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The first images of the asteroid 243 Ida from Galileo show an irregular object measuring 
56 kilometers by 24 kilometers by 21 kilometers. Its surface is rich in geologic features, 
including systems of grooves, blocks, chutes, albedo features, crater chains, and a full 
range of crater morphologies. The largest blocks may be distributed nonuniformly across 
the surface; lineaments and dark-floored craters also have preferential locations. Ida is 
interpreted to have a substantial regolith. The high crater density and size-frequency 
distribution (-3 differential power-law index) indicate a surface in equilibrium with sat- 
urated cratering. A minimum model crater age for Ida-and therefore forthe Koronis family 
to which Ida belongs--is estimated at 1 billion years, older than expected. 

T h e  five images of 243 Ida ( I ) ,  returned 
after Galileo's 28 August 1993 encounter 
with the asteroid (2 ) ,  allow a preliminary 
characterization of its global properties and 
its surface geology. In comparison with 951 
Gaspra, the first asteroid encountered by 
Galileo (3, 4), Ida is more than twice as 
large, spins twice as fast, has a much higher 
pyroxene/olivine ratio, and is a member of 
the Koronis family, a well-defined, populous 
group of asteroids with similar orbital prop- 
erties. The spacecraft's Solid-State Imaging 
(SSI) system (5) acquired a total of 150 
images comprising 18 different views of the 
asteroid (many through multiple filters). 
The first five frames that show Ida are part 
of a high-resolution mosaic (Fig. 1) taken 
with no filter ("clear" filter) between 4 and 
2.5 min before encounter, while the space- 
craft was between about 3800 and 3100 km 
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from Ida. The solar phase angle varies in these 
frames from 48" to 60°, and the surface reso- 
lution varies from 38 to 31 m Der ~ixel .  In one 

L .  

area, there is substantial overlap between two 
of the images, which provides an 8-km swath 
of stereoscopic coverage at a convergence an- 
gle of about 10". The purpose of this article is 
to present our preliminary analysis of this 
mosaic; although many of the features we 
discuss may be seen in our illustrgions, others 
were studied with image processing tech- 
niques and may not be readily apparent in 
these pictures. 

Rotation and General Appearance 

As expected from telescopic observations, 
Ida shows an irregular, elongated shape. A 
56 km by 24 km by 21 km ellipsoid roughly 

fits the visible limb and terminator, -5% 
larger than ground-based estimates. This 
model shows root-mean-square (rms) devi- 
ations with respect to the visible limb of 2 2  
km or 14% of the mean radius. There are no 
obvious indications of a large-scale binary 
or compound structure, and it appears, as 
seen from this side, as though it could be a 
coherent, single body; on the other hand, it 
is highly angular, obviously modified by 
impact processes, and shows lineaments 
that could indicate fractures. The appropri- 
ate rotation   ole ( 6 )  can be immediatelv . , 
selected from the two ambiguous poles de- 
termined from ground-based data by Ida's 
shape and orientation (Fig. 2). Although 
these images cover only 1.9" of rotation, 
displacement of shadows in overlap regions 
already confirms retrograde rotation. The 
landscape of the eastern region (see Fig. 3 
for orientation) is dominated by five large 
(-5 to 8 km) bowl-shaped craters; the cen- 
tral region is reminiscent of the large planar 
facets seen on Gaspra (3, 4). The rugged- 
ness of the terrain is indicated by the fre- 
quent occurrence of strongly foreshortened 
craters away from the limb and in the re- 
gion of stereoscopic overlap between frames 
D and E (Fig. 3), which covers a ridge 
separating two large craters. Because only 
-30% of Ida's surface is visible in this 

Fig. 1. Mosaic of Ida with Gaspra included (lower right), at the same scale, for comparison. 
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mosaic, a more detailed description of Ida's 
large-scale properties must await more com- 
plete rotational coverage in images that 
have recently been returned from the space- 
craft, but not yet analyzed. 

Craters 

Crater morphology. The ubiquitous presence 
of impact craters clearly indicates that col- 
lisions are the principal geologic process 
shaping the surface of Ida. Most craters 
have a simple bowl shape, with a only few 
showing flat, sometimes crenulated floors. 
severairnay have central mounds; these are 
associated with the rims of large craters and 
may be simply a chance effect of a substra- 
tum of blocky rim material. There is a con- 
tinuous range of degradation states (Fig. 4). 
A few of the craters that appear freshest 
(that is, have the sharpest, least degraded 
shapes) have one or two short rays extend- 
ing to -1 crater diameter; however, most 
craters with crisp rims do not have rays, and 
there is an absence of distinct, localized 
ejecta blankets, as expected for an object 
with low surface gravity (7). A few craters 
have polygonal shapes, and others have 

and the presence of a regolith are possible 
interpretations. 

Crater chains. There are several linear 
chains of three or more craters of similar 
size. They range from 500 m to 2.5 km in 
length, with component craters in the 200- 
to 400-m size range; their orientations and 
locations seem random, suggesting impacts 
by clusters of projectiles, perhaps trains of 
ejecta from other cratering impacts. 

Size-frquency distribution. The differen- 
tial size-frequency relation for the crater 

population on Ida (8) is shown in Fig. 5A. 
Cumulative frequencies are plotted in Fig. 
5B for three different morphological classes 
of craters (fresh, intermediate, and degrad- 
ed, as estimated visually along the contin- 
uum from apparently pristine to highly 
modified). The overall slope (exponent of a 
differential power-law fit to the data) is 
-3.3 in the range of diameters from 200 m 
to 3 km, considerably shallower than that 
for Gaspra (3, 4); for craters <1 km in 
diameter, it is near the -3.0 slope charac- 

straight rim segments, suggesting formation 
in a fractured layer or one with significant 
preexisting stresses. In an area of high sun 
illumination (western region) is a cluster of - - 

apparently dark-floored craters, some sur- b - 
rounded by a halo of brighter material. . 

Stratification in the near-surface materials Fig. 3. Map of geological features on Ida. Locations of the five frames that make up the Ida picture 
[command times in UTC (hours:minutes:seconds), phase in degrees, and range in kilometers]: (A) . . 
i6:47:=.2m, 48.3, 3821; (B) i6:48:04.933, 49.3, 3738; (C) 16:4.a:i3.600, 50.3, 3656; (D) 
16:48:22.266, 51.3, 3575; and (E) 16:49:22.933, 60.0, 3057. The major regions used in the text are 
identified. 

Fig. 2 Ida with a model ellipsoid superposed and 
oriented according to the two possible rotation 
poles (6). The solution in the top panel, with the 
north pole in the direction of a right ascension of 
50.25" and a declination of 76.32" (J2000), is 
clearly preferred. The retrograde rotation is in the 
sense that the right-hand (eastern) part of Ida is 
swinging out of the paper, toward the viewer, 
while the left-hand part is receding. 

Fig. 4. Examples of a groove, boulders, and a range of crater degradation states. (A) Enlargement ofthe 
eastern end of Ida showing the location of several prominent boulders (arrows at left), on the inner wall of 
a large crater, and a prominent groove (arrows at top), extending for at least 3 km. The image is -1 2 km 
in height; north is approximately toward the top. (B) Range of crater degradation states in the western 
central region of Ida. The large central crater is -4.5 km in diameter and has been modified by many 
subsequent impacts on its rim and in its interior, as has the smaller crater on its eastern rim. Several 
relatively fresh craters with linear rim crests are along or beyond its southem rim. The image is -8.5 km 
wide, north is toward the top. 
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teristic of equilibrium by crater-upon-crater 
"saturation" by projectile populations hav- 
ing slopes steeper than -3.0 (9). The ap- 
~roximatelv warallel relations found for the , L 
three morphological classes are expected for 
saturation equilibrium (10). Although sta- 
tistics are poor, an R plot comparing Ida 
crater densities with other bodies (Fig. 5C) 
indicates that frequencies of craters > 1 km 
in diameter may begin to depart below sat- 
uration equilibrium densities. In that case, 
the population of larger craters, yet to be 
revealed in the remaining images of Ida, may 
directly reflect the population of projectiles 
rather than the eauilibrium size distribution 
that results from the preferential loss of small- 
er craters from overlap and erosion by the 
saturation of still smaller craters. 

Cratering "age." A t  diameters of 2 1 km, 
the crater density is about five times greater 
on Ida than on Gaswra, whose surface aee 

L ,  " 

has been estimated at -200 million years 
(3,  4). It is expected that Gaspra and Ida, 
although they are in somewhat different 
parts of the asteroid belt, are subject to 
impact by roughly the same population of 
projectiles. Studies of the orbital distribu- 
tions of larger asteroids (1 1 ) show that over 
half of the objects that could intersect one 
bodv would intersect the other, and vice 
versa, with similar impact velocities. Be- 
cause the smaller projectiles responsible for 
cratering are believed to be the widely dis- 
persed collisional fragments of larger aster- 
oids, the cratering flux hitting both bodies 
should be roughly the same (this extrapola- 
tion is an assumption that bears critical 
evaluation). Assuming that the i m ~ a c t  rate 
on both bodies has-been the sjme and 

constant with time, there are two possible 
interpretations for the different crater pop- 
ulations: ( i )  The strength of the surface 
material is much greater on Gaspra and 
projectiles make smaller craters on Gaspra 
than on Ida; or (ii) projectiles make the 
same size craters on both bodies, but Ida's 
surface is about five times older than Gas- 
pra's. While emphasizing that the first in- 
terpretation cannot, at present, be ruled 
out, we prefer the second, which yields a 
rough estimate of the minimum age for 
exposure of Ida's surface to asteroidal pro- 
jectiles of -1 billion years. Because Ida is a 
member of the Koronis family, it must have 
been created as a fragment from the cata- 
strophic disruption of the precursor body no 
earlier than that, so 1 billion years would 
seem to be a minimum age for the Koronis 
farnily as a whole. This is older than the 
expectations of Binzel (12) and others, 
which are based on considerations of the 
dynamics of the Koronis farnily. 

Blocks, Chutes, Grooves, 
and Regolith 

Blocks. Manv isolated ~os i t ive  relief features 
are evident on the surface. Arnong them, 
we have confidentlv distineuished about 20 " 

blocky features larger than 1 pixel across, 
which distinctlv contrasts with their local 
background (most are indicated in Fig. 3). 
Six of the blocks are larger than 100 m 
across; the largest are -150 m (-4 pixels) 
long, similar to the maximum sizes of blocks 
found on Phobos, Deimos, and the moon 
(13). Generally it is not possible to say 
whether they are perched on the surface or 

partially buried larger objects. However, at 
least one object has an associated trail sug- 
gestive of a low-velocity impact by a block 
now sitting on the surface or of a dislodged 
boulder rolling across the surface. The spa- 
tial distribution of clearly identified blocks 
is nonuniform. There is a clustering of the 
majority in the eastern region, many within 
the two largest (-8 km in diameter) craters 
that define Ida's shape in that region. There 
is a possible second cluster of blocks near 
the western end of Ida. In contrast, no  
blocks were identified with such high con- 
fidence in the well-imaged central region 
nor along Ida's limb, outside of the large 
craters. The spatial nonuniformity seems to 
be real, despite potential biases associated 
with the variable lighting geometry and 
resolution across the mosaic, foreshorten- 
ing, smear, and local topographic effects. 

Blocks are likely to be impact ejecta and 
to be the largest components of a size dis- 
tribution of particles that make up Ida's 
regolith. Their emplacement on the surface 
may have been affected by the rapid rota- 
tion of Ida, which substantially reduces the 
effective gravity at the two ends of the 
asteroid (7). Preliminary calculations indi- 
cate that blocks launched randomly from 
the surface at velocities just below the es- 
cape velocity, which achieve temporary or- 
bit around Ida, will impact preferentially on 
the leading rotational face (which coincides 
roughly with the eastern region), just as 
observed. Some blocks may have followed 
suborbital trajectories to their present posi- 
tions. Alternatively, block distribution 
could reflect underlying lithology or rego- 
lith thickness. Some of the numerous blocks 

Diameter (km) Diameter (km) 

Fig. 5. (A) Differential size-frequency relations were sampled in three different densities (differential crater frequencies from the two smaller counting areas 
counting regions (25, 322, and 724 km2), Incomplete data at small diameters divided by the cube of the diameter). Ida data are shown as open circles. The 
have been omitted. The line is a least squares fit to the solid data points and horizontal line has been set at a density of 0.3, which is typical of the most 
has a slope of -3.3. (B) Cumulative size-frequency relations for all craters and heavily cratered terrains known on planetary satellites. 
for the three morphological classes noted in the text. (C) R plot of crater 
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located near or within large impact craters 
mav be directlv associated with them (for 
example, excaGated by them or exposed by 
mass wasting). 

Because of their relatively small size, 
blocks have only a short lifetime against 
collisional disruption, about 30 million to 
80 million years for the largest ones (14). 
Their presence on the surface indicates that 
one or more craters in the 1- to 10-km size 
range were formed during the last 30 mil- 
lion to 80 million years (only impacts that 
produce craters in this size range can be 
expected to produce 100-m-sized blocks). 

Linear features. Lineaments are relatively 
common on Ida, including systems of 
grooves, albedo stripes, and short crater 
chains. The most prominent system of 
grooves (linear depressions of uniform 
width) is located at the eastern limb; a 
second svstem stretches across the central 
region (F'ig. 3). Grooves range up to 4 km in 
length and from 100 to 350 m in width, 
with depths of probably n o  more than a few 
tens of meters. They range from having 
beaded outlines, suggesting a series of coa- 
lescing pits, to having sharply linear forms. 
Some grooves intersect craters, but they 
rarely intersect each other or bifurcate. 
Thev show no    referred orientation with 
respect to local slopes. Although compara- 
ble in morphology to grooves on Phobos 
and Gaspra, the global organization of Ida's 
grooves is less clearlv defined than on these 
other objects (15). Because at least one 
groove terminates adjacent to  a large block, 
a subset of grooves may simply be boulder 
tracks. In addition, grooves mav be the . - 
surface expressions of massive planar frac- 
tures and joints in possible underlying bed- 
rock of Ida, caused by the stress of large 
Impacts. 

Albedo stripes and patches are seen 
within the large craters of the eastern re- 
gion and are commonlv oriented down- " 
slope, although it is difficult to separate true 
albedo variations from a b r u ~ t  changes in 
local slopes at projected ridge lines. Gener- 
ally, stripes are 50 to 100 m wide and range 
from 400 m to 4 km in length. These fea- 
tures may be the courses of optically imma- 
ture regolith exposed during downslope 
movement, although some could be grooves 
or rays of ejecta from a hidden crater. There 
is a bright triangular feature 2.5 km long 
and 500 m wide in the eastern region (Fig. 
3) ,  which could be the result of downslope 
movement of surface materials. There is 
also at least one dark feature besides the 
dark-floored craters. 

Chutes. Inside the rim of one 8-km cra- 
ter, we have found three shallow depres- 
sions located upslope from small degraded 
craters. The largest is 1 km long and 400 m 
wide, and they all appear to be shallow. 
They probably are scars produced by failure 

of weak material on an oversteepened slope 
triggered by an impact. This again may 
imply the presence of a regolith. 

Regolith. There is abundant evidence for 
a regolith on Ida. The downslope orienta- 
tion of chutes and bright stripes, the mor- 
phology of pitted grooves, the range of cra- 
ter morphologies, dark-floored craters, and 
craters with bright rims are all most simply 
explained in terms of a ubiquitous regolith. 
The size of craters showing flat-bottomed 
topography suggests a regolith depth, in 
those localities, of a few hundred meters. 
Photometric studies, which may clarify the 
relation of all these features to the proper- 
ties of the regolith, must await a more ac- 
curate shape model, which can be derived 
only after images with complete rotational 
coverage are analyzed. 

Comparisons with Gaspra 

Both objects share an elongated, irregular 
shape, apparently with at least some large 
~ l a n a r  facets. Grooves exist on both aster- 
oids. The two asteroids show major differ- 
ences in their cratering records and in the 
nature of their surface layers. Ida's surface 
has been exposed to sufficient cratering to 
have reached equilibrium, at least for cra- 
ters up to diameters of -1 km. Unlike 
Gaspra (3, 4) ,  Ida has many large craters up 
to a sizable fraction (-0.7) of Ida's mean 
radius. As a recorder of cratering, Gaspra's 
surface appears to have been "reset" at least 
once (that is, all preexisting craters seem to 
have been destroyed, perhaps by shaking 
caused by a large impact), and the present 
population of resolved craters (>I00  m in 
diameter) is so sDarse that it reDresents the 
production function. O n  the basis of the 
reasonable assumptions that the cratering 
rate and size distribution of impacting ob- 
jects should be similar at Ida and Gaspra 
(1 1)  and that both bodies have similar im- ~, 

pact strengths, Ida's surface must be much 
older (perhaps 5 to 10 times) than Gaspra's. 
Ida's largest impacts failed to have the re- 
setting effects observed on Gaspra, possibly 
reflecting that the response to such events 
d e ~ e n d s  on bodv size. 

' ~ l t h o u g h  thdy share many geologic fea- 
tures (for example, craters, grooves, and 
regolith), Ida shows a greater range of geo- 
logical features than Gaspra. This may be 
because of the presence of deeper regolith 
on Ida, whose stronger gravity naturally 
retains a greater fraction of ejecta; an indi- 
cation of this may be the presence of a few 
possible rayed craters on Ida but not on 
Gaspra. A second factor is Ida's longer life- 
time against catastrophic disruption, which 
we estimate at 1.5 billion years, versus 500 
million vears for G a s ~ r a  ( 16). The asteroid 

& . ,  
has survived long enough to both generate 
and accumulate more ejecta on its surface. 

It remains to be seen whether the two 
asteroids have similar photometric and 
spectral properties when compared at high 
spatial resolution. Globally integrated 
ground-based spectrophotometric data indi- 
cate that intriguing albedo and spectral 
variations may be present on the largest 
scale on Ida (6). This suggests that compo- 
sitional contrasts may also be present on 
this obiect that are even more extreme than 
those on Gaspra, despite the homogeneity 
alreadv re~or ted  for this face of Ida bv the , & 

Galileo Near-Infrared Mapping ~ ~ e c t r b m e -  
ter investigators (17). Images that provide 
data on color and on the true shape of the 
object have already been returned, between 
February and June 1994, and are undergoing 
analysis. 
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Catastrophes, Phase Shifts, and 
Large-Scale Degradation of a 

Caribbean Coral Reef 
Terence P. Hughes 

Many coral reefs have been degraded over the past two to three decades through a 
combination of human and natural disturbances. In Jamaica, the effects of overfishing, 
hurricane damage, and disease have combined to destroy most corals, whose abundance 
has declined from more than 50 percent in the late 1970s to less than 5 percent today. 
A dramatic phase shift has occurred, producing a system dominated by fleshy macroalgae 
(more than 90 percent cover). Immediate implementation of management procedures is 
necessary to avoid further catastrophic damage. 

L^oral reefs are renowned for their spectac­
ular diversity and have significant aesthetic 
and commercial value, particularly in rela­
tion to fisheries and tourism. However, 
many reefs around the world are increasing­
ly threatened, principally from overfishing 
and from human activities causing excess 
inputs of sediment and nutrients such as 
pollution, deforestation, reef mining, and 
dredging (1). There is a pressing need to 
monitor coral reefs to assess the spatial and 
temporal scale of any damage that may be 
occurring and to conduct research to under­
stand the mechanisms involved-

Here I describe dramatic shifts in reef 
community structure that have largely de­
stroyed coral reefs around Jamaica. The re­
sults presented here summarize the most 
comprehensive reef monitoring program yet 
conducted in the Caribbean, in which an­
nual censusing has been carried out for 17 
years at multiple sites and depths along 300 
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km of coastline. In addition, Jamaican reefs 
are among the best studied in the world, 
with a wealth of information available on 
marine ecology and reef status since the 
1950s (2). These long-term observations 
provide a basis for evaluating the role of 
rare events such as hurricanes and for quan­
tifying gradual trends in coral cover and 
diversity over a decadal time scale. 

Jamaica (18°N, 77°W) is the third larg­
est island in the Caribbean and lies at the 
center of coral diversity in the Atlantic 
Ocean (2). Over 60 species of reef-building 
corals occur there, four of which are spatial 
dominants: branching elkhorn and staghorn 
corals, Acropora palmata and Acropora cervi-
cornis, which form two distinctive zones on 
the shallow fore-reef; massive or platelike 
Montastrea annularis, the most important 
framework coral; and encrusting or foliose 
Agaricia agaricites (3). Reefs fringe most of 
the north Jamaican coast along a narrow 
(<1 to 2 km) belt and occur sporadically on 
the south coast on a much broader (>20 
km) shelf. Sea-grass beds and mangrove are 

often closely associated with reefal areas 
and provide significant nurseries for com­
mercially important reef fisheries (4). Sim­
ilar ecosystems, with minor variations in 
community composition, occur throughout 
the Caribbean (2). 

Jamaica's population growth trajectory is 
typical.pf most Third World countries (Fig. 
1). The population was less than half a 
million before 1870, then doubled by 1925 
and again by 1975, rising to 2.5 million 
today. Exponential growth continues, with 
a further 20% increase expected in the next 
15 years (5). Environmental changes on 
land are conspicuous, with virtually all of 
the native vegetation having been cleared 
for agriculture and urban development. Ma­
jor transformations are also occurring on 
Jamaica's coral reefs. 

Overfishing (1960s to Present) 

Chronic overfishing is an ever increasing 
threat to coral reefs worldwide as coastal 
populations continue to grow (for example, 
Fig. 1) and exploit natural resources (6). 
Extensive studies in Jamaica by Munro (7) 
showed that by the late 1960s fish biomass 
had already been reduced in preceding dec-
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Fig. 1 . Population growth of Jamaica, based on 
numerous sources (5). 
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