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Galileo Encounter with 951 Gaspra: 
First Pictures of an Asteroid 
M. J. S. Belton, J. Veverka,* P. Thomas, P. Helfenstein, 

D. Simonelli, C. Chapman, M. E. Davies, R. Greeley, R. Greenberg, 
J. Head, S. Murchie, K. Klaasen, T. V. Johnson, A. McEwen, 

D. Morrison, G. Neukum, F. Fanale, C. Anger, M. Carr, C. Pilcher 
Galileo images of Gaspra reveal it to be an irregularly shaped object (19 by 12 by 11 
kilometers) that appears to have been created by a catastrophic collisional disruption of 
a precursor parent body. The cratering age of the surface is about 200 million years. Subtle 
albedo and color variations appear to correlate with morphological features: Brighter 
materials are associated with craters especially along the crests of ridges, have a stronger 
1-micrometer absorption, and may represent freshly excavated mafic materials; darker 
materials exhibiting a significantly weaker 1-micrometer absorption appear concentrated 
in interridge areas. One explanation of these patterns is that Gaspra is covered with a thin 
regolith and that some of this material has migrated downslope in some areas. 

O n  29 October 1991, the Galileo space- 
craft flew past 951 Gaspra at a distance of 
1600 km and obtained the first close-up 
views of an asteroid. Because Galileo's 
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high-gain antenna has not yet been de- 
ployed, it was planned to play back all of 
the Gaspra data to Earth using the smaller, 
low-gain antenna in November 1992 when 
the spacecraft returns for its final Earth $by 
on its way to Jupiter. However, analysis of 
telemetry and optical navigation pictures 
taken during the weeks before encounter 
demonstrated that knowledge of the space- 
craft and asteroid geometry had reached 
such high precision that the asteroid could 
be located in individual frames of the Solid 
State Imaging (SSI) camera. As a result, it 
was feasible to play back the relevant por- 
tions of four images at the available 40 bits - 
per second data rate in early November 
1991. These four images were taken in four 
different spectral bands (0.40, 0.56, 0.89, 
and 0.99 pm) within an interval of 25 s and 
represent the highest spatial resolution col- 
or data gathered by Galileo during its 
8-kmls flvbv. Thev were obtained at an . , ,  
average range of 16,065 km some 36 min- 
utes before closest encounter. In this article 
we summarize the major conclusions about 
the current state and past evolution of 
Gaspra that can be inferred from these data. 

Among the more than 5000 numbered 
asteroids, 951 Gaspra is a relatively small, 
highly elongated, object (1, 2) with an 
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average radius of about 7 km (3). It orbits - . , 
near the inner edge of the main asteroid 
belt (semimajor axis of 2.21 astronomical 
units) in the so-called Flora region. Its 
spectral properties observed from Earth 
place it in the S taxonomic class, the most 
common asteroid type in the inner half of 
the asteroid belt (4, 5). Surfaces of S-type 
asteroids are thought to be composed of 
varying proportions of olivine and pyroxene 
and iron-nickel metal, but there is debate 
about whether the S-asteroids are the par- 
ent bodies of the common ordinary chon- 
drite meteorites or whether they are 
geochemically differentiated bodies in 
which metal segregated from silicates dur- 
ing an early episode of heating and are the 
sources of the stony-iron meteorites (6). A 
prime goal of Galileo's encounter with Gas- 
pra and the possible encounter in 1993 with 
another S-type asteroid, 243 Ida, is to study 
two diverse S-types. Ground-based reflec- 
tance spectra show that Gaspra is an unusu- 
ally red, olivine-rich, S-type, suggesting 
that it is possibly a fragment of a differen- 
tiated body, whereas Ida is a more likely 
candidate for an ordinary chondrite parent 
body (1, 7, 8). 

The Flora region is densely populated 
with small, S-type asteroids, generally 
thought to be the fragments of one or more 
larger precursor asteroids smashed by cata- 
strophic collisions. Gaspra ought to be a 
collisional fragment, because rocky objects 
of its size have model lifetimes against 
collisional destruction much shorter than 
the age of the solar system (9-1 1 ) .  

Appearance, Size, and Shape 

Gaspra is revealed to be an irregularly 
shaped body with a conspicuously cratered 
surface, but one with a scarcity of craters 
larger than about 1.5 km in diameter. 
There are also hints of generally linear 
features at the limit of resolution (164 m 
per pixel; phase angle = 39"). The illumi- 
nated portion of Gaspra (Fig. l) ,  about 16 
by 12 km, displays an aspect consistent with 
Earth-based predictions based on light 
curve analyses, which yield a spin period of 
7.04 hours and a spin axis pointing in the 
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Fig. 1. (A) Galileo green image (1073160.65). Phase angle is 39"; resolution is 164 m per pixel. 
The sun direction is toward the right (compare with Fig. 2). (6) Outline of several prominent 
craters discussed in text. (C) Outline of some major ridges that define Gaspra's shape. Also 
indicated are two large limb concavities. (D) Location of some elongated depressions and 
lineations seen near the limit of resolution. 

Fig. 2. Galileo violet image (1073160.78) with 
superimposed shape model. Grid spacing is 
10". Approximate pole location shown is from 
Earth-based light curve observations (2), 
which suggest a prograde rotation for Gaspra 
(counterclockwise in this view) with a period of 
7.04 hours. The white cross marks the projec- 
tion of the model's center. The arrow at right 
points to the sun. 

direction right ascension = 9" declination 
= +28" (2). The asteroid's shape is defined 
by smooth, gently curving surfaces that 
intersect along ridges (Fig. 1C). Two large 
concavities dominate the limb; both have 
chords of about 8.5 km. or about 1.2 times 
the mean radius of Gaspra. 

We modeled the asteroid's shape (Fig. 2) 
by interactively matching the observed 
limb and terminator and using the pole 
orientation determined by Magnusson et al. 

(2) from the analysis of observed light 
curves. Appropriate modifications to the 
modeled shape were made to agree with the 
topography inferred from shading observed 
across the image. The dimensions of the 
model are 18.7 by 12 by 11 km. Because 
onlv 30% of the surface is in view and 
because there is no useful stereoscopic cov- 
erage, the model is not unique. Although 
knowledge of Gaspra's detailed shape and 
precise volume remains uncertain, the 
model is adequate for comparison with oth- 
er objects, and provides the initial informa- 
tion on local slopes needed for analysis of 
the photometric and color data. 

A n  alternative estimate of Gaspra's 
shape can be obtained from available light 
curve information (1, 2) and checked for 
consistency with the Galileo images. The 
asymmetric nature of Gaspra's light curve 
(distinctly uneven and variable minima) 
shows that Gaspra must be elongate and 
that one end is probably larger than the 
other. A cone model (Fig. 3) in which two 
hemispherical ends are joined by a taper- 
ing cylindrical section provides an excel- 
lent fit to the light curve data (13) and to 
the Galileo images. The dimensions of the 
cone model are scaled so that the spherical 
ends have diameters that are 0.25 and 
0.63 of the overall length. According to 
this model, Galileo would have viewed 
approximately the pointed end of Gaspra. 

Fig. 3. Alternate "cone model" of Gaspra. The 
contours, included to give an idea of the 
shape, are isophotes calculated using Hapke 
parameters determined by Mottola et a/. (13) 
in an investigation of the ground-based light 
curve. Small kinks in the isophotes are arti- 
facts induced at the join between the hemi- 
spheric ends and the truncated cone. In (A), 
the model is consistent with the observed light 
curve and the spin vector determined by 
Magnusson et a/. (2); it clearly gives an excel- 
lent account of the Galileo image. In (B), the 
spin pole has been moved 19" toward the 
west to give an improved account of the 
heightlbreadth aspect ratio seen in the image. 
The sun is toward the right. 

The remarkably good consistency of this 
analysis with the expectations based on 
the Earth-based predictions (2) suggests 
that the calculated rotation phase and 
period are essentially correct but that the 
pole direction may require a small adjust- 
ment (Fig. 3). A thorough analysis must 
await the receipt of images showing other 
aspects of the asteroid. 

On the basis of the above model, Gaspra 
has a mean radius (R,) of about 7 km, 
placing its size between those of the two 
small satellites of Mars: Deimos (R, = 6.2 
km) and Phobos (1 1.1 km) (3). In Fig. 4 we 
compare Gaspra's shape with those of other 
small bodies using as a simple measure of 
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Fig. 4. Comparison of Gaspra's limb rough- 
ness with those of other small bodies. RMS is 
the root-mean-square deviation of an ob- 
served limb profile from the best elliptical fit. 
For some objects, in addition to the mean 
values, we also plot the maximum observed. 
R,,, is the object's mean radius. Most of the 
data are from Thomas (14); the information on 
asteroids (other than Gaspra) is derived from 
observations of stellar occultations (48). 

roughness the root-mean-square (RMS) re- 
siduals of the best-fit ellipse to limb coordi- 
nates as a fraction of the mean radius (14). 
For Gaspra the RMS residual is 0.83 km, or 
about 11% of the mean radius. Small rocky 
and icy satellites have typical values of 4 to 
6%; the maximum observed is lo%, for one 
particular aspect of Phobos. Gaspra is the 
most irregular object yet observed, although 
its shape does fit the general trend, indicat- 
ed by Fig. 4, that small bodies tend to be 
more irregular than larger ones. That Gas- 
pra was far from spherical was already 
known from ground-based observations of 
the asteroid's large light curve amplitude, 
which reaches 1.1 mag (1, 2, 12). As a 
result of the asteroid's weak gravity, no 
useful constraints on the body's strength 
can be obtained from the observed topog- 
raphy (14). 

Craters 

The cratering record preserved on the as- 
teroid's surface provides important informa- 
tion on the object's collisional evolution 
and on the flux of impacting bodies in this 
part of the asteroid belt. About 60 craters 
can be identified in Fig. 1; 52 of them are 
larger than 330 m (about 2 pixels) in 
diameter. The two largest are about 1.3 and 
1.6 km across. Compared with most plane- 
tary satellites, Gaspra shows fewer craters 
per unit area; particularly noteworthy is the 
absence of intermediate and large craters (2 
to 6 km in diameter). For reasons discussed 
below, the two large concavities seen on 
the limb (Fig. 1C) probably cannot be 
considered as craters. 

The pixel size of 164 m prevents detailed 

Fig. 5. Cumulative crater frequency versus 
diameter measurements for Gaspra craters. 
The data are graphed on a log-log plot. A 
straight line fit to points for craters 400 m in 
diameter or larger has a slope of -2.7 with an 
estimated uncertainty of about 20.5.  See (19, 
24) for details. 

analysis of the morphology of even the 
largest crater b in Fig. 1B (about 1.6 km in 
diameter), but several characteristics can be 
noted. The 1.3-km-diameter crater (a in 
Fig. 1B displays subtle indications of a 
raised rim; crater b shows hints of rim 
segments. We estimated the depth of crater 
b, which we assume to be a circular crater, 
by using the aspect ratio of its long and 
short dimensions to determine incidence 
and viewing angles. The analysis yields a 
central depth of about 150 m, which is 
somewhat shallow for fresh craters of com- 
parable size on other objects. Crater a has a 
distorted outline, and is not amenable to 
this type of analysis. 

There are no obvious ejecta blankets in 
this image, and none are expected on aster- 
oids of this size. Few if any topographic 
expressions of ejecta blankets have been 
identified on small satellites, although 
albedo features apparently associated with 
ejecta have been detected on Phobos and 
Deimos (15-17). The albedo features asso- 
ciated with the ridge crest along which 
craters g and f (Fig. 1B) are located are 
similar to bright features on ridges on Pho- 
bos and Deimos, some of which are associ- 
ated with small craters (15, 18). A few 
structural features lie close to prominent 
craters. Examples include what may be a 
curved ridge outlined in Fig. 1C close to 
crater a and a curved depression near crater 
d (Fig. ID). 

Preliminarv crater counts (cumulative) 
are plotted i n ' ~ i ~ .  5. Counts i i  the diame; 
ter ranee between 0.4 and 1.5 km are most 
reliable; the measured slope of a power law 
fit over this diameter range is -2.7 with a 
likely uncertainty of 20.5 (1 9). The corre- 
sponding slope for a differential or incre- 
mental plot is -3.7. This range includes 
slope values that are similar to, or some- 
what steeper than, those considered in the 
most recent models (10, 11). A differential 

slope of -3.5 is expected for a collisionally 
relaxed population of impactors (20). The 
standard lunar cratering curve proposed by 
Neukum et al. (21) to apply to all solid 
surfaces in the inner solar system including 
the asteroids has a differential slope slightly 
steeper than -4 in the diameter range of 
observed Gaspra craters. 

Because of the relativelv low number of 
craters, we take the observed distribution of 
crater diameters to be representative of the 
production function of projectiles reaching 
Gaspra (-20 m in diameter and larger). 
There are no other direct observations of 
the population of main belt asteroids in this 
size range. Pre-encounter estimates of the 
numbers of such objects varied by more 
than four orders of magnitude (I 1). The 
observed slope of the power law relation 
supports views that cratering by small ob- 
jects is an important process in this part of 
the asteroid belt (22). The result is also 
consistent with the view that the similarly 
steep distribution for small lunar craters is a 
reflection of the size distribution of primary 
impactors and is not a result of secondary 
craters (23). 

If the ;wo 8-km features on Gaspra's 
limb profile are craters, the relative fre- 
quency of such giant craters would fall well 
above the trend suggested by the frequency 
distribution of the smaller craters. Howev- 
er, it is not likely that craters this large 
could form on a body as small as Gaspra 
without disrupting it. The concavities 
could be giant spa11 zones caused by impacts 
that would be expected to have disturbed 
Gaspra to considerable depth and possibly 
wiped out records of craters less than a few 
kilometers across. In such a case. Gas~ra's 
cratering age might be the time since the 
last such disruptive spallation event. 

Collisional and Surface Ages 

The Galileo data provide some constraints 
on models of collisions in Gaspra's part of 
the asteroid belt. We estimated a relative 
age for Gaspra's surface by comparing Gas- 
pra's crater population with that of post- 
mare craters on the moon. We calculated 
production rates for craters across 1 km on 
the moon and on Gaspra using (i) the 
known production rate of craters across 10 
km on the moon; (ii) the telescopically 
observed asteroid size distribution (extrap- 
olated conservatively and then augmented 
at small sizes by a steeper -3.5 differential 
slope, consistent with both the observed 
crater distribution on Gaspra and the lunar 
crater production function); (iii) the intrin- 
sic collision rate for Gaspra; and (iv) 
strength- or gravity-scaling for rock where 
appropriate to find ratios of projectile size to 
crater size. We estimate that the production 
rate for craters greater than 1 km in diam- 
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Table 1. Estimated normal albedos of selected materials on Gaspra. 

Flg. 6. (A) Enhanced color reconstructed from 
violet, green, and 1-p,m images. Color varia- 
tions are shown much more strongly than they 
would appear to the human eye, but this 
presentation provides a valid impression of 
the spectral variability of areas on Gaspra and 
of the relation of the color variations with 
topography. Some ridge areas and areas sur- 
rounding certain craters appear bluish in this 
presentation. Inter-ridge areas (local lows?) 
are darker and more red. That the observed 
color differences completely surround some 
craters demonstrates that these variations are 
not caused by inadequate removal of local 
slope effects in the analysis. (B) Terrain map 
showing distribution of three principal units 
defined on the basis of color-albedo proper- 
ties (see Table 1 and Fig. 7). 

eter on Gaspra is -50 times that on the 
moon (24, 25). Observing that Gaspra 
actually has only three or four times as 
many 1-km craters as the lunar maria (Fig. 
5) and taking the lunar maria to be 3.5 
billion years old, we conclude that Gaspra's 
cratering age is 200 million years (m-y.). 

The mean lifetime between catastrophic 
collisions for an object of Gaspra's size is 
estimated to be 500 m.y. (26). Thus, Gas- 
pra's apparent age is 40% (200 to 500 m-y.) 
of the expected lifetime of a body its size, 
and a reasonable assumetion is that Gasera 
attained its present form through the cata- 
strophic collisional disruption of a precursor 
body in the Flora region of the asteroid belt. 

Gaspra's model lifetime could be as old 
as many billions of years (dating it back to 
the epoch of the Late Heavy Bombard- 

Area Violet Green Near-infrared 1 ~m 
(0.40 ~ m )  (0.56 pm) (0.89 pm) (0.99 pm) 

Global mean 0.19 2 0.04 0.27 2 0.05 0.29 2 0.05 0.28 2 0.03 
Brighter 0.21 2 0.02 0.30 * 0.03 0.31 2 0.03 0.29 2 0.02 
Average 0.20 * 0.03 0.28 2 0.05 0.30 2 0.05 0.28 2 0.05 
Darker 0.1 5 * 0.02 0.21 2 0.03 0.23 0.02 0.22 2 0.03 

ment) if the asteroid's interior is much 
stronger than rock, as could be true if it has 
the inherent strength of ductile metal. The 
deduced cratering age could also be corre- 
spondingly older if Gaspra has a strong 
metallic surface. On the other hand, Gas- 
pra's surface could be younger than 200 
m.y. if the number of projectiles of several 
tens of meters size is more numerous than 
we assumed. The estimates of cratering age 
and mean lifetime given above are conser- 
vative and for the assumption that the 
asteroid has a rocky composition. No mea- 
surements of Gaspra's density are available 
to constrain its bulk mechanical properties. 

Regolith Evolution 

On larger bodies ejecta produced during 
cratering events can lead to the accumula- 
tion of significant regoliths. But what about 
a body as small as Gaspra? Gaspra's surface 
morphology appears subdued. The ridges 
that define the asteroid's shape have a 
smooth appearance reminiscent of bodies 
with deep fragmental surface layers, or re- 
golith. Many tens of meters of regolith 
might be required to smooth out surface 
relief to the degree implied; however, cal- 
culations suggest that bodies as small as 
Gaspra, if made of competent rock, will not 
retain such depths of regolith (27, 28). 

It is likely that surface gravity on Gaspra 
is about 1 cm s - ~  and that the escape 
velocity is less than 10 m s-'. Models 
suggest that Gaspra is sufficiently small that 
virtually all of its ejecta would escape to 
space, provided that impacts occur into 
strong rock or metal. Calculations predict 
that regoliths will be < 1 mm thick for such 
cases if the surface were originally free of 
regolith (29), but these predictions are 
uncertain, as there are inadequate experi- 
mental data on low-velocity ejecta (few 
meters per second). Strain-rate scaling of 
rock suggests that perhaps half the ejecta 
from the few largest craters on Gaspra 
might be retained; if so, perhaps a couple 
meters of regolith could be produced (30). 

If Gaspra is made of weak, cohesionless 
material (or had an original blanket of 
regolith) so that cratering is in the gravity- 
controlled regime [as in (27), applied to 
the Martian satellites], half or more of the 
ejecta could be retained from impacts of 
all scales. By analogy with Phobos and 

Deimos, perhaps 10 to 20 m of regolith 
could eventually develop on a weak Gas- 
pra. However, because of its comparative- 
ly young cratering age (40% of collisional 
lifetime), the regolith depths developed to 
date would be less than half of these 
deeths. Even with 100% eiecta retention. 
the observed production population of cra- 
ters on Gaspra (extended to the sides of 
Gaspra we have not yet seen) can account 
for only several meters of globally distrib- 
uted ejecta; we would have to appeal to 
large craters on the unseen portions of 
Gaspra to produce enough ejecta volume 
for a regolith thick enough (many tens of 
meters) to subdue morphologic features. 
As discussed in the following section, the 
distribution of colors and albedo variations 
on Gaspra suggests that some regolith has 
been retained. It has also been suggested 
that Gaspra's softened morphology may be 
due to erosion caused by the relatively 
high abundance of small impactors (steep 
production function), as previously mod- 
eled in the lunar context (31). 

Regolith: Albedos and Color 

The surface of Gaspra exhibits subtle, but 
spatially coherent albedo and color varia- 
tions (Fig. 6A). We determined colors and 
albedos from images calibrated using in- 
flight dark current and preflight radiometric 
calibration and blemish files (32, 33). Ac- 
curate measurements of local surface albe- 
dos require knowledge of Gaspra's shape to 
determine local aneles of incidence and 

u 

emission. For this analysis, we used the 
shape model shown in Fig. 2 (34). 

Image ratio analysis distinguishes at 
least three widely distributed materials 
that correlate spatially with identifiable 
geological features (Fig. 6, A and B). 
"Brighter" deposits surround some craters 
and are characterized by ratios of 1 km to 
green radiation about 5% below the global 
mean. Variegations of similar materials at 
spatial resolutions too small to reveal pos- 
sible central craters mottle Gaspra's ridg- 
es. A second material, visible as diffuse 
"darker" regions covering several major 
interridge facets of Gaspra's surface, is 
distinguished by ratios of 1 km to green 
radiation about 4% above average. By far 
the most widespread material on Gaspra's 
surface is intermediate in albedo and color 
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Fig. 7. (A) Normal albe- 
dos of Gaspra terrains. 
Our value for the aver- 
age normal albedo 
(0.27) for the surface is 
slightly higher than the 
0.2 to 0.22 value for the 
geometric albedo quot- 
ed by Goldader et a/. 
(46). The difference may 
reflect remaining uncer- 
tainties in the absolute 
calibration of the SSI 
camera but could also 
be explained in part in 
terms of expected differ- 

I I l l ,  

0.20 

Global mean 
Darker 

0.15 0 Average 
A Brighter 

u ences between the nor- t o  I I 4 
ma1 and geometric albe- 0.5 1 .O 0.5 
dos of S-tv~e asteroids Wavelength (pm) Wavelength (pm) 

(34). (B) Gaspra terrain 
albedos plotted relative to average global values (compare with Table 1). Table 1 lists the 
calculated average normal albedos of each terrain unit with la standard deviations (34). The large 
(210%) standard deviations probably result from the wide distribution of actual local slopes around 
those predicted by our shape model. 

and nearly identical to the average global 
albedo and color of Gaspra. These three 
materials are labeled "brighter," "darker," 
and "average" in Fig. 6B. 

The unit map of Fig. 6B was used to 
isolate radiance factors of the three terrain 
materials, and the corresponding photo- 
metric geometries were calculated from the 
shape model and known directions of the 
sun and spacecraft. Gaspra's properties are 
consistent with those of a lunar-like photo- 
metric behavior. ex~ected for a surface 
covered by a relatively dark, highly tex- 
tured material (35). The observed behavior ~, 

is consistent with, but does not necessarily 
require, the presence of an optically thick 
layer of regolith. Gaspra's albedo is relative- 
ly uniform (Table 1); however, variations 
of some 10 to 20% occur and correlate with 
the small but definite color variations, as 
well as with surface morphology. Average 
materials are only a few percent higher in 
albedo than Gaspra as a whole and have the 
same spectral character (Fig. 7), exhibiting 
a ~rominent 1-um absor~tion attributed to 
tLe presence of blivine aid,  perhaps, pyrox- 
ene (36). "Darker" materials are about 20% 
lower in albedo and exhibit a significantly 
weaker 1-km absorption. In contrast, 
"brighter" materials are about 10% higher 
in albedo, have a stronger 1-km absorp- 
tion, and an overall tendency to be slightly 
less red. The spectral and albedo properties 
of "average" materials cannot be modeled - 
by any simple areal mixture of "darker" and 
"brighter" materials. However, "average" 
materials may simply be an intimate parti- 
cle mixture of the "darker" and "brighter" 
components, or represent a mixture in 
which at least one of the components has 
undergone optical alteration. The varia- 
tions observed on Gaspra are much smaller 
than differences between rocks and optical- 

ly mature lunar soils (37). The observed 
color-albedo trends could be related to dif- 
ferences in average particle size (38). An- 
other viable explanation is that fresher, 
more mafic materials are exposed near cra- 
ters and ridges, perhaps a result of the 
downhill migration of regolith. Regolith 
accumulations would occur in the lower, 
darker areas. Even on irregular bodies, ridg- 
es tend to be regions of high gravitational 
potential, and intervening areas tend to be 
gravitational lows (14, 16). Some minor 
optical maturation process may be in- 
volved, even though it has been argued that 
such processes should not be effective on 
asteroid-sized bodies (27, 39). Qualitative- 
ly, at least, the lower albedo and weaker 
1-gm band of dark materials are consistent 
with shock alteration of chondritic materi- 
als (40) or an enhanced metallic compo- 
nent (41). 

Studies of Phobos and Deimos provide a 
useful basis for interpreting the spatial dis- 
tribution of albedo and color variations (1 5, 
17, 18). Deimos exhibits higher albedos on 
local highs (ridges), and albedo streamers 
penetrate into local gravitational lows. 
These streamers are interpreted as expo- 
sures of optically fresher material from the 
ridges; attendant lateral transport and 
downslope movement has concentrated the 
more altered materials in the gravitational 
lows (42). Similar bright materials occur on 
crater rims on Phobos (1 5, 18). This distri- 
bution suggests that a thin surface layer has 
been removed and an optically different 
substrate has been exposed (1 7). Similar- 
ly, on Gaspra, the materials with the 
strongest mafic absorptions are located on 
the ridges, and the materials with the 
weaker mafic absorptions are on interridge 
slopes. Downslope movement of altered 
material, due to thermal creep or to im- 

pact-induced erosion and redistribution of 
regolith, could expose the less optically 
altered material on ridges. 

Other Surface Features 

In addition to craters, other surface features 
are evident in the Galileo images. Al- 
though at the limit of resolution. several of - 
the features occur in at least two separate 
images of the sequence and must therefore 
be real. Most conspicuous are a number of 
linear features some 200 to 400 m wide and 
up to several kilometers long, a few of 
which are outlined in Fig. ID. At the 
available resolution, it is uncertain whether 
they are trough-like in morphology or 
whether they represent almost coalescing 
elongated depressions. They could be simi- 
lar to grooves seen on Phobos (43). If they 
are grooves, they. are likely evidence of 
nearly catastrophic impacts (44). A few of 
the linear features are distinctly curved. 
One of these, among the most conspicuous, 
may be associated with a prominent crater 
(d in Fig. 1 D) . 

Outstanding Questions 

No evidence for any satellite of Gaspra was 
found in any of the four images. No indi- 
vidual pieces of orbiting debris were evident 
down to a size limit of 27 m in radius (with 
Gaspra-like photometric properties). No 
evidence of any cloud of debris was found. 
The search covered the region from about 
100 to 200 m above Gaspra's surface out to 
about 10 asteroid radii, only a tiny fraction 
of the zone of potential dynamical stability 
estimated by Hamilton and Burns (45) to 
cover a volume of 450 by 450 by 210 
asteroid radii. The remaining images stored 
on the tape recorder will allow examination 
of a much wider region. 

In part for reasons of mission safety, the 
Galileo flyby distance at Gaspra was too 
large to allow a determination of the aster- 
oid's mass (47). Thus, even after a better 
volume estimate is obtained after playback 
of the remaining imaging data, the aster- 
oid's mean density will remain undeter- 
mined. The strongest clues to the resolu- 
tion of the S-asteroid debate might come 
from the results of searches for marked 
compositional heterogeneity across the as- 
teroid's surface. Kev to this search are the 
spectral data obtained by the Near Infrared 
Imaging Spectrometer (NIMS) instrument, 
most of which remain to be played back. 
Although of limited spatial resolution, 
these data, which cover the spectral range 
between 0.7 and 5.2 km, can be used to 
test the compositional homogeneity of Gas- 
pra on scales comparable to about half a 
hemisphere. The imaging data, although of 
less detailed spectral resolution, can be used 
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to test for color differences between 0.4 and 
1.0 pm on kilometer scales (or better) over 
most of the asteroid's surface, on the basis 
of color information obtained by the cam- 
era on approach to Gaspra over a whole 
rotation period of the asteroid. These im- 
ages, which remain to be played back, will 
also enable a direct measurement of Gas- 
pra's spin state (pole orientation and spin 
period) and provide better determinations 
of the asteroid's overall shape, size, and 
volume (49). 
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