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On 25 October 2000, the Near Earth Asteroid Rendevous (NEAR)-Shoemaker 
spacecraft executed a low-altitude flyover of asteroid 433 Eros, making it 
possible t o  image the surface at  a resolution of about 1 meter per pixel. The 
images reveal an evolved surface distinguished by an abundance of ejecta 
blocks, a dearth of small craters, and smooth material infilling some topographic 
lows. The subdued appearance of craters of different diameters and the variety 
of blocks and different degrees of their burial suggest that ejecta from several 
impact events blanketed the region imaged at closest approach and led t o  the 
building up of a substantial and complex regolith consisting of fine materials 
and abundant meter-sized blocks. 

Data obtained during the early phases of with regolith (2) and contained hints that the 
NEAR'S orbital mission answered many first- regolith is complex. To better understand the 
order questions about the global and regional processes that have shaped the surface of 
characteristics of asteroid 433 Eros (1) .These Eros and determined the characteristics of its 
data confirmed that the surface is covered regolith, higher resolution images were 

needed. 
On 25 October 2000, the NEAR space- 
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4"S, 45"W. Closest approach (19.9'S. 
27.S0W) occurred at an altitude of 6.43 km 
(with a resolution of about 1 m per pixel). 
The solar phase angle at closest approach was 
97" (4) .  The only con~parable data for airless 
bodies are images of the moon and the Mars 
satellite Phobos (5) .  

Our images reveal a complex surface 
marked by diverse el-idence of regolith. a 
dearth of small impact craters. and an abun- 
dance of positive relief features (PRFs), most 
likely ejecta blocks (Fig. 1).  The high-reso- 
lution images cover cratered terrains on Eros -
and do not cross into the two major depres- 
sions on the asteroid: the 9.4-km saddle 
Himeros and the 5.2-km crater Psyche ( I ) .  
The images show a subdued, gently undulat- 
ing surface characterized by abundant blocks 
and conspicuously degraded craters. Many of 
the degraded craters show ev~dence of infill- 
ing A novel feature is the occurrence of' 
smooth flat areas (hereafter referred to a5 

ponds) in the interiors of certain craters (Fig 
2). features that to our knouledge hate not 
been noted before in images of Phobos or ot 
Deimos ( 5 ) .No other asteroid has been 1111- 
aged at comparable resolution. The region of 
h~gh-resolution cokerage IS  crossed in a feu 
places by linear depress~ons ("groo\es"). 
which can be traced out in previous lowcr 
resolut~on images 

Color obserlations obtained durrng the 
LAF show no difference betn een the color s 

of blocks and those of the surrounding rego- 
lith Lower resolution Images had shown al- 
bedo and color differences associated \+it11 
steep slopes III certain legions espec~allt 
wthin  the crater Psyche and the saddle 
H~meros( 6 )  Two sets of three-color imager 
at 550 760, and 950 nm nere acquired during 
the low-altitude flyo\er ( ' )  One of the 'Ited. 
contains a large number of boulders and b e \  -
era1 sinooth pond deposits. Most boulders in 
the size range of 5 to 10 m sholv no color 
difference from the background regol~th. n 
finding consistent with results for larger boul- 
ders (-50 m) from earlier data obtalned dur- 
ing the 50-km orb~ t  ( 6 )  The ponds, on nlel- 
age, hate  a slightlq h~gher  560 760-nm t ~ t t o  
(0 69 \ersus 0 67) and a slightly lower 950 
760-nm ratio (0  94 tersus 0 95) but the dlt- 
ference 1s \e ly  small and ma! not be r1y111t- 
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Fig. 1. Typical seg- 
ment of LAF cover- 
age (right) centered 
at (24.1"s. 19.2"W). 
The region (left) is 
located in the vicini- 
ty of crater Selene 
(which is about 3 km 
in diameter) and is 
representative of the 
cratered terrains on 
Eros. The closeup 
view at  right is a mo- 
saic of four frames at 
mission elapsed time 
(MET) 147953203 
to 147953253 s and 
has a scale of about 
1.2 m per pixel. The 
context view at left 
is a mosaic of frames at MET 145906548 to 

icant because of our very limited sample. We 
conclude that on average, the boulders, and 
probably the ponds, share the color properties 
of the background. One explanation of the 
homogeneous color properties observed to 
the smallest scales is that this entire region is 
covered with at least an optically thick (tens 
of microns or more) homogeneous layer of 
fine dust. 

The high-resolution images are dominated 
by an abundance of PRFs, which are inter- 
preted as ejecta blocks derived from cratering 
events on Eros. The abundance of presumed 
ejecta blocks was already noted (I)  on the 
basis of medium-resolution images (-20 m 
per pixel). The LAF images show that blocks 
down to a meter in size are a dominant fea- 
ture of the Eros landscape. The LAF coverage 
includes two blocks over 50 m across (but 
less than 15 m high) near the edge of Shoe- 
maker Regio (20°S, 330°W), an area of very 
abundant blocks (I). The number of blocks 
increases rapidly as the diameter of the 
blocks decreases. The size distribution of 
blocks is described adequately by a power 
law with a slope of about -3 on a cumulative 
plot. At scales of 3 to 5 m, there are about 100 
times more blocks than there are impact cra- 
ters (Fig. 3). 

The areal density of blocks is non-uniform 
in the high-resolution coverage; the primary 
concentrations occur in association with the 
crater Psyche (5.2 km across) and with the 
depression Shoemaker Regio (7 km across). 
The maximum density of blocks greater than 
8 m in diameter observed in the LAF cover- 
age is 99 per square kilometer; the least is 
about 6 per square kilometer. We estimate 
that there are on average about 25 blocks 
larger than 8 m across per square kilometer in 
this region of Eros and probably 500 times as 
many blocks larger than 1 m across. Craters 
larger than about 150 m in diameter are ex- 
pected to produce blocks as large as 8 m (8). 

The blocks display a wide range of mor- 
phologies and of apparent depths of burial. 

Fig. 2. Examples of flat-floored sediment ponds. Most often (bottom row) such features are found 
on crater floors, offset from the crater center toward the downslope side. Similar flat floor areas 
occur in noncrater depressions on Eros (top row). The flatness of the deposits suggests that 
fine-grained materials are involved. Because of regional slopes, the gravitationally lowest point 
within a small crater need not coincide with the center of the crater interior. Images used are at 
MET 147932871 s (top left). 147933203 s (top right), 147933303 s (bottom left), and 147934153 
s (bottom center and right). 

Our data suggest that the presumed ejecta 
blocks have a variety of mechanical compe- 
tence. Some blocks display a marked angular, 
and in a few cases slablike, appearance sug- 
gestive of competent material. Others are 
much more rounded and even clumplike, 
shapes that are consistent with weaker mate- 
rials. There is no strong correlation between 
block morphology and size. Occasionally, 
blocks appear to cluster on the surface (Fig. 
1, bottom). Some blocks cluster near the rims 
of craters, and there may be alignments of 
ejecta blocks, but the high-resolution cover- 

age is too restricted to support statistical tests 
of this suggestion. There is also a wide range 
of apparent degree of burial of the blocks. 
Although some of the most conspicuous 
blocks seem to be perched on the surface, 
others are buried to various degrees in a finer 
regolith. If one assumes that on average ejec- 
ta blocks are equidimensional, then the ratio 
of observed width to height (measured from 
shadows) gives a measure of burial depth. 
Typically, for blocks having widths in the 
range of 8 to 30 m, measured heights are 
about 0.7 of the width, suggesting depths of 
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burial from 2.5 to 10 m. Smaller blocks may posures remains elusive, though it cannot be impact events on Eros. Blocks in the size 
be buried relatively more deeply than larger ruled out everywhere on Eros. Although the range of 10 to 30 m are expected to be 
blocks, judging from somewhat smaller surface nearly ubiquitously displays blocks, produced copiously during the formation of 
heightlwidth ratios mcasured for the smaller filling of craters, groove forms, slumps, talus, craters 200 m to 1 km in diameter or larger 
blocks, which suggcsts that this region was 
covered with several meters of ejecta in a late 
event that affected the area. It is not known 
whether the underlying surface is consolidat- 
ed or not. 

Some of the block clusters may indicate 
the breakup of a clump of ejecta on impact 
with the surface. However. no secondary pits 
or gouges havc becn noted nor has evidence 
been found of boulders rolling on the surface, 
though these phenomena are also rare or ab- 
sent on Phobos and Deimos (5). A few of the 
larger blocks are surrounded by debris 
aprons, suggesting that some erosion or dis- 
integration occurred during or after emplace- 

and smooth deposits, no clear mechanical 
contrast of surface materials with deeper sec- 
tions is suggested by crater morphologies. In 
all of the NEAR images, none of the craters 
shows the concentric or flat-floored morphol- 
ogy indicative of excavation through me- 
chanical discontinuities that has been ob- 
sewed on the moon and on Phobos (5, 10). 
This evidence for gradational changes of 
properties with depth may indicate that only 
poorly defined boundaries exist between sur- 
ficial loose material and deeper materials. 
Additionally, no clear outcrops of distinct 
materials are seen in the LAF or other imag- 
es; only rare, approximate alignments of 

(8) .  Thc variety of blocks and of their degree 
of burial suggest that the surface is the result 
of multiple events that deposited ejecta into 
this region and led to the buildup of a heter- 
ogeneous regolith consisting of fine materials 
and abundant sizeable blocks. 

The abundance of ejecta blocks on Eros 
might be explained in at least two ways. First, 
it is possible that blocky ejecta from impacts 
may be formed more readily on a small body 
because less work is required to excavate 
fragmented materials. Almost certainly, such 
blocky ejecta will be dispersed more widely 
than on a larger body. Second, it is possible 
that because of its extended collisional histo- 

ment. The examplc shown in Fig. 4 indicates blocks are seen that do not resemble outcrops ry, Eros may be an inherently fractured body 
that erosion of relatively fine material from and that occur in settings indicative of blocks (11). 
the boulder occurred after the formation of resting on other units. The fine textures (at Craters as small as about 20 m in diameter 
the flat sedimentary fill on the crater floor -2 to 3 m scale) suggested in many of the can be studied in detail in the LAF area, and 
and that the material eroded by impacts or LAF images, at the practical limit of resolu- they display a broad range of morphologies 
possibly by thcrmal fracturing was separated tion, are consistent with forms on loose ma- reflecting a spectrum of degradation states (Fig. 
from the block at low velocity ( 9 ) .  terials, especially if reflecting large numbers 5). Most craters are subdued and display evi- 

Although there is abundant evidence of of very small blocks or clumps. dence of infilling. A few craters display prom- 
regolith features. evidence of "bedrock" ex- We interpret the blocks as ejecta from inent shadows in their interiors and allow mea- 

surement of the de~th-to-diameter ratio. A con- 
sistent maximum depth (d)  to diameter (D) 
ratio of dID - 0.2 is found for such craters over 
the diameter range of 20 to I00 m; this ratio is 

Diameter (km) 

Fig. 3. Abundance of craters and boulders as a function of diameter D in the LAF region. This log-log 
R plot shows the numbers of craters and boulders on selected regions of Eros as a function of D. 
Differential frequencies (craters or boulders per square kilometer per kilometer increment of 
diameter) are divided by D -3, so that spatial density increases upward toward saturated densities, 
shown approximately by the horizontal dashed line; saturated craters on the lunar maria approx- 
imately follow this line for diameters smaller than a few hundred meters. Data from the LAF images 
are shown by the larger symbols; the smaller symbols show counts from earlier high-resolution 
images taken during orbits at  an altitude of 35 km. Open circles are craters; solid noncircular 
symbols (different shapes indicate different localities on Eros) are boulders and other PRFs. The 
densities of boulders and PRFs vary appreciably. Error bars reflect only counting statistics. 

Fig. 4. Large block with debris apron. The prom- 
inent angular block (25 m long) sits on the floor 
of a shallow degraded crater 175 m in diame- 
ter. A debris apron extends about 5 m from the 
base of the block. There is an extensive flat area 
of sedimentary f i l l  in this crater, similar t o  the 
sediment ponds shown in Fig. 2. This is a two- 
frame mosaic at  MET 14953453 and 14953478 
s. The block is at  20.3S0, 27.3OW. 
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identical to that found for fresh craters on the 
moon (12) and is comparable with values found 
for other asteroids (I).  

Crater counts reveal a paucity of small 
craters as compared to expected extrapola- 
tions from larger crater sizes or from what is 
observed on the moon (13). Although the 
surface of Eros is observed to be close to the 
empirical saturation limit for craters in the 
diameter range of 500 to 1000 m (Fig. 3), the 
surface density of craters 30 m in diameter is 
a factor of 10 below this limit; for craters 
3.5 m in diameter, the depletion exceeds a 
factor of about 100. There are about 200 
craters larger than 3.5 m in diameter per 
square kilometer in the LAF area. On Phobos, 
in the vicinity of the large crater Stickney, the 
density of craters 30 m in diameter is only 
slightly higher than on Eros (5). 

It is difficult to explain the scarcity of 
small craters on Eros. There are sufficient 
projectiles in near-Earth space to produce 
small craters. Therefore, there must be a pro- 
cess that covers or erodes small craters on 
Eros much more effectively than is the case 
on the moon, or else we are seeing Eros soon 
after an impact event that deposited ejecta 
over the LAF region. One degradational pro- 
cess that ought to be much more efficient on 
a small body such as Eros as compared to the 
moon is seismic shaking of the surface after 
impacts (14). 

A single blanketing event by ejecta would 
destroy all craters smaller than a threshold 

areas occur preferentially on the downslope 
side of the crater, suggesting that regolith 
movement is implicated. However, the cra- 
ters with flat floors do not show any notice- 
able morphology or albedo evidence of 
downslope movement on the crater walls, and 
the boundaries between the flat floors and 
crater walls are often very sharp. No signifi- 
cant color differences between the flat floor 
materials and the crater walls have been de- 
tected. No analogous features have been 
identified in comparable images of Phobos. 

A characteristic of the flat floor ponds is 
that they typically occupy about one-third of 
the diameter of the parent crater in craters 
ranging from 20 to 300 m. Assuming a likely 
shape for fresh craters, a simple calculation 
indicates that craters in this size range have 
depths of ponded materials equal to about 5% 
of the crater diameter (15). Thus, the depth of 
material represented by such ponds is rela- 
tively small and non-uniform, ranging from 
about 1 m for a 20-m crater to about 5 m for 
a 100-m crater. The actual amounts may be 
much less because the craters were probably 
degraded by a combination of impact erosion 
and ejecta blanketing before the flat-floor fill 
was emplaced. The observation that craters in 
the same area have different depths of ponded 
material and that this depth is a definite func- 
tion of crater size rules out the hypothesis that 
these ponds represent concentrations of a uni- 
form widespread ejecta cover from one or 

size in an area, preserve somewhat larger 
craters in a degraded state, and have a mini- 
mal effect on the largest craters. The gradual 
depletion of craters with diameters smaller 
than 100 m argues for a continuous process of 
degradation and erasure. In addition to blan- 
keting by ejecta from a series of impact 
events and possibly the effects of associated 
seismic shaking, other degradation processes 
such as microcratering and thermal creep 
could play a role (9) .  

On Eros, distinctive flat floors are seen in 
many craters less than 300 m in diameter 
(Fig. 2). These features do not resemble flat- 
floored or bench craters on the moon or 
Phobos (5) that have been interpreted as the 
result of impact on a regolith underlain by a 
harder substrate. Larger, flat-floored craters 
on the moon have in some instances been 
attributed to seismically induced mass wast- 
ing (14); these have floors that appear less 
smooth than the Eros ponded materials. On 
Eros. smooth flat floors tend to occur in 
craters that appear morphologically substan- 
tially degraded; if they were exposures of a 
harder substrate, they would be most com- 
mon in the least degraded craters. 

The accumulations of ponded materials 
are sometimes offset from the center of the 
crater in which they occur. In areas with 
well-determined regional slopes, the flat floor 

Fig. 6. Region near 52'5, 
332"W crossed by groove- 7 
like linear troughs. Atso - 
prominent in this view are 

- 
two very large (50-m) 
blocks. This is a mosaic 
from frames MET 147952- 
013 to 147952069 s. i-; 

i- - 
r-*  
f -' 

Fig. 5. Range of crater morphologies. Measure- 
ments show that the craters with prominent 
shadows have dl0 ratios of about 0.2, a value 
similar to that of fresh lunar craters. Most 
craters, however, are very shallow and display a 
degraded appearance. At top is a region at 26.7'5, 
13.7"W (MET 147953078 s). At bottom is a re- 
gion at 58.2"5, 14.3"W (MET 147949633 s). 
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more cratering events. It is perhaps signifi- 
cant that morphologically similar smooth, 
flat-floored areas of presumably ponded ma- 
terials are seen in some other (noncrater) 
depressions on Eros (Fig. 2). Evidently there 
is an effective process on Eros that separates 
fine-grained materials from coarser regolith. 
Either this same process or another mecha- 
nism is able to transport the fine-grained 
materials over considerable lateral distances 
(16) .  

Some linear features, mostly grooves, pre- 
viously identified in lower resolution images, 
can be found in the high-resolution LAF cov- 
erage as elongated depressions some tens of 
meters in width (Fig. 6). They are subtle 
depressions up to 25 m in depth (measured 
from shadows) with varying widths and 
amounts of asymmetry in profiles. Many 
have v-shaped cross sections indicative of the 
collapse of loose materials. Although some 
have superposed craters, indicating consider- 
able age. other sections have sharp slope 
intersections and well-defined crests that may 
be younger. As with grooves on other bodies 
( 1 7 ) , their ultimate origin may be related to 
fractures in a more solid interior, but their 
surface expressions are controlled by the 
properties of loose materials, which may 
have been disturbed and in effect partially 
refreshed, multiple times while some other 
crater-induced degradation has occurred. 

The LAF images provide evidence that 
Eros has a widespread regolith, typically sev- 
eral tens of meters in thickness. Exceptions 
may occur, especially locally on steep slopes 
(18). Similar indications of thick regoliths on 
small bodies have been deduced from space- 
craft investigations of the tiny moons of 
Mars, Phobos and Deimos (5),and of aster- 
oids 243 Ida (19)and 253 Mathilde (20). 
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During the Near Earth Asteroid Rendezvous (NEAR)-Shoemaker's low-altitude 
flyover of asteroid 433 Eros, observations by the NEAR Laser Rangefinder (NLR) 
have helped to characterize small-scale surface features. On scales from meters 
to hundreds of meters, the surface has a fractal structure with roughness 
dominated by blocks, structural features, and walls of small craters. This fractal 
structure suggests that a single process, possibly impacts, dominates surface 
morphology on these scales. 

The NEAR-Shoemaker mission (1) has mea- 
sured the shape of asteroid 433 Eros from 
orbit with a laser altimeter ( 2 ) ,enabling quan- 
titative assessments of the asteroid's surface 
morphology at scales of hundreds of meters 
to kilometers (3). Previous results from the 
NLR (4)  suggested that Eros IS a consolidat- 
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ed object whose shape is dominated by col- 
lisions. Clustered steep slopes, beyond ex-
pected angles of repose, are present over 
-2% of the surface area (4). During the 
low-altitude flyover of Eros on 26 October 
2000, simultaneous observations with the 
NLR and the multispectral imager (MSI) 
were obtained at a spatial resolution of -1 m. 
which is at least three times the resolution 
achieved previously (5). 

Dunng the flyover, the NLR was operated 
continuously at a 2-Hz pulse repetition frequen- 
cv. The NLR range vrecision is -1 m, and the - .
NLR boresight direction. which is illuminated 
by the laser, is close to the center of the MSI 
image field of view (3. 6-8). As the Wrfacc 
moves past the instrument boresight (owing to 
orbital motion, asteroid rotation, and spacecraft 
maneuvers), the laser spots trace out a track 
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