state
of Toutatis, the effect of gravitational interactions and YORP effects have been investigated
and both found to influence its spin state (Rubincam 2000; Scheeres et al. 2000). Harris
(1994) argues that the dampening time for complex spinning is so large, that most asteroids
larger than 0.4 km are tumbling, although this will only be apparent in the light curve if
the asteroid is elongated. The shape model determined by radar observations of Toutatis
also during the 1992 approach are shown in Fig. 10 (Ostro et al. 1995). The time delay on
the reflected radar signal provides a measure of distance and the Doppler shift provides in
indication of movement towards or away from the Earth, so by plotting time delay against
radial velocity and a grey scale to reflect differences from the mean, an indication of shape
as the asteroid tumbles can be produced. The radar images suggest Toutatis is a bifurcated
object with lobes of differing size, the longest dimension of the asteroid being along the
lobe-lobe line. The radar data also indicated non-principle axis rotation of period of 1 to
2 days. These shape results are borne out by 76 images of Toutatis returned by the Chang’e
2 spacecraft (Fig. 41). Huang et al. (2013) found that the maximum physical length and width
of Toutatis are (4.75 x 1.95 km) & 10 %, respectively, and the orientation of the pole was
RA =250+ 5° and Dec. = 63 £ 5°, with respect to the J2000 ecliptic coordinate system.

Examples of early light curves for Vesta are those published by Stephenson (1951),
Gehrels (1979), Blanco and Catalano (1979) and others. An example of one of the curves is
shown in (Fig. 7k). The presence of only one minimum and one maximum indicated the near
spherical shape of Vesta and gave a rotation rate of Sh 20m 29.3s with an ecliptic longitude
and latitude of the north pole at 126 4= 5° and 65 % 4°.

Images of Vesta from the Hubble Space Telescope enabled improved estimates of the
size, shape, and rotation rate of Vesta prior to Dawn’s arrival (Thomas et al. 1997; Trombka
et al. 1997; Drummond and Christou 2008; Li et al. 2011). Vesta’s shape can be fitted by
an ellipsoid of radii 280 x 272 x 227 (£12) km. Using the mass determination for Vesta
reported by Schubart and Matson (1979), and the Hubble estimate for volume, Thomas
et al. (1997) derive a density of 3.8 & 0.6 g/cm?. For this density Vesta’s shape is close to
that of a Maclaurin spheroid with variations of ~ 15 km. Three independent methods now
yield a pole position for Vesta of RA = 305.8 & 3.1, Dec. =41.4 + 1.5 (Li et al. 2011).
When the Dawn spacecraft provided new data on mass, volume, and gravitational field,
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Fig. 10 Toutatis radar images. Goldstone low-resolution images plotted with the same time delay increasing
toward the bottom and Doppler frequency increasing toward the left. Numbers indicate the date in December
1992. On the vertical sides, ticks are 2 us apart. Two horizontal sides have ficks separated by 1 Hz for
Goldstone and 0.28 Hz for Arecibo; those intervals correspond to a radial velocity difference of 18 mm s—L,
Gray scales were designed to show the extent of the delay Doppler distributions. (Ostro et al. 1995)

it was inferred that Vesta has a metallic core 107-113 km in radius (Russell et al. 2012;
Raymond et al. 2014). Prior to the Dawn mission the pole position was determined from
HST observations to be at an RA and Dec of 301 £ 5° and 41 £ 5° (Thomas et al. 1997,
Drummond et al. 1988) or 305.8 £ 3.1° and 41.4 4+ 1.5° (Li et al. 2010), but after Dawn our
best estimates are 309.03300 4 0.00003° and 42.22615 4 0.00002° (Konopliv et al. 2014).

The light curve for Ceres at 335 nm was recently published by Li et al. (2006) and their
curve, which agrees with the data of earlier workers, is shown in Fig. 71. These authors
found that the light curve could not be matched by the rotationally symmetric shape of
Ceres and concluded that it was governed by the presence of albedo variations on the surface
and concluded there were eleven surface albedo features, 40—350 km in size, present. They
numbered the regions, except for one that had previously been detected and named “Piazzi”
by Parker et al. (2002). The shape of Ceres less flattened that would be expected for a
homogeneous body suggests that Ceres is differentiated, with a water-rich mantle and rocky
core (Thomas et al. 2005).

By way of a summary, the rotation rate and size data are shown in Fig. 11, superimposed
on a diagram for all asteroids by Pravec and Harris (2000). Most of the present asteroids with
periods of 4 to 20 hours plot along the main field of asteroids, however three are slow rota-
tors, Braille, Toutatis and, especially, Mathilde. Rotation rate is a major factor in performing
exploration activities near asteroids and to date all the asteroids have been relatively slow
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Fig. 11 Plot of spin rate versus diameter for asteroids (from Pravec and Harris 2000). A five point floating
average is indicated, and repeated a decade lower for clarity. Superimposed on this plot are data for the
asteroids that have been explored by spacecraft

rotators. There will be a major challenge if the Asteroid Retrieval Mission (KISS 2012)
attempts to capture a 3—5 m asteroid since it will probably be rotating rapidly.

4.4 Mass, Volume, Density, Gravity and Magnetic Field

A summary of the physical properties of the explored asteroids is given in Table 6. Masses
are best determined from the orbital dynamics of a nearby spacecraft, or moon in the case
of Dactyl. Volume can then be determined from images and the all-important density can
be determined from these. As a point of reference, the density of meteorites ranges from
2.5 g/cm? for the water-bearing CI chondrites to ~ 8.0 g/cm? for iron meteorites, the most
common values being ~ 3.3 g/cm? for differentiated meteorites (including the HEDs which
are thought to come from Vesta) and ~ 3.4 gcm™ for the ordinary chondrites (which are
subdivided into the H, L, and LL chondrites and constitute the largest classes of meteorites
falling on Earth). Where spectroscopic data suggests a linkage between a given class of
asteroids and a given class of meteorites, differences in density can be ascribed to macroscale
porosity of the asteroid which, in turn, has been used to infer whether the asteroid was a
monolith or a rubble pile.

The Galileo encounter with Gaspra was not close enough to enable the mass of the aster-
oid to be determined, but taking self-gravity and rotation into account Thomas et al. (1994)
calculate acceleration due to gravity to be 0.38 cm/s> near the equator and 0.57 cm/s?
at the north pole, assuming that the average density was 3.5 g/cm®. Thus g on Gaspra is
about 1/2000 of the terrestrial value. Fluctuations were experienced in the magnetic field
around Gaspra which, if caused by a magnetized Gaspra, would indicate magnetization of
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the asteroid comparable to the observed magnetization of iron meteorites or mostly highly
magnetized ordinary chondrites (Kivelson et al. 1993). This could be to impact induced
magnetization (Meadows 1972; Chen et al. 1996) or an internal dynamo in the Gaspra pre-
cursor (Weiss and Elkins-Tanton 2013). Alternatively, Blanco-Cano et al. (2003) suggested
that there were details in the Galileo magnetometer results that were inconsistent with a
magnetized asteroid and they suggested that the solar wind perturbations were caused by
the effects of a conducting surface.

From its gravitational interactions with Dactyl, and Galileo images of Ida, the mass of
Ida is known to be 4.2 4 0.5 x 10'® g and its density is 2.6 4 0.5 g/cm® (Belton et al. 1996a,
1996b). Dactyl’s mass is unknown. The surface gravity of Ida varies between 0.31 and
1.11 cm/s?, being greatest in the regions of highest and lowest relief; at high relief the rota-
tion of the asteroid lowers the value and at low relief the underlying mass is least (Thomas
et al. 1996). As with Gaspra, Galileo detected disturbances in the solar wind attributable to a
magnetized Ida, but the cause of the magnetization is unclear, impact and a molten core have
been advocated as mechanisms for magnetizing planetary surfaces (Hood and Huang 1991;
Chen et al. 1996; Blanco-Cano et al. 2003).

Radio science enabled a determination of the mass of Mathilde of 1.033+£0.044 x 10'7 kg
and the volume could be derived from the images (Yeomans et al. 1997). The average den-
sity of Mathilde is remarkably low, 1.3 0.3 g/cm?, a value consistent with a rubble pile
structure for the interior. If Mathilde’s composition is similar to that of CM meteorites, the
porosity of the interior must be ~ 50 % (Veverka et al. 1999a, 1999b).

The mass and density of Braille are 7.80 x 10'? kg and 3.9 g/cm® (Table 1 in Richter
et al. 2001). The encounter of asteroid Braille by Deep Space 1 also detected evidence for
substantial levels of magnetization, although major corrections had to be made for the mag-
netic field of the spacecraft (Richter et al. 2001). Arguments for the cause of the asteroid’s
magnetism are the same as for Gaspra and Ida.

Radio science for the NEAR spacecraft at Eros yielded a mass of 6.687 £0.003 x 10'5 kg
which, coupled with a volume estimate based on images, implies a bulk density of 2.67 &
0.03 g/cm?. Escape velocities on the surface vary from 3.1 to 17.2 m/s (Yeomans et al.
2000). Unlike Gaspra, Ida and Braille, Eros has only extremely low levels of magnetization
(Acuia et al. 2002; Anderson and Acuiia 2002)

From Hayabusa data for Itokawa, Abe et al. (2006a, 2006b) calculated a mass of 3.58 +
0.18 x 10'% kg and a density of 1.95+0.14 g/cm?. Assuming an LL chondrite grain density
for solids in Itokawa, this implies a bulk porosity of ~ 40 %. Hayabusa did not carry a
magnetometer and there is no information about a magnetic field at Itokawa.

The gravitational perturbation of Lutetia on the Rosetta spacecraft four hours before
to six hours after closest approach was used to determine the asteroid’s mass as 1.700 %
0.017 x 10" kilograms. Using the shape model of Lutetia determined from the images, the
bulk density was found to be 3.4 0.3 g/cm?® (Pitzold et al. 2011). As with Steins, the
magnetometer on Rosetta was not able to detect any evidence for magnetization on Lutetia
(Richter et al. 2012). The bulk density of Lutetia is comparable to the density of enstatite,
the composition possibly consistent with its reflectivity spectrum (but see below), which
suggests either considerable compression, even sintering, so that porosity is extremely small,
say a few percent, or that the interior is differentiated (Weiss et al. 2012). In that the surface
appears not to be magnetized, there is no direct evidence for a core.

The mass of Vesta was well-known before the Dawn encounter. Vesta’s mass has been
determined many times from the gravitational interactions with passing asteroids and its
size has been determined from a variety of ground-based techniques; milar micrometry,
radiometry, speckle interferometry, occultation, and HST imaging. The data were summa-
rized by Viateau and Rapaport (2001). These authors determined that the mass of Vesta is
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Fig. 12 The Vesta radial gravity solution. The J2 coefficient (which describes oblateness) has been removed.
The maximum and minimum range is given by 2100 mgals at the large equatorial high near 126°W longitude
and ~ 1270 mgals also near the equator at 44°W (Konopliv et al. 2014)

2.705 £ 0.032 x 10?° kg, and that its effective diameter (D, = 2(abc)'/* where 2a, 2b and
2c are the ellipsoid axes) is 531 & 24 km. Thus the density of Vesta is 3.3 £ 0.5 g/cm?.
However, data from tracking the Dawn spacecraft have enabled the mass to be determined
to better than one part in a million and a precise gravity field to be obtained (Fig. 12). The
acceleration due to gravity varies from a large equatorial high of 2100 mgals (gal = 1 cm/s?)
near 126°W longitude to a low of —1270 mgals near the equator at 44°W. A large gravi-
tational anomaly at 15°S, 140°W corresponds to a plateau called Vestalia Terra which is
discussed below (Konopliv et al. 2014; Raymond et al. 2013).

While we have determinations of the size and shape of Annefrank (Duxbury et al. 2004a;
Duxbury et al. 2004b), we do not have a determination of its mass and gravity field, presum-
ably because it is too small and the Stardust spacecraft did not pass close enough. Similarly,
the spacecraft did not carry magnetometers, so we have no information on magnetic field.

The mass of Steins is also unknown, but assuming a bulk density of 1.8 g/cm? (calculated
from a grain density of 3.0 g/cm?® and a porosity of 40 %), and a proposed shape model with
avolume of 76+ 11 km?, Jorda et al. (2012) calculated accelerations due to gravity on Steins
are 0.08-0.13 cms~2. Although Rosetta is equipped with a magnetometer, it did not detect
any evidence for magnetization at Steins (Auster et al. 2010).

Toutatis is too small for a mass to be determined from its influence on the orbit of
Chang’e 2, but from its dimensions, and assuming a density of 3.0 g/cm?, we can calcu-
late a mass of 2.3 x 108 kg. There is no information on whether Toutatis has a magnetic
field.

Stellar occultation studies yields an equatorial radius for Ceres of 479.6 + 2.4 km and
a polar radius of 453 4 4.5 km which corresponds to a density of 2.7 0.1 gecm™ (Millis
et al. 1987). The shape of Ceres has been at the center of discussion concerning the interior
structure. Thomas et al. (2005) argued that the flattening suggested by the stellar estimates
of dimensions implies a differentiated interior, but there has not been agreement on this
(Zolotov 2009; McCord and Sotin 2005). Anticipating the Dawn encounter, Konopliv et al.
(2011) expect Ceres’ gravity field to be much smoother than Vesta’s because of its more
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of Ceres is close to the “mean C asteroid” in this plot
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spherical shape. There is no evidence of a magnetic field on Ceres, although the relatively
high magnetization of meteorites has caused Elkins-Tanton et al. (2011) to propose that there
might be a magnetic field on the meteorite source asteroids and this would be consistent with
Ceres being differentiated perhaps with an iron core.

The density data are summarized in Fig. 13a, which is an updated version of a figure taken
from Viateau and Rapaport (2001). Although there is a lot of scatter and the uncertainties are
sometimes large, we can generalize that C asteroids have densities of ~ 2.0 g/cm? while S
asteroids have densities 2.5-3.0 g/cm?>. The difference in the asteroid observed density and
the density of the presumed meteorite equivalent led Britt et al. (2002) to calculate macrop-
orosities and from these to deduce internal structures (Fig. 13b). According to these authors,
based on macroporosity, Vesta is a coherent asteroid, Ida and Eros are fractured asteroids,
while Mathilde is a loosely coherent asteroid (possibly a rubble pile). These porosities as-
sume water contents equal to those found in the meteorite analogues. If there is more water
inside these asteroids than indicated by the meteorites (which are presumably surficial sam-
ples) then the estimated porosity would drop accordingly (Fig. 13c).

5 Geological Properties of the Explored Asteroids

5.1 Maps and Names

Blue et al. (2013) summarized the current status of naming surface features on as-
teroids and cites a USGS website where maps sanctioned by the IAU can be found
(http://planetarynames.wr.usgs.gov/Page/Images). At the time of writing, the IAU recog-
nizes names for features on Eros (41 named features), Gaspra (34), Ida (25), Dactyl (2),
Itokawa (17), Lutetia (37), Mathilde (23), Steins (24), and Vesta (106). The geography of
asteroids are discussed in, more-or-less, the order of their exploration because this also re-
flects increasing levels of detail that were possible. Summaries of the names of most fea-
tures on asteroids, taken from the IAU/USGS website or specially prepared for this arti-
cle (with help from Philip Stooke) are shown in Fig. 14. A summary the features that
have been described on asteroids and some specimen literature references is shown in
Table 7; detailed descriptions of these surface features appear below. An understanding
of the nature of the surface of asteroids is critical to understanding their history and in
preparing for future exploration efforts. A system of nomenclature facilitates these pro-
cesses.

Gaspra consists of three main regions noted for their flatness (Fig. 14a; Belton et al.
1992). These have been named Dunne, Yeates, and Neujmin (the first two are persons asso-
ciated with the Galileo mission, the third is the asteroid’s discoverer). The large number of
small (< 3 km) craters are, like Gaspra itself, are named after spa towns.

Mathilde’s surface is noted for the presence of four craters with diameters comparable
to the radius of the asteroid, Karoo (33.4 km), Ishikari (29.3 km), Damodar (28.7 km),
Kuznetsk (28.5 km), the remaining 19 named craters (named after coal fields, given the low
albedo of Mathilde) going down to 2.2 km in size (Fig. 14b).

The surface of Ida is dominated by craters and a ridge known as Townsend Dorsum (also
named after a person associated with the mission) (Fig. 14c). The ridge seems to represent
a resistant plane through the asteroid, perhaps an impact related fault (Thomas et al. 1996).
The named craters are 0.8 to 11.8 km in diameter (named after caves, since Zeus was hid-
den in a cave on Mount Ida). Three regions are recognized, Paliza Regio, Pola Regio, and
Vienna Regio (these being the asteroid’s discoverer and the two cities he observed from).
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Fig. 14 Surface features of the explored asteroids. (a) Gaspra, (b) Mathilde, (c) Ida and Dactyl, (d) Eros. The
maps for Gaspra, Ida, Dactyl and Mathilde were taken from the IAU website in February 2014 and include
all the named features at that time. The maps for Eros were assembled for the present work with considerable
help from Philip J. Stooke, University of Western Ontario, and exclude Avtandil, Bovary, Casanova, and
Finsen Dorsum which are not visible in these views. (e) Itokawa, (f) Steins, (g) Lutetia, (h) Vesta. The maps
for Itokawa, Steins, and Lutetia, Toutatis were taken from the IAU website in February 2014 and include all
the named features at that time. The maps for Vesta were assembled for the present work with considerable
help from Philip J. Stooke, University of Western Ontario, and include only a selection of named features,
Vesta being too large and the number of named features too many, to be included on global images. (i) Ceres.
Eventually, the features on Ceres will named after various deities associated with agriculture. (NASA/JPL,

image PIA 19063)
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Thomas et al. (1996) distinguish two regions, separated by a “waist” made up of numerous
depressions. The two regions are distinguished by their crater populations. Region 1 (which
includes the Pola regio) contains only small (< 6 km) craters, while region 2 (Paliza and
Vienna regio) contains the larger craters. Asphaug et al. (1996) suggest that Vienna Regio is
actually a crater. Two craters on Dactyl have been named Celmis and Acmon (after two of
the three Dactyls, the inhabitants of Mount Ida).
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Fig. 14 (Continued)

The major surface features on Eros are an 11 km diameter crater called Himeros and a
7 km depression once called Shoemaker Crater but now recognized as the Charlois region
on the convex side of this banana-shaped asteroid (Fig. 14d). On the concave side there is
a 5.3 km diameter crater Psyche (Veverka et al. 2000; Thomas et al. 2002a). The craters
on Eros are named after famous lovers. A second region is recognized, Witt region. Thus
the two identified regions on Eros are named after the co-discoverers of the asteroid. On
the 1 km to 100 m scale, Eros is marked by a series of randomly oriented groove and ridge
patterns on a heavily cratered surface (Veverka et al. 2000, 2001; Procter et al. 2002; Thomas
et al. 2002b). Two systems of ridges, Hinks Dorsum (previously Rahe Dorsum) and Finsen
Dorsum (previously Calisto Fossae), constitute a plane through the asteroid that is usually
interpreted a fault (Veverka et al. 2000; Thomas et al. 2002a; Procter et al. 2002; Robinson
et al. 2002) and Greenberg (2008) argues is a plane of material resistant to impact, perhaps
an igneous dike.

On the tiny asteroid Itokawa, seven regions and ten craters have been named after cities
associated with space exploration and the mission (Fig. 14e). MUSES-C regio, Sagami-
hara regio, and Uchinoura regio are conspicuously smooth regions of fine-grained deposits,
while the Ohsimu regio, LINEAR regio, Yoshinobu regio, Miyabaru regio, Arcoona regio
are boulder strewn regions, some boulders being large enough to give unofficial names. Saito
et al. (2000) state that 20 % of the surface of Itokawa is “smooth” and 80 % is “rough”. The
named craters (< 10 to 40 m) are randomly distributed around the asteroid in both types of
region.

The large number of small craters on Steins are shallow and degraded, with a depth-to-
diameter ratio of ~ 0.12 (Keller et al. 2010). Most conspicuous is a 2.1 km crater called
Diamond which is located near the south pole from which a series of circular indentations
and irregular ridges extend (Fig. 14f). A chain of seven craters (a catena) maybe coge-
netic and connected with the formation of the crater, perhaps by loose surface material fill-
ing a fracture and draining. Opposite the catena is a groove surrounded by small pits and
craters. A region on Steins is named after the discoverer, Nikolai Stepanovich Chernykh,
while the craters are named after gemstones, in homage to the diamond shape of the aster-
oid.

On the basis of crater densities, cross-cutting and overlapping relationships, and features
such as faults, fractures and grooves, Sierks et al. (2011) identified seven regions on Lutetia;
Baetica, Achaia, Etruria, Narbonensis, Noricum, Pannonia, and Raetia (named after Roman
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Fig. 15 (a) Topographic map of Vesta relative to a 285 x 285 x 229 km ellipsoid, purple is 22.47 km
below the reference surface and white is 19.48 km above the reference surface. The map was constructed
from 17,000 images from Dawn’s framing camera. (b) Below is a sketch map of Vesta from the USGS/IAU
indicating the accepted names. (¢) Albedo map of Ceres identifying the regions with distinct albedo (Li et al.
2006). Regions 1-6 are bright regions, 7-11 are dark regions. The three strips refer to different wavelengths,
535 (top), 335 and 223 nm

provinces, Lutetia being the name for the Gallo-Roman city on the site of present-day Paris)
(Fig. 14g). The dominant feature is probably a 21 km cluster of craters in the Baetica region
in which there have been landslides and possibly the exposure of bedrock. The adjacent
Noricum region is notable for its high crater density relative to Baetica (craters on Lutetia
are named after Roman cities), suggesting that Baetica is covered with regolith produced as
crater ejecta. There are curvilinear features on Lutetia (named after Roman rivers), which
cut through craters and debris aprons. The polar region has a thick regolith that appears to
have flown there down a gravity gradient (Sierks et al. 2011).

Vesta is a large asteroid with a great diversity of surface features (Fig. 14h); craters (87
currently with names), crater chains (catena, 2), a ridge (dorsum, 1), grooves (fossae, 2),
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Fig. 15 (Continued)

a plain (terrae, 1), scarps (rupes, 2), hills (domes, tholi, 3), all with names associated with
ancient Rome (the craters—with rare exceptions—named after Vestal Virgins) (Fig. 15).
Details of its mapping procedure were described by Preusker et al. (2012).

Vesta’s major geographical features are two overlapping south polar craters, Rheasilvia
(500 km wide 19 km deep) and Veneneia (450 km and 15 km deep), with Rheasilvia being
the more recent (Schenk et al. 2012). A central peak in Rheasilvia is twice the height of
Hawaii and almost 80 % the size of Olympus Mons, the largest volcano in the solar system
(Russell et al. 2012). The ejecta around the two polar craters form some of the highest
mountains on Vesta.

Concentric with these two massive basins are sets of long narrow depressions, Divalia
Fossa which are parallel to the equator and centered on Rheasilvia, and Saturnalia Fossa
which are about 10° to the equator and centered on Veneneia. Buczkowski et al. (2012) de-
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scribe these features in some detail and conclude that they are graben, the result of downward
displacement of blocks as a result of parallel faulting, whose formation was associated with
the impacts. They are distinct from the grooves and fractures commonly seen on smaller
asteroids which are also thought to be impact-related.

Merging with a rim area of the Rheasilvia basin is a region of elevated topography
(~ 20 km higher than its surroundings and about 275 km across) is called Vestalia Terra
(Jaumann et al. 2012). It is associated with a gravitational anomaly (and has been referred
to as a mascon) but its origin is unclear. It might reflect an early igneous event or be related
in some way to differences in impact gardening (Raymond et al. 2013). Adjacent to Vestalia
Terra is Feralia Planitia, at 270 km (and 15 km deep) one of the larger basin-like features on
Vesta (Garry et al. 2012).

As of the time of writing, the only geographical description of Toutatis is that it consists
of two lobes with a number of unnamed craters and boulders (Zou et al. 2014).

Ground and Hubble-based observations have identified eight dark patches on Ceres, one
of which is named after Piazzi, the others are identified by A-F (Fig. 15¢) (Parker et al.
2002; Carry et al. 2012). Recent observations by Dawn have given the first glimpse of the
dwarf planet and these were reported at the 2015 Lunar and Planetary Science Conference
(Russell et al. 2015; Nathues et al. 2015; Zambon et al. 2015). A map was recently produced
(Fig. 14i) which shows a cratered covered surface and several arcuate grooves that emanate
from a large basin. The many features will be named after agricultural deities. There are
also intriguing bright spots located in several craters that might be exposed ice or evaporite
minerals. Rivkin and Volquardsen (2010) recently reported rotationally resolved spectra for
Ceres and concluded that the surface is essentially homogeneous, although they may have
detected differences associated with the bright areas.

5.2 Surface Features
5.2.1 Craters

The principles of impact cratering and its importance in understanding the history of plan-
etary surfaces has been described at length in books such as that of Melosh (1989) and Os-
insky and Pierazzo (2013). Some examples of craters on the present asteroids are shown in
Fig. 16. Craters provide information on the age of a planetary surface through their degrada-
tion and through their number density. Other information is provided when they bring fresh
material to the surface and when there are interactions with surface constituents, such as
water, which is noteworthy in the case of Vesta.

On a plot of cumulative frequency vs. size, the crater data plot along curves with negative
slope whose steepness (typically with a value of —3) is determined by the size distribution of
incoming objects and whose placement is related to the age of the surface, the age increas-
ing as the curves move to the right until the surface is “saturated”, i.e. so heavily cratered
that new craters are being formed at the rate they are being destroyed by subsequent impacts
(Fig. 17a). The details of the method have been explained in numerous textbooks (e.g. Hart-
mann 1983) and a detailed example of calibrating these curves in the case of an asteroid was
given in footnote 24 of Belton et al. (1992). The overall crater populations for the various
asteroid surfaces suggest the same production function (i.e., same projectile power-law size
distribution). A kink in the curve is usually interpreted as an erasure event that removed the
smaller craters. An erasure event might be a large impact that buried existing smaller craters
under ejecta.
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Fig. 16 Craters on asteroids. (a) Two relatively old craters (2.2 km and 1.6 km) on Eros’ rim taken from an
altitude of 100 km with a field of view 3 km Image (NASA/JHUAPL, image 20000830). (b) A 950 m diameter
crater on Eros which is “middle-aged”, i.e. still has a bowl shape but cratered and subdued form, taken
obliquely at an altitude of 52 km with vertical field of view of 2.2 km (NASA/JHUAPL, image 20000828).
(c¢) Claudia crater on Vesta from an altitude of 700 km (resolution 63 km/pixel) and 272 km (resolution
19 m). Claudia is the small (0.7 km) crater but is important because, being small and near the equator, it is the
center of the coordinate system chosen for Vesta. This field of view shows many typical Vesta craters, which
are old and worn down until they are simply depressions. In contrast, the many small younger craters, like
Claudia, have sharp outlines. (NASA/JPL, image PIA15872). (d) Licinda crater from an altitude of 700 km
(63 m/pixel resolution) and 272 km (19 m/pixel resolution). Licinia crater is the large crater that does not
entirely fit into the /eft image. Licinia has a small mound of material, surrounded by darker, smooth material,
with many tiny craters on this smooth material. There are also lobes of material slumping onto this smooth
material from the sides of the crater. Further up the crater’s walls, there are fine-scale streaks of dark and
bright material originating from just underneath Licinia’s scalloped rim. (NASA/JPL, image PIA16049)
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Fig. 17 Cumulative frequency curves for craters on the explored asteroids. (a) Data for Ida from Chapman
et al. (1996a) suggest a surface age of ~ 2 billion years. (b) The data for Dactyl resemble the results for Ida
(Chapman et al. 1996a). (¢) Data for Gaspra from Chapman et al. (1996b) suggests a surface age of 200 Ma.
(d) The Archaia region on Lutetia is large and flat and best suited to crater counting gives a surface age of
3.6 £ 0.1 billion years (dotted line, Sierks et al. 2011). (e) The cratering density of Steins varies with region,
giving ages that range from a few million years to about a billion years (Marchi et al. 2010). (f) For Toutatis,
crater densities are higher on the large lobe than the small lobe (Zou et al. 2014), but the asteroid and the
crater numbers are too small for age determination. (g) Crater statistics for Vesta (Schenk et al. 2012). These
authors did not attempt to estimate surface ages for Vesta but did report ages for the Rheasilvia impact (solid
line) is 1.0 = 0.2 Ga and the age for the Veneneia impact (broken line) is 2.1 £ 0.2 Ga. (h) Chapman et
al. (1999, 2002) published their crater statistics as “R-plots”, or spatial density, the differential cumulative
frequency divided by D3, where D is the crater diameter. On such plots, saturation is horizontal (ES refers
to equilibrium saturation). Here the R-plot for Eros, from Chapman et al. (2002), is compared with those for
Ida (I), Mathilde (M), and Gaspra (G). (i) Mathilde has a small number of large craters and was not suitable
for the determination of surface ages by crater counting. I refers to the data for Ida on this plot, GS and ES are
geometric saturation and equilibrium saturation, respectively. (j) Diagram to illustrate how crater densities
are used to estimate the age of a planetary surface. This application to Mars uses a calibration developed
by Gerhard Neukum, DLR (Michael 2013). The reader is referred to the original publications for important
details that are omitted from these sketches
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We will now discuss the crater properties for each of our asteroids, in the order they were
explored. Unfortunately, Annefrank and Braille were not observed well enough to determine
the nature and number of craters on their surface, and Itokawa is too small for meaningful
crater population studies.

Chapman et al. (1996) provides a detailed discussion of Gaspra’s craters. Gaspra is
smooth with fresh craters, young surface, seven large concavities are probably large old
regolith covered craters. Greenberg et al. (1994) and Chapman et al. (1996b) have published
statistics for Gaspra craters (Fig. 17b). Using the arguments similar to that of Belton et al.
(1992) for calibration, these crater densities suggest a surface age for Gaspra of only 200 Ma.

In contrast to Gaspra, Ida has a much larger crater density and a much large range in
levels of degradation, suggesting a much older surface, perhaps ~2 Ga (Chapman et al.
1996a; Fig. 17c). There are also regional differences. The crater population of Dactyl has
also been determined (Fig. 17d) and resembles Ida’s. However, unusual features, such as
a crater chain and possibly a crater with a central ejecta block, suggest that the impactor
population may be different on Dactyl and have a large component of projectiles of local
origin, that is, from the break up that formed the Koronis family.

As mentioned above four or five large craters are comparable to the radius of Mathilde.
Chapman et al. (1999) found that the small to intermediate-sized craters (1 =2 to 5 km
diameter) a range of degradation states similar to Ida and approach saturation (quasi-
equilibrium between the creation and the destruction of craters by subsequent impacts).
The crater size distribution for Mathilde is shown in Fig. 17e. Since the impact history on
Mathilde is dominated by a few large impacts, determining an age from the cratering statis-
tics has not been practical.

The surface of Eros is dominated by craters. In fact, the overall shape of the asteroid is
the result of several large cratering events (Robinson et al. 2002). The depth-diameter ratio
of Eros’ craters is typically ~0.13, with the freshest craters approaching the lunar ratio of
~0.2. The event that created the large (7.6 km) Shoemaker crater caused many large blocks
of ejecta to be strewn the surface of Eros (Thomas et al. 2001). These Shoemaker ejecta
blocks have been the subject of size distribution and theoretical studies (Durda et al. 2012;
Chapman et al. 2002; Dombard et al. 2010). The internal shape of the craters is not in-
fluenced by internal strata in the asteroid, unlike on lunar mare regolith where lava flows
underlie the surface regolith. The density of small craters below 200 m in diameter, com-
pared to that expected for a saturated surface, is less than expected and this probably reflects
their obliteration by regolith (Robinson et al. 2002) rather than a sweeping of small projec-
tiles out of the solar system by the Yarkovsky effect as suggested by Chapman et al. (2002)
(see O’Brien (2009)). Chapman et al. (2002) also determined the crater statistics for Eros
and their data are shown in Fig. 17f. These data indicate a surface age of ~ 2 Ga and thus
dates from the period when Eros was in the main belt, its expected lifetime on its present
near-Earth orbit being a few tens of millions of years.

While, Itokawa is too small for crater density plots, the asteroid is very well-studied and
ten craters have been named (Fujiwara et al. 2006). They range in diameter from about 90 m
(Miyabaru) to less than 10 m (Gando and San Marco).

Marchi et al. (2010), Besse et al. (2012), and Keller et al. (2010) discussed the craters on
Steins. Crater diameters range from 150 to 2100 m with depth-to-diameter ratios of 0.04—
0.25, with a marked difference on the two sides of the asteroid. Marchi et al. (2010) calculate
surface ages from crater densities of a few hundred Ma to over 1 Ga (Fig. 17g), while
Keller et al. (2010) found ages of 0.4+ 0.2 and 1.64 0.5 Ga for the two sides. There is
a notable lack of craters less than 0.6 km. This is thought to be related to the impact that
created the largest crater, Diamond, which extensively damaged the “original” Steins. Crater
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destruction, erasure, direct or indirect infill by seismic shaking, and even the YORP effect
have been invoked to explain the lack of small craters.

Lutetia craters have been discussed by Sierks et al. (2011), Jutzi et al. (2013), Vincent
et al. (2012). The cumulative frequency plot from Sierks et al. (2011) appears in Fig. 17h
and, for craters larger than 5-8 km, resembles those of Ida and Mathilde. Depth-diameter
ratios are typically 0.12 but vary from region to region. In the Beatica region (the north polar
region) small craters are covered by a thick ejecta blanket. For the large flat Archaia region,
the age of the surface from crater counts was found to be 3.6 0.1 Ga. The kink in the curve
probably reflects the loss of small craters by blanketing.

Vesta’s surface is also characterized by abundant impact craters; some with ejecta blan-
kets (Jaumann et al. 2012). There is a marked north-south dichotomy with craters being
more abundant in the northern hemisphere than in the southern hemisphere. This is almost
certainly because of burial of craters in the south by ejecta from two massive impacts at
the South Pole (Marchi et al. 2012). The two large impact basins at the southern pole of
Vesta were studied by Schenk et al. (2012) who determined their ages by counting craters
at the bottom of the craters and found ages for both Rheasilvia and Veneneia to be ~1 Ga
(Fig. 171). Post Rheasilvia craters have been studied by Kneiss et al. (2014).

Zou et al. (2014) find higher crater densities on the larger lobe of Toutatis than on the
smaller lobe, but the cause is unclear, a difference in age or a difference in erasure (Fig. 17j).

Ceres is also covered with craters, some with a central uplift and some without. Nathues
et al. (2015) point out that the crater diameter at which simple craters transition to craters
with a central uplift is consistent with the model described by Bray and Schenk (2015) which
is ~5 km. In addition to the many craters, there is a 270 km basin on Ceres which appears
to be infilled and smooth.

5.2.2 Regolith

The regolith is defined as a layer of fragmental debris of relatively low cohesion that over-
lies a solid surface (Fig. 18). As originally defined, it excluded crater ejecta referring only
to that fine-grained material made by a constant flux of micrometeorites (Shoemaker et al.
1968). However, as detailed observations were made, particularly of the Moon, it became
impossible to separate regolith from crater debris, both the fine-grained material and boul-
ders (Cintala and McBride 1994). In view of their microgravity, and the energetics of impact,
the paradigm was that small bodies could not retain regoliths (Housen et al. 1979), but this
paradigm has been overturned by robotic missions to asteroids. Whether or not asteroids
retain a regolith is of major interest for a number of reasons. They provide information on
the history of the surface. They modify the effects of large impacts by enhancing energy ab-
sorption, thus the amount of melting is greater than for impact into solid surfaces. They have
a major impact on surface operations of robotic and crewed mission, whether it is sample
collection or the mobility of dust and its physical and electrical properties. Unfortunately,
the surfaces of Braille, Annefrank and Dactyl were not observed with sufficient resolution
to observe regoliths.

When the first images of an asteroid were seen it was notable that Gaspra’s surface mor-
phology appeared subdued (Fig. 4a). Ridges that define the asteroid’s shape were smooth.
This suggested a regolith many tens of meters thick. At the same time, brighter materials
associated with craters and the crests of ridges had stronger 1-micrometer absorption fea-
tures in their spectra, suggesting freshly excavated mafic materials, while darker materials
with weaker 1-micrometer absorptions appeared concentrated in interridge areas. This was
interpreted as evidence for a thin regolith on Gaspra, that had migrated downslope (Belton
et al. 1992).
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Fig. 18 Images of regolith. (a) The regolith of Eros as seen from 38 km altitude, and 1.1 km field of view,
shows features as small as 6 m and a surface dominated by a blanket of regolith. Boulders litter the landscape,
and the smallest craters are obscured. Many of the low spots are extremely flat, and appear infilled. The whole
scene is about 1.1 kilometers (0.7 miles) across. (b) The last image of asteroid 433 Eros received from NEAR
Shoemaker at a height of 120 m, and with a field of view 6 m, as it descended to the surface. At the fop of
image is a4 m rock, at bottom is loss of signal. (¢) From the same sequence, Eros at 250 m, field of view 12 m.
The cluster of rocks at the upper right is 1.4 m across. (d) The regolith of Itokawa at the site of the Hayabusa
sampling (Yano et al. 2006). The scale bar is 1 m. Centimeter to sub-cm grains are visible. (e) Vesta’s surface
covered by heavily cratered regolith, some buried craters appear as shallow, circular depressions. (Lucaria

Tholus quadrangle, 169 km altitude, 16 m/pixel). (Eros: NASA/JPL/JHUAPL. Itokawa: ISAS/JAXA. Vesta:
NASA/JPL PIA15822)

There was considerable evidence for an impact generated regolith on Ida (Fig. 4c; Belton
et al. 1996a, 1996b), the argument now being that most ejecta from craters larger than about
1 km will reaccrete rather than being lost to space (Asphaug et al. 1998; Geissler et al. 1996).
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The photometry also suggested a particulate regolith (Helfenstein et al. 1996). Morphologic
features suggesting a regolith were, (1) downhill mass-wasting scares and albedo streaks,
(2) positive relief features thought to be ejecta blocks, and (3) grooves, thought to be deep
fractures covered by regolith (Sullivan et al. 1996). Estimates of regolith depths, based on
chute depths, crater dimensions, and grooves, were 50-100 m. There are also subtle color
variations on Ida, that are related to craters, that suggest younger ejecta laying over an older
space weathered surface (Helfenstein et al. 1996; Geissler et al. 1996).

Thomas et al. (1999) point out that two of the large craters on Mathilde, Lublin and Ka-
roo, show signs of downslope movement of regolith by either a chute mechanism (gravity
driven) or sliding mechanism (stress driven). The surface of Mathilde (Fig. 4b) is very ho-
mogeneous in color and albedo, with no evidence for fresh ejecta from craters (Veverka et
al. 1999a, 1999b).

Eros shows evidence for a substantial regolith (Fig. 18a—c). There is a deficiency of
craters < 200 m (relative to predicted slopes of empirical saturation) due to a thick regolith
and steep slopes that allow downward movement of regolith. There are also debris aprons,
fine-grained “ponded” deposits (see below), talus cones, bright and dark streamers on steep
slopes due to downslope movement of regolith, partially buried boulders, in filled and sub-
dued craters. Most of Eros’ craters are rounded, or smoothed, suggesting a widespread re-
golith that infills and drapes craters. Eros craters nearly completely lack concentric interior
morphology suggesting a well-mixed regolith with properties changing gradually with depth
to many meters to tens of meters everywhere on the asteroid. Robinson et al. (2002) state
that there is evidence of a regolith in one form or another can be found in nearly every
high-resolution image of Eros (Veverka et al. 2001; Thomas et al. 2002a).

An average thickness of the regolith of for Eros of 20-40 m was estimated by Robinson
et al. (2002) by dividing the excavated volume of all craters larger than 1 km in diameter
(89 km?) by the surface area of the asteroid (1125 km?), assuming a retention of 25-50 %
(Thomas et al. 2001). However, there is considerable variation in regolith thickness due to
the low gravity and high spin rate of the asteroid and randomness of impacts, and even
around a given crater there may be a factor of two or more range in regolith thickness. An
indication of regolith thickness can be gleamed by from the size of the craters that penetrate
the regolith and excavate boulders. These considerations suggest infilling of a few meters to
150 m, with a median at 20-30 m.

Downslope regolith movement on Eros forms debris aprons and talus cones, and results
in burial of craters and boulders (Veverka et al. 2001; Thomas et al. 2002a). Where slopes
exceed 25° relatively fine-grained material generally forms smooth deposits on crater walls
and are found in heavily degraded craters burying or embaying interior topography and they
show higher albedo (by a factor of 1.5) than average Eros materials (Clark et al. 2002b;
Bussey et al. 2002; Thomas et al. 2002a). These higher albedo deposits also show a slight
increase in 550/760 nm ratio of about 1-2 % and in the 950/760 nm ratio an increase of
about 5-8 % apparently because it is less space weathered than average Eros (Murchie et al.
2002; Clark et al. 2002b).

The surface of Itokawa is covered with unconsolidated mm-sized and larger gravels
(Fig. 18d). However, the regolith is heterogeneously distributed, being coarse in certain
areas and very fine grained in others (Miyamoto et al. 2007). It was argued that global scale
mobilization of the surface in a dry, airless, microgravity environment caused the finer frac-
tion to migrate to areas of potential gravity lows to form the Muses-C, Sagamihara, and
Uchinoura regions.

Crater shape and depth to diameter ratio for Steins (0.12) are consistent with degradation
and covering by a regolith that has experienced seismic shaking (Keller et al. 2010). Marchi
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et al. (2010) observed a deficit of craters < 0.6 km which they interpreted as a result of
ejecta blanketing during the formation of the 2.1 km Diamond crater near the south pole or
to the movement of regolith by the YORP effect.

The surface of Lutetia is also covered in regolith, especially the north polar region, with
slopes below the angle of repose almost everywhere (Sierks et al. 2011). Landslide flows (or
possible rock outcrops) are brighter than the surrounding cratered terrains, suggesting either
that the regolith texture of differs from elsewhere or that the older areas are space weath-
ered. Similar variations of reflectivity were observed on Eros. Vincent et al. (2012) observe
variations in the depth/diameter ratio of craters across the surface of Lutetia, averaging 0.12
with a range of 0.05 to 0.3, which they ascribe to variations in regolith thickness. The re-
golith is particularly thick in the Beatica region, which includes the north pole. Jutzi et al.
(2013) have modelled this impact numerically and found that a 2.3 km diameter projectile
impacting at a velocity of 5 kms~! would produce a crater of roughly 34 km similar to that
observed in the center of the region.

Radar measurements by Hudson and Ostro (1998) on the light curve and model indicated
that the surface of Toutatis might be covered with a fine regolith layer and Scheeres et al.
(1998) point out that the interacting periodicities in the rotation of Toutatis, an irregular
non-prime axis rotator, would shake the asteroid and produce a globally uniform regolith.
However, the resolution of the camera on Chang’e 2 was insufficient for direct observation
of regolith features.

Prior to Dawn encounter, Hubble Space Telescope observations detected a 460 km impact
basin on the southern hemisphere of Vesta (Thomas et al. 1997). Jutzi and Asphaug (2011)
performed numerical analysis on the impact that would produce such a basin, assuming a
50 km impactor at 5 kms~'. Since Vesta rotates rapidly (5.3 hr period), ejecta deposits will
deposited irregularly and variably-shaped, multiply-folded, and abruptly-terminated hemi-
sphere ejecta sequences will be produced. The Dawn spacecraft certainly found a thick
regolith (Fig. 18e; Russell et al. 2012), but these predictions have not yet been tested in
detail.

Regions of high and low albedo were detected on Vesta, in fact the range of albedos
is among the largest observed on Solar System rocky bodies (McCord et al. 2012). The
dark regions were generally associated with craters, either in the ejecta or crater walls, and
are thought to represent exogenic material similar to CM chondrites. McCord et al. (2012)
argue that the bright material is the uncontaminated indigenous Vesta basaltic soil. Impact
mixing caused the dark material to disperse and mix with the light material creating broader,
diffuse darker regions, and finally Vesta’s background regolith. These early conclusions were
confirmed by a more detailed study (Jaumann et al. 2014).

At the time of writing, there is inadequate data to discuss regolith on Ceres, although
Nathues et al. (2015) refer to three kinds of terrain, “smooth”, “lineated”, and “rough”.

5.2.3 Ejecta

The surfaces of Braille, Annefrank and Dactyl were not observed with sufficient resolution
to observe ejecta blankets. Belton et al. (1992) found no ejecta blankets on Gaspra and at the
time none were expected for asteroids of this size. Similarly, while there are many craters
and evidence for a regolith, there do not appear to be any obvious ejecta blankets on Itokawa
(Fujiwara et al. 2006). The same is true of Steins (Marchi et al. 2010; Keller et al. 2010) and
Toutatis (Zou et al. 2014). On the other hand, ejecta blankets have been observed on Ida and
Vesta (Fig. 19) and Lutetia.
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Azzurra

Fig. 19 (a) The ejecta surrounding crater Azzurra on Ida shows up on this image of blue/red ratios where the
higher the ratio, the lighter the shade. (Chapman 1996). (b) The ejecta blanket of Vesta’s “‘snowman craters”
(Marcia, Calpurnia, and Minucia). Left, low resolution image (in which the ejecta blanket is more easily
seen). Right, high resolution image. The ejecta blanket appears smoother than the neighboring regions but
thins out and becomes rougher towards the top left. Some older impacts are seen through the ejecta blanket
and the clusters of small, fresh craters on the ejecta blanket are likely secondary impacts. These images were
taken at altitudes of 2740 km and 673 km, and fields of view were 260 m and 66 m per pixel, respectively.
(NASA/JPL. Image PIA14958)

Ejecta blankets have been observed on Ida because the surface is older and the range
of crater sizes is larger, and higher resolution images are available. Belton et al. (1996a)
proposed two explanations for the bluer regions associated with young fresh craters, that
they are ejecta blankets or that they are materials around the crater disturbed by the im-
pact (Fig. 19a). There are no ejecta blankets on Ida as obvious as those on the Moon and
numerical simulations by Asphaug et al. 1996 were more consistent with seismic shaking
than ejection, but Belton et al. considered the issue unresolved. Chapman (1996) argued that
the ejecta have the properties of less space weathering surfaces and concluded that the re-
gions are ejecta blankets. Geissler et al. (1996) argued that when the rotation and irregular
shape of Ida are taken into account, it is probable that the regions around craters are ejecta
blankets.
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While Eros has a thick regolith, and there are numerous indications of regolith move-
ment and ejected boulders, there does not appear to be any visibly obvious ejecta blankets
(Robinson et al. 2002; Chapman et al. 2002). On the other hand, from a study of ejecta
ballistics, taking into account the effect of Eros’ rapid rotation and irregular shape, Durda
et al. (2012) detected an ejecta blanket (in terms of boulder densities) with a sharp boundary
around crater Valentine. They also found that ejected boulders bounce poorly, the coefficient
of restitution (velocity after landing divided by velocity before) was only 0.09-0.18.

On Lutetia the smoothness of the polar (Baetica) region is attributed to ejecta from
the 34 km crater in the center of the region (Sierks et al. 2011; Vincent et al. 2012;
Jutzi et al. 2013). Erasure of craters via the shock associated with such an impact is shown to
be less significant and does not reproduce the observed spatial distribution of erased craters
or “ghost” craters. The depth of the ejecta blanket is estimated to be up to ~ 600 m, based
on the depth-to-diameter ratios of these buried craters. The thickness of the ejecta blan-
ket in the Baetica region and how it decreases with distance from the center of the region
was determined by Vincent et al. (2012) from apparent depth-diameter ratios of the craters
(Fig. 20).

The two giant impacts at the southern pole of Vesta produced extensive ejecta deposits
reaching ~ 100 km from Rheasilvia’s rim, sometimes further (Schenk et al. 2012; Jaumann
et al. 2012). Erasure of craters is complete for about 50 km, after which incomplete burial
is observed and crater density increases. There is indication that the ejecta is non-uniformly
distributed, but it is unclear whether the ejecta blanket is asymmetric due to Vesta’s rotation
in the manner predicted by Jutzi and Asphaug (2011). However, the dimensions and the
thickness of the ejecta blanket, 4-5 km deep, are consistent with the Jutzi and Asphaug
(2011) calculations. An example of regolith on Vesta is shown in Fig. 18e.

Jaumann et al. (2012) note that ejecta blankets are often observed on the younger craters
on Vesta and describe a particular area in the 45 km crater named Lepida (307°E, 16°N)
where the largest craters that are completely filled have diameters of about 4 km, so assum-
ing a depth/diameter ratio of 0.2 they inferred a thickness of ejecta (regolith) in this area
of about 0.8 = 0.1 km. An example is shown in Fig. 19b. They also note that topography
plays a role in crater ejecta blankets, so that on slopes the blanket is strongly asymmetric,
being wider upslope and narrower downslope. Vesta has significant relief and steep slopes,
sometimes exceeding 40°, the angle of repose, so that bedrock can be exposed, as on Eros
(Cheng et al. 2002).
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Fig. 21 (a) Thirteen boulders on Ida near the 11-km diameter craters Lascaux and Mammoth in the east-
ern region and 13 blocks. (Image 202562439, resolution 31 m/pixel; scale bars 5 km, Lee et al. 1996).
(b) Boulder-strewn region on Eros seen from an altitude of 37 km. The largest boulder (near the center of the
image) is about 60 meters across. The whole scene is about 1.5 km across. (NASA/JPL, Image PIA 03130.)
(c) Close-up image between rough and smooth terrain on Itokawa showing boulders from left top to right
bottom. At left is a crater with a disrupted rim. (University of Tokyo/JAXA). (d) Boulders on Lutetia near the
crater Patavium (Kiippers et al. 2014). (e) Boulders near a crater in the Bellicia quadrangle of Vesta. (Altitude
198 km, 19 m/pixel, PIA15516). (f) Boulders on the surface of Toutatis from an altitude of 29 km (Huang
etal. 2013)
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5.2.4 Boulders

Boulders are important because it is assumed that in order to produce them an impactor must
penetrate the regolith and excavate bedrock (Fig. 21). They therefore provide an indication
of the thickness of regolith as well as providing samples of the subsurface for remote sensing
and sample return.

Belton et al. (1992) did not report any large ejecta blocks or boulders on Gaspra, and the
same was true of Mathilde (Thomas et al. 1999). Mounds between the craters Karoo and
Kuznetsk, could be boulders but may be artifacts of overlapping crater rims. However, these
expected 100 m features are at or near the resolution limit. Similarly, the resolution of the
Rossetta images of Steins is insufficient to enable boulders to be seen (Keller et al. 2010).

On the other hand, boulders (or positive relief features, PRL, which can reach 100 m
in size, Fig. 21a) did seem abundant on Ida (Lee et al. 1996; Belton et al. 1996a, 1996b;
Sullivan et al. 1996), such that Lee et al. (1996) and Chapman et al. (2002) were able to
determine size distributions. Geissler et al. (1996) discuss the importance of rotation in
determining the distribution of boulders on Ida.

Boulders are also commonplace on Eros (Fig. 21b), are non-uniformly distributed, and
most seem to have been produced during the impact that created the Shoemaker crater. In
fact, over 40 % of the volume of large blocks on Eros could fit inside Shoemaker crater
(Thomas et al. 2001; Robinson et al. 2002; Veverka et al. 2001). The size-frequency dis-
tribution for Eros boulders is shown in Fig. 22a. The interiors of Humeros and Shoemaker
are especially high in boulders, but on the < 50 m scale the asteroid surface is dominated
by boulders and other features indicative of regolith accumulation and transport. From the
abundance of boulders and from ejecta patterns from Shoemaker crater, it seems that Psy-
che is older than Shoemaker (Thomas et al. 2001). Nevertheless, while younger than Psyche
and Humeros, the Shoemaker crater is not a young feature, and since most of the boul-
ders seem to have been formed by the Shoemaker impact, few other impacts seem to have
made large numbers of boulders (Robinson et al. 2002). A similar conclusion seems to ap-
ply to the Moon (Wilcox et al. 2002); most of the boulders in a given region were formed
by just a few large impacts. Dombard et al. (2010) propose that it is the disintegration
of boulders that produces the ponds, because many large ponds are associated with boul-
ders.

In the rough terrains on Itokawa (Fig. 21c¢), there are numerous boulders with a variety
of angularity and aspect ratios (Saito et al. 2006; Fujiwara et al. 2006). The boulder largest
is named Yoshinodai, which is 50 x 30 x 50 m and is 1/10 the size of Itokawa. Another
is Pencil, which is partially buried. A third is known simply as “the black boulder”. The
total number of boulders > 5 m exceeds 500 and it was possible for Saito et al. (2006) to
produce size distribution data (Fig. 22b). The size distribution of the boulders on Itokawa is
inconsistent with them being ejecta fragments and it is thus assumed that they are the result
of catastrophic disruption and that Itokawa is therefore a rubble pile.

Boulders are commonplace on Lutetia (Fig. 21d), and 200 blocks of up to 300 m in di-
mension were found around the central 21 km crater cluster in Baetica which means that
the average boulder density is 0.4 boulders km~2 in that region (Sierks et al. 2011). Many
partially buried. The steep size distribution of boulders on Lutetia resembles that of Eros
(a power law equation with an exponent of —5). Boulders in the Pannonia region are also as-
sociated with crater which suggest that large impacts on Lutetia frequently expose bedrock.
Again they are often partially buried.
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Fig. 22 Statistics for boulders
on asteroids. (a) A spatial density
plot for Eros from Chapman et al.
(2002). Large symbols represent
boulders observed during a low
altitude flyover the small symbols
represent boulders observed from
higher orbits, note there is a
factor of 20 difference in the two
populations (indicated with a
double-headed arrow). Error
bars on all three plots have been
omitted for clarity.

(b) Cumulative frequency
distribution for boulders on
Itokawa from Saito et al. (2006).
Boulder ranges from ~ 40 to 5 m
in size and have a slope on this
plot of —2.8 suggesting less
comminution than, say Eros,
where the slope is —3.8.

(¢) Cumulative frequency
distribution for boulders on
Toutatis from Zou et al. (2014).
The boulders on Toutatis range in
size from ~ 100 m to ~ 8 m and
the small lobe has a greater
number of large. (The reader
should refer to original articles
for several important details
omitted from these sketches)
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Jutzi and Asphaug (2011) predicted the existence of ejecta from the two massive south
polar craters to be present on Vesta, and were concerned that they might be mistaken for
other geological structures. Such global scale ejecta has yet to be reported, but on a local
scale Jaumann et al. (2012) report large boulders (Fig. 21e) in some parts of crater ejecta
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on Vesta, and these are often associated with slopes that are above the angle of repose and
indicative of intact bedrock beneath.

There are many boulders on the surface of Toutatis (Fig. 21f), on both the large lobe (89
boulders, two larger than 50 m) and small lobe (24 boulders, three larger than 50 m). The
largest boulder (89 m) was in the region where the two lobes were in contact. Zou et al.
(2014) published both a map and size distribution data and pointed out that the slope of the
frequency plot was steeper for boulders on the large lobe (Fig. 22c).

5.2.5 Grooves and Ridges

Most asteroid surfaces have groves of various sorts (Fig. 23). In general, they imply some-
thing about the integrity of the asteroid, because if they are cracks through the asteroid it
is possible to infer, for example, that the asteroid has some coherence, rather than being a
rubble or gravel pile.

The grooves on Gaspra appear to be extensional in some locations and compressional in
others (Veverka et al. 1994). They probably represent expressions in the regolith of reacti-
vated features in the deep interior (Sullivan et al. 1996). The impact that caused the Vienna
Regio concavity on Ida could have resulted in fractures in the Pola Regio, where grooves
have been observed (Asphaug et al. 1996). It is also possible that the 10 km crater Azzurra
reopened these fractures and gave them a fresh appearance. This would suggest that Ida
does not have a rubble pile interior but well-joined fault planes and welded blocks of pores
smaller that the stress pulse.

The ubiquitous grooves on Eros that commonly occur in suborthogonal sets, and have
linear or scalloped outlines similar to those of Gaspra, Ida, and Phobos and are likely to have
a similar mode of origin, namely drainage of regolith into underlying fractures (Fig. 23a, b,
Procter et al. 2002). The large scale of Rahe Dorsum and many grooves on Eros’s surface
suggests that the asteroid is a largely coherent, but fractured body.

The two major sets of grooves and ridges on Vesta, Divalia Fossa and Saturnalia Fossa,
which lie at mid latitudes and are centered on the two polar impact basins, were described
above. A close up view of part of one of them is shown in (Fig. 23c).

5.2.6 Ponds

One of the most intriguing features of the surface of near-Earth asteroid Eros are the so-
called “ponds”, smooth areas on the floor of craters (Fig. 24) (Robinson et al. 2001). Similar
smooth areas have been observed on other asteroids, such as the Muses Sea on Itokawa
(Fujiwara et al. 2006) The major properties of the Eros Ponds are that they (1) have distinc-
tive flat floors sometimes showing non-central downside movement, (2) have sharp bound-
aries, (3) have uniform morphology, color and albedo, (4) typically have a radius ~ 1/3
the diameter and a ~ 5 % of the depth of the host crater diameter and that they are not
concentrations of a uniform widespread ejecta, and (5) can be seen on other (noncrater)
depressions (Robinson et al. 2002). Additionally, (6) the Eros depressions appear preferen-
tially at locus of sub-solar point and they are more abundant in regions of lower gravity.
There is a word of caution identified by Roberts et al. (2014a, 2014b) who question the
flatness of the ponds and suggest that the apparent distribution of the ponds is an artifact
of image resolution caused by the orbit of the Shoemaker-NEAR spacecraft and shape of
Eros.

Initially it was suggested that the ponds were caused by the electrostatic levitation of dust
which mobilized the finest grains and when deposited in the depressions produced the ex-
tremely flat ponds. However, seismic redistribution of regolith materials has been proposed
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Fig. 23 Images of grooves and ridges. (a) This is a mosaic of four images—taken by NEAR Shoemaker on
September 21, 2000, from about 100 kilometers (62 miles) above Eros—covers part of the asteroid’s southern
hemisphere, southwest of the large, 5.3-kilometer (3.3-mile) diameter crater. The ridge that trends from upper
left to lower right is among the older features on Eros, as evidenced by the large number of superimposed
impact craters. The whole scene is approximately 11 kilometers (7 miles) from top to bottom. (NASA/APL,
image 20000816). (b) This region of Eros has also been cut by the shallow troughs, or grooves, that trend
from the fop to the bottom of the image. Also apparent is the obliteration of old craters and the formation of
new (the arrow indicates a young crater with dark ring of material) and the presence of many boulders. The
orbital altitude is 51 km and the field of view is 2.2 km. (NASA/JPL, image PIA 03110). (¢) Huge grooves,
part of the Divalia Fossa system and caused by the south polar impacts, are usually several hundred km long,
< 15 km wide and > 1 kilometer deep. (Image is an artificially generated oblique from 210 km, 20 m/pixel,
NASA/JPL PIA 15673)

to explain subdued topography and flat floored craters on the Moon (Schultz and Gault 1975)
and was suggested to be an important process for asteroids (Cintala et al. 1978, 1979). This
idea was adopted for the ponds on Eros (Cheng et al. 2002). As an extension of this, Dom-
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Fig. 24 Crater ponds. Image of a
crater on Eros that has been
infilled with fine material
(referred to as a “pond”).

The image was taken from an
altitude of 36 km with a field of
view 900 m across. Many angular
boulders are in the field, the
smallest being about 6 m, and
regolith has banked up against
several of them. The dark object
in the upper center of the image
is the shadow of a large boulder.
(NASA/JHUAPL)

bard et al. (2010) have observed that the ponds are frequently associated with large boulders
and that it is the comminution of the boulders during seismic shaking that feeds the ponds.
Finally, with the recent discovery of water on Vesta’s surface, and its predicted behavior
during energetic events like impact, Sears et al. (2015) suggest a role for volatiles in the
formation of the Eros ponds.

5.2.7 Pits and Pitted Terrain

The Dawn images of Vesta showed that in the floor of center of the major Marcia crater,
and occasionally regions the ejecta, had a pitted texture (Denevi et al. 2012), reminiscent
of similar features on Mars (Fig. 25; Tornabene et al. 2012; Boyce et al. 2012). Detailed
examination of the martian features have led to the conclusion that these are volatile rich
impact melts that were degassing at the time of solidification. Their presence on Vesta is
therefore remarkable and is consistent with the discovery of water rich regions. Apparently,
the surface of Vesta was water-rich at the time of the Marcia impact and its impact melts
behaved like the melts on Mars.

A distinctly different kind of feature, also sometimes described as “pits”, has been ob-
served on Eros and Steins (Robinson et al. 2001; Keller et al. 2010). These “pits” are
drainage features where a regolith-filled fracture has allowed drainage of the regolith at
certain points. In the case of Steins the fracture is thought to have been produced by the
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Fig. 25 Upper sequence: Pitted terrain on Vesta compared with similar terrain on Mars. Left, the floor of
a Martian crater Tooting, which is 28 km in diameter. Middle, the floor of a Martian crater Zunil (10 km in
diameter). Right, the floor of Marcia crater on Vesta (70 km in diameter). The morphologies of pits are similar
on both bodies, with irregular shapes and sharp angles where pits share walls. Lower sequence: Perspective
view of Cornelia crater (15 km in diameter) with close-up of crater floor

impact that produced the large Diamond crater and the sequence of pits is referred to as a
catena (Keller et al. 2010). Drainage pits were first observed on Phobos and mechanically
modelled by Horstman and Melosh (1989).

5.2.8 Gullies

The discovery of features resembling gullies on Earth and Mars inside large craters was
interpreted by Scully et al. (2012) as evidence for liquid water flow on the surface of Vesta
(Fig. 26). Since Vesta is an airless body, the water would have to be associated with impact
and the presence of a transient atmosphere. The gullies are often on the walls of craters
that have pitted terrain in their crater floors or, occasionally, in the ejecta, so these features
could be part of a complex outcome of impact into water-bearing surfaces. The effects of
impact into water-bearing surfaces have recently been explored in connection with terrestrial
craters (Kirsiméde and Osinsky 2013; Stoffler et al. 2013). However, Scully et al. (2013,
2014) modified their earlier conclusion by argueing that only the long, thin, sinuous dendritic
gullies were produced by the flow of liquid water. The short straight gullies they attribute
to dry mass flow. This was taken one step further by Krohn et al. (2014) who argue that all
gullies on Vesta are the result of dry flow.
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Fig. 26 Cornelia crater on Vesta contains features that resemble gullies on Earth and Mars. When straight,
these are thought to be dry flows, but when long, thin and sinuous, they are thought to represent wet flows
during transient conditions associated with impact (Scully et al. 2013, 2014)

6 Compositional Properties
6.1 Asteroids and Meteorites

It was, of course, the paper of McCord et al. (1970) that triggered the major research effort
of matching asteroid spectra to those of meteorites when they suggested that the HED mete-
orites were coming from Vesta. The surface composition of an asteroid provides the primary
indication of the compositional nature of the entire asteroid and therefore its taxonomy, but
with a number of caveats. A basaltic, or non-chondritic composition, indicates global dif-
ferentiation and perhaps the existence of a core, mantle and crust. Such is the case for Vesta
(Russell et al. 2012). However, thermal models can be constructed that suggest that chon-
dritic surface does not preclude a differentiated interior (Weiss and Elkins-Tanton 2013).
A chondritic spectrum might suggest a link with chondrite meteorites, but this is complicated
by the existence of a great many chondrite classes (Weisberg et al. 2006) with contrasting
compositional and spectral properties. For instance, C chondrites have flat and relatively
featureless spectra, superficially resembling the C asteroids (e.g. Rivkin et al. 2002), but
any number of materials have flat featureless spectra. Nevertheless, there are small several
features that have been used to infer the abundance of water or hydrated minerals (Rivkin
et al. 2002). On the other hand, ordinary chondrites (the H, L, and LL classes) have ma-
jor absorption features superficially resembling certain types of S asteroid (Burbine et al.
2002). Aside from the great variety of meteorite classes (Weisberg et al. 20006), there are
also a great variety of asteroid spectra (Bus et al. 2002; asteroids have been sorted into over
25 taxonomic classes on the basis of their visible/near IR spectra), and matching asteroids
with meteorites has proved extremely difficult.

Attempts to link meteorite classes with asteroids has emphasized the importance of prob-
ably another major caveat, which is that long-term exposure to space changes the nature of
the asteroid surface, commonly called “space weathering” (Clark et al. 2002b), so simple
comparison with of an astronomical spectrum with a laboratory spectrum is fraught with
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Fig. 27 BAR (band area ratio) plot for S and V asteroids (Gaftey et al. 1993a, 1993b, as modified by Geitzen
et al. 2012). Asteroids with strong absorption bands (essentially the S and V classes) have two major absorp-
tions, a ~ 1 um band due to olivine and pyroxene and a ~ 2 um band due pyroxene, thus a plot of the position
of the 1 um band (that can vary from 0.8 to 1.2 um) against the area of the 1 pm band divided by the area
under the 2 um peak produced a plot (the BAR, or Band Area Ratio, plot) which enables discrimination of
the S subclasses and the V class based on the relative proportions of olivine and pyroxene. The lines are
from Geitzen et al. (2012), are mixing lines for olivine and pyroxene. Compositional differences can affect
the positions of the 1 and 2 um features (e.g. Klima et al. 2011), as can the structural state of the pyroxene,
whether it is in the monoclinic form or orthorhombic form (Gietzen et al. 2012). Superimposed on this plot
are data points for the present S and V asteroids, estimated by the author from published spectra (Gaspra,
Helfenstein et al. 1994; Itokawa, Abe et al. 2006a, 2006b; Toutatis, Reddy et al. 2012; Vesta, De Sanctis et
al. 2012a, 2012b) or taken from the literature (Eros, Bell et al. 2002)

problems. To add to the confusion, while space weathering is well understood for lunar
samples, it is almost certain that the details of space weathering will not be the same with
asteroids whose location in space and, usually, surface composition, are very different from
the Moon’s (McKay et al. 1989), and will vary with asteroid type. The analysis of peak
shapes of S asteroids using the band area ratio (BAR) plot (Fig. 27), as opposed to spectral
matching that relies heavily on the slope of the continuum, is essentially immune from the
effects of space weathering and does enable major mineral identifications to be made with
reasonable accuracy (Gaffey et al. 1993b). This information can translate to linkage with a
class of meteorites, but often there is ambiguity, the same few major minerals appearing in
very different rock types.

Another factor influencing the surface properties of near-Earth asteroids is tidal effects.
If the asteroid is weakly coherent then close passage by the Earth could result in complete
disruption (Richardson et al. 1998), but even if the body is not disrupted, some refresh-
ing of the surface might occur (Binzel et al. 2010) and this may be influencing the radar
data.

Finally, as meteorites continually demonstrate, and the Dawn mission showed for Vesta,
asteroid surfaces are frequently contaminated with material from other asteroids (Wilkening
1973; McCord et al. 2012). The spectacular Almahata Sitta meteorite, that was observed as
an asteroid (2008 TCj3) before it landed in the Sudan and became a meteorite (Jenniskens
et al. 2009), is a breccia of highly diverse meteorite types; ureilites, a ureilite-related an-
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Fig. 28 Visible/near IR spectra for the explored asteroids. (a) Visible and near-IR spectra for Braille obtained
from the Deep Space 1 spacecraft (Buratti et al. 2004). The authors noted the similarity to Q asteroids and
suggested the asteroid was a mixture of olivine and pyroxene. (b) Ground-based and NEAR visible and
near-IR spectra for Eros indicate an orthopyroxene:olivine ratio of 0.38 and intermediate between S(IV) and
S(I) classification (Bell et al. 2002). The error bar is a typical uncertainty on the NEAR data. (¢) Visible and
near-IR spectra for Gaspra obtained from ground-based and Galileo observations (Helfenstein et al. 1994).
(d) Visible spectra for Ida (terrains A, intercrater plains, and B, crater ejecta) and Dactyl determined by the
Galileo spacecraft (Chapman 1996). The ejecta has a bluer spectrum consistent with less space weathering
than most of the surface. (e) Ground-based visible (dotted line, McDonald Observatory) and near-IR (IRTF)
spectra for Itokawa suggest a pyroxene:olivine ratio of 1:3 (Abell et al. 2007). (f) Ground-based visible and
near-IR spectra for the northern and southern hemispheres of Lutetia (Rivkin et al. 2011a, 2011b). The spectra
resemble C and X asteroids but the bands are too weak for mineralogical interpretation. (g) Visible spectrum
for Mathilde obtained by ground-based and NEAR observations (Clark et al. 1999). The featureless spectrum
is typical of C asteroids. (h) The visible and near-IR spectra for Steins which is classified as an E(II) asteroid
with a 0.49 um feature attributed to troilite (FeS) (Fornasier et al. 2008). (i) The visible and near-IR spectrum
for Toutatis from Reddy et al. (2012). (j) The visible and near_IR spectra for the southern (A) and northern
(B) hemispheres of Vesta, from Russell et al. (2013). (k) The visible and near-IR spectrum of Ceres from
Rivkin et al. (2011a, 2011b). (The reader should refer to original articles for several important details omitted
from these sketches)

desite, metal-sulfide assemblages related to ureilites, enstatite chondrites, ordinary chon-
drites, carbonaceous chondrites, and Rumuruti-like chondrites (Horstmann and Bischoff
2014).

However, to temper this pessimism, there have been some remarkable successes. Spectral
reflectivity measurements suggested a link between Vesta and the HED meteorites, a link
that has been strengthened by subsequent meteorite data and confirmed by the observations
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of the Dawn mission (Russell et al. 2013). Itokawa was suspected of being related to the LL
chondrites on the basis of reflectivity spectra, corrected for space weathering, before grains
from the asteroid were found to have LL chondrite compositions in the laboratory (Binzel
et al. 2001a, 2001b; Nakamura et al. 2011).

With this brief discussion of asteroid spectroscopy in mind, we can now summarize the
status of knowledge of the surface composition of the explored asteroids. As in many prop-
erties, there is a large range of visible/near IR spectra for the explored asteroids (Fig. 28),
so that classes range from S, to E, to V, to C (Table 3).

6.2 Visible/Near IR Spectroscopy

The spectrum for Braille is shown in Fig. 28a. The spectrum is known in the visible and
near-infrared, but there is a gap in the coverage around the 1 wm band. Using data in the
visible range, Lazzarin et al. (2001) suggested that Braille was V-type to Q-type, and with
a strong similarity to the H chondrites. Binzel et al. (2001a, 2001b) also obtained spectra
in the visible and noted the strong (but incompletely covered) 1 um band attributable to
olivine and pyroxene. They favored a Q type classification. Buratti et al. (2004) used data in
the near-infrared data (1.25-2.6 wm) from the spectrometer on Deep Space 1 and found a
~ 10 % absorption bands at ~ 2 um in addition to that previously reported at ~ 1 um. They
suggested that the composition of Braille is roughly equal parts pyroxene and olivine and
that the overall shape of the spectrum was Q-type. These properties are consistent with those
of ordinary chondrites and in turn suggests a relatively fresh, unweathered surface. While it
is possible to use the bands at 1 um and 2 um to infer and olivine-pyroxene composition,
the gap around 1 um makes it difficult to insert Braille on the BAR plot.

The data for Eros, shown in Fig. 28b, are from Bell et al. (2002) and are a combina-
tion of NEAR data (Veverka et al. 2000; Clark et al. 2002a, 2002b) and ground-based data
(Chapman and Morrison 1976; Murchie and Pieters 1996). From the relative intensities of
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the 1.0 um and 2.0 um the OPX/(OPX + OL) ratio is 0.38 & 0.08 and on the BAR plot
of Gaffey et al. (1993a, 1993b) Eros plots within the S(IV) to upper S(III) fields (Fig. 27).
These values are similar to those of L or LL chondrite meteorites.

The spectra of Gaspra shown, in Fig. 28c, was published by Helfenstein et al. (1994) uses
ground-based data of Binzel (unpublished), Zellner et al. (1985), Mottola et al. (1993) and
Goldader et al. (1991). The spectra derived from Galileo data covered the range 0.3—1.0 um
and was essentially in agreement with the ground-based data except for a slightly shal-
lower continuum (Helfenstein et al. 1994). The depth of the 1 mm band and relative shal-
lowness of the 0.2 mm band suggest a fairly olivine-rich surface and my crude measure-
ments from the published spectrum place Gaspra near or in the S(I) group on the BAR plot
(Fig. 27).

The visible spectra of Ida and Dactyl obtained by the Galileo spacecraft were published
by Veverka et al. (1996) and are shown in Fig. 28d. Both Ida and Dactyl are S asteroids,
but there are differences between the two and there are differences across the surface of
Ida. These differences concern the depth of the 1 um band and the slope of the continuum.
The interpretations offered by Veverka et al. (1996), and echoed by Chapman (1996), is that
crater ejecta is less space weathered than the rest of the surface, particularly notable for the
10 km Azzurra crater and the Azzurra crater ejecta might be called taxonomy type-Q. In the
case of Dactyl, these authors favor an interpretation that the spectral differences are miner-
alogically driven, and that perhaps Dactyl has higher pyroxene abundance. In any event, the
spectral differences observed for Ida and Dactyl are small and within the range of spectra
observed for the parent asteroid family (the Koronis family; Binzel et al. 1993; Rivkin et al.
2011a, 2011b). The spectrum, based on five-color photometry in the visible region, is not
adequate for determining placement of Ida or Dactyl on the BAR plot.

The near-IR spectrum of Itokawa obtained by the Hayabusa spacecraft was published
by Abe et al. (2006a, 2006b) and found to be very similar to the ground-based spectra
from of Binzel et al. (2001a, 2001b) and Abell et al. (2007) (Fig. 28e). There are small
differences in the depth and position of the 1 pm absorption, so that Itokawa is more het-
erogeneous than, for instance, Eros, but most authors agree that the Itokawa near-IR spectra
are consistent with an LL. composition. It plots on the SIV)/S(III) boundary on the BAR
plot (Fig. 27). Abell et al. (2007) noted evidence for clinopyroxene in the spectra which
they suggested indicated that the surface had experienced partial melting, but Gietzen et al.
(2012) point out that type 3 ordinary chondrites (otherwise known as the unequilibrated
ordinary chondrites) contain low-Ca clinopyroxenes that could also explain these types of
spectra.

Visible/near-IR spectra have been obtained for Lutetia by Lazzarin et al. (2004), Mueller
et al. (2006), and Perna et al. (2010) and are shown in Fig. 28f. There are no discernable
1 and 2 um features, and besides the UV edge, the spectrum for the northern hemisphere
is flat while the southern hemisphere possibly has features in the 3 wm region. On the ba-
sis of three ground-based spectra over a rotational period, the first authors suggested that
Lutetia was a C asteroid with uniform surface composition and with absorptions at 0.43 and
0.51 um which they attributed to aqueous alteration and porphyrns, respectively. Perna et al.
(2010) obtained 13 spectra at various rotational phases and confirmed the two absorptions
reported by Lazzarin et al. (2004). However, they found the spectral difference between the
northern and southern hemispheres (Fig. 28f). Rivkin et al. (2011a, 201 1b) obtained ground-
based spectra over the range 2—4 um to look especially for the 3 um water band which they
found in the southern hemisphere but not the northern hemisphere. In summary, there are
no indications of olivine and pyroxene bands in the spectrum of Lutetia, weak bands at 0.43
and 0.51 mm, and signs of water in the southern hemisphere. This fairly flat spectrum has
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caused Tholen (1989) to assign Lutetia to the M class, Bus and Binzel (2002) to assign it to
the Xb class, and DeMeo et al. (2009) to call it an Xc asteroid. Vernazza et al. (2009, 2011)
concluded that Lutetia could be related to the enstatite chondrites, the E asteroid taxonomy,
while on the basis of data from the Rosetta spacecraft Sierks et al. (2011) suggest that the
data are equally consistent with CO3, CV3 and enstatite chondrites.

Clark et al. (1999) reported the visible spectra obtained for Mathilde by NEAR spacecraft
and compared it with the ground-based spectrum reported by Binzel et al. (1996). Both are
featureless spectra, but there is a 10 % difference that Clark et al. (1999) did not consider
significant (Fig. 28g).

Visible/near-IR spectra have been reported for Steins by Barucci et al. (2007, 2008) and
Fornasier et al. (2007; 2008) whose data are similar, especially with respect to the slope at
0.49um, but differ concerning a small band at 0.96 um (Fig. 28h). The spectra are essen-
tially flat in the near-Infrared, although there are variations in slope, and they resemble the
spectra of enstatite chondrites, the enstatite achondrites (aubrites) having shallower slopes
but are otherwise similar. Observations in the infra-red by the Spitzer Space Telescope pro-
vide information on the thermal properties and composition of Steins and consistent with an
enstatite composition (Groussin et al. 2011).

Visible/near-IR data for Toutatis have been reported by Howell et al. (1994), Bus and
Binzel (2002), Davies et al. (2007) and Reddy et al. (2012) and a sketch of a represent
spectrum is shown in Fig. 28i. Howell et al. (1994) suggested that the surface of Toutatis
consisted of high Fe pyroxene and that the body was differentiated. It plotted in a region
that overlapped with S(II), S(IIT) and S(IV). A more recent analysis by Reddy et al. (2012)
found that the asteroid plotted in the S(IV) field and has Fe-pyroxene and olivine equivalent
to an L chondrite (Fig. 27).

On the BAR plot (Fig. 27) ground based spectroscopy places Vesta in the BA field,
(basaltic achondrites, i.e. HED meteorites). Essentially all published results to date con-
firm the connection between the HEDs and Vesta (e.g. Drake 2001; Russell et al. 2012;
McSween et al. 2013). In addition to the visible and near-infrared reflectance data, ex-
perimental petrology demonstrated that the eucrites were the product of approximately a
10 % melt, siderophile element partitioning suggested that this melt was the residue of
an asteroidal-scale magma ocean. Mass balance considerations point to a parent body that
had its surface excavated, but remains intact. Modern telescopic spectroscopy has identi-
fied kilometer-scale “Vestoids” between Vesta and the 3:1 orbit-orbit resonance with Jupiter
(Binzel and Xu 1993). Dynamical simulations of impact into Vesta demonstrate the plausi-
bility of ejecting relatively unshocked material at velocities consistent with these astronomi-
cal observations (Asphaug 1997). Hubble Space Telescope images show a 460 km diameter
impact basin at the south pole of Vesta (Thomas et al. 1997) which was found to be two
large basins by the Dawn imagery (Schenk et al. 2012).

The main purpose of Dawn-based vis/near-IR spectroscopy was to look for regional vari-
ations in composition on Vesta and these were reported by De Sanctis et al. (2012a). The
authors found that while the spectra were very similar in the visible range, in the IR range
there was a significant difference between the equatorial region and the South Polar Region
(Fig. 28j). When the parameters needed for the BAR plot are crudely determined from the
published spectra of De Sanctis et al. (2012a), both Vesta regions plot in or near the BA field,
the equatorial region plots on the BA field but the south polar region actually plots in the
S(VID) field (Fig. 27). According to Gaffey et al. (1993a, 1993b), the S(VII) asteroid spectra
are “consistent with metal-basaltic assemblages (analogous to mesosiderite meteorites) or to
feldspar-rich basalts or basaltic anorthosites (pyroxene-bearing feldspar-dominated assem-
blages)”.
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Before the Dawn mission it was presumed that the large polar basins would pene-
trate the mantle and this would be reflected in greater amounts of olivine in the basin.
This has not proved to be the case. Orange material, seen occasionally in craters and on
crater walls, was at one time thought to be olivine, but now appears to be impact melt
(Le Corre et al. 2013). In fact, the only observations of olivine rich materials on the
surface of Vesta are found in isolated instances in craters, crater walls, and the rims of
the Rheasilvia and Veneneia basins (Ammannito et al. 2013a). Using the mixing curves
of Gietzen et al. (2012), the S(VII) field could reflect the presence of orthopyroxene, as
observed in the diogenite meteorites (Keil 2002). Thus several authors have suggested
that the bottoms of the South Polar Basins are diogenitic (Ammannito et al. 2013b;
De Sanctis et al. 2013), consistent with igneous stratigraphy and orthopyroxene-rich rocks
underlying the basaltic (eucritic) crust but it is not clear exactly how this stratigraphy came
about (McSween et al. 2013).

Ground based measurements by Hasegawa et al. (2003) suggested water on Vesta, but this
has not been confirmed by the infrared spectrometers on Dawn, although it was confirmed
by neutron spectroscopy (see below).

The main science issue presented by Ceres is its composition (Johnson and Fanale 1973;
McCord and Gaffey 1974; Lebofsky et al. 1981; Larson et al. 1983; Rivkin et al. 2003;
2006). Absorption features are weak or absent (Fig. 28k), but Vilas (1994) has used the
absorption at ~ 0.8 wm to argue for the present in water in many C asteroids. The role of
water in the history of Ceres is of much importance and models have been developed by
Fanale and Salval (1989) and more recently by Schorghofer (2008). The strong absorptions
in the ~ 3.0 wm region have been the subject of considerable work, the 3.05 um band being
ascribed to water ice frost (Lebofsky et al. 1981), ammoniated clays (King et al. 1992),
irradiated organics in ice (Vernazza et al. 2005), and carbonates (Rivkin et al. 2006). Related
to composition of Ceres is the connection it has, if any, with the C chondrites which have
low albedos, relatively flat spectra in the visible to 2.5 mm regions, and strong absorptions
around 3.0 um (e.g. Vilas and Gaffey 1989; Vilas and McFadden 1992; Calvin and King
1997). Another issue is whether it is internally differentiated (McCord and Sotin 2005),
which, in a water-rich body like Ceres, means whether it has an internal structure reflecting
the loss and redistribution of water and perhaps even a subsurface ocean. It is a controversial
issue (Zolotov 2009), but recent estimates of the shape of Ceres suggests that it is not a
uniform sphere suggestive of some internal differentiation (Thomas et al. 2005; Erard et al.
2005). While planetary scientists have deliberated on the presence and behavior of water on
Ceres, there has been a similar discussion of the role of water in determining the properties
of CM chondrites (McSween 1979) and two groups of authors have proposed classification
schemes for the aqueous alteration of CM chondrites (Browning et al. 1996; Rubin et al.
2007).

6.3 Other Methods of Remote Sensing

The composition of the surface of Eros was measured using the X-ray/gamma-ray spectrom-
eter and found to have hydrogen and major element concentrations comparable to L or LL
chondrites (Peplowski et al. 2015).

Using data from the International Ultraviolet Explorer (Hendrix et al. 2003) found that
much of the western hemisphere of Vesta was lighter than most of the eastern hemisphere,
in contrast to the situation at visible wavelengths. By analogy with the Moon, Hendrix
et al. (2003) attributed this to differing degrees of space weathering. However, if what
they observed was the same darkening as observed by Dawn, then these differences may
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Fig. 29 (a) Distribution of hydrogen on Vesta as determined from the Dawn spacecraft’s neutron spectrom-
eter. (b) A map of the albedo of Vesta. The similar distribution suggests that both the dark material and H,
most probably in the form of water, were placed on Vesta by the impact of carbonaceous, water-rich material
resembling the CI and CM chondrites. The dashed white line indicates a circular depression in which crater
Oppia is located. The contours marked p¢ refer to crater densities (in craters per 10 km?), the thin contours
marked with numbers (250 etc.) indicate relative ages of the surface, the dotted white lines refer to the extents
of the Rheasilvia and Veneneia basins (Prettyman et al. 2012)

be due to the presence on the surface of large amounts of material resembling CM chon-
drites.

The gamma ray and neutron detector on Dawn (which is sensitive to Fe, Ca, Al, Mg, and
other rock-forming elements) indicate that Vesta is more compositionally uniform than the
Moon, but variations were present that could be explained with the help of laboratory mea-
surements on eucrites-diogenite mixtures (Prettyman et al. 2013). The results were in agree-
ment with those of visible-near-IR spectroscopy. The Rheasilvia basin and ejecta blanket
was found to be consistent with Mg-rich orthopyroxene, while Vesta’s “dark” hemisphere,
where exogenic hydrogen has accumulated, was thought to be richer in basaltic eucrite,
representative of Vesta’s ancient upper crust. There were no indications of any olivine-rich
lithologies that might indicate exposure of the mantle.
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Table 8 Particles collected by Hayabusa from the surface of Itokawa™

Description Number Predicted Number*

Itokawa LL L H

Monomineralic

Olivine 580 615 447 290
Low-Ca pyroxene 126 170 219 207
High-Ca pyroxene 56 48 43 37
Feldspar 186 (172 plagioclase, 14 K-spar) 101 90 79
Troilite 113 58 52 46
Chromite 13

Ca-phosphate 13

Metal 3 96 236 429
Total monomineralic 1087

Polymineralic

Mostly silicates, some with metal 447

*Meteorite abundances determined by petrographic methods converted to expected numbers of grains by
density-correction and normalization to 1087 (Itokawa data from Nakamura et al. 2011, 2014; meteorite data
from Sears 1978).

As shown in Fig. 29, which is from Prettyman et al. (2013), neutron and gamma ray
spectroscopy also detected water-rich regions on Vesta. In fact, ~ 30 % of Vesta’s surfaces
contains > 250 um/g of water. Correlated with the water is dark material (see the albedo
map in Fig. 29), so the suggestion is that carbonaceous chondrites brought both the dark
material and water to the surface of Vesta by impact (McCord et al. 2012; Jaumann et al.
2014). CI chondrites are up to ~ 20 vol% water and CM chondrites are up to ~ 10 vol%
water. The Vesta pits, discussed earlier, also suggest the presence of water during the impact
that produced the host melts.

6.4 Returned Samples

The only asteroid for which space missions have returned samples is Itokawa which returned
over a thousand dust particles. On a Teflon spatula scrapped around the inside of the sample
collector, Nakamura et al. (2011) found 1534 particles, 3—40 pum in size, with most < 10 um.
The mineral identification of the particles is broadly consistent with ordinary chondrite min-
eralogy, with enhancement of feldspar and depletion of metal as expected for density sorting
in the regolith or during collection (Table 8). By tapping the collector over a glass slide they
recovered 40 particles with a size range of 30-180 pum.

The bulk composition of the Itokawa particles is probably meaningless because of small
sample mass and selection effects in particle collection; however Ebihara et al. (2011) argue
that the Fe/Sc and Ni/Co ratios of a 3 g polymineralic grain were chondritic. The mineral
assemblage is broadly chondritic so it is meaningful to compare the olivine and pyrox-
ene compositions—one of the major characteristics of the individual chondrite classes—in
which case Itokawa appears to have LL chondrite composition (Fig. 30a, Nakamura et al.
2011, 2014). However, not all grains have the same composition; about 15 % appear to be
unusual and were referred to by Nakamura et al. (2011) as “unequilibrated”. The other major
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tool for taxonomy of meteorites is the oxygen isotopes (Fig. 30b). On the three-isotope plot,
870 against 6'80, data for olivine, pyroxene and feldspar plot along a mass-fractionation
line (slope 0.5) indicating thermal equilibration between the minerals. However, the slope
of this mineral line intercepts the slope of the equilibrated chondrite line (ECL) at the LL
chondrites location, again suggesting an affiliation with the LL chondrites. These results
confirm the conclusions based on visible/near IR spectroscopy (Binzel et al. 2001a, 2001b;
Abe et al. 2006a, 2006b).

The homogeneous composition of most of the olivines and pyroxenes, and the slope 0.5
line produced on the three-isotope line produced by the major minerals, indicates a high
degree of thermal equilibration consistent with parent body metamorphism. On the petro-
graphic scale of Van Schmus and Wood (1967), Nakamura et al. (2011) suggest that the
Itokawa samples are mostly type 6, but with a range of type 4 to type 6 to accommodate
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the unequilibrated grains. The coexistence of apparently equilibrated minerals means that
the pyroxene geothermometer and olivine-spinel geospeedometer can be applied and these
indicate peak temperatures of ~800 °C and slow cooling to ~ 600 °C. The plagioclase struc-
ture also suggests closure temperatures of 655 to 660 °C (Tanaka et al. 2014). On the basis
of a thermal model and assuming 2°Al is the heat source, Wakita et al. (2013) suggest that
Itokawa came from an object > 20 km in radius and accreted at a period between 1.9 and
2.2 Myr after CAL

The Itokawa grains also enable information to be gleamed about space exposure con-
ditions, without the complications of lithification which are present in the case of gas-rich
regolith breccia meteorites (Bischoff et al. 1983). Trapped solar wind gases are present, de-
spite He loss, and cosmic ray produced 2'Ne suggest a surface exposure age of less than
8 Ma (Nagao et al. 2011). Five out of ten grains examined by Noguchi et al. (2011, 2014)
showed evidence for evaporation and recondensation of elements during regolith working,
forming the familiar nanoparticles of iron (sulfur-rich at the surface, sulfur-poor at depth)
that are thought by some authors to explain the discrepancy between S asteroids and ordinary
chondrites.

7 Discussion
7.1 Asteroids and the Stories They Tell

As discussed above, there are about 25 classes of asteroid according to their visible/near-IR
spectra fingerprints. In about half the cases the spectra are fairly flat and features are weak.
Considerable effort is spent in trying to interpret them in terms of mineralogy and meteorite
matches (Rivkin et al. 2002). In about half the cases, the spectra have deep, albeit very wide,
absorption features and the mineralogical interpretations are straightforward, at least to the
first-order (Gaffey et al. 1993a). At greater levels of detail, which are often very important,
there are considerable complications caused by the compositional and structural complexity
of rock-forming minerals (Klima et al. 2007, 2011). Overlaid on this general picture is the
certain knowledge that spectra are only describing the very surface layer. From our extensive
studies of lunar regolith, we also know about space weathering and some variability in the
asteroid spectra can be ascribed to differences in space weathering (Clark et al. 2002b), but
this is also a surface process. What lies beneath can only be inferred.

Based on models for collision, fragmentation, and behavior of the fragments, it is ex-
pected that many asteroids should be rubble piles and the morphologies of small asteroids
are sometimes interpreted to be consistent with this (Love and Ahrens 1996). On the other
hand, spin rates for < 200 m objects are high and require monolithic internal structures
(Pravec and Harris 2000). The brecciated nature of meteorites is sometimes interpreted as
evidence for a rubble pile structure for the meteorite parent bodies (Taylor et al. 1987), al-
though the length scales of a microscopic thin section, or even a hand specimen, are very
different to those of an asteroid. Scaling from centimeter-scale observations to kilometer-
scale processes is difficult. Interpretations of meteorite thermal histories, including cooling
rates for stones and irons, have been used to infer internal structures for asteroids (Ghosh
et al. 2006), and by-and-large seem to favor some kind of “onion skin”” model, namely con-
centric zones of differing thermal history with internal heating due to 2°Al. Since most or-
dinary chondrites are highly magnetized (Morden and Collison 1992; Pesonen et al. 1993),
it has been proposed that some S asteroids have chondritic crusts covering differentiated
interiors so a magnetic field was created (Elkins-Tanton et al. 2011). On the other hand, the
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present author and his colleagues have suggested that the chondrite classes can be produced
by density and size particle sorting during fluidization on a thick regolith and that the in-
terior of all asteroids (C and S) have essentially CM-like compositions (Huang et al. 1996;
Akridge and Sears 1999; Sears 2005).

With this thumbnail sketch in mind, we can now discuss some ideas that have emerged
(at least in the writer’s mind) from the eight missions to asteroids.

7.2 What Has Been Confirmed?

The first image of asteroid Gaspra was intriguing. Before that time asteroids had been merely
points of light. Before the missions, we had information about orbit, spin rate and orienta-
tion, size, and surface mineralogy if we had reflection spectra. We had telescopic (ground,
air, and space borne) and spectral data, and at about the time the missions came on-line
we had radar images and we could resolve compositional variations on Vesta and albedo
variations on Ceres. In retrospect, it was probably also clear that asteroids would have dry
cratered surfaces, although perhaps it was a surprise that some were so heavily cratered,
which signified a great age of their surfaces (e.g. Sierks et al. 2011). Being so small it was
assumed they would largely be irregular shape, as suggested by light curves (Kaasalainen
and Torppa 2001). Ceres is the only spherical asteroid among the explored asteroids (al-
beit with some polar flattening, Thomas et al. 2005), although from some directions Vesta
looks circular, the two major southern basins give it a decidedly non-spherical appearance
(Fig. 3). Most of the physical properties of the asteroids (where known), their orbital pa-
rameters, their rotation rates, their spin orientations, were confirmed by the missions, and
determined to greater precision than before.

The existence of space weathering has been confirmed, and perhaps better understood,
as a result of the missions. Detailed studies of the returned Itokawa samples showed that
individual grains were showing signs of weathering similar to those expected previously
(Noguchi et al. 2014). Similarly, it was observed that space weathering on a V asteroid was
unlike that for S asteroids, as expected (Pieters et al. 2012).

Reddy et al. (2013) made a detailed comparison of what had been learned from the Dawn
mission to Vesta compared with data from the Hubble Space Telescope and ground-based
observations. Dawn improved our knowledge of the rotational period, pole position and
obliquity, and the mission doubled the known range of topographic features on Vesta relative
to earlier measurements. The Dawn mission also improved our knowledge of surface geog-
raphy and essentially confirmed much simpler details expected on the basis of ground-based
observations (Fig. 31a). The final conclusion of Reddy et al. (2013) was that by-and-large
ground-based astronomy was “valuable support” for future missions.

The Dawn images of Ceres are compared with images from the Hubble Space Telescope
in Fig. 31b. A detailed comparison by the science team has yet to be published, and precise
alignment of the two images is uncertain, but one can imagine several linkages between the
dark regions observed by HST and surface features on the dwarf planet.

Radar is capable of providing images of asteroids that come close enough to the Earth.
As mentioned above, one of the explored asteroids has been observed with radar, Toutatis.
While still lacking the intricate detail of an optical image, the radar images are remark-
ably similar to the spacecraft images at a small fraction of the cost (Fig. 32). The radar
images obtained do resemble the spacecraft images in their overall irregular shape, the
presence of large boulders on the surface, sometimes bifurcation and, in one instance, a
moon.
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Fig. 31 (a) Comparison of
features on Vesta as observed by
the Dawn spacecraft with
previous maps derived from
ground and Hubble based
observations (Reddy et al. 2013).
(b) Comparison of Dawn images
of Ceres by combining images at
440, 550, and 920 nm
(NASA/JPL, Image PIA19063)
with previous albedo maps based
on ground-based observations
(Carry et al. 2012)
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7.3 What Is New?
7.3.1 The Existence of Regolith

Probably the most important contribution to planetary science to emerge from the asteroid
missions was that all of the asteroids, regardless of their size, are covered in regolith (see
regolith discussion above). Prior to the missions, there was a strong argument that small
objects like 10 km asteroids could not retain a regolith (Chapman 1976; Housen et al.
1979). The presence of regolith has important implications for impact mechanics and the
thermal history of the asteroid (e.g. Akridge and Sears 1998). A thick insulating layer of
regolith means greater heat retention inside the asteroid and a shallowing of the thermal
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Fig. 32 Radar images of some near-Earth asteroids. (a) 2005 CR37 showing a variety of surface structures,
facets, hills, curved features and diffuse feature (Benner et al. 2006). (b) 2004 BL86 showing a moon (NASA
press release Jan 27 2015). (¢) Toutatis showing its bifurcated structure (NASA/JPL PIA 16599). (d) 2008
EVS5 showing a concavity interpreted as a crater (Busch et al. 2011)

gradients. A thick regolith also means a more efficient absorption of energy on impact and a
greater amount of glass production and alteration of the target rocks (Horz and Schaal 1981;
Asphaug et al. 2002). The presence of thick dust layer also has major implications for sur-
face operations on an asteroid by explorers and prospectors (Sears et al. 2004).
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7.3.2 Rubble Piles and Monoliths

The grooves and ridges observed on asteroids by the missions (see grooves and ridges sec-
tion above) probably indicate that these asteroids are not rubble piles because these features
require asteroid-wide coherence. The grooves on Gaspra (Veverka et al. 1994), the fractures
in the Pola Regio region of Ida (Asphaug et al. 1996), that appear to have been opened by
the Azzurra crater impact, Rahe Dorsum and many smaller grooves on Eros (Procter et al.
2002), all suggest that these asteroids are not rubble piles. The line of craters (the catena) on
Steins has been explained as an asteroid-scaled fracture caused by the impact responsible for
the Diamond crater, which also implies a compact body rather than a rubble pile (Keller et al.
2010). Itokawa was described as a rubble pile (Fujiwara et al. 2006), based on its appearance,
but this tiny shard may have been produced in the regolith of a larger asteroid and might be
better described as a regolith breccia rather than a rubble pile made by disassembly and reac-
cretion. One of the arguments for a rubble pile is a high calculated porosity and this could,
in part, be due to water in the interior of these asteroids Some researchers have suggested
that the interior of all asteroids resemble the water-rich CM chondrites (Huang et al. 1996;
Akridge and Sears 1998; Sears 2005), while yet others have suggested that the interiors of
the of the S asteroids may be differentiated with a core and mantle, but with a chondritic
crust (Elkins-Tanton et al. 2011). It has been suggested that most of the S asteroids have sur-
faces containing melts or partial melts (Sunshine et al. 2004), which would suggest another
kind of interior and perhaps metal-rich interiors.

7.3.3 Water, Active Asteroids, and Comets

Dawn’s exploration of Vesta taught us that water can appear in unexpected places (Prettyman
et al. 2012; Denevi et al. 2012). This distribution of water is not only relevant to astrobiol-
ogy, but water drives a great many geological and physical processes and is probably the
major resource provided by the asteroids to exploration and commercialization efforts. The
stability threshold for water in the solar system is referred to as the “snowline” and the as-
teroid belt straddles this line. Closer to the Sun than the snowline, primary water is absent.
Beyond the snowline, primary water is present. The snowline is variously placed at 2.7—
3.2 AU (Hayashi 1981; Podolak and Zucker 2004; Martin and Livio 2012). Water currently
inside the snowline is assumed to be secondary. Like the Earth’s water, it is assumed to have
been brought in by interlopers from the outer solar system.

The concept of a snowline arises from the simple thermodynamic calculations (Lewis
1974) and the observation that C asteroids (supposedly water-bearing) dominate in the outer
solar system and S asteroids (supposedly dry) dominate in the inner solar system, although
there is ample overlap (Chapman 1976). Clearly, distance from the Sun matters. We assume
comets are water and other volatile-rich because they formed at very low temperatures far
from the Sun (Weidenschilling 1997). The cause of the gradient in the ratio of S to C as-
teroids is unclear. It may be the result of planetesimals accreting at different temperatures,
water-bearing asteroids accreted below the temperatures required for water condensation
(Lewis 1974), or it could be the result of the S asteroids being heated by internal radioactiv-
ities such as 2°Al while the C asteroids escaped this heating (Grimm and McSween 1993).
Such would be the case if there the amount of 26 Al present decreased with distance from the
Sun. This could result if the time of accretion increased with distance from the Sun and by
the time the later materials accreted the level of 2° Al had decreased.

The question of internal heating is important not only for water retention, but also the
nature of the asteroids and their interiors. The discovery of relatively abundant *°Al in the
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Ca-Al-rich refractory inclusions in CV chondrites meant that any body larger than 5 km
should have melted (Lee et al. 1976). Certainly, there are melted asteroids, Vesta and the
V asteroids for instance, but equally clearly many appear totally unmelted, the C, P, D as-
teroids for instance. It is possible that the refractory inclusions accreted particularly early,
which is assumed to be the case, but it is also possible that the distribution of 2°Al was
heterogeneous.

Complicating any simple picture that links properties such as water content with distance
from the Sun is the injection of objects into the inner solar system from the outer solar sys-
tem. The fraction of the NEAs that are extinct comets is unknown, but many estimates have
been made and some are quite high (Weismann et al. 2002). This is important because the
interpretation of many properties of NEAs hinges on whether they could contain volatiles.

While Ceres and Vesta are both close to the snowline, Ceres’ water is indigenous and
throughout the body while Vesta’s water is exogeneous and surficial. Vesta orbits inside the
snowline, Ceres is sometimes inside and sometimes in the outer fringes of the snowline
depending on its location along its orbit.

There has been considerable discussion of Ceres and water. Several authors have reported
spectral evidence for hydrated minerals on Ceres (Lebofsky et al. 1981; King et al. 1992;
Milliken and Rivkin 2009) and models of the density and shape of Ceres have been used
to argue for a differentiated interior, silicate core, icy mantle (Thomas et al. 2005; McCord
and Sotin 2005; Castillo-Rogez and McCord 2010). An initial observation of water vapor
around Ceres (A’Hearn and Feldman 1992) were disputed (Rousselot et al. 2011) but recent
remote data have suggested there are local sources of water at mid latitudes (Kiippers et al.
2014). As we saw above, recent images of the Ceres from the Dawn spacecraft show bright
spots which could be plumes—the plumes of water observed by the Herschel spacecraft
(Kiippers et al. 2014). Alternatively, they could be ice or evaporite deposits. There are several
reports of water-ice on asteroids based on spectroscopic observations (Campins et al. 2010;
Rivkin and Emery 2010; Licandro et al. 2010).

Schorghofer (2008) has introduced the concept of a “buried snowline”. He shows that
moderate levels of burial are sufficient to protect any ice originally present in the asteroid
for the age of the solar system. Thus if water-bearing asteroids, or comet nuclei, migrated
inside the snowline (Walsh and Morbidelli 2011) subsurface water could be stable for long
periods of time. If brought to the surface by some means, for example collision, sublimation
of water could be a mechanism for dust activity. Consistent with this idea, there are several
“active” asteroids (Jewitt 2012), these are asteroids that eject dust and unexpectedly produce
transient, comet-like comae and tails.

There are several main belt asteroids with comet-like tails, presumably caused by the
evaporation of water. Probably the most notable is P/2010 A2 which was observed by the
Rosetta and Hubble spacecraft to have a complex array of trailing debris (Jewitt et al. 2010;
Snodgrass et al. 2010). The tail was apparently produced by the disruption of a 60-100 m
asteroid, but it is not clear whether the disruption was caused by the impact of another
asteroid or a by an accelerating spin that reached a critical disruption value. Other examples
of comets in the main asteroid belt are 133P/Elst-Pizarro, P/2005 U1 (Read), and 118401
(1999 RE70) (Hsieh and Jewitt 2006). The movement of the dust indicates that it was being
lifted by the sublimation of water, since impact generated dust would disperse quickly in
a ballistic fashion. Laboratory simulations experiments also suggest a drag mechanism for
the ejection of cometary dust (Sears et al. 1999). Figure 33 compares the distances of the
known active asteroids from the Sun, including those mentioned above, with the nominal
snowline at 2.7 to 3.2 AU. Besides the two Centaurs showing evidence for degassing (2060
Charon and 60558 Echeclus), only 176P/LINEAR and 7968 Elst-Pizarro have orbits that

@ Springer



D.W.G. Sears

Fig. 33 The orbital range
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take them outside the snowline, otherwise all these objects orbit inside the snowline. Two
active asteroids approach to within 1 AU of the Sun. These objects may be interlopers in the
inner solar system, forming in the outer solar system but either way they demonstrate that
objects in asteroidal orbits in the inner solar system can be water-bearing. Thus an additional
type of process that could explain some of the surface properties of asteroids involves the
loss of volatiles, such as formation of the Eros ponds by fluidization of the surface materials
(Sears et al. 2015).

The existence of active asteroids and the possibility of structures formed by fluidiza-
tion processes prompts the question as to whether anything can be learned by comparing
comet nuclei with asteroids. Since the early 1980s, Hartmann and his colleagues have ar-
gued that there was a continuum between asteroids and comets and they were essentially
from the same population, differing systematically in detailed properties depending on their
formation location. In particular, they point out the compositional similarity between comets
and certain asteroids, namely the P, D, and C type asteroids, and (Cruikshank et al. 1985;
Hartmann et al. 1987). Can we learn something about processes on asteroids from cometary
surfaces?

Figure 34 shows the images of cometary nuclei obtained by robotic spacecraft to date.
The nucleus of Halley’s comet (Fig. 34a) was visited by a flotilla of spacecraft in 1986. The
images suggest a peanut-shaped nucleus 16 x 8 x 8 km with a ~ 54 h rotation with a density
of 0.28 gcm™ (Rickman 1989). The surface features were interpreted to include a “finger”,
a crater, a chain of hills, a southern jet, a mountain and a central depression (Keller et al.
1988). Fine filaments of dust were pouring out of ~ 0.5 km locations on the surface and
reaching over 100 km.

Oberst et al. (2004) also describe Borrelly’s (8 x 4 km) nucleus (Fig. 34b) observed by the
Deep Space 1 spacecraft as being peanut shape, with very low albedo (0.008-0.24) and with
terrains that are either bright or dark, smooth or mottled. There is high surface roughness in
the “neck’ of the peanut and near the presumed source of the jets. From non-gravitational
motions, Davidsson and Gutiérrez (2004) estimate a density of 0.18-0.30 gcm™3. The
5.5 x 4.0 x 3.3 km nucleus of Comet §1P/Wild (Fig. 34c) contains two kinds of depres-
sions (Brownlee et al. 2006), those with debris rims (which resemble lunar impact pits)
and those without, where the latter have steep sides (and resemble impact experiments with
porous targets). According to Sekanina et al. (2004) there are about 20 jets, all but two on the
sunlit side, ejecting water at ~ 2 x 10?® molecules/s at perihelion. Davidsson and Gutiérrez
(2004) suggest that ~ 60 % of the surface is active and from non-gravitational motion of the
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Fig. 34 Images of the nuclei of comets visited by robotic spacecraft. (a) The nucleus of Halley’s comet
(Comet 1P/Halley, 15 x 8 km) imaged by the Giotto spacecraft March 14, 1986 (ESA). (b) The nucleus of
Comet 19P/Borrelly (8 x 4 km) imaged by the Deep Space 1 spacecraft September 21, 2001 (NASA/JPL).
(¢) The nucleus of Comet 81P/Wild (5.5 x 4.0 x 3.3 km) imaged by the Stardust spacecraft January 2,
2004 (NASA/JPL). (d) The nucleus of Comet 103P/Hartley (1.2—1.6 km) imaged by the EPOXI spacecraft
November, 2010 (NASA/JPL/UMD). (e) The nucleus of Comet 9P/Tempel (7.6 x 4.9 km) imaged by the
Deep Impact (July 4, 2005) and Stardust-NEXT spacecraft (February 15, 2011) (NASA/JPL/UMD). (f) The
nucleus of Comet 67P/Churyumov-Gerasimenko (4.3 x 4.1 km) imaged by the Rosetta spacecraft which went
into orbit around the comet on September 10, 2014 (ESA)
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nucleus find a density of 0.6-0.8 gcm~>. The nucleus of Comet 103P/Hartley 2 (Fig. 34d) is
1.2-1.6 km, has a density of 0.2-0.4 gcm‘3. The nucleus is bifurcated, 2.44 km long, with
a smooth variegated waist between the lobes. Its surface is primarily small < 40 m mounds
(Thomas et al. 2013). Syal et al. (2013) found that both the narrow-angle and fan-shaped
dust jets were emanating from pits, arcuate depressions, scarps, and rimless depressions on
the surface of the nucleus, usually the sources were less than 12 m in size.

The 7.6 x 4.9 km nucleus of Comet 9P/Tempel (Fig. 34e) was imaged by both the
Deep Impact spacecraft (July 4, 2005) and Stardust-NEXT spacecraft (February 15, 2011).
The density is 0.6240.47/—0.33 gem™ and the surface is partially smooth, and partially
rough, with the rough terrain consisting of steep-walled pits to albedo and topographic rings,
with all ranges of morphological gradation (Thomas et al. 2013). Solid water ice has been
detected on its surface (Sunshine et al. 2006). An impact into the nucleus yielded large
amounts of microscopic dust particles suggesting a preexisting dust layer tens of meters
deep (A’Hearn et al. 2005). Belton and Melosh (2009) have described evidence for fluidiza-
tion and multiphase transport of particulate material on 9P/Tempel 1. They measured the
extent of smooth terrains, slopes of the centerlines and likely source regions and argue that
the fluidization is driven by the release of CO and/or CO, at ~ 0.003-0.03 m/s. This is
broadly consistent with laboratory measurements (Huang et al. 1996). Particles returned
from Tempel 1 are a heteorogeneous mixture of nanosized grains of ferromagnesian sili-
cates, Fe, Ni sulfides and metal, reflecting a range of formation conditions including some
phases that formed at high temperature (Zolensky et al. 2006). There is no simple linkage
with any meteorite class, although a major problem is alteration of the particles by the cap-
ture mechanism.

Rosetta is an ESA Cornerstone mission that after three gravity assists from Earth and one
from Mars went into orbit around the comet Churyumov-Gerasimenko on 6 August 2014
and put a lander on its surface on 12" November 2014. The orbiter carries 11 science instru-
ments for UV, visible, IR and thermal IR imagery, particle collectors, mass spectrometers,
radio sounding and plasma characterization. The ~ 100 kg lander, Philae, carries 10 science
instruments for imaging, collecting samples and analyzing the surface and evolved gases at
the molecular, elemental, and isotopic level, and for determining dust and plasma proper-
ties. The nucleus of Comet 67P/Churyumov-Gerasimenko (Fig. 34f) (4.3 x 4.1 km, density
0.47 gem™3) is the best imaged of all the comets and shows a wide variety of structures
and textures. It consists of two lobes with a thick dust covered neck from which most of
the activity appears to emanate. Airfall, surface dust transport, mass wasting, and insolation
weathering, are all important for cometary surface evolution (Thomas et al. 2015). There is
also evidence for subsurface fluidization models and mass loss through the ejection of large
chunks of material.

As mentioned above, it has long been thought that there was a continuum between aster-
oids and comets based on overlap of colors (comet nuclei and p, d, ¢ asteroids, Cruikshank
et al. 1985). Now we can add in a continuum of densities (comets, TNO, asteroids, Carry
2012), a continuum of albedos, the existence of active asteroids, and similar features in sur-
face morphology (Thomas et al. 2015). It is true that there is considerable range in surface
appearance, reflecting maturity of the surface and number of passes in the inner solar system,
but mature comets can have thick fine regoliths, mobilization of regolith, ridges, grooves,
and craters similar to the asteroids,. Looking for signs of fluidization effects in asteroids,
particularly the C asteroids, would be useful and the possibility that the low densities of
asteroids are due to subsurface water, rather than porosity, should be kept in mind. At this
point is seems relevant to consider what the missions have discovered relevant to another
relationship, that between asteroids and meteorites.
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7.3.4 The Relationship Between Asteroids and Meteorites

Since the discovery that the reflectivity spectra of Vesta was unusual and matched that of
the HED meteorites (McCord et al. 1970; Cochran et al. 2004), there has been little argu-
ment over the conclusion that Vesta was the source of these meteorites. Most of the data
returned from the Dawn mission confirm this association (McSween et al. 2013), and when
spectra from the mission are analyzed in detail, they compare favorably with the same data
for the meteorites (De Sanctis et al. 2013). But this merely says that Vesta and the HED
meteorites are the same kind of rock, being mixtures of crustal and upper mantle mate-
rials. Wasson (2013) has also pointed out that there are a large numbers of iron mete-
orites that he argues came from around 70 separate differentiated asteroids and that their
basaltic asteroid parent should still be around. In other words some of the V asteroids may
not be associated with Vesta, contrary to Binzel and Xu (1993). However, the linkage be-
tween Vesta and the HEDs is stronger than bulk mineralogy as reflected in the spectra.
Vesta was found to contain dark water-rich material on its surface that everyone agrees
must be infalling material resembling carbonaceous chondrites (De Sanctis et al. 2012b;
McCord et al. 2012). The water is present in sufficient amounts to cause easily visible mor-
phological effects in the form of the “pits” similar to those previously observed on Mars
(Denevi et al. 2012; Tornabene et al. 2012). For many decades the HEDs, or more particu-
larly the howardites, breccias of eucrites and diogenites, contained black xenoliths thought
to be dehydrated carbonaceous chondrites (Wilkening 1973). Furthermore, there are traces
of water in these meteorites (Treiman et al. 2004). Thus two little-known facts about the me-
teorites, discovered as surprises when the dwarf planet came under close scrutiny, reinforce
the linkage.

Some authors have argued that the frequency of impact on Vesta is consistent with the
flux of HEDs to Earth, and that the chronology of the HED meteorites is also consistent with
the crater density on Vesta (Schenk et al. 2012).

The gamma- and X-ray spectrometer on Eros provided information on bulk composition
that was broadly consistent with it being related to the ordinary chondrites, as are the reflec-
tivity spectra. One element that was inconsistent was sulfur, which was severely depleted on
the asteroid. Several authors have argued, based on theory and a variety of experiments, that
the depletion is related to processes on the surface related to space exposure, say impact-
induced volatilization and/or photo- or ion-induced sputtering of sulfur (Nittler et al. 2001;
Killen 2003; Kracher and Sears 2005; Loeffler et al. 2008). Howeyver, there is no evidence
for a similar depletion on Itokawa, the only S asteroid for which we have samples, although
this may be because the samples were not representative of the asteroid. A detailed exam-
ination of the element ratios also reveals a mismatch between the surface of Eros and the
chondrite classes (Fig. 35). This reflects not just an uncertainty over the chondritic afflili-
ation of Eros but that modern meteorite classification requires a level of sophistication in
analysis that only sample return can attain.

The mineral chemistry and the oxygen isotope data for tiny grains recovered from
Itokawa, described above, point fairly conclusively to a linkage between Itokawa and the
LL chondrites. Thus there are two asteroids with firm linkages to specific chondrite classes,
both required missions to acquire the necessary data. It is significant that these two NEAs
are matches for ordinary chondrites. This linkage has been very controversial, since S aster-
oids by-and-large do not have spectra that match ordinary chondrites (Britt et al. 1992). It
seems to be commonly accepted now that the reason is that space weathering is obscuring
the similarity, the formation of nanophase iron particles increases the slope of the contin-
uum, thereby “reddening” the object (Clark et al. 2002b). So why do some match better than
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Fig. 35 Details from plots in the Lim and Nittler (2009) paper that compares analytical data from the
NEAR-Shoemaker X-ray spectrometer with laboratory analyses for meteorites. (The reader is asked to re-
fer to the original paper for scales; here we are concerned with comparisons within the plots.) (a) Fe/Si is
plotted against Mg/Si. The analytical ellipse does not center on any particular meteorite class but includes E
chondrites, winonaites, diogenites, H and L chondrites. (b) Al/Si is plotted against Ca/Si. Again the spacecraft
analyses do not uniquely identify any meteorite class but lie between the E chondrites and the H chondrites.
(¢) Mg/Si is plotted against S/Si. In this case the S depletion pulls the spacecraft data away from the chon-
drites although Mg/Si is lower than the ordinary chondrites (H, L, LL). While the quality of the remote
data is impressive, it is not uniquely identifying a meteorite classification for the asteroid. In fact, these data
demonstrate the sophistication of analysis required for modern meteorite classification and the need for sam-
ple return. Reflectivity spectra eliminate E chondrites as an analog to Eros but cannot distinguish between
mineralogically similar meteorites such as ordinary chondrites and winoaites

others? Binzel et al. (2010) have argued that asteroids that come close to Earth experience
tidal stresses that refresh the surface and bring less space weathered material to the surface.

It is interesting that Itokawa is LL chondrite material and the LL chondrites appear to
be especially common among the NEAs (Vernazza et al. 2008). Rather than reflecting true
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abundances, this almost certainly reflects stochastic processes in asteroid collisions. There
are peaks in the cosmic ray exposure distribution suggesting a few discrete break-ups (Eu-
gster 2003). The same is true of L chondrites that virtually all came from a major break-up
about 500,000 years ago that was conveniently placed for delivery to Earth (Schmitz et al.
1997).

The other S asteroids are a puzzle. Sorted by olivine-pyroxene (and orthopyrox-
ene/clinopyroxene) abundance, as on the BAR plot, relatively few S asteroids are ordinary
chondrite-like (Gaffey et al. 1993a, 1993b). Those that could be ordinary chondrite look-a-
likes are the so-called S(IV) asteroids. Most of the remaining S classes appear to contain
clinopyroxene as their dominant pyroxene and are assumed to be melts or partial melts sin-
cere terrestrially clinopyroxene is associated with igneous rocks (Sunshine et al. 2004). But
this conclusion ignores the fact that the most “primitive” (i.e. least metamorphosed) ordinary
chondrites also contain clinopyroxene (Van Schmus and Wood 1967). Thus many S aster-
oids could be ordinary chondrites, but unmetamorphosed, unlike the majority of ordinary
chondrites that are highly metamorphosed (Gietzen et al. 2012).

7.4 What Next?

One of the joys of exploration is the unpredictable discoveries. Nevertheless, it is worth
pointing out areas of emphasis that can be stressed on the basis of current interpretations.
Here are suggestions from the present author.

Samples are essential. The breadth and depth of data that can be obtained and the ability
to archive the samples for the future gives returned samples unique scientific value (Sears
et al. 2002). They provide ground truth and, in a sense, they unlock the data being obtained
from ground-based and spacecraft methods of remote sensing. It is true that remarkable ac-
complishments are possible using remote methods and that instrument of amazing sophisti-
cation are available for placing on robotic spacecraft. But it is very hard indeed to rival the
quality of ground-based measurements. The problem with sample return is that it is costly
and difficult, but we are now overcoming these barriers and a new age of sample return is
unfolding (Kawaguchi et al. 2008; Lauretta et al. 2012). Scientific data that can uniquely
be obtained are high quality elemental and isotopic analysis, detailed petrographic analysis
to almost the atom level, and chronological investigations by over a dozen complimentary
techniques. The mission asteroid experience demonstrates this more powerfully than words.
Decades of uncertainty concerning the meteorite links with S asteroids were removed in a
few days after samples were returned, at least for Itokawa, even though those samples were
grains rather than whole rocks (Nakamura et al. 2014).

Arguably the main uncertainty in asteroid science concerns their interiors (Asphaug et al.
2002; Sanchez and Scheeres 2014). A high priority in the future, after sample return, will be
missions to determine the interiors of asteroids (Asphaug et al. 2003). These missions might
be orbiters carrying magnetometers or landers carrying seismometers. It seems unlikely that
coring devices large enough to penetrate to the asteroid’s center will be feasible within the
foreseeable future.

Finally, an important question to address in the future is the abundance and role of water
in asteroids inside the snow-belt, including NEAs. The detection of subsurface water is a
challenge. Impactors might reveal subsurface water, if burial depths are comparable with
the depth of a crater that would be formed by impact. Seismometers, subsurface sounding
radar (Heggy et al. 2001), gamma spectroscopy and neutron spectroscopy might be able
to detect subsurface water if it is shallow and abundant enough. Returned samples might
contain water when analyzed by highly sensitive groundbased instruments.
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8 Concluding Comments

The explored asteroids have many properties in common, the most notable being their sur-
face features which are the result of long-term exposure to the space environment. All are
heavily cratered, the crater densities suggesting lifetimes for the surfaces of a few hundred
million to over a billion years. All have regoliths, which are usually thick and sometimes
enhanced by ejecta blankets. Often there has been a redistribution of regolith by cratering,
seismic shaking, or Yarkovsky forces. Other textural features such as grooves and ridges are
commonplace and sometimes seem to be the surface manifestation of global structures.

However, also noteworthy is the diversity of these asteroids. The choice of asteroids
for exploration reflects not just our interests and scientific priorities, but also our technical
capabilities. Thus they range from two dwarf planets, one with a core, mantle, and basaltic
crust, and one with primitive composition but possibly internally zoned by water content,
to tiny fragments that appear to be shards, or they are objects that are a little more than
rubble and also derived from bigger precursors. In between these extremes are objects much
smaller than Vesta but that were also primary planetesimals that formed at the time the solar
system formed and have been unaltered except for the surface processes mentioned above.
The sizes of the explored asteroids are fairly uniformally spread over the range 550 km to
less than 1 km. Nine have fairly similar spin rates (5—15 h) but three are slow rotators (Braile,
Mathilde and Toutatis). Most have simple spin with a wide variety of obliquities, but Toutatis
is tumbling. The slopes of the phase angle curves varies from ~ 70 % (Mathilde) to ~ 40 %
(Vesta), suggesting major differences in surface roughness, and surface compositions are
highly varied, one asteroid being a member of the C class (Mathilde), seven are various
sorts of S asteroid, Vesta is a V asteroid (basaltic) and Lutetia has a featureless spectrum,
and variously assigned to the C, D and E class, but probably best thought of as an E asteroid.
Over a thousand small grains were returned from Itokawa who properties resemble closely
those of the LL chondrite meteorites.

However, we have visited only a small sample of the material available in the form of
asteroids. Asteroid spectroscopy has allowed some authors to propose over 25 classes of as-
teroid with discrete spectra. For the S asteroids alone, our attempts to determine mineralogy
has resulted in seven subclasses many of which have no counterpart in the terrestrial or mete-
orite collections. At the same time, meteorite geochemistry, that is, mineralogical elemental
and isotope studies, has produced over 70 discrete types of material most of which has yet
to be linked unequivocally with asteroid types. In fact, while we celebrate the successes, the
truth is that attempting to link meteorites with asteroids still has a long way to go.

That said, the present author has identified three themes of especial interest, at least
to him, that we have discussed above. The number of asteroid-wide geological features,
scarps, grooves, fractures etc., suggest that in general, asteroids, except possibly Itokawa,
are not rubble piles. This is information about the interior of the asteroids that would not
have been possible without the missions. Their low porosity might be due to the presence of
considerable amounts of subsurface water rather than high porosities. The presence of water
inside the snow-belt is suggested by the growing number of active asteroids most of which
spend all of their time, or considerable time, inside the purported snow-line. Several lines of
evidence suggest a continuum of objects between comets and asteroids.

So, what the explored asteroids underscore once more is the strong interplay between
exploration and science, and that samples in our laboratories are critical to furthering our
understanding of the solar system we inhabit. The relationship between science and explo-
ration is one that extends back to the renaissance and whose history is peppered by giants,
like James Cook, Lewis and Clark, Alexander Humboldt, and Peter Simon Pallas whose
collections became the cornerstones of our national museums.
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So what of the future? It is the writer’s opinion that three themes of endeavor for future
asteroid research are important, the return of samples, investigations of asteroid interiors,
and the search for water. Astrobiologists would want to add, search for and identify organics,
but since this is extremely difficult to do by remote methods, this too will be an emphasis of
studies on returned samples.
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