two bright white clouds emerged in the
high-velocity jet located at 23°N. These
features had eastward velocities of
169 m/sec and circled the planet before
dissipating. This was accompanied by
an increased drift of 1.5 to 10.0 m/sec,
in other features at 15° to 18°N.

The Voyager images show a wedge-
shaped turbulent pattern emerging from
the southern edge of the North Tropical
Zone (NTrZ) and extending equatorward
(Fig. 3). Since this pattern is confined in
longitude, it is tempting to consider that
this feature may be induced by the in-
fluence of the GRS. This is not the case,
however, since this pattern is observed
to drift 0.46°S per day, and in 1977 to 1978
two wedge-shaped systems were present.
By August of 1978, one system had dis-
sipated leaving the present pattern with
the southern edge of the NTrZ con-
tracted northward to 19° latitude. When
this is the case, dark brown clouds simi-
lar to those seen in the Voyager data
have been present. During periods when
the belts near 30° and 35°N are wider,
similar low albedo features also appear
in this region. Dark brown clouds cor-
respond to enhanced regions of 5-um
emission, indicating a relative absence of
high zonal clouds.

Inspection of the equatorial zone of
the Voyager data indicates several
plumes similar to those reported by Pio-
neer investigators. At the time of Pio-
neer 10 and 11, the plumes were well
developed and drifting at a rate of 4 to 6
m/sec relative to the mean motion of the
dark gray features between the bright
areas. Since the beginning of 1975, the
velocity of the plumes has slowed to ap-
proximately that of the surrounding fea-
tures; hence, their distinctive character
has diminished, making continuous
trackings difficult.

This study serves to introduce ground-
based data concerning the morphology,
origin, longevity, and long-term drift
rates of cloud features, and to indicate
how this material is being integrated with
Voyager data.

RICHARD J. TERRILE
Jet Propulsion Laboratory,
California Institute of Technology,
Pasadena 91103
RETA F. BEEBE
New Mexico State University,
Las Cruces 88003
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The Jupiter System Through the Eyes of Voyager 1

Abstract. The cameras aboard Voyager | have provided a closeup view of the
Jupiter system, revealing heretofore unknown characteristics and phenomena asso-
ciated with the planet’s atmosphere and the surfaces of its five major satellites. On
Jupiter itself, atmospheric motions —the interaction of cloud systems—display com-
plex vorticity. On its dark side, lightning and auroras are observed. A ring was dis-
covered surrounding Jupiter. The satellite surfaces display dramatic differences in-
cluding extensive active volcanism on lo, complex tectonism on Ganymede and pos-
sibly Europa, and flattened remnants of enormous impact features on Callisto.

In a flurry of observational activity,
Voyager 1 arrived at the planet Jupiter
on 5 March 1979. One hundred days ear-
lier, however, the resolution of Voyager
cameras (/) had already exceeded the
best resolution available from ground-
based telescopes. About 30 days before
encounter, their resolution and image
quality were comparable to those of the
best Pioneer 10 and 11 images. The ef-
fective resolutions at encounter for Jupi-
ter and three of the four Galilean satel-
lites (Io, Ganymede, and Callisto) were
only a few kilometers. This improvement
in resolution is comparable to the transi-
tion from naked-eye observations of
Earth’s moon to the best ground-based
telescopic photographs. Comparable im-
provements have been achieved in time
resolution—that is, in the frequency and
regularity with which observations are
made.

The approximately 18,000 photo-
graphs taken by Voyager I in the Jupiter
system have led to many new data prod-
ucts and scientific findings, including col-
or motion pictures of the dynamics of the
Jovian clouds; images of Jovian lightning
and auroras; and the discoveries of a Ju-
piter ring system, of the elongate shape
of Amalthea, of a major system of active
volcanoes and substantial recent surface
modification of Io, and of novel fracture
systems and presumptive tectonic activi-
ty on Ganymede and Europa.

The atmospheric dynamics, reducing
atmospheres, icy satellites, rings, and
other features of the Jovian system give
it an environment very different from
that of the terrestrial planets with which

we have now become familiar. The bod-
ies in the Jupiter system explored by
Voyager 1 do not resemble closely either
the planets in the inner solar system or
one another. The wide range of unex-
pected findings is due both to the real dif-
ferences between the outer and the inner
solar system and to the depth of our prior
ignorance, caused in part by the 4 astro-
nomical units (AU) that separate Earth
and Jupiter. The sense of novelty would
probably not have been greater had we
explored a different solar system. It
seems clear that analyses of Voyager 1
data and of data to be acquired by the
Voyager 2 and Galileo spacecraft will
provide major insights into the origin and
evolution of the solar system and,
through comparative planetology, of our
own planet.

Jupiter: Global atmospheric structure .
To obtain the best space-time color cov-
erage of Jupiter’s changing atmosphere
during Voyager’s approach and encoun-
ter, several observational strategies were
followed (2). From 60 to 12 days before
encounter (E — 60! to E — 129), multi-
color images were taken every 72° of lon-
gitude (one-fifth of a Jovian rotation) (3).
Resolution ranges from 1200 down to 240
km per line pair (Ip) for the last system-
atically scheduled whole-disk mosaics
). Approximately 9300 single-color im-
ages were obtained during this period.

From E — 12¢ until encounter, Jupiter
was too close to be covered by mosaics
of reasonable size, and it was necessary
to selectively target various patterns of
images for specific features. Because of
the complexity of the spacecraft com-
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Fig. 1. Cylindrical projection of Jupiter on 1 February 1979. Ten three-color images (orange, green, blue) obtained during a single Jovian rotation
at a resolution of 600 km/lp were used to form this mosaic. Longitude is in System III (1965) (3), and latitude is planetographic. Nomenclature
used in this article is identified along the right margin. This mosaic shows Jupiter on rotation 65, counting from the first Voyager 1 images on 6
January 1979. Encounter (5 March 1979) occurred during rotation 141.

mand sequence, this target selection
took place 30 days before execution,
thus demanding a 30-day extrapolation
of Jovian weather (5). The fact that most
targets were seen as predicted in spite of
longitudinal drift rates ranging from —3°
to 10° per day illustrates one of the truly
remarkable characteristics of the Jovian
atmosphere. From E — 129 until encoun-
ter, about 6000 images were taken, in-
cluding simultaneous wide-angle images,
as the resolution improved from 240 to 6
km/lp. During the month following
closest approach, multicolor coverage
was continued at a solar phase angle of
about 115°, involving some 2200 images.
Both the lit crescent and the dark side
were photographed during this period,
the latter with relatively long exposure
times.

To date, we have subjected only a
modest fraction of the atmospheric im-
ages to quantitative photometric, color-
imetric, and dynamic analysis. Yet we
have learned much about the Jovian
clouds and their motions. The discussion
that follows is loosely organized accord-
ing to the atmospheric belts and zones of
Jupiter, which are distributed in latitude.
Figure 1 shows the full Jovian cloud sur-
face (>360° of longitude) in a mosaic
made by projecting whole-disk images at
E — 30? (cover and Fig. 2) onto a cy-
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lindrical grid. We have used the tradi-
tional nomenclature of Peek and others
6)—North Temperate Zone (NTeZ),
North Tropical Zone (NTrZ), North
Equatorial Belt (NEB), Great Red Spot
(GRS), and so on—with adjustments for
the appearance of Jupiter at about the
time of Voyager 1 encounter. According
to these traditional designations, the
zones are bright and white, the belts
darker and browner. The Great Red Spot
resembles the zones, having anticyclonic
vorticity (clockwise in the north, coun-
terclockwise in the south) and low in-
frared temperatures, the latter suggest-
ing high clouds and upward motion rela-
tive to that in the belts (6-8). Relative to
System III (3), the winds are mostly zon-
al (east-west) with highest velocities at the
edges between belts and zones. These
cloud bands, the zonal currents, and
individual features such as the GRS and
white ovals (—38° latitude) are all quasi-
permanent features of the atmosphere,
with lifetimes of 50 years or more ).
An important goal of the atmospheric
investigations was to test this traditional
picture by studying Jupiter at high reso-
lution, and in general the picture has
proved to be accurate. Velocities were
measured by tracking features as small
as 200 km over time intervals as short as
2 hours. Because atmospheric wave ve-

locities are strong functions of wave-
length, the agreement between velocities
measured at widely different scales sug-
gests that mass motion rather than wave
propagation was observed. Also, by
tracking features in images taken only 2
hours apart, one substantially eliminates
errors due to time-dependent morpho-
logical evolution of features. The latitu-
dinal variation of velocity appears to be
smooth.

The latitudes of eastward currents (E)
and westward currents (W) are approxi-
mately 50°W, 47°E, 44°W, 41°E, 38°W,
35°E, 30°W, 23°E, 18°W, 8°E, O°E, —8°E,
-16°W, —23°E, -28°W, -32°E, and
—35°W (see Fig. 1). Starting at 23° lati-
tude in this sequence, the measured east-
ward velocities are 150, —20, 120, 90,
130, and —50 m/sec. The equator, al-
though a relative minimum within the
equatorial region, nevertheless has an
eastward velocity of 90 m/sec. These lat-
itudes and velocities generally confirm
the ground-based picture. The associa-
tion between currents and morphology is
also confirmed, with the zones, the GRS,
the white ovals, and other bright-cen-
tered spots (as at latitudes 31° and —35°)
all being anticyclonic. The NTeZ is a ma-
jor exception, being a region of cyclonic
shear with a westward current on its
northern edge. The latitudes from 25° to
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30° are often dark, however, as they
were during the 1974 Pioneer encounters
@, 9). Conversely, the latitudes from
—25° to —30° changed from light to dark
since the Pioneer encounters, although
the velocities around both the NTeZ and
the STeZ did not change (10). Thus the
zonal velocity structure may be a more
stable feature than color or albedo.

Convection and vertical motion. An-
other pre-Voyager view, developed
largely from Pioneer observations (9),
was that the white features on the equa-
tor are plumes trailing behind (to the
west of) small, bright centers of rising
motion. Again, Voyager observations,
with good space-time coverage, lend
support to this view. Rapid brightenings,
followed by spreading of the bright cloud
material with time constants of 50 to 100
hours, were observed repeatedly in the
equatorial region at the plume heads.
Figure 2, taken 4 days after the cover im-
age, shows one such bright region. Fig-
ure 3 shows a time-lapse sequence of
brightenings at the NEB-NTrZ interface,
just to the north of the equatorial region
(Fig. 1). Such brightenings are also ob-
served at the SEB-STrZ interface to the
west of the GRS. Thus, rapid ascent
seems to produce white material, sug-
gesting that red material at high alti-
tudes, such as in the GRS, is formed by a
different mechanism or originates at dif-
ferent (probably deeper) levels in the at-
mosphere.

The rapid brightenings tend to be iso-
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120 90

lated events, especially at the equator,
and therefore suggest a triggering mecha-
nism. As seen in Fig. 1, the plumes seem
to form a 12- to 15-wave pattern around
the planet that moves eastward at 100 to

NTeZ
NTrZ
NEB

EZ
SEB

STeZ
STeZ

60 30

120 m/sec. Perhaps the passage of the
crests of this wave triggers convective
activity, as postulated to occur in
Earth’s tropics (/7). If the pattern is in-
deed an eastward-propagating wave, an

Fig. 2. Whole-disk view of Jupiter on 5 February 1979 (rotation 76), 4 days after the view shown
on the cover (rotation 65). A bright plume is seen just north of the equator; the satellite Io is
seen in transit to the east of the Great Red Spot, and Europa is visible off Jupiter’s bright limb.
Resolution is 525 km/Ip.

953



explanation must be sought for the small-
scale features observed by Voyager that
seem to move with the large-scale pat-
tern. Small-scale waves are also present
in the equatorial region. These have a
wavelength of approximately 600 km,
are very localized, and have lifetimes of
at most a few Jovian rotations.
High-resolution images of the plume
heads provide further evidence of con-
vection and vertical motion (Fig. 4). The
nuclei have a horizontal size of about
2000 km and contain individual puffy ele-
ments 100 to 200 km in size. Morphologi-
cally, these smaller clouds resemble ter-
restrial cumulus and contrast sharply
with diffuse, filamentary features found
in many other regions of Jupiter.
Cumuliform elements 100 to 200 km in
size are also found in the NTeZ and
NTrZ (Fig. 5), as well as in the STrZ and
GRS (Fig. 7). With the exception of the
NTeZ, which is somewhat anomalous as
discussed earlier, these zones are all re-
gions of high-altitude clouds and net up-
ward motion, according to the traditional
view of Jupiter. A special feature of Jo-

LONGITUDE, (deg)

ROTATION NUMBER, (time)
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vian convection, if these cumuliform ele-
ments-do indeed represent convection, is
the pronounced effect of horizontal shear
due to zonal currents (Figs. 5 and 6).
Features are stretched by the shear and
form a diagonal pattern. Two such pat-
terns on either side of an east-west cur-
rent form a trailing chevron that makes
the current visible in both of these Voy-
ager images.

The dark belts, the brown spots, and
the equatorial blue-gray regions have
been identified from ground-based stud-
ies (8) as areas of high 5-um emission,
low cloud altitudes, and presumed sink-
ing motion. Conversely, the reddish ma-
terial within the GRS exhibits all the op-
posite characteristics (/2). The Voyager
images show new details of all of these
features and should allow determination
of cloud stratigraphy—for example, the
extension of cloud filaments from a white
region, partially covering darker clouds.
We have imaged several examples of this
feature around the borders of the GRS.
Quantitative tests of color versus alti-
tude including latitudinal variations will

Y—
%

Fig. 3 (left). Time-lapse sequence at latitudes
9° to 16° and longitudes near 60°, showing the
disturbed region at the NEB-NTrZ interface.
Rotation numbers refer to successive Jovian
rotations, as described in the legend to Fig. 1.
The individual strips of the sequence were
made directly from whole-disk images (such
as Fig. 2) and have not been projected to a
uniform latitude-longitude system as in Fig. 1.
Note also the change in scale as Voyager ap-
proached Jupiter. Fig. 4 (above). Plume
nucleus (latitude 8°) showing evidence of con-
vective activity. Resolution is 24 km/Ip. Dis-
tance from top to bottom of the image is
10,000 km. This image was taken through the
green filter on rotation 139, 4 March 1979, just
20 hours before Jupiter’s closest approach.

be made by comparing Voyager 1 and 2
images with infrared and photopolarime-
ter data (/3). The next steps will be iden-
tification of the chromophores and the
use of color to infer horizontal velocity
versus altitude.

The high-latitude regions have a mot-
tled appearance, superficially suggestive
of convection (Fig. 6). However, at high
resolution the features tend to resemble
the spiral spots at mid-latitudes. Further,
the belt-zone pattern of east-west veloc-
ity extends to latitudes beyond +60°, far-
ther than had been recognized before
Voyager.

Atmospheric features and their inter-
actions. Dynamically, the GRS is an
anticyclonic feature rotating in an anti-
cyclonic shear zone (Fig. 8). The period
of rotation within the GRS is about 6
days, suggesting a vorticity of 2.5 X 1075
sec™! and a Rossby number of 0.2. Typi-
cally, small spots approach the GRS
from the east, flow around the equa-
torward boundary, pause at the western
cusp, and either continue to the west or
enter the GRS peripheral flow. On reach-
ing the eastern cusp, a spot often splits,
one part staying with the GRS and the
other continuing around to the east (Fig.
8). Alternatively, spots moving west-
ward at the GRS latitude may simply be
deflected northward at the eastern cusp,
entering the eastward current that flows
to the north of the GRS. These cyclonic
‘*circulating currents’’ are common fea-
tures associated with mid-latitude fea-
tures such as the GRS.

Because of its low infrared brightness
temperature, the GRS is thought to be a
center of rising motion. However, direct
evidence of horizontal divergence at
cloud-top altitude remains elusive. One
large bright feature completed about ten
revolutions around the GRS center dur-
ing the 60 days of Voyager 1 observa-
tions without significantly changing its
distance from the center (Figs. 7 and 8).
The implied upper limit on mean vertical
motion is therefore extremely small.

Interactions between spots of equal
size (Fig. 9) take place when the pole-
ward member of a pair overtakes the oth-
er spot and combines with it. (Both spots
are in an anticyclonic shear zone.) The
combined mass tumbles for a while, and
then usually ejects a streamer to the west
and equatorward. The new spot pro-
ceeds to the east. Such behavior was not
predicted in models published before
Voyager (/4).

Morphologically, the white ovals and
other anticyclonic spots at mid-latitudes
(Fig. 7) resemble the GRS. All have spi-
ral cloud patterns opening outward into
an anticyclonic flow—an S in the north-
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Fig. 5 (left). Portions of the NTeZ, NTrZ, and NEB near longitude 190°. North is to the upper left, and the distance from top to bottom is 20,000
km. The puffy clouds of the white NTeZ and NTrZ form a trailing chevron pattern centered on the eastward-moving southern edge of the thin
orange band. Such patterns reflect the shear caused by east-west currents. The central brown spot appears ‘‘warm’’ at 5§ um (5). It is also seen in
Fig. 1 at latitude 14°, longitude 190°. The feature sits in a region of cyclonic (counterclockwise) shear formed by westward and eastward currents

to north and south, respectively.

Fig. 6 (right). Latitudes 20° to 55°, showing portions of the NTrZ, the NTeZ, and more disturbed regions to

the north (north is to the upper left). Note the patterns of puffy clouds, circular spots, and counterrotating vortices in the wakes of other flow
features off the picture to the east. The two prominent circular spots, at 32° latitude, are examples of features whose interaction can be studied in
Fig. 9. The distance from top to bottom in the figure is 20,000 km. The frame was acquired on 2 March 1979.

ern hemisphere and a reverse S in the
southern hemisphere. Many are associ-
ated with cyclonic circulating currents to
the east and disturbed, cyclonic, wake-
like regions to the west (Fig. 7). A diffi-
culty with the **wake’’ hypothesis, how-
ever, is that the individual features in the
wake of the GRS move toward it to the
east and appear to be blocked by it. An
exception to this blocking occurred
when bright material crossed the SEB
and entered the rapid eastward current in
the equatorial zone (Fig. 8).

The disturbed regions include the
wakelike regions and also the portion of
the NEB-NTrZ interface that is cur-
rently at the longitude of the GRS (Fig.
1). There, north-south mixing takes
place on scales of thousands of kilome-
ters (Fig. 3). Features are continuously
forming and being sheared apart by the
zonal currents on either side. The net ef-
fect of this intermediate-scale mixing on
the large-scale currents has yet to be
quantitatively assessed. The existence of
these transient disturbances makes the
longevity of other features even more
puzzling.

Phenomena on the dark side of Jupi-
ter. Phenomena identified so far in the
systematic examination of images of the
dark (nighttime) hemisphere of Jupiter
are diffuse auroras and lightning (Fig.
10). The auroras appear to occur in at
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least three layers about 700, 1400, and
2300 km above the cloud tops. These dif-
fuse auroral layers are bright by terrestri-
al standards and vary on time scales of
less than 1 minute. They are seen in the
north polar region in Fig. 10 but extend
equatorward to latitude +60°.

Lightning appears in clusters of bolts
and seems to be fairly uniformly distrib-
uted over the planet. The strength of in-
dividual lightning bolts is comparable to
that of terrestrial superbolts observed
near terrestrial cloud tops—that is, about
10 joules (15).

Jupiter’s ring . Jupiter’s ring was discov-
ered in a narrow-angle frame targeted
halfway between Amalthea and the limb
of Jupiter at 16 hours, 52 minutes before
closest approach as Voyager 1 crossed
the equatorial plane of the Jovian system
(Fig. 11, left). This very long exposure
(11 minutes, 12 seconds) shows a compo-
sition of multiple images of the ring
caused by the combined motions of the
scan platform relative to the spacecraft,
the spacecraft along its trajectory, and a
slight rocking of the spacecraft about its
center of gravity. Star trails, which look
like broken hairpins on this image, estab-
lish the directions and durations of these
motions when interpreted with the help
of engineering data from the spacecraft.
Each kink in the star trails corresponds
to one image of the ring. (Voyager engi-

neers who contributed significantly to
the analysis were C. Hansen, G. Car-
lisle, T. Duxbury, L. Morabito, and S.
Synnott.) This background of stars from
the Praesepe cluster was also used to
verify that the ring was in the planet’s
equatorial plane. The ring edge is esti-
mated to be at 1.8 Jupiter radii (R;) from
the center of the planet and thus is well
within the Roche limit (2.4 R}).

The camera had been oriented to re-
cord the central region of a possible ring
system with the same scale as Saturn’s;
it was thus entirely fortuitous that it im-
aged the outer edge of the Jovian rings.
However, Acuiia and Ness (/6) had pre-
dicted a ring or an undiscovered satellite
at 1.83 R, from an analysis of charged
particle data from Pioneer 11, a predic-
tion in remarkably close agreement with
this discovery.

At our range of 1.2 X 10% km from the
ring, the scale of this picture is ~11 km
per picture element, giving an upper limit
of ~30 km for the width of the ring. No
gradient from the edge toward Jupiter
has been detected in the ring brightness.
Although accurate radiometric estimates
are not available for the ring brightness,
the current estimate is 13th magnitude
per linear arc-second. The ring was bare-
ly visible in two wide-angle frames taken
42 minutes later from a position 0.16° be-
low the Jovian equatorial plane.
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Observations of the Jovian satellites.
The five regular satellites of Jupiter—
Amalthea and the four Galilean satellites
(discovered by Galileo in 1610)—were
recorded by the Voyager 1 cameras in
several colors over a broad range of lon-
gitudes, viewing geometries, and resolu-
tions. Basic information on the satellite
system is summarized by Stone and
Lane (/7). During the last 2 weeks of ap-
proach, complete longitudinal color cov-
erage of the Galilean satellites was ac-
quired at low resolution (20 to 250 km/Ip)
as they rotated in orbit. Partial longitudi-
nal coverage was also obtained for
Amalthea during the last day of ap-
proach. Figure 12 shows the best global
views of the Galilean satellites acquired

during this period. For Io, Ganymede,
and Callisto they represent the last views
before closest approach, when mosaics
were obtained of single hemispheres of
these bodies at resolutions of 1 to 7 km/
Ip. For Europa, the image represents the
closest view. The relative color and al-
bedo have been approximately pre-
served. From ground-based observa-
tions it was known that Europa is the
brightest (albedo ~ 0.64), Io is also very
bright (albedo ~ 0.63) and reddish,
Ganymede is intermediate (al-
bedo ~ 0.43), and Callisto is the darkest
(albedo ~ 0.17) and least colored (/8).
The images shown in Fig. 12 display the
incredible wealth of phenomena on the
surfaces of the Galilean satellites: the bi-

Fig. 7. The Great Red Spot and a white oval with its wake of counterrotating vortices. North is
at the top, and the distance from top to bottom is about 24,000 km. The first view (top) shows
normal color. The second (bottom) shows enhanced color, emphasizing red and blue at the
expense of green. Note the puffy features inside the GRS and the reverse-S spirals inside both
the GRS and the oval. The large white feature extending over the northern part of the GRS was
observed to revolve about the GRS center with a period of 6 days, as seen in Fig. 8.
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zarre color patterns on lo, global-scale
linear patterns that traverse Europa,
complex interwoven and twisted albedo
patterns that lace Ganymede, and
enormous concentric systems of multiple
bright rings on the crater-riddled surface
of Callisto.

Close flybys to Io, Ganymede, and
Callisto yielded high-resolution images
(1 to 4 km/lp) in color and black and
white, covering about one-third of the
surface of each body. Table 1 and Fig. 13
summarize the nature of the encounters
and resultant coverage. The longitudes
given are measured west from the mean
sub-Jupiter central meridian. Like our
moon, the five regular satellites revolve
in synchronous rotation about Jupiter,
keeping the same face toward Jupiter at
all times.

New measurements of the satellite ra-
dii are being made by several techniques
(19). Table 2 presents average values ob-
tained so far; uncertainty estimates in-
corporate all measurements made for the
Voyager images. More precise results
are expected as analysis of the data pro-
ceeds. The results are in agreement with
previous measurements within the quot-
ed errors. Uncertainties in the radii of
Europa and Callisto have been reduced
considerably. The density of Callisto is
closer to that of Ganymede than pre-
vious work indicated, and it has been
confirmed that Europa has a significantly
lower density than Io.

By combining the global coverage and
near-encounter data, preliminary base
maps of the Galilean satellites have been
produced; they are presented in Fig. 14
for reference in the discussion that fol-
lows. These airbrush maps portray both
albedo and topographic information.
More regions will be added from lower-
resolution data as image processing is re-
fined and completed.

Amalthea: Shape, color, and albedo.
Amalthea, the innermost of the Jovian
satellites, was discovered by Barnard in
1892. It is so small and close to Jupiter
that it is extremely difficult to observe
from Earth.

Ground-based visual and infrared pho-
tometry indicated that Amalthea is dark
(20) and red (21), quite unlike any of the
Galilean satellites. Voyager 1 acquired a
variety of images of Amalthea. A series
of navigation frames taken during ap-
proach was analyzed by T. Duxbury and
S. Synnott to improve knowledge of
Amalthea’s orbital position, which was
needed to target the closest approach se-
quence. Ten times larger than Phobos
and much smaller than the Galilean satel-
lites and terrestrial planets, Amalthea is
the first intermediate-size planetary ob-
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ject observed in detail. Figure 15 shows
three of the best pictures obtained and
their observational geometries. These
images reveal a small, elongated object
(long axis, 265 = 20 km; polar axis,
140 + 20 km) in synchronous rotation,
keeping its long axis pointed toward Ju-
piter as expected from Euler dynamical
theory. The average geometric albedo is
between 0.04 and 0.06, in agreement
with ground-based measurements (20);
several small bright areas have albedos
as high as 0.15. These images, with
phase angles of 0° to 35°, show Amalthea
to have a large phase coefficient (~ 0.04
magnitude per degree), similar to other
very dark bodies such as some of the as-
teroids. The color is very red (0.59
pm:0.41 um ~ 1.5:1), again in agree-
ment with ground-based UBV (ultravio-
let-blue-visual) spectrophotometry (20).
The brighter spot (Fig. 15, lower right)
is, however, gray over this spectral
range.

Surface of Io. As can be seen in the
global image of Io (Fig. 12) acquired dur-
ing approach, the surface displays great
diversity in color and albedo. In that
view, showing the hemisphere facing
away from Jupiter, the equatorial region
is bright orange-red, mottled by large ir-
regular whitish patches; the polar re-
gions are darker, as was known from
ground-based observations (22). A host
of smaller irregular features, suggestive
of albedo and color patterns mixed with
topographic forms, are scattered over
the surface.

On the basis of this image, it was
first thought that the numerous small-
er dark spots and the white rings
might be impact craters. Closer in-
spection at higher resolution (Fig. 16) re-
vealed that these pits and markings bear
little resemblance to impact craters. The
features are irregular in outline and are
devoid of raised rims, ejecta blankets,
and central peaks. In fact, one of the
most striking aspects of Fig. 16 is the
complete absence of the classic forms of
impact craters over the visible disk.
Young, large lunar craters (ages < 10°
years; diameters, 50 to 100 km) such as
Aristarchus, Copernicus, Kepler, Tycho,
and Eratosthenes would certainly be
visible at this scale. Even impact craters
5 to 10 km in diameter would be easily
detected in Fig. 16, where the resolution
is 5 km/lp; none are found. As argued
later, the impact crater production
rate for the Jovian satellites is prob-
ably similar to that for the inner solar
system, so that a crater = 10 km in diam-
eter would be formed every few million
years on the hemisphere visible in Fig.
16 (23, 24). Assuming this rate of crater-
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ing, Io is evidently being resurfaced by
erosion or deposition, so that craters
= 10 km in diameter are erased in ~107
years or less. On closer inspection of
Io’s surface (Fig. 17, b to d) at a resolu-
tion of ~1 km/lp, no craters even 1 or 2
km in diameter were found. The age of
Io’s surface is then, by the same argu-
ment, 10° years or less. Uncertainties in
the actual impact flux for Io could in-

crease these maximum age estimates
somewhat, but probably by not more
than a factor of 10.

Figure 17 provides direct evidence of
at least one process that is renewing the
surface of lo: the surface is dominated
by volcanic features. More than 100 cal-
dera-like depressions, as much as 200 km
across, occur throughout the region pho-
tographed (see Fig. 17a). Many show

Fig. 8. Time-lapse sequence of flow around the Great Red Spot imaged in blue light. Every odd
Jovian rotation is shown, starting with rotation 23 at the upper left, continuing down each
column in turn, and ending with rotation 69 at the lower right. Rotation 59 was not imaged
because of a spacecraft trajectory maneuver. Follow the two white spots initially in the dark
band to the east (right) of the GRS. In the center frames, note also the relatively rare **eruption’’
of white material across the dark band to the north of the GRS, followed by rapid eastward flow
out of the picture. The GRS is approximately 10* km wide in its north-south direction.
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complex radiating volcanic flows and re-
semble terrestrial composite collapse
calderas (Fig. 17c¢). Like martian cal-
deras, those on Io are significantly larger
than those on Earth; most terrestrial cal-
deras are only a few kilometers in diame-
ter. In contrast to most terrestrial and
martian calderas, however, very few on
Io appear to be associated with signif-
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Fig. 9 (left). Time-lapse sequence at latitudes
28° to 34° and longitudes near 60°, showing the
interaction of two anticyclonic dark spots.
Figure 6 shows similar spots at higher resolu-
tion. As explained in the legend to Fig. 3, geo-
metric distortions have not been removed.
The two spots, initially at longitudes 62° and
67°, combine to form one spot that ejects a
streamer starting on rotation 12. Fig. 10
(right). Dark-side multiple-image view of Jupi-
ter. This wide-angle image was taken 6 hours
after closest Jupiter approach while the space-
craft was in eclipse. Jupiter’s north pole is on
the limb approximately midway along the au-
roral arc. Several areas of lightning are seen
on the disk. Since the scan platform slewed
twice during this 3-minute, 12-second ex-
posure, the picture consists essentially of ex-
posures of 35, 35, and 85 seconds, each dis-
placed from the others. The arc of limb is
about 30,000 km long.

icant topographic volcanic constructs.

The calderas on Io can be divided into
two broad classes, those with flows and
those without, the latter being more
common. The simplest type has no vis-
ible flows or albedo markings (Fig. 17a).
More commonly, calderas are sur-
rounded by diffuse halos or bright and
dark patterns (Fig. 17d). Narrow radial

flows varying from black to very com-
plexly colored (reds, yellows, violets,
and browns) are associated with about
half of the calderas. The flows are large
by terrestrial standards, lengths of sever-
al hundred kilometers and widths of sev-
eral tens of kilometers being very com-
mon. The patterns, commonly coupled
with the absence of discernible relief,
suggest low-viscosity flows.

The intervolcanic regions consist of
featureless smooth plains occurring at
various stratigraphic levels, separated by
an assemblage of scarps of unusually
uniform relief (Fig. 17, a and b). Topo-
graphically, the plains are featureless
and smooth. The scarps are probably
polygenetic, as they display diverse mor-
phological forms. Some appear to be due
to normal faulting (Fig. 17b). Some idea
of the topographic relief is provided by
measurement of the shadow cast by the
pointed mountain on the terminator side
of the graben in the upper right of Fig.
17b; the relief here is ~2.1 km. The gra-
ben is ~1 km deep; scarps typically are
on the order of a few hundred meters
high. A few scarps resemble volcanic
flow fronts, although most show jagged,
irregular, cliff-rimmed edges suggestive
of some unknown erosional process
causing scarp retreat, perhaps related to
volcanic heating. An especially sugges-
tive case, in the central right part of Fig.
17a, shows remnants of the preexisting
surface extending southward from an
elongate mesa. The general impression
gained is that the surface is composed of
multiple layers of uniform thickness ex-
posed at a variety of depths.

Isolated mountains with very rugged
relief (Fig. 17a, lower right) occur mainly
in the polar regions. From pictures of the
limb and from shadow measurements

WIDE ANGLE FOV

2%

ZAMALTHEA

NARROW ANGLE FOV

Fig. 11. (Left) Multiple images of Jupiter’s ring. Six individual ring images (see
text) are shown along with several trailed star images (wavy lines). The dark dots
are reseau marks placed on the vidicon faceplate for geometric calibration pur-
poses. The dark vertical lines near center are caused by a data “*dropout’’ as the
picture was being received at the tracking station. (Right) Diagram of Jupiter and
its ring showing the location of the narrow-angle frame, the wide-angle field of
view (FOV), and Amalthea. A wide-angle image shuttered simultaneously with
the narrow-angle image was saturated by the high-energy particles surrounding
Jupiter and therefore does not show the ring.
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close to the terminator, it is estimated
that typical relief is ~10 km. Some of
the rugged mountains are dissected by
faults and graben (Fig. 17a). Although
they do not resemble volcanic features
such as calderas, some of the mountains
are surrounded by diffuse halos (Fig. 17),
possibly reflecting volcanic eruption
from the graben. The general appearance
of the rugged surfaces suggests tectonic
fracturing and tilting of surface blocks.
Perhaps these surfaces are remnants of
an older crust.

Active volcanism on Io. Probably the
most spectacular discovery of the Voy-
ager mission has been the existence of
active volcanoes on o, erupting materi-
als to heights of several hundred kilome-
ters above the surface. The first discov-
ery of an active volcanic eruption is de-
scribed by Morabito et al. (25); it
appeared as an enormous umbrella-
shaped plume rising 270 km above the
bright limb. Since this discovery, six ad-
ditional volcanic plumes have been
found (Table 3); most have been seen

several times. In the likely case that the
trajectories are ballistic, the altitudes,
measured on images taken in the clear
filter, imply eruption velocities of several
hundred meters to ~1 km/sec. Figure 18
shows a variety of important aspects of
the plumes. Plume 3 is very symmetrical
(Fig. 18c) and erupts from a white-ringed
vent (Fig. 18a and center of Io image,
Fig. 12). When seen against the disk the
plume is dark (Fig. 18b), implying low al-
bedo for the erupting material. By con-
trast, plume 2 (Fig. 18, d to f) is irregular,

Fig. 12. Global color images of the four Galilean satellites. The subspacecraft longitude and resolution for the images are: Io (~140°, 16 knv/Ip),
Europa (~300°, 36 km/Ip), Ganymede (~320°, 47 km/Ip), Callisto (~350°, 22 km/lp). The satellites are shown to scale; Io is slightly larger than the
moon, Ganymede larger than Mercury. Relative albedo and color are also qualitatively preserved, although colors may be somewhat exaggerated
by the processing and the full range of albedo (over a factor of 3 between Europa and Callisto) cannot be easily displayed.
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Table 1. Summary of satellite close approaches.

Subspacecraft Best Ph
. Range . ase
Satellite resolution
. West (km) angle
Latitude Jongitude (knvIp)

Amalthea (JV) -5 298° 417,100 7.8 28°
To (JT) —80° 340° 20,500 1* 81°
Europa (JII) -0.2° 338° 733,800 33+ 2°
Ganymede (JIII) +24° 277° 114,600 2 119°
Callisto (JIV) +82° 320°to 283° 126,100 2.3 92°

*Best Io resolution was limited by image smear, not distance of closest approach.

tFinal Europa images

were obtained at a range of 1.8 x 10 km, well before closest Europa approach.

jetting material northwestward, and dif-
fuse in form. The dark material is neutral
to green in color (Fig. 18¢). In the ul-
traviolet ratio image (Fig. 18f) this plume
shows two components; the central core,
seen in visible light, is encased in a much
larger, fainter envelope of material that
scatters preferentially in the ultraviolet.
The ultraviolet component seems to be
too bright for a Rayleigh scattering gas; it
is more likely due to extremely fine parti-
cles or possible resonance scattering by
gas.

What causes such violent volcanic ac-
tivity? To keep a body the size of Io in a
state of continuous volcanic activity

Jiv
100 2
C Ju 1
o Ju E
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§ 41
-
9
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3 ol il
g I i
- o ]
k=
| 1 1
0 90° 180° 270° 380°

SATELLITE LONGITUDE, (geg)

Fig. 13. Resolution versus satellite longitude
coverage for Voyager 1. Each of the five larg-
est Jovian satellites (Io, JI; Europa, JII;
Ganymede, JIII; Callisto, JIV; and Amalthea,
JV) was photographed throughout its final or-
bit prior to Voyager 1's closest approach. For
each satellite, image resolution varies as a
function of surface longitude due to the de-
creasing spacecraft-satellite range during the
satellite’s orbital period. Consequently, the
poorest resolution on the outer moon, Cal-
listo, is substantially worse than the poorest
Amalthea coverage. Sharp discontinuities in
resolution correspond to the terminator longi-
tudes at the times of closest satellite ap-
proach. Because Voyager 1's closest ap-
proaches to Io and Callisto were at high lati-
tudes, longitudinal coverage is not completely
representative.
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through geologic time by radiogenic
heating would require an unreasonably
large fraction of long-lived radio-
nuclides. A model for tidal heating of Io
published by Peale et al. (26) just before
encounter seems to be the likely ex-
planation. In this model, Europa and
Ganymede induce a forced eccentricity
in Io’s orbit. This motion causes varia-
tions in the amplitude of the large fixed
tides produced by synchronous rotation
about Jupiter. In this model, no extraor-
dinary amount of radionuclides is re-
quired; the heat source will last indefi-
nitely.

Studies of Io’s spectral reflectance

300° 270° 240°

d360° 33 210°
700 — - =T -

60°

Le0E

suggest that the spectra of sulfur-rich
materials are good matches for the ex-
tremely steep decrease in Io’s blue and
ultraviolet reflectance (27, 28). Also, un-
like the other satellites, Io has no water
absorption features. Discovery of singly
(29) and doubly (30) ionized sulfur emis-
sion in the vicinity of Io’s orbit further
strengthens the idea that the satellite
may be a source of sulfur. It seems likely
that sulfur plays a major role in con-
trolling the variations in color on the sur-
face. Sulfur is a very complex substance,
occurring in numerous vividly colored
(reds, yellows, black, browns, and so on)
allotropic forms which have strikingly
different properties and optical absorp-
tion coefficients that vary with temper-
ature (28, 31).

The velocities required to explain the
observed heights of the eruption plumes
can be achieved by gas expanding along
the volcanic conduits from depths as
shallow as a few kilometers. The gas
may consist predominantly of sulfur or
sulfur compounds (such as H,S and
S0,). On reaching the surface, the gas
may become so cold that some fraction
condenses into fine particles.
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Global appearance of Europa. The At this resolution, Europa appears dis- suggestive of large impacts. In contrast
Voyager 1 trajectory did not include a tinctly different from the other Galilean to Ganymede and Callisto, rays from im-
close approach to Europa. The best reso-  satellites. Its surface displays no obvious pact craters are notably absent. On a
lution achieved was 33 kmy/lp (Fig. 12). basin structures and only a few features global scale, Europa is characterized by
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Fig. 14. Shaded relief maps of (a) Io, (b)- Europa, ©) Ganymede, and (d) Callisto. These maps have been prepared from images covering a wide
range of resolutions: encounter lmages and high-resolution images from near encounter. They are preliminary and are provided for orientation in

the discussions that follow. The scale is 1:100,000,000 (1 cm = 1000 km); both topography and albedo are portrayed. The maps were produced by
P. Bridges (Io and Callisto) and J. Inge (Europa and Ganymede) under the direction of R. Batson, all of the U.S. Geological Survey.
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Table 2. Satellite diameters and densities.

Diameter (km)

Bulk

Satellite Earth-based Pioneer 10and 11 density*

Early Voyager

measn(n;;;nents meast(l;g;nents measurements (g/cm?)
Io 3640 = 20 3680 + 60 3640 + 30 3.53
Europa 3000 + 200 3104 = 40 3130 = 30 3.03
Ganymede 5270 = 50 5300 = 50 5280 + 30 1.93
Callisto 5000 = 150 4840 * 40 4840 + 30 1.79

*Masses assumed are from Anderson et al. (41). Densities are based on Voyager diameters.

broad, low-contrast, regional albedo
markings; the poles are slightly brighter,
as was suggested from ground-based ob-
servations (22). The most striking char-
acteristic visible in Fig. 12 is a pattern of
enormous intersecting linear features
that are 50 to 200 km wide; some are sev-
eral thousands of kilometers long. Their
distribution is more clearly seen in the
pictorial map in Fig. 14. Some of the
more prominent features, such as that
running diagonally across the center of
the map, approximately follow great cir-

VOYAGER 1: OBSERVATION GEOMETRY FOR AMALTHEA

el

5/C = SPACECRAFT v
SUN

cles aligned at 45° to one another. Oth-
ers, principally near longitude 200°W,
approximate small circles. These pat-
terns are strongly suggestive of global-
scale tectonic processes, induced either
externally (as by tidal despinning) or in-
ternally (as by convection). The model
proposed for Io (26) also predicts tidal
heating for Europa although about an or-
der of magnitude less. Thus it is possible
that Europa is also internally active; its
global fracture-like patterns may reflect
continuing endogenic evolution.

Fig. 15. Amalthea. (Top left) Schematic illustration of the observing geometry for the three
Amalthea images shown. The diagram is a view from the north pole of Jupiter; arrows indicate
directions of the spacecraft and the sun; the shaded area represents the nightside of Amalthea.
(Top right) Subspacecraft longitude, 287°; phase angle, 0°; range, 1,250,000 km; resolution, 25
km/lp. (Bottom left) Subspacecraft longitude, 93.7°; phase angle, 35.5°; range, 694,900 km; reso-
lution, 13 knvlp. (Bottom right) Subspacecraft longitude, 195°; phase angle, 28.6°; range,

425,167 km; resolution, 8 km/Ip.
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Ground-based near-infrared spectra of
Europa indicate large amounts of ex-
posed water, probably in the form of ice
(32). The revised density (Table 2) of Eu-
ropa (3.0 g/cm?) relative to Io (3.5 g/cm?)
is consistent with the conclusion that a
large fraction (20 percent) of Europa is
water (33). A water and water-ice outer
shell as much as 100 km thick is quite
possible.

Ganymede. Ganymede is Jupiter’s
largest satellite and, together with Cal-
listo, represents a class of large, low-den-
sity planetary objects that has never be-
fore been studied in detail. Its density of
1.9 g/cm?® suggests a bulk composition of
~50 percent water by weight. Evolution-
ary models of the internal structure have
suggested differentiation into silicate-
rich core, an ice crust, and either a liquid
water mantle (34) or a solid, warm-con-
vecting ice mantle (35). Ganymede's
high albedo and infrared spectrum sug-
gest that water ice is exposed on its sur-
face.

On a global scale (Fig. 12), Ganymede
has a variegated surface that superficial-
ly resembles that of Earth’s moon. Ran-
domly distributed diffuse bright spots
suggest the presence of rayed impact
craters. The most interesting feature vis-
ible in Fig. 12 is the complex of stripes of
roughly uniform width, slightly brighter
than the average surface, that crisscross
the disk in linear, curved, irregular, seg-
mented, and branching patterns. The
stripes do not resemble rays from impact
craters. They are most apparent in the
southwestern part of the disk shown in
Fig. 12. The complex intersecting nature
of the stripes in this image originally sug-
gested that they might be reflections of
tectonic processes.

Higher-resolution images (Figs. 19 and
20) show that the dark background and
brighter stripes consist of two distinct
terrain types—cratered and grooved, re-
spectively. Cratered terrain contains
abundant, predominantly shallow craters
ranging from a few to > 50 km in diame-
ter. Grooved terrain is characterized by
a complex of closely spaced, shallow
grooves that form interwoven networks
running parallel to the boundaries of the
stripes. The stripes divide the cratered
terrain into isolated polygons several
hundred to about 1000 km across.

Figure 20b shows that the dark cra-
tered terrain is nearly saturated with cra-
ters a few tens of kilometers in diameter.
The density of craters of this size is simi-
lar to that found in ancient highland cra-
tered terrains on bodies in the inner solar
system. On Earth’s moon, the ancient
cratered terrain is known to date back to
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Fig. 16. Computer-generated mosaic of Io made from four sets of images. The diameter of Io is about 3640 km. Resolution in this image is about 8
knvlp, and the center of the image is at latitude —10°, longitude 260°.
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a period of heavy bombardment ending
about 4 billion years ago. Ganymede’s
dark cratered terrains probably date
back to that same early period. If the cra-
tered terrains were the same age as the
lunar maria (~3 to 3!/: billion years),
which are less cratered by a factor of 10
to 100, then the average impact rate for
Ganymede would have to be a factor of
10 to 100 greater than that for the moon
during the last 3 billion years. As dis-
cussed later, similar cratering rates
for Ganymede and the moon are more
likely.

Figure 21 shows that the crater density
on Ganymede’s grooved terrain varies
from place to place but is, on the aver-
age, about one-tenth that on the cratered
terrain. Therefore, the grooved terrain is
younger than the cratered terrain and de-
veloped over some period of time. Even
the youngest sections of the grooved ter-
rain are as densely cratered as the oldest
lunar maria and the oldest martian plains

units. Formation of the grooved terrain
may have ceased several billion years
ago, at about the time of extrusion of the
oldest lunar mare basalts.

Most of the grooved terrain is a mosaic
of discrete systems of grooves, with the
grooves of one system ending abruptly at
the boundary of an adjacent system. In
some places one system transects anoth-
er. Where the grooved terrain meets the
older cratered terrain, the grooves are
parallel to the lines of contact. Each sys-
tem contains a few to several tens of
grooves. Systems are ~10 to ~100 km
wide and range from ~10 to ~1000 km in
length. Individual grooves are a few hun-
dred meters deep, as determined by mea-
surement of shadows near the termi-
nator, and ~5 to ~15 km wide. They are
generally arcuate in plan and some have
sharp bends; therefore the grooves and
intervening ridges cannot have been pro-
duced by strike-slip displacement of the
crust.

vin

Also, where one groove system tran-
sects another, grooves of the older sys-
tem do not appear to be laterally dis-
placed along grooves of the younger.
One example of apparent right-lateral
offset of a stripe of grooved terrain can
be seen in the center of Fig. 20, however,
where a north-south stripe is offset about
50 km. The grooves themselves may
have resulted from normal or reverse
faulting or from subsurface intrusion of
dike systems, causing surface expan-
sion. Local truncation of the grooves at
boundaries of other groove systems
does, however, suggest possible lateral
crustal motion. The fanlike patterns in
Fig. 20, b and c, might have been pro-
duced by rotation of pieces of the crust
that truncate grooves on transverse
faults.

A striking fact about Ganymede is the
absence of major relief. There are no
large basins or large-scale mountainous
landforms. Local relief on the bright limb

Fig. 17. Imaging of lo. (a) Wide-angle image, centered near latitude
—72°, longitude 326° (~1760 km in width, resolution ~4.4 km/lp),
showing a variety of volcanic calderas, albedo patterns, vast smooth
plains, complex scarps, and rugged isolated mountains. (b) Image cen-
tered near —68°, 272° (~450 km in width, resolution 1 km/Ip), showing
complex graben and irregular scarps near the terminator. (c) Large
flow pattern radiating from the central caldera shown in image cen-
tered near —53°, 330° (~225 km in width, resolution ~1 km /Ip). (d)
Complex albedo patterns highlighting the flows, calderas, and volcan-
ic features shown in image centered near —10°, 295° (—600 km in
width, resolution ~1.6 km/Ip).
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is nowhere greater than about 1 km. This
low relief may be the consequence of
creep in an icy crust (36). Craters of
nearly all observed size ranges have a
wide range of shapes from moderately
deep to extremely shallow (Fig. 20c).
Shallow craters in the size range ~10 to
~50 km generally have sharp rims and
convex floors, a form rarely observed on
the terrestrial planets. Such forms could
also be produced by gradual collapse of
topography under cold flow.

In summary, the preliminary data sug-
gest that Ganymede had a mobile active
crust early in its history, when sections
of the older cratered terrain were re-
placed by grooved terrain. Relief of both
large- and moderate-sized topographic
forms (basins and craters) probably has
been reduced by viscous flow.

Callisto. Callisto, only slightly smaller
than Ganymede, has the lowest density

Table 3. Io volcanic plume inventory.

Plume Latitude Longitude ﬁggﬁ:ﬁl?ﬁ?ﬁ: Remarks
1 -28° 248° 270 Symmetric, first discovered
2 10° 300° 100 Asymmetric, diffuse
3 -5° 145° 100 Symmetric
4 20° 168° 100 Asymmetric, diffuse
5 27° 97° 100 Diffuse
[ 16° 109° 100 Symmetric
7 —33° 212° 100 Diffuse

*Heights are measured in visible light. In ultraviolet, images show a larger faint envelope rising to about twice

this height.

of the Galilean satellites, implying that it
has large amounts of water in its bulk
composition. Its surface is darker than
that of the other Galilean satellites, al-
though it has nearly twice the moon’s
mean albedo. Infrared reflectance
spectra show H,O absorption features;
they are weaker than those on Gany-

mede and Europa (37). The Voyager 1
images of Callisto show it to be the most-
ly heavily cratered object in the Galilean
system (Figs. 22 and 23). Like the cra-
tered terrain on Ganymede, the surface
of Callisto probably dates back to the pe-
riod of heavy bombardment ending
about 4 billion years ago (Fig. 21). Aside

d

f

Fig. 18. Views of two active plumes on Io. (a to c) Images of the vent area (a) and eruptions over the disk (b) and bright limb (c) of plume 3 (Table
3), which erupts from the bright ringed area centered in Fig. 12. (d to f) Images showing the vent area (d) and two color-processed versions of the
same image set of plume 2 (Table 3) erupting over the limb. The first (e) is constructed from three visible filter images (violet, green, and orange)
and shows the core of the plume is greenish relative to Io’s surface. The second (f) is a ratio composite in which ultraviolet, violet, and orange
images have been divided by green and used as blue, green, and red in the composite. It shows a second component, visible in ultraviolet light,
extending far above the central core seen in visible light (e).
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Fig. 19. Color image of Ganymede. The image is about 1600 km across, is centered at about
latitude 35°, longitude 345°, and has a resolution of about 4 km/lp. Dark cratered terrain, lighter
grooved terrain, and many examples of bright ray craters are shown.

from the high crater density, the most
striking feature on the hemisphere ob-
served on closest approach is a large
multi-ring structure (Figs. 22 and 23).
This complicated feature is similar in
some respects to large circular impact
basins that dominate the surface of the
moon and Mercury. The inner parts of
these basins are generally surrounded by
radially lineated ejecta and several con-
centric mountainous ring structures that
are thought to have formed during the
impact event (38).

There are some important differences
between the large multi-ring structure on
Callisto and the multi-ring basins on the
moon and Mercury, the main one being
the absence of the central basin. The
structure consists of a central, bright cir-
cular patch about 300 km in diameter
surrounded by at least eight to ten bright
discontinuous ridges more or less equal-
ly spaced, extending out about 1500 km
from the center. No radially lineated
ejecta can be seen and there are no ring
mountains. The flatness and unusual ring
spacing are presumably due to the dif-
ference in material properties between
an ice-rich crust and the silicate crusts of
the moon and Mercury. Viscous flow
during or subsequent to the impact event
probably reduced the topographic relief,
leaving a broad albedo feature to record
the former presence of the basin.

Crater densities in the smaller size
range over most of this hemisphere of
Callisto are near saturation. However,
the central region of the large basin is far
less heavily cratered; crater density in-
creases from the center to the outer
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rings, where it reaches the average den-
sity of the surface of the satellite. Figure
23, a sketch map of the basin region, il-
lustrates this gradient. These relation-
ships imply that the multi-ring structure
was formed relatively late in the period
of heavy cratering.

Other large bright circular features are
seen near the south limb (Fig. 12). Also,
part of another multi-ring structure is vis-
ible in a terminator image (Fig. 24).
Large impact structures appear to be
fairly common on Callisto’s surface. One
centered near —60° latitude, 20° longi-
tude has some radial features. None of
these structures has large topographic
relief.

The absence of recognizable large im-
pact structures on Ganymede and the ab-
sence of grooved terrain on Callisto sug-
gest basic differences in crustal evolution
between these two satellites. The current
estimate for the radius of Callisto (see
Table 2) suggests a density difference,
but not as large as previously thought.
Some factors other than differences in
the silicate-to-ice ratio, which deter-
mines radioactive heating, may be re-
quired to account for the differences in
surface processes and history recorded
on the surfaces of Ganymede and Callis-
to. Possible factors may be small dif-
ferences in tidal dissipation or initial ac-
cretional heating.

Impact craters: Implications for time
scales. The surfaces of the Galilean sat-
ellites have a large range of crater den-
sities as well as crater morphologies. The
remarkable absence of recognizable im-
pact craters on Io implies either that the
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Fig. 21. Cumulative frequency per unit area of
craters larger than a given diameter. Shown
are curves for heavily cratered Callisto, three
samples of Ganymede grooved terrain, and
Ganymede cratered terrain.

flux of impacting bodies is extremely low
or that Io’s surface is extremely young.
The latter interpretation is supported by
the discovery on Ganymede and Callisto
of densely cratered terrain and the pres-
ence of fresh as well as degraded crater
forms.

Studies of the history of cratering in
the inner solar system, based on obser-
vations of crater populations on younger
surfaces and models of cratering rates
expected from cometary and asteroidal
impacts, suggest that the average crater
production rates over the last few billion
years were the same on Mercury, the
moon, and Mars within a factor of ~2
(23). Most young impact craters on the
Galilean satellites probably were formed

xxxxxxxxxxxxxxxxxxx

o
TITTITLY

Fig. 20. Ganymede im-
ages, showing (a) broad
north-south strip of
grooved terrain at cen-
ter of image, offset by
nearly its width by
transverse fault (image
centered at about lati-
tude —15°, longitude
20°;, ~1200 km in width;
resolution ~3 km/lp);
(b) striking differences
in morphology and cra-
ter density between the
darker cratered terrain
and the lighter grooved
terrain (image centered
at 15°, 340°; ~1000 km
in width; resolution
~2.5 km/lp); and (c)
complex pattern of
grooved terrain near
the terminator (image

: centered at about 45°,
300°; ~1000 km in
width; resolution 2.5

knv/lp).
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by Mars-crossing asteroids that had been
deflected into Jupiter-crossing orbits by
close encounters with Mars. Active com-
ets and Earth-crossing asteroids together
may account for about 10 to 20 percent
of the present flux of impacting bodies.
The cratering rates estimated by apply-
ing these models to Ganymede and Cal-
listo are roughly similar to the present
cratering rate on the moon. The esti-
mated cratering rate on Io is several
times higher because of the greater effect
of Jupiter’s gravity. These are model-de-
pendent rates based on estimates of the
populations of planet-crossing asteroids
and comets. If other classes of objects
were involved the rates might be higher,
but they could not be substantially high-
er without affecting the relatively uni-
form rate in the inner solar system.
Hence, the high density of craters sever-
al tens of kilometers in diameter on Cal-
listo and on the cratered terrain on Gany-
mede was probably produced during late
stages of heavy bombardment ~4 billion
years ago. Even the grooved terrain,
with its much lower crater density, was
probably formed close to the end of the
period of heavy bombardment. Crater
densities in the centers of the multi-ring
structures on Callisto are also high
enough to suggest that these structures
were formed in the early heavy bom-
bardment period ~4 billion years ago.

Craters on Ganymede and Callisto
show an extreme range in the preserva-
tion of the albedo patterns of rays, sug-
gesting that formation of their craters oc-
curred throughout geologic time. Some
process or combination of processes,
such as micrometeorite impact, surface
gardening, recrystallization, radiation
darkening, or simple contamination of
the surface by meteorite debris, is caus-
ing the rays to disappear with time.

Voyager 2 opportunities. The up-
coming Voyager 2 Jupiter encounter (9
July 1979) promises to complement in
several significant ways the imaging data
returned by Voyager 1:

1) Voyager 1 obtained periodic global
images of Jupiter over 3 months. Voy-
ager 2 will extend this time base to nearly
7 months, enhancing observations of the
gradual evolution of atmospheric circula-
tion patterns.

2) Voyager 2 will obtain Europa im-
ages at a resolution of about 4 km/lp, as
opposed to Voyager 1’s limit of 33 km/Ip.

3) High-resolution coverage (1 to 4
km/lp) will be obtained of the hemi-
spheres of Ganymede and Callisto that
were not observed during near encounter
by Voyager 1.

‘4) In response to discoveries made by
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Fig. 22. Computer-generated four-frame color mosaic of Callisto (resolution —7 km/Ip). The center of the visible portion of Callisto is near latitude
10°, longitude 0°. The large multi-ring structure is centered at about 10°, 55°.
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Voyager 1, several modifications are
being made to the Voyager 2 observa-
tional sequence in order to obtain color
coverage of Jupiter’s ring or rings from
several positions near the ring plane, im-

gion of the large multi-ring structure on Cal-
listo. The rings and large craters are outlined
to show the lower density of craters super-
posed on this feature relative to the average

on Callisto. Fig. 24 (bottom). Terminator
view of a multi-ring structure on Callisto. This
image shows a second multi-ring structure cen-
tered on the terminator about latitude 45°, lon-
gitude 140°. Smaller than the large ringed
structure shown in Fig. 22, the outermost ring
seen in this image is about 600 km in radius
(resolution —3 km/lp, width ~1200 km).

1 JUNE 1979

prove temporal coverage of dark-side
phenomena on Jupiter, and acquire a
time-lapse color sequence of volcanic
eruptions on the limb of lo.
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Discovery of Currently Active Extraterrestrial Volcanism

Abstract. Two volcanic plumes were discovered on an image of lo taken as part of
the Voyager optical navigation effort. This is the first evidence of active volcanism on
any body in the solar system other than Earth.

A photograph of Io (Fig. 1) taken by
Voyager 1 revealed the first evidence of
currently active volcanism on any solar
system object other than Earth. This im-
age was taken at 13:28 Greenwich mean
time on 8 March 1979 from a range of
4.5 x 10 km. Io was photographed at

Fig. 1. Narrow-angle image of Io. This 0.96-
second exposure was taken through a clear
filter by Voyager 1, 3 days after the space-
craft’s closest approach to Jupiter. The phase
angle is 124°. The image has been digitally en-
hanced, in contrast and size, to more clearly
show the faint cloud above Io’s limb. Io’s lit
crescent is shown as well as its dark hemi-
sphere, which is faintly illuminated by sun-
light reflected by Jupiter. Two examples of
volcanic plumes are found in this image.
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this time as part of the Voyager optical
navigation effort, a program to determine
both the ephemerides of the five inner
Jovian satellites and the trajectory of the
spacecraft through the acquisition and
analysis of satellite and star images.
Although not shown in Fig. 1, the orig-
inal image includes two stars (AGK3-
10021 and AGK3-20006). It was the digi-
tal processing used to display these faint
stars that first revealed a dim cloud (< 10
percent of Io’s brightness), which is ap-
parent in the image as a thin crescent
above the satellite’s eastern limb. It ap-
peared that this crescent might be a sec-

ond solid body located beyond Io. How-
ever, this possibility was ruled out on
two bases. First, the diameter of such an
object would be sufficient—1000 km or
greater—that it should have been pre-
viously detected, and second, the space-
craft was about 3° above the orbital plane
of the Galilean satellites, so that none of
these large bodies could have appeared
in line with lo.

A more plausible interpretation of the
image is that sunlight is being forward-
scattered by a large, well-defined cloud
of gas or dust located at least 270 km
above the surface of lo. Considering the
landforms observed on lo during the
closest approach, this cloud is probably
of volcanic origin. The cloud is located
above, or nearly above, a heart-shaped
feature on Io that has been independent-
ly identified as a volcanic landform. This
feature, at 250° longitude, —30° latitude,
can be located on figures 14 and 16 of
(1), which contains additional examples
and a discussion of Io volcanism. Sub-
sequent analysis of this image has re-
vealed that the bright spot at 305°, 10°
(just beyond Io’s terminator) is a second
volcanic plume [see figure 19 in (/)] pro-
jecting above the dark surface into the
sunlight.
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Infrared Observations of the Jovian System from Voyager 1

Abstract. The infrared spectroscopy and radiometry investigation has obtained
spectra of Jupiter and its satellites between approximately 180 and 2500 cm™! with a
spectral resolution of 4.3 cm™'. The Jupiter spectra show clear evidence of H,, CH,,
C,H, C,Hs;, CH,D, NH,, PH, H,0, and GeH, A helium concentration of
0.11 = 0.03 by volume is obtained. Meridional temperature cross sections show con-
siderable structure. At high latitudes, the stratosphere is warmer in the north than in
the south. The upper troposphere and lower stratosphere are locally cold over the
Great Red Spot. Amalthea is warmer than expected. Considerable thermal structure
is observed on lo, including a relatively hot region in the vicinity of a volcanic fea-

ture.

The Voyager infrared spectroscopy
and radiometry investigation uses a
Michelson interferometer operating in
the infrared and a single-channel radiom-
eter sensitive to visible radiation, both of
which share a 50-cm Cassegrain tele-
scope. This instrument, designated by
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the acronym IRIS (/), performed well
during the Jupiter encounter, with more
than 50,000 spectra recorded. Because of
a small misalignment that developed dur-
ing cruise between Earth and Jupiter,
satisfactory responsivity of the inter-
ferometer is limited to the region be-
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