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Encounter with Saturn: Voyager 1 Imaging Science Results

Abstract. As Voyager 1 flew through the Saturn system it returned photographs
revealing many new and surprising characteristics of this complicated community of
bodies. Saturn’s atmosphere has numerous, low-contrast, discrete cloud features
and a pattern of circulation significantly different from that of Jupiter. Titan is
shrouded in a haze layer that varies in thickness and appearance. Among the icy
satellites there is considerable variety in density, albedo, and surface morphology
and substantial evidence for endogenic surface modification. Trends in density and
crater characteristics are quite unlike those of the Galilean satellites. Small inner
satellites, three of which were discovered in Voyager images, interact gravitationally
with one another and with the ring particles in ways not observed elsewhere in the
solar system. Saturn’s broad A, B, and C rings contain hundreds of ‘‘ringlets,”” and
in the densest portion of the B ring there are numerous nonaxisymmetric features.
The narrow F ring has three components which, in at least one instance, are kinked
and crisscrossed. Two rings are observed beyond the F ring, and material is seen

between the C ring and the planet.

Saturn is one of the five planets that
were known to the ancients. The modern
exploration of the system of rings and
satellites about this planet began in July
1610 with Galileo’s initial telescopic ob-
servations (I, 2). Many additional dis-
coveries were made in the 17th century,
including Huygens’ realization that Sat-
urn was encircled by rings and his dis-
covery of its largest satellite, Titan. The
astronomer Cassini discovered Iapetus,
Rhea, Dione, and Tethys and first ob-
served the division in the rings that is
named after him. He also correctly con-
cluded that the leading hemisphere of
Iapetus is much darker than the trailing
hemisphere.

Three centuries later, the unmanned
U.S. spacecraft Voyager 1 examined the
Saturn system at close range with an
imaging system (3) that is a direct de-
scendant of the early telescopes of Gali-
leo, Huygens, and Cassini. During its
closest approach to Saturn in November
1980, Voyager 1 made observations of
the planet and its rings and satellites.
Some of the satellites were observed
with resolutions approaching 1 km, an
improvement of almost three orders of
magnitude over ground-based observa-
tions and two orders of magnitude over
Pioneer 11 images (4). Voyager recorded
surface detail for the first time on eight
satellites. It discovered several new sat-
ellites and revealed hundreds of compo-
nents of the ring system, perhaps six of
which were known previously. In addi-
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tion, the images revealed many new phe-
nomena in Saturn’s atmosphere. In all,
several tens of billions of imaging bits
were returned in the few days around
closest approach to Saturn—more infor-
mation than was obtained in the entire
previous history of human exploration of
this system. This has enabled the great-
est leap forward since the 17th century in
knowledge about the Saturn system.
Saturn’s atmosphere. Imaging Saturn
is more difficult than imaging Jupiter,
both because of the lower intrinsic con-
trast of features and because of the lower
light levels at Saturn’s greater distance

Fig. 1. Color image of Saturn’s
northern hemisphere. The low
contrast is evident when one
considers that the part of the
planet in the center of the im-
age has more features than any
other region on Saturn. The
dark North Equatorial Belt is
located near 20°N, the more
active North Temperate Belt
at 40°N. The rings obscure the
equator and the region south-
ward. Latitudes are planeto-
graphic in all figures.

0036-8075/81/0410-0163$02.00/0

from the sun (9.5 versus 5.2 AU). Visual-
ly, Saturn’s atmosphere differs from Ju-
piter’s in that it has lower contrast and
fewer conspicuous features (Fig. 1).
Winds are about four times stronger on
Saturn, reaching two-thirds the speed of
sound near the equator (Fig. 2). Its east-
ward and westward (zonal) jets are two
to four times wider and, unlike Jupiter’s
jets, bear little relation to its overall
banded cloud structure. The external pa-
rameters that govern both atmospheres
are generally similar; only a few are
substantially different. By comparing the
dynamics of Jupiter and Saturn’s atmo-
spheres we hope to better understand the
relative importance of the parameters
that influence atmospheric characteris-
tics.

Figure 2 shows measured zonal veloc-
ity as a function of planetographic lati-
tude. The measurements were made with
the AMOS interactive computing system
at Jet Propulsion Laboratory (5) and the
MCIDAS system at the University of
Wisconsin (6); similar results were ob-
tained at University College London. In
generating the Saturn wind profile of Fig.
2 both systems employed user-identified
cloud features. Feature position was
measured in two frames separated by a
known time interval, and the displace-
ment interpreted as a wind vector. Al-
though the possibility of misidentifying
wave phase velocities as mass motions
(wind vectors) clearly exists, for Jupiter
there is no difference between motions of
features 50 km in size and those 100
times larger (7). Since atmospheric
waves tend to be highly dispersive
(phase speed tends to depend on wave-
length), this agreement indicates that ac-
tual mass motions are being observed.
For Saturn we base this assertion on far

Copyright © 1981 AAAS 163



fewer tie points than for Jupiter (250
versus 15,000). However, our measure-
ments are roughly consistent with the
scant ground-based observations of very
large-scale features acquired over a peri-
od of more than 100 years (8).

Voyager 1 wide-angle images have
better signal-to-noise ratios than the nar-

Fig. 2. Zonal winds on Saturn
and Jupiter. Dots and crosses

row-angle frames, and the green and
orange images show more sharply de-
fined detail than do shorter wavelength
(violet or blue) images. The measure-
ments of Fig. 2 were obtained with eight
pairs of wide-angle green images and two
pairs of orange images. The resolution of
the images is roughly 300 km per line pair

show the eastward velocity

components of individual fea-

tures in Saturn’s atmosphere. @
The irregular line shows the

mean eastward wind profile in

Jupiter’s atmosphere, an aver- L
age computed from about

15,000 individual features. The %
points represented by dots and F
the profile were obtained with
the AMOS interactive image
processing system at Jet Pro-
pulsion Laboratory (5, 7); the
points represented by crosses
were obtained with the MCI- r
DAS system at the University £y
of Wisconsin (6). The solid pa-
rabola centered at 38°N is the
curve for which the meridional -
gradient of absolute vorticity
is zero for Saturn. A westward
jet with greater curvature than r
this parabola might be baro-

LATITUDE, (deg)
a
T

-60 -

LJDEJN A SO BN S B S S D S S S B B S SN S S S B S S m

E TR TN TS AU TN W TR VOIS OO S U S |

) ST T T W U TR WO S N U SO T WY

tropically unstable. On Jupi- -100
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westward jet locations (7).

0 100 200 300 400 500

u (m/sec)

(km/lp); the typical time separation is
10Y% hours, or roughly one rotation. Ve-
locities are measured relative to the ra-
dio rotation rate, defined here as 810.76°
per 24 hours, corresponding to a period
of 10 hours 39.4 minutes (9).

The resulting zonal wind profile shows
a broad equatorial jet with a peak east-
ward velocity of about 480 m sec”’,
roughly two-thirds the speed of sound at
100 K. A westward jet is centered at
38°N with a maximum velocity of nearly
30 m sec”!. A second westward jet may
exist at roughly 55°N; further evidence
for it is the westward-pointing, chevron-
like cloud patterns at this latitude in Fig.
3. Perhaps the most startling aspect of
Saturn’s wind profile is its poor correla-
tion with the belt and zone albedo fea-
tures, in contrast to the high correlation
at Jupiter (see Fig. 4). Virtually no corre-
lation exists at latitudes below 35° in
either hemisphere. At higher latitudes
(Fig. 3) the middle of the bright and dark
bands seem to coincide with the jets,
whereas on Jupiter the jets are normally
on the band edges.

In westward jets the absolute vorticity
gradient with respect to latitude can
change sign; that is, d®u/dy’ can become
larger than 3. [Here u is the eastward
velocity, y is the northward coordinate,
B = 2Q/r) cos 0, 0 is the latitude, £ is
the planetary rotation frequency, and r is
the planetary radius.] In such regions
barotropically unstable flows can occur.
In Fig. 2, the solid parabola centered on
the westward jet at 38°N represents the
curve of d?uldy* = B. On the south side
of the jet d’u/dy* < B. However, along
the north side d?w/dy* = B, indicating
that some wavelengths may be marginal-
ly unstable. It is interesting that many
nonzonal cloud features are seen along
the north side of this jet (Fig. 5).

Saturn’s rather monotonic profile of
zonal velocity resembles that observed
in the photosphere of the sun more close-
ly than the alternating pattern of east-
ward and westward jets in the Jovian
atmosphere (illustrated by the solid line
profile in Fig. 2). Other major differences

Fig. 3. High-resolution photograph of Sat-
urn’s northern hemisphere taken on 10 No-
vember 1980 from a range of 3 x 10° km.
Evidence for alternating zonal jet structure
(eastward at 60°N, westward at 55°N, east-
ward at S0°N) is seen in the chevronlike
pattern centered at 55°N. The image has been
filtered and enhanced to bring out small-scale
cloud features. On Jupiter, these features
(eddies) are observed to transfer energy into
the zonal jets (7). On Saturn such a transfer
may also be occurring, but the observational
evidence is not yet complete. The resolution
of the original photograph is approximately 60
km/lp.
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between the two planets are outlined
below.

For Jupiter, internal heating supplies
less energy to the atmosphere than solar
heating, while for Saturn, internal heat-
ing supplies roughly twice as much ener-
gy as solar heating (10, 11). This internal
source would tend to increase the rela-
tive importance of small-scale convec-
tion on Saturn. The fact that the total
energy input to Saturn’s atmosphere is
only one-third the input to Jupiter’s at-
mosphere leads us to expect smaller con-
vective wind velocities on Saturn. We
might also expect the time constant asso-
ciated with convective motions to be
greater. Finally, Saturn’s lower gravity
leads to a larger atmospheric scale height
and a correspondingly larger scale of
convective motions. However, the con-
nection between small-scale (10 to 100
km) convection and large-scale (~ 10*
km) zonal flows is not obvious.

Models of the interiors of Jupiter and
Saturn predict that the depth of the mo-
lecular envelope surrounding the liquid

metal core is substantially greater for
Saturn—more than half the Saturn radius
(Rs) (12). If Saturn’s zonal wind profile
represents the effects of very deep-seat-
ed convection extending to the base of
the molecular fluid envelope, the hori-
zontal convective scale should be corre-
spondingly greater.

The obliquity of Saturn’s rotational
axis is approximately 27°, compared to
Jupiter’s tilt of 3°. At the time of Voyager
1 encounter, it was early spring in Sat-
urn’s northern hemisphere. Although it
is not clear how seasonal effects might
lead to differences in the observed wind
profiles, we do not see any obvious
hemispheric asymmetries in Saturn’s
zonal wind profile.

Comparison of Jupiter’s zonal velocity
profile with its belt and zone pattern of
albedo features (Fig. 4, right) gave cre-
dence to the widely accepted model of
Hadley-type upwelling in zones (with sub-
sequent cooling leading to the formation of
ammonia cirrus clouds) and downward
motion in belts (with subsequent clearing

rendering visible the darker clouds at
a lower level) (/3). The correlation be-
tween the albedo pattern and the sign of
mean zonal shear is that expected for low
Rossby numbers; that is, the shear is
anticyclonic in zones and cyclonic in
belts. For Saturn (Fig. 4, left) there is little
correlation between the observed belt
and zone pattern and the zonal wind
profile. Our studies of the energetics of
Jupiter’s global circulation indicate that
the stresses associated with small-scale
eddy motions (scales of roughly 10° to
10° km) transport momentum into the
mean zonal flow (7), as predicted in pre-
Voyager models of Jupiter’s atmosphere
(14). Thus Hadley-type overturning is
not required to explain the Jovian zonal
wind profile. Still, the old notion of rising
zones and sinking belts is not easily laid
to rest in light of the overall correlation
between albedo and shear on Jupiter.
The observation of a similar belt and
zone pattern on Saturn with a very dis-
similar zonal wind profile clearly sug-
gests that the long-accepted model is
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Fig. 4. (Left) profile of Saturn’s mean eastward winds, measured relative to the radio period of 10 hours 39.4 minutes, overlaid on a cylindrically
projected Saturn color composite. There is little correlation between the belt and zone albedo cloud patterns and the zonal wind profile. The rings
obscure the equator and an area somewhat southward, so the curve has been interpolated in this region. (Right) Profile of Jupiter's mean eastward
winds, measured relative to the radio period of 9 hours 55.5 minutes, overlaid on a cylindrically projected color composite of Jupiter. Note the as-
sociation of belts (darker bands) with cyclonic shear (northwest-southeast tilt in the northern hemisphere, northeast-southwest tilt in the southern
hemisphere) and of zones (lighter bands) with anticyclonic shear. The region 23° to 31°N was abnormally light at the time the color composite was
taken. (Projections prepared by G. W. Garneau, JPL Image Processing Laboratory]
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20°
Fig. 5. Enhanced color composite of Saturn’'s active North Temperate Belt, imaged on §
November 1980 from a range of 9 x 10% km. Features believed to be convective in nature are

seen near the center of the belt. These features are observed to drift westward with the
prevailing westward jet at 38°N.

incomplete. The mean motions in the
solar photosphere are, like Jupiter’s,
maintained by the smaller-scale eddy
motions (/5). The similarity between the
solar and Saturnian zonal wind profiles
suggests that eddy stresses also maintain
the mean flow on Saturn. The amplitude
of the equatorial jet suggests an abun-
dance of vigorous eddies; yet the visual
appearance of the planet suggests that
eddies are rare. Perhaps a thick haze or a
relative lack of atmospheric colored
compounds (chromophores) renders the
driving eddies invisible on Saturn.

Another difference between the two
planets is the scarcity of large oval spots
on Saturn. Features with diameters
greater than 1000 km are at least ten
times as abundant on Jupiter. The largest
such features observed on Saturn by
Voyager 1 are about one-tenth the size of
Jupiter’s Great Red Spot. These features
include a red oval at 55°S and the fea-
tures at 25° to 40°N seen in Fig. §, all of
which were visible for the entire 3
months of the Voyager encounter. The
same features are just to the left of center
in Fig. 1, but are essentially invisible
without the extreme contrast enhance-
ment of Fig. 5.

The lower contrast of features on Sat-
urn (Figs. 1 and 6) is explained in part by
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the planet’s lower temperatures and low-
er gravity. Since Saturn’s atmosphere is
colder than Jupiter’s, a given tempera-
ture, such as the condensation point of
ammonia, is reached at higher pressure
(greater depth) on Saturn than on Jupi-
ter. For example, the 150 K level is at
about 0.7 bar on Jupiter and about 1.4
bars on Saturn. The tropopause is about
0.1 bar on both planets. Taking into
account the difference in gravity, the
mass per unit area between the 150 K
level and the tropopause is then about
2 x 10° kg m™2 for Jupiter and ~ 10* kg
m~ for Saturn. If a haze of ammonia or
other particles were mixed throughout
these layers in the same mass ratios
relative to gas, the mass of haze per unit
area would be five times greater for
Saturn. Color and contrast would be
reduced by a similar factor if they were
associated with layers beneath the haze.
This view is consistent with interpreta-
tions of ground-based data (16), although
additional evidence for such a haze is
meager.

Molecular scattering above the main
cloud tops is also greater in Saturn’s
atmosphere than in Jupiter’s by a factor
of 4 or 5. Because Rayleigh scattering
depends on wavelength (A) as \7™*, it
cannot explain the loss of contrast at

long wavelengths. However, in the
North Equatorial Belt (NEB) we observe
the signature of such molecular scatter-
ing as a contrast reversal between fea-
tures seen in the violet and ultraviolet
filters at 4100 and 3500 A, respectively.
The NEB is 15 percent darker than aver-
age in the violet but appears brighter by
the same amount in the ultraviolet. The
albedo is low, I/F ~ 0.2, at these wave-
lengths (17, 18), so the Rayleigh scatter-
ing optical depths cannot be greater than
about 0.1 or 0.2. The areas that are
darker in violet must have Rayleigh scat-
tering optical depths about 0.1 greater
than bright areas. Thus there must be
about 0.6 x 10° kg m™2 more hydrogen
gas above the areas that are dark at
violet and longer wavelengths, corre-
sponding to a pressure difference of
about 0.15 bar. These extremely rough
estimates imply that the NEB is lower in
the atmosphere or has less haze above it
than the bright areas.

The contrast reversal is also seen in
views of the crescent at scattering angles
around 60° (Fig. 7). At longer wave-
lengths the crescent shows somewhat
less contrast than does the full disk,
which is consistent with the interpreta-
tion that a haze obscures the colors
underneath. Further studies of the cres-
cent and the limb should provide better
estimates of the importance of haze in
obscuring the features.

At this stage in the data reduction, the
evidence for a thicker haze on Saturn is
inconclusive. Another explanation for
the reduced contrast might be that chro-
mophores are generated at a lower rate
than the rate of shear of the zonal wind,
so that eddies are dispersed more rapidly
than chromophores can form. With Sat-
urn’s lower temperature and reduced so-
lar flux, particularly at cloud-top levels,
chemical reactions would be slower than
on Jupiter. The net result could be an
atmosphere that is more chemically ho-
mogeneous than Jupiter’s, with chromo-
phores distributed more uniformly in
latitude.

Titan. With a radius of 2560 = 26 km
(19), Titan is the largest of Saturn’s
moons and, among all satellites, second
in size only to Jupiter's Ganymede. It is
the only satellite in the solar system
known to have a substantial atmosphere.
In this section we describe our attempts
to image the surface through the clouds
and haze, obtain a lower limit on the
optical thickness and an estimate of par-
ticle size, and discuss the altitudes of the
clouds and haze and compare our esti-
mates based on Voyager imaging with
results obtained by other means. We
close with a discussion of low-contrast
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features observed on the disk: the north-
south brightness difference, the mid-lati-
tude banding, and the dark polar hood.

The first compelling evidence for Ti-
tan’s atmosphere was Kuiper’s (20)
spectroscopic discovery of methane.
Ground-based (21, 22), Earth-orbiting
satellite (23), and Pioneer 11 (4) imaging
all provided strong evidence for an opti-
cally thick atmosphere. The obscuration
may be due to a molecular photochemi-
cal smog (24) or aerosols. An effort was
made to find breaks in the clouds in
Voyager images. During the several
hours before Titan closest approach we
were able to mosaic 90 percent of the
illuminated disk at resolutions better
than 3.4 km/lp and 50 percent at better
than 1.3 km/lp. We could detect no
breaks in the clouds (see Fig. 8).

Lower limits of the optical depth, 7, of
the aerosols in Titan’s atmosphere can
be estimated by attributing the lack of
small-scale contrast—readily seen on all
other satellites in the Saturn system—to
aerosol obscuration. We employ for the
Titan aerosols the multiple-scattering
model of Rages and Pollack (25). If we
assume that the albedo variations on
Titan’s surface are comparable to those
on the surface of Iapetus (0.05 to 0.50)
and use an upper boundary of a few
percent for the contrast on Titan frames,
we derive 7 > 10 for the visible optical
depth of the atmospheric aerosols. A
more realistic range for surface albedos
of 0.35 to 0.50, such as occurs on the
surfaces of many of the inner satellites of
Saturn, yields v > 5. Thus the aerosol
layer is quite opaque in the visible, with
an optical depth at least as great as that
on Mars at the height of a global dust
storm. On the other hand, at 20 um the
aerosols may be transparent (/0).

We estimated the cross-sectionally
weighted mean radius 7 of the aerosol
particles from the change in brightness of
Titan at high phase angles (small scatter-
ing angles). At these angles the single-
scattering phase function is dominated
by diffraction, becomes progressively
narrower and sharper as 7 increases, and
is relatively insensitive to particle shape
(26). At a wavelength of 0.42 um, the
brightness ratio of Titan at phase angles
of 160° and 129° is = 5 for the main haze
layer close to the equatorial limb. Simu-
lations of these results with a multiple-
scattering model of the aerosol layer (25)
indicate that 7 ~ 0.3 um.

Our estimate of 7 near the top of the
main haze layer can be compared with
other estimates. Assuming that the aero-
sols could be modeled as spherical parti-
cles, Tomasko (27) simulated Pioneer 11
polarization measurements and found
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Fig. 6. Pole-to-pole intensity scans of Saturn
in four colors. The four curves have a com-
mon zero but different intensity scales propor-
tional to raw data numbers uncorrected for
scattering geometry. Values of I/F x 10° (17)
may be obtained by multiplying the ordinate
values by 3.0, 2.5, 2.2, or 6.5 for the orange,
blue, violet, or ultraviolet filters, respective-
ly. Note the generally low contrast (+ 10
percent) as well as the ultraviolet contrast
reversal of the prominent belt at 21°N. The
region from 0° to 12°S is not shown in the
scans because of the presence of the rings.

7 ~ 0.08 pm. Particles of this size imply
a brightness ratio of only about 1.5 for
phase angles of 160° and 129°, which is
incompatible with the observed ratio.
Conceivably, the polarization data can
be reconciled with our results if allow-
ance is made for nonsphericity of the
particles—either in their shape or their
surface microstructure. Our value for 7 is
in crude agreement with the values ob-
tained from the brightness variation of
Titan at the very small phase angles
accessible from Earth (25).
High-resolution views of the limb at
high phase angles reveal an optically thin
layer of haze ~ 50 km thick roughly 100
km above the main aerosol layer. The
haze was initially thought to be separate
from the main aerosol deck, but photo-
metric analysis of Voyager images shows
some aerosol material between the two

Fig. 7. Crescent pho-
tographs of Saturn in
the ultraviolet (left)
and violet (right) fil-
ters. Note the con-
trast reversal of the
belt located near the
middle of the limb.
The photographs
were taken at a phase
angle of approximate-
ly 118° (scattering an-
gle approximately
62°).

layers. The haze layer extends from the
top of the north polar hood entirely
around the illuminated hemisphere, con-
tinuing some distance beyond the termi-
nator in both hemispheres (Fig. 9). Over
a short range of longitudes, it exhibits a
fine structure of subsidiary but not dis-
crete layers (Fig. 10).

Intensity profiles of Titan’s limb pro-
duced from Voyager images show an
inflection between 2765 and 2796 km
from the center of Titan, corresponding
to the main haze layer, and a peak be-
tween 2805 and 2845 km, corresponding
to the center of the higher haze layer
(Fig. 11). From Pioneer 11 experiments
with much inferior resolution, the visible
radius of Titan was estimated as
2860 + 20 km (28), assuming a bright-
ness step function at the limb. Because
the Pioneer experiments were unable to
resolve the haze layer, their results seem
to be in good accord with our measure-
ments. The air mass through the tangen-
tial light path to the limb is ~ 20. Thus
the equivalent normal-incidence optical
depth corresponding to the optical limb
(photometric inflection) is at v ~ 0.05.
Therefore, the optical limb is about 240
km above the solid surface determined
by the Voyager 1 radio occultation ex-
periment (/9).

The Voyager 1 ultraviolet spectrome-
ter detected discrete absorbing layers
(29) at mean radii of 3335 and 2966 km.
The results indicate that the source of
extinction in the higher layer is probably
molecular rather than particulate, and
that in the lower layer may also be
molecular rather than particulate. Since
the ultraviolet instrument experienced a
cutoff of 2886 km on ingress and 2869 km
on egress, its lack of detection of the
optical haze layer diagrammed in Fig. 11
does not contradict the imaging data.

It is also interesting to compare our
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measured limb radius with that obtained
by combining ground-based spectro-
scopic estimates (30-32) of cloud pres-
sure with the pressure-radius curve ob-
tained from Voyager infrared and radio
science observations (/0, 19). Hunten's
(32) temperature-pressure curve, ob-
tained by comparing strong and weak
methane absorption bands in Titan’s at-
mosphere, agrees well with the Voyager
infrared and radio science curve (Fig.
11). However, Hunten placed the effec-
tive pressure of optical penetration in the
range 300 to 900 mbar, the latter imply-
ing a limb pressure of 10 to 50 mbar. The
Voyager optical limb is near the 0.2-
mbar level. It is possible that this repre-
sents still another haze layer overlying
Hunten’s main cloud. If so, the level of
visual penetration attained in pictures of
Titan taken near full phase (Fig. 8) is
close to the top of the convective region
of the atmosphere, as expected from first
principles (33).

Color images of Titan show a reddish
disk with a readily discernible inter-
hemispheric asymmetry: the southern
hemisphere is of relatively uniform
brightness; the northern hemisphere is
darker and redder and is surmounted by
a still darker north polar hood (Fig. 8).
Extreme contrast enhancement (Fig. 8)
reveals several distinctive, zonally orga-
nized features, reminiscent of the zones
and belts in the Jovian and Saturnian
cloud systems. The interhemispheric
boundary lies in Titan’s orbital plane
(probable error, + 5°). This symmetry

plane is almost certainly determined
solely by Titan’s rotation. This repre-
sents the first determination of the oblig-
uity of Titan, namely 0° + 5°. North of
the equator are two broad dark belts with
possible substructure. A thin bright zone
separates the protuberant north polar
hood from the darker belt to the south,
which extends southward from ~ 65°.
There is no hint of a south polar hood.
Notwithstanding our observation of a
limb at about 0.2 mbar, the possibility
that the penetration attained over most
of the disk in images taken near full
phase may be much deeper suggests that
the interhemispheric asymmetry may be
caused by a difference in the height or
particle number density of the underly-
ing condensation clouds, such that there
is a brighter white substrate in the south-
ern than in the northern hemisphere.
Alternatively, the asymmetry may be
caused by variations in particle size or
composition of the dark, presumably or-
ganic, aerosols that color its haze and
clouds. Particle-size modulation might
arise from aerosol variations in the ener-
gy sources converting atmospheric CH,
and N, to organic materials, or from
additional condensation at the poles
of intermediate-carbon-number organic
matter. Composition modulation might
arise from periodic variations in the flux
of charged particles in the Saturnian
magnetosphere as Titan bobs in and out
of the planet’s magnetopause. No cur-
rent model fully explains Titan’s
interhemispheric albedo asymmetry or

the presence of a polar hood only in its
northern hemisphere.

On the other hand, the asymmetry
may be dynamical in origin, caused by
seasonal variations in the distribution of
solar heating. Thermally forced circula-
tion differences between winter and sum-
mer hemispheres may produce differ-
ences in cloud density, altitude, and
composition that result in different albe-
dos. An analogous effect occurs on
Earth, with the winter hemisphere tend-
ing to be brighter due to more stratus
cloud and ice and snow cover. Although
the brightness asymmetry was observed
by Voyager shortly after Titan’s equi-
nox, when solar input to the two hemi-
spheres is nearly symmetrical, Titan has
a very long radiative time constant, ¢
(ratio of the atmospheric thermal energy
content to the mean solar heating rate for
the atmosphere). With a N, atmosphere
(19, 29) and the Voyager radio science
surface pressure and temperature, we
find+ = 138 years, roughly 400 times the
value for Earth’s atmosphere. Since the
period of solar thermal forcing is equal to
Saturn’s orbital period of 29.5 years, the
thermal response of Titan’s atmosphere
will lag by a phase angle ~ arctan
(27 x 138/29.5) = 88°. The lagis almost
exactly one season (90°). Thus the maxi-
mum thermal gradient between Titan’s
northern and southern hemispheres
should occur at the equinoxes, not at the
solstices, and at the time of the Voyager
1 encounter the effective atmospheric
season would be just past midwinter.

Fig. 8. (Left) Far-encounter image of Titan, showing the protuberant north polar hood. The reddish color of the clouds is thought to be due to
complex organic molecules. (Right) Severely contrast-enhanced image of Titan, corrected by a Minnaert photometric function, which is
responsible for the step-function artifact at the right limb. Zonal structure in the northern hemisphere clouds is revealed, consisting primarily of a
low-albedo northern mid-latitude band, brightening before the onset of the polar hood at latitudes of ~ 65°. There is a hint of subsidiary structure
as well. The colors are exaggerated in both images.
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Fig. 9. The global extent of Titan’s haze layer
can be seen in this high phase angle (129°),
narrow-angle photograph, taken on 13 No-
vember 1980 from a distance of 2.3 x 10% km
(resolution, 43 km/Ip).

The 90° phase shift of seasons on Titan
may also allow a seasonal interpretation
of the secular brightening of Titan ob-
served by Lockwood (34) since 1972.
The fact that the brightening continued
through May 1973 southern summer sol-
stice, originally used to reject this inter-
pretation, may be consistent with it.

If we assume that the albedo of each
hemisphere varies sinusoidally between
a maximum at the autumnal equinox and
a minimum at the vernal equinox and
that, due to the inclination of Titan’s spin
axis (to the ecliptic, not to its own orbital
plane), the fraction of each hemisphere
seen from Earth varies sinusoidally from
a minimum at winter solstice to a maxi-
mum at summer solstice, then we can
model the modulation of apparent bright-
ness of the southern hemisphere by
[1 + a sin(wt)] [1 + f cos(wt')] and of
the northern hemisphere by [1 — a
sin(wt')] [1 — f cos(wt’)], where a is the
half-amplitude of the hemisphere bright-
ness variation, f the half-amplitude of
the hemisphere weighting variation, w
the orbital frequency of Saturn, and ¢’
the time from the 1973 southern summer
solstice. The instantaneous mean bright-
ness of Titan as a whole is thus propor-
tional to 1 + af sin Qowt’).

This model implies a geometric albedo
variation at twice the Saturn orbital fre-
quency, with extremes of brightness
midway between solstice and equinox.
The last minimum would have occurred
at 2wt’ = —a/2, about 3.5 years before
the mid-1973 solstice, and the last maxi-
mum at 2w?’ = +7/2, about 3.5 years
after the mid-1973 solstice. These values
are consistent with the increase ob-
served since 1972, provided af = 0.7
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(34)..If f is approximated by the sine
of the inclination angle of Titan’s axis,
then a = 0.15. This implies a maxi-
mum brightness ratio between summer
and winter hemispheres of (1 + 0.15)/
(1 — 0.15) = 1.35, which occurs at the
equinoxes. Preliminary photometric data
from Voyager frames taken through a
blue filter yield a contrast ratio between
the northern and southern hemispheres
of ~ 1.20. Considering the approximate
nature of the calculation above, it may
be consistent with the data. The secular
brightening of Titan has a wavelength
dependence; it is not yet clear if the
interhemispheric contrast in the Voyager
images shows a consistent wavelength
dependence.

Lockwood (35) reported that Titan
reached its maximum brightness in 1976
and 1977, almost exactly as this model
predicts, and has since been decreasing
in brightness at 2 percent per year. He
suspected a correlation with solar activi-
ty and predicted a minimum brightness
in 1981 and 1982 (35). The model pro-
posed here predicts a minimum in 1983
and 1984. Discrimination between these
two models by ground-based observa-
tions should be possible in the next 3 to 4
years. If our model proves valid, it
leaves open the question of why Nep-
tune shows the same phase relationship
as Titan, consistent with a solar variation
model.

Titan is probably tidally locked to Sat-
urn; its day is then equal to its orbital
period, about 16 Earth days, implying a
zonally symmetric thermal forcing. Be-
cause the time constant for meridional

Fig. 10. Several haze layers can be seen in this
unique image of the limb of Titan, taken on 12
November 1980, at a range of 4000 km, 5
minutes after closest approach to Titan. The
height of the region shown in this figure is
about 220 km and the image has been substan-
tially increased in contrast.

E
0.0001 ; r — M g
I 8z
1 = g
e 52
OV ABSORBING LAYER | 122,
L [}
0.01 X
]
- —TTS T | Ja0
§ o1} OPTICALHAZE LAYER.
—— S S S
E |
w < AN 1 4m
g i
2 OPTICAL LIMB ;
E //
a 0 . ’ H100
OCCULTATION
1o PROFILE 1%
ool ANEC) oups?)
0 (25601
1 1 i
¢ 50 100 150 200

TEMPERATURE (K)

Fig. 11. Schematic representation of the
structure of Titan's atmosphere and the dispo-
sition of aerosols and clouds, based on Voy-
ager 1 optical, ultraviolet, infrared, and mi-
crowave experiments. A thermal inversion is
expected at high altitudes. Fine structure in
the haze layers has been suppressed.

motions is probably comparable to ¢,
Titan’s rotation may play a significant
dynamical role in these motions. Finally,
scaling considerations suggest (36) that a
weak zonally symmetric circulation is
more likely than a wave regime for Titan.
This may explain the zonal symmetry of
the brightness variations of Titan, al-
though the observed latitudinal varia-
tions remain unexplained.

Finally, we note that the Voyager ob-
servations are relevant to previous
ground-based observations of detail on
the disk of Titan. A series of drawings
based on ground-based observations
show large variations in the appearance
of the satellite as a function of its orbital
position (2). No single drawing accurate-
ly reproduces the appearance of Titan as
seen by Voyager 1. It might be argued
that the spacecraft viewed Titan during
an anomalous period, but our analysis of
the atmospheric dynamics suggests that
it did not. We conclude that the small
angular size of Titan may have misled
ground-based observers.

Icy satellites. The Saturn system is
one of the three known systems of regu-
lar satellites; the others are those of
Uranus and the inner satellites of Jupi-
ter. (Regular satellites are those with
nearly circular direct orbits in the pri-
mary planet’s equatorial plane.) All three
planets with regular satellite systems are
now known to have ring systems as well.
Theoretical models suggest that such
systems are a common consequence of
planet formation—each system of plan-
et, rings, and regular satellites a minia-
ture solar system. By “‘icy satellites’” we
mean the large, atmosphere-free Saturni-
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Table 1. Bulk properties of the largest Saturnian satellites.

Satellite Orbit radius Radius* Densityt Geometrici
(Rs) (km) (g cm™) albedo
Mimas (S1) 3.08 195+ 5 1.2 £ 0.1 0.6 £ 0.1
Enceladus (S2) 3.97 250 = 10 1.1 £ 0.6 1.0 = 0.1
Tethys (S3) 491 525 = 10 1.0 = 0.1 0.8 = 0.1
Dione (S4) 6.29 560 = 10 1.4 = 0.1 0.6 = 0.1
Rhea (S5) 8.78 765 + 10 1.3 = 0.1 0.6 = 0.1
Titan (S6) 20.4 2560 = 26 1.9 = 0.06
Hyperion (S7) 24.7 145 = 20 0.3 = 0.1
lapetus (S8) 59.3 720 = 20 1.2 £ 0.5 0.5 =03

' (bright side)

*Average from several independent limb-fitting routines to Voyager 1 images, except Titan, which is from

Tyler et al. (19).
and Pioneer (39) measurements.
Voyager 1 radii determinations.

an satellites. We thus include Mimas
(S1), Enceladus (S2), Tethys (S3), Dione
(S4), Rhea (S5), Hyperion (S7), Iapetus
(S8), and Phoebe (S9), but exclude Titan.
All of these satellites, except lapetus,
Phoebe, and possibly Hyperion, are reg-
ular satellites. Throughout this section
““‘ice”” refers to water ice unless other-
wise specified.

Analysis of ground-based data indicat-
ed that most, if not all, of the icy satel-
lites are low-density (1 to 2 g cm™),
bright objects (geometric albedo general-
ly ~ 0.4) (37). Infrared photometry and
spectroscopy established that most of
these satellites, and the bright hemi-
sphere of Iapetus, are at least partly
covered with water frost or ice (38).

Before the Voyager 1 encounter with
Saturn we had far less information about
its satellites than we did about Jupiter’s
before 1979. This was due to Saturn’s
greater distance from Earth and the sun,
the smaller diameter of its satellites, and
their closeness to Saturn. Only Titan is
comparable in size with the Galilean
satellites. The icy satellites are interme-
diate in size between the largest aster-
oids and the moon. Voyager 1 provided
the first close look at bodies in this size
range.

Voyager 1 obtained high-quality im-
ages of most of the previously known
satellites. Mimas, Dione, and Rhea were
observed at a range of less than 200,000
km, and pictures were acquired with
resolutions of 4.0 km/lp or better. Rhea
was observed at a range of only 59,000
km with a resolution of 1.3 km/Ip. Voy-
ager 2 will view these objects at much
lower resolution. Enceladus, Tethys, Ia-
petus, and Hyperion were observed at
much lower resolution‘fby Voyager 1,
but will be studied at closer range dur-
ing the Voyager 2 encounter in' August
1981.

Basic properties of the large Saturnian
satellites (Table 1) agree, within the stat-
ed errors, with previous estimates from
ground-based measurements (37). The
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tMasses for Rhea and Titan are from Tyler et al. (19); others are from ground-based (38)
tAlbedos derived from telescopic visual magnitudes (37, 38) and

uncertainties in the radii are much small-
er than those in previous estimates and
allow calculation of meaningful densities
(where masses are known) and mean
geometric albedos. These data bear out
the pre-Voyager estimate (39) that most
of these satellites are very bright, low-
density bodies. The satellites vary, how-
ever, in albedo and density. Enceladus
and Tethys appear brighter than the oth-
er satellites and seem to be less dense
(although the mass of Enceladus is still
poorly determined). The best Voyager 1
global views of the six large icy satellites
are shown in Fig. 12, printed to correct
linear scale with average brightnesses
approximately scaled to the true
albedos.

Preliminary maps of Dione, Rhea, Te-
thys, and Mimas showing albedo mark-
ings and topographic features are shown
in Fig. 13. Perspective projections of
latitude and longitude were prepared for
each frame (unrectified), based on the
position and orientation of the satellite
with respect to the spacecraft. Map de-
tails were then transferred from the per-
spective view to Mercator and polar ste-
reographic projections by airbrush carto-
graphic techniques. The resulting maps
vary in detail in accordance with the
resolution of the photographic coverage.
They will be improved as precise coordi-
nates of control points become available
and updated with new positional infor-
mation and Voyager 2 data.

Mimas. The most striking feature on
Mimas, the smallest and innermost satel-
lite, is a giant crater roughly 130 km in
diameter (Fig. 14, left), nearly centered
on the leading hemisphere (Fig. 13). The
crater walls have an estimated average
height of 5 km, and parts of the floor may
be more than 10 km deep. An enormous
central peak, 20 by 30 km at its base,
rises about 6 km from the crater floor
and was probably generated by a re-
bound of the floor under the extremely
weak gravity of Mimas (~ 0.005 that of
Earth). The diameter of the crater is

about one-third the diameter of the satel-
lite. For a body the size of Mimas, which
is relatively weakly bound by its own
gravity, this diameter is probably near
the maximum that can be produced with-
out disrupting the body.

The next largest crater on Mimas is
much less than half the diameter of the
giant crater, and few craters larger than
50 km in diameter are seen. Smaller
craters are abundant and, in general,
uniformly distributed, although there
does appear to be some variation in this
population, as seen in the shaded relief
map (Fig. 13). The region in the central
part of the Mercator projection, from
40°W eastward to 260°W (best viewed in
Fig. 14, right), has very few craters in the
20- to 50-km size range, whereas the
region from 260°W eastward to the giant
crater at 100°W (Fig. 14, left) has a
substantial number. The transition be-
tween the two regions occurs near the
antapex of orbital motion and is there-
fore probably not simply a result of vari-
ation in cratering flux from leading to
trailing hemisphere. Conceivably, the in-
termediate axis of the ellipsoid, which
coincides with the apex of motion, was
shifted by an impact or impacts. Alterna-
tively, the region with few 20- to 50-km
craters may have a younger surface, on
which later processes obliterated preex-
isting large craters.

Most of the craters are approximately
bowl-shaped and much deeper than cra-
ters of comparable size on the moon or
the icy Galilean satellites. The greater
depths are probably due to the extremely
low gravity field. Craters = 20 km in
diameter contain rudimentary central
peaks. Craters commonly are super-
posed on other craters, and many of the
older craters are severely degraded. No
ray craters have been recognized, possi-
bly because of the intrinsically high albe-
do of the mature surface, The high and
relatively uniform crater density and the
great range in degree of crater preserva-
tion across the satellite indicate that the
population of craters with diameters
=< 30 km is generally in equilibrium (cra-
ters formed and destroyed at the same
rate). The giant crater near the apex is
relatively unmodified by superposed cra-
ters and is evidently younger than most
of the rest of the surface.

In addition to craters, the surface of
Mimas is scored by grooves as much as
90 km long and generally about 10 km
wide and 1 to 2 km deep. They are best
seen in the southern Saturn-facing hemi-
sphere, where the highest resolution im-
ages were obtained. The most conspicu-
ous grooves trend northwest and west-
northwest. Some are straight and may
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have formed over deep-seated fractures
or fracture systems; others are less regu-
lar and may consist of chains of co-
alesced craters. The grooves may have
been produced when the giant crater at
the apex was formed, or they may have
been developed by tidal interactions as
the body cooled and froze (if it was, in
fact, ever warm and mobile). Also pres-
ent in the trailing hemisphere are local
clusters of hills, which are commonly

about S to 10 km across and < 1 km high.
They may consist of coarse blocky ejecta
from the giant crater.

Preliminary radiometric reduction of a
Voyager 1 image at a phase angle of 43°
gives brightness values I/F (17) ranging
from 0.45 to 0.50 for bright regions on
Mimas. This range is consistent with a
surface coated with water frost and with
the average albedo given in Table 1.

Enceladus. Mimas and Enceladus

form a pair in terms of diameter (390 and
500 km); the next larger pair, Tethys and
Dione, are an order of magnitude more
massive. Enceladus appears to have a
smoother surface than the other satel-
lites, although its photographic coverage
is poorer. The closest pictures were tak-
en at a range of 622,000 km and have a
resolution of 11 km/lp. On other satel-
lites, craters are visible in pictures with
comparable resolution, but none can be

Fig. 12. Global color images of the six large icy satellites of Saturn (excluding Titan): Mimas, Enceladus, Tethys, Dione, Rhea, and lapetus.
Satellites are shown to scale. Relative albedo and color have been preserved qualitatively for comparison (with no compensation for differences
in phase angle); geometric albedos range from ~ 0.05 on the dark hemisphere of Iapetus to ~ 1.0 on Enceladus. Phase angle, subspacecraft
longitude, and resolution for the individual images are: Mimas (43°, 22°, 10 km/Ip); Enceladus (14°, 227°, 12 km/Ip); Tethys (72°, 57°, 11 km/lp);
Dione (9°, 270°, 13 km/Ip); Rhea (6°, 313°, 24 km/lp); and lapetus (13°, 19°, 49 kmv/Ip). [Montage prepared by J. A. Mosher, JPL Image Processing
Laboratory]
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Fig. 14. (Left) Mimas’ equatorial region. This image has a resolution of ~ 8 km/Ip and is
centered at longitude ~ 150°W. The large crater visible near the terminator is ~ 130 km in
diameter and has a central peak ~ 10 km high. (Right) Mimas south polar region. This image is a
color reconstruction with a resolution of ~ 2 km/lp. A period of very heavy meteoritic
bombardment is recorded on the surface. The small crater density on Mimas is even higher than
that on the lunar uplands.

identified on Enceladus. This apparent
absence may be due in part to the rela-
tively low phase angles (12° to 15°) of the
best images; even at these phase angles,
however, craters with very high depth-
to-diameter ratios, like those seen on
Mimas, should have been visible close to
the terminator. Thus, if craters are pres-
ent on Enceladus, they must be much
more subdued than those on Mimas.

With extreme contrast enhancement,
intersecting bright bands can be seen at
the terminator (Fig. 15), somewhat remi-
niscent of albedo features in low-resolu-
tion images of Europa. A sharp linear
feature more than 150 km long is visible
in some pictures, although whether it is a
ridge, a trough, or simply an albedo
marking cannot be determined. Some
frames show brightening toward the
limb.

In addition to its apparently smooth
surface, Enceladus has a higher albedo
than the other ice-covered satellites (Ta-
ble 1). Detailed radiometric measure-
ments from Voyager 1 images give I/F
~ 1.0 at a phase angle of 15°. For a
sphere to have a geometric albedo near
unity, it must be more backscattering
than a Lambert surface.

Enceladus’ unusual surface properties
may be related to recent resurfacing.
Yoder (40) noted that Enceladus has an
orbital eccentricity that is forced by
Dione. This could result in significant
tidal heating and could drastically alter
the appearance of the surface, as on
Europa and lo. The tidal action of Saturn
on Enceladus may have kept most of the
body liquid (water) under a very thin
shell of ice, as suggested by Cook and
Terrile (47). Saturn’s E ring appears to
exhibit a pronounced peak in brightness
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near Enceladus’ orbit (42) and may con-
sist chiefly of particles escaped from
Enceladus. The Cook and Terrile model
suggests that punctures by meteoroids
may expose water that briefly outgasses
to form supercooled droplets and ice
crystals, most of which are not retained
by the satellite’s weak gravitational field.
Alternatively, Enceladus may contain
considerable methane, and Owen (43)
suggests that continuous outgassing of
methane may occur. Perhaps the gas
entrains ice crystals and other small par-
ticles, which then escape. The E ring
particles then evolve toward the main
ring system as a result of their interac-
tion with Saturn’s magnetosphere and
associated plasma.

Tethys. Pre-Voyager data for Tethys

Fig. 15. Voyager 1 best view of Enceladus.
This image of Saturn’s second large icy satel-
lite was acquired at a range of 625,000 km
with a phase angle of 15°. The resolution
(~ 15 km/lp) would be adequate to show large
craters like those present on Mimas; they are
evidently absent.

suggested that it is a low-density, ice- or
frost-covered object. From limited pho-
tometric data, a rotational variation
brightness .of about 15 percent with a
minimum near 270°W was inferred.
Ground-based observations (37) indicat-
ed an average visual geometric albedo of
about 0.8 and a diameter of about 1000
km.

Two low-resolution (~ 35 km/lp) im-
ages of Tethys’ trailing hemisphere were
taken through the clear filter, about 30°
of longitude apart, at phase angles of
about 10° (Fig. 16, left and middle). A
dark strip, centered at ~ 270°W (Fig.
13), runs approximately north-south and
has an I/F of about 0.6, compared to
~ 0.8 for the brightest regions. Near the
borders of the dark strip are circular
markings, which are probably related to
large impact craters like those visible in
the highest resolution images (see Figs.
12 and 13). The low-resolution images
were taken at low phase angle and the
circular features are more likely albedo
markings within craters than topographic
expressions. The fact that these mark-
ings are conspicuous only near the bor-
ders of the dark strip suggests that stra-
tigraphy controls their formation. Alter-
natively, as the dark area is centered
near the antapex of motion, the markings
may be due to impact ‘‘gardening’’ or
dusting, or to coating by orbital debris on
local slopes oriented toward or away
from the apex of motion.

A contrast-enhanced image of Tethys
centered at ~ 18°W shows a trough or
valley near the terminator (Figs. 13 and
16, right). Preliminary estimates of the
trough’s dimensions, assuming uniform
albedo and a nominal photometric func-
tion (estimated error ~ 20 percent), yield
an average depth of ~ 3 km, a maximum
depth of 4 km, and a height of ~ 0.5 km
for its raised rim. Several ledges or ter-
races evident on the sides of the trough
(Figs. 13 and 16, right) suggest a layered
crust. A few large craters can be seen
near the trough, but the resolution in this
image is insufficient for an estimate of
the crater population. Crater statistics on
the highest resolution image of Tethys
indicate that much of its surface has a
dense population of deep craters, much
like those on Mimas. The processes that
produced the valley on Tethys are not
clear, but some form of internal stress
seems likely. Tethys’ low density (~ 1.0
g cm™) suggests that it is nearly pure
water ice; if so, it undergoes the greatest
expansion on freezing of all the icy bod-
ies. Voyager 2 will observe the same
region (central longitude ~ 0°) at roughly
ten times better resolution.

Dione. Dione is only slightly larger
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Fig. 16. Three views of the trailing hemisphere of Saturn’s third icy moon, Tethys. (Left) Image centered at ~ 248°W. (Middle) Image centered at
~ 279°W. Both images have a resolution of ~ 35 km/lp. A darker albedo feature centered at ~ 270°W can be seen on both images, with circular
albedo markings on both boundaries that are probably expressions of impact craters. (Right) Image taken at a range of 1,240,000 km and a phase
angle of 30°, with a resolution of about 25 km/lp. An enormous valley about 1000 km long and 50 to 100 km wide runs from north to south along the
terminator. Terraces inside this branching valley are faintly visible.

than Tethys but has a distinctly higher
density (Table 1) and a different global
appearance. For example, craters 10 to
50 km in diameter appear much deeper
on Tethys than on Dione. Whereas Te-
thys shows only slight regional varia-
tions in its high average albedo, Dione
shows large regional variations in albedo
and also a complex network of bright
wispy linear markings that divide the
dark trailing hemisphere into polygons
(Figs. 12 and 13). Dione exhibits some of
the greatest albedo contrast in the Satur-
nian system, second only to that of Iape-
tus. The darker material on the trailing
hemisphere has an I/F of about 0.3 to
0.35 at a phase angle of 9°, whereas the
superimposed bright linear features have
values between 0.5 and 0.6. The average
brightness of the leading hemisphere is
intermediate between these values.
Where they can be traced westward in
relatively high-resolution images, the
bright wispy markings are composed of,
or pass into, a large number of relatively
narrow bright lines (Figs. 12 and 17).
Where these patterns can be traced into
the highest resolution images (Fig. 18) of
the bright hemisphere, in which the albe-
do contrast is not apparent, a few of the
bright lines appear to be associated with
narrow linear troughs and ridges that are
extensions of the lines. Near the center
of the complex of bright markings is an
elliptical albedo feature about 240 km
long (10°N, 285°W; Fig. 13) that may be a
large irregular crater or basin. If this
feature is a crater, it is the largest one
recognized on Dione. The bright mark-
ings do not form a pattern expected for
rays; they may be controlled by a great
regional system of fractures or faults
associated with the putative basin. Frac-
tures may also have been formed or
reopened by internally generated stress-
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es such as those associated with exten-
sion of the crust on freezing of the interi-
or. The bright material, which is proba-
bly chiefly water ice or frost, evidently
escaped from the interior of Dione along
the fracture system—perhaps carried up
by more volatile substances such as
methane.

Like Mimas, Dione has a paucity of
craters larger than about 30 km in diame-
ter, but unlike Mimas it has a low overall
crater population. The surface of the
leading hemisphere (Fig. 18) consists of
at least two terrains of contrasting topog-
raphy. One, evidently older, is heavily
cratered and has craters as much as 163
km in diameter; the other, which lies
close to the leading meridian, is a less
densely cratered plain. The crater popu-
lations of the two terrains are compared
in Fig. 19. Few craters on the plain are
larger than 40 km in diameter. Broad,
low, northeast-trending ridges occur in
the southern part of the plain (Figs. 13
and 18). The younger terrain has clearly

been resurfaced with a layer of material
sufficiently thick to mantle preexisting
cratered terrain. This could imply that an
internal heat source has kept Dione ac-
tive, generating an outpouring of materi-
al onto its surface over a sufficient time
for its crater populations to vary marked-
ly. Perhaps a relatively high concentra-
tion of radiogenic nuclides, which would
be consistent with Dione’s density, is
responsible. Alternatively, the plains-
forming event may have been an erup-
tion of fluidized ice and rock, triggered
by an impact or impacts. The fact that
the plain occurs near the leading merid-
ian suggests a high rate of bombardment;
however, it would seem that the crater
population on such a plain should be
relatively high, contrary to what is
observed.

Like the other icy satellites observed
at close range, Dione is nearly devoid of
ray craters. In the darker trailing hemi-
sphere a faint but very extensive set of
rays emanates from a bright spot (Fig.

Fig. 17. Images of opposite hemispheres of Dione. (Left) The anti-Saturn side shows a generally
darker trailing hemisphere that contains numerous bright streaks (7 kny/Ip). (Right) The Saturn-
facing side, with the streaked trailing hemisphere to the right (4.5 km/ip).
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12), which is presumed to be an unre-
solved crater. The apparent paucity of
rayed craters on the icy satellites may be
due to their generally high albedos,
which would obscure fresh rays.

Other major topographic forms occur
in the polar regions of Dione (Fig. 18). A
long, linear valley, resembling a giant
graben, extends for about 500 km across
the south polar region. In the northern
hemisphere a complex branching valley
system, whose origin is under debate,
extends from the polar region toward the
equator. The presence, in the south, of a
younger, sparsely cratered plain that has
clearly undergone tectonic disruption
and the complex, bright, polygonal albe-
do patterns, apparently developed on
fractures, are evidence for a substantial
period of crustal evolution and modifica-
tion on Dione.

Rhea. Voyager 1 passed over the
north polar region -of Rhea at an altitude
of only 59,000 km, providing our closest
view of any of the icy satellites. Ground-
based measurements had revealed a rela-
tively featureless reflection spectrum in
visible light, water-ice absorption bands
in the near-infrared, a visual albedo of
about 0.6, and rotational variations of 10
to 20 percent in full-disk brightness (37,
38).

As Voyager 1 approached Saturn, im-
ages of Rhea showed its global appear-
ance to be highly variable with rotation.
Figure 20 (left) shows the leading hemi-
sphere to be relatively uniform and
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Fig. 18. Color view of
Dione. This view of
Saturn’s fourth icy
satellite is a mosaic of
three color se-
quences. The resolu-
tion is ~ 3 km/lp and
the center of the im-
age is at ~ 55°W.
Some of the light
wispy streaks that are
prominent on the
trailing  hemisphere
can be seen at the
limb to the right. At
least one of the
streaks near the ter-
minator at the bottom
is associated with a
scarp. [Computer mo-
saic prepared by C.
C. Avis, JPL Image
Processing  Labora-
tory]

bland, except for a large, diffuse. bright
feature with radiating streaks. This pre-
sumed ray crater is centered in the lead-
ing hemisphere, near 90°W (Fig. 13),
which was not observed at high resolu-
tion. The darker trailing hemisphere
(Figs. 12 and 20, right) has bright wispy
streaks similar to those seen on the trail-
ing hemisphere of Dione. Unfortunately,
as in the case of Dione, these markings
were not in view during the near-encoun-
ter imaging sequence.
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Fig. 19. Cumulative size-frequency distribu-
tions of presumed impact craters on Dione.
The number of craters per unit area larger
than a given diameter is plotted against that
diameter. Error bars show statistical error of
+V/N, where N is the number counted. The
cratered terrain is roughly in the center of the
image shown 'in Fig. 17; the smooth terrain is
along the terminator in Fig. 18.

The equatorial region that was viewed
during close approach is about halfway
between the first two views in Fig. 20,
mostly in the bright leading hemisphere.
Figure 21 shows a typical view of that
region, which is dominated by impact
craters and resembles the rolling crater-
ed highland terra provinces of the moon
and Mercury. Notably absent are the
flattened crater forms common on the
icy Galilean satellites, where some cra-
ters have lost nearly all topographic
expression, presumably through viscous
flow of the once-soft icy crusts. Evident-
ly, Rhea’s lower gravity and small diam-
eter permitted rapid cooling and freezing
and enabled its crust to support craters
from an early period in its history.
Rhea’s large craters are irregular, often
polygonal, suggesting that a rubble zone
makes up the upper crust. Well-formed
ejecta blankets are rarely seen around
Rhea’s large craters, another probable
consequence of the lower gravity. Given
the same ejection velocity as on the
moon, crater ejecta on Rhea would
spread out five times farther than lunar
ejecta and would thus form a much thin-
ner ejecta blanket. Curious bright patch-
es are visible in some craters (Fig. 21) on
both sun-facing and antisun-facing walls.
They may be due to local frost deposits
or, more likely, to continual exposure of
fresh ice by impact gardening.

Bright and dark terrains (albedo con-
trast ~ 20 percent) were observed at
high resolution in Rhea’s nortt polar
region (Fig. 20, middle, and Fig. 22). The
boundary between the terrains lies
roughly along 315°. Large craters are
much more abundant in the bright ter-
rain. The abrupt nature of the boundary
and the fact that the terrains are not
symmetrically divided into leading and
trailing hemispheres suggest that the dif-
ference in crater density is related to
variation in surface age rather than in
flux of impacting bodies; the flux should
vary slowly with longitude from leading
to trailing hemisphere. Perhaps the dark
terrain was formed by extrusion of
slightly darker material that buried pre-
existing craters, and was then bombard-
ed with bodies that virtually saturated it
with small craters (< 50 km in diameter).
Evidently the production of large craters
(= 50 km in diameter) fell off dramatical-
ly before the resurfacing event. The evi-
dence on Rhea strongly suggests two or
more families of impacting bodies that
were swept up at different times,

Observations of Rhea’s equatorial re-
gion reveal a complicated surface evolu-
tion there as well. The central and upper
right pargs of Fig. 21 show a smooth plain
with more muted topography than seen
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in the lower left. The shaded relief map
(Fig. 13) shows several regions of low
crater densxty near the equator (300° to
330°W and 20° to 60°W) A complex
network of narrow linear grooves and
troughs occurs in the region from 290° to
330°W and 30° to 40°S; it ends abruptly
on the west margin of an area containing
large craters that appear mantled. ‘

Hyperion. The best Voyager 1 image
of Hyperion was obtained from a dis-
tance of 4.6 x 10° km (84 km/lp) at a
phase angle of 21°. In this image Hyperi-
on is about seven picture elements
across. (Voyager 2 will approach within
half this distance.) From the Voyager 1
image, in which the subspacecraft longl—
tude is 12°W we derive a geometric
albedo for the clear filter of 0.28, assum-
ing a phase coefficient of 0.02 magnitude
per degree (44). Combining this reflec-
tance with a value of the visual magni-
tude of V(1,0) = 4.6 gives 150 km for the
radius. Direct measurement of the imagé
yields a consistent value of 150 + 10 km
for the radius. The new albedo value is
considerably lower and the radius con-
siderably larger than the values (~0.5
and 112 = 5km, respectively) quoted by
Cruikshank (37).

No direct data were obtained on the
rotation state of Hyperion, but Peale (45)
has argued that it should be in synchro-
nous rotation with a period of 21.3 days.
No lapetus-like -albedo differences are
evident in the tiny Voyager image, and
no systematic light variations have been
found as the satellite orbits Saturn (46);
albedo differences on the satellite are
probably small. The near-infrared spec-
tral signature of Hyperion seems to fall
between those of Rhea and Oberon,
which are known to have a significant
component of water ice at their surfaces
37).

Iapetus. The best images of lapetus
were taken from a distance of 2.5 x 10°
km (49 km/lp). The radius of 720 = 20
km determined from these images agrees
with the best ground-based value of
724 = 60 km (47). The most distinctive
characteristic of Iapetus is the large albe-
do contrast between the trailing and
leading hemispheres. Absolute visual
magnitude ranges from 2.3 to 0.6, corre-
sponding to average geometric albedos
of 0.49 = 0.05 and 0.10 = 0.01 for the
trailing and leading hemispheres, respec-
tively. The boundary between the bright
and dark hemispheres is meandering and
gradational. On the Saturn-facing side it
is at 340°W at the equator, angling over
to 20°W at 40°N and 40°S (Fig. 12). The
zone of gradation is 200 to 300 km wide
and includes a dark ring (reflectance,
0.3) approximately 400 km in diameter
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Fig. 20, Low-resolutlon views of Rhea, showing the satellne s changing global character with
longitude. (Left) Image centered on ~ 85°W, showmg the relatively bland character of the
1eadmg hemisphere; the bright spot is probably due to a fresh impact. (Middle) Image centered
on ~ 343°W, showing the boundary between the leading ‘and trailing hemispheres. (Rxght)
Image centered on 300°W (~ 144 km/Ip), showing light markings, which resemble the wispy
markings on Dione when seen at higher resolution {Fig. 12).

that extends into the brxght hemlsphere
Several dark circular markings 50 to 200
km across lie farther out in the bright
area. No bright markings can be seen on
the dark hemisphere. The Voyager col-
orimetric data are consistent with
ground-based data (37) suggesting that
the surface of the bright hemisphere is
predominantly water ice. On the side
opposite Saturn, the boundary is also
meandering and gradational over 200 to
300 km (Fig. 23). Another large ring
occurs near this boundary, in this case
'on the dark hemisphere near the equator.
Since this ring is readily seen at low
phase angle, the pattern is probably due
to albedo, not topography.

lapetus’ dark hemisphere is red, simi-
lar to the dark material of Callisto, and
its albedo is consistent with that of car-

‘bonaceous chondrites. However, near-
infrared measurements indicate a spec-

trum ‘in ‘the range 1.0 to 3.0 um that
differs significantly from that of Callisto
(48). There are several possible explana-
tions for the dichotomy between the two
hemispheres. Differentiation to produce

ice-rich ‘surface materials ‘on one ‘side

and carbonaceous materials on the other

is ‘unlikely on both dynamical and geo-

logical grounds; it would result in hemi-
spheres with different densities which
would not ‘align in the leading-trailing
direction. The ‘remaining explanations

fall into two categories, mvolvmg €x0-

genic or endogenic processes. Exogenic
processes, which ‘are -attractive in ex-
plaining the leading-trailing dichotomy,

include (i) ‘water ice eroded off the lead-

ing hemisphere to expose darker rocks

Fig. 21, High-resolution ¢olor image of Rhea. This composite shows a portion of Rhea’s surface
near the equator at ~ 15°W. The images were taken just before closestapproachof Voyager 1 to
Rhea; they have a resolution of ~ 2.5 km/lp and show an area of about 650 by 850 km. The
average surface is quite bright (//F = 0.5 to 0.6), and even brighter areas are visible on the
slopes of some craters, possibly due to fresh ice deposits or more likely fresh materials exposed
by slumping.
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Table 2. Long-period comet collision parameters and cratering rates to 10-km diameter for low-
ice satellites of Saturn.

Parameter* Mimas Tethys Dione Rhea
U 1.50 1.55 1.57 1.60
v; (km sec™’) 25.3 223 21.1 19.9
F 14.1 10.1 8.7 7.3
D (km) 90.9 73.4 66.4 62.5
P, (1073 rev™") 0.8 4.2 4.1 6.5
3 18.3 10.5 8.2 6.1
T (107" km™ year™) 0.51 0.30 0.17 0.12

*Definitions: U, mean dimensionless encounter velocity at sphere of influence of Saturn, weighted by P,
(U = ratio of encounter velocity to Saturn’s mean orbital velocity); v;, mean impact velocity, weighted by
P.; F, mean enhancement of flux of comets at orbital radius of satellite due to gravitational field of Saturn,
weighted by P.; D, mean diameter of crater produced by impact of a 10'® g cometary nucleus, weighted by P_;
P., mean probability of collision of comet per perihelion passage; 3, ratio of cratering rate at apex of satellite’s
orbital motion to cratering rate at antapex; and I, estimated rate of production of craters = 10 km in diameter

by impact of long-period comets.

beneath (49), and (ii) ice preferentially
deposited on the trailing hemisphere
(50). The boundary between the hemi-
spheres is more abrupt, irregular, and
complex than might be expected for in-
falling debris. An alternative endogenic
process, suggested by the Voyager data,
is extrusion of material from the interior.
This could explain the boundary, with
the large parted ring in Fig. 12 being a
moat of dark material in a crater. Dis-
crimination between these hypotheses
may not be possible with the present

data. The Voyager 2 images will have 2.5
times better resolution.

Cratering records and implications.
The impact crater populations on the icy
satellites vary greatly both in number
and in relative abundance of different
sizes. Were the craters produced by de-
bris orbiting Saturn, either remnants left
over from the formation of the satellites
and rings or fragments generated by
large collisions within the system? Or
were they produced by debris from out-
side the Saturn system, either early post-
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Fig. 22. Rhea north polar mosaic. During the close encounter with the largest inner icy satellite,
special image motion compensation was used to acquire this mosaic of Rhea’s north polar
region. The resolution is about 1 km/Ip. The images have been high-pass filtered to enhance
details of the topography. The low-resolution inset (lower left) is a polar projection airbrush
sketch of the approach images (Fig. 20), showing the boundary between bright and dark terrains
in the north polar region. The second inset is a sketch of large craters in the polar region mapped
on the mosaic. Craters that appear fresh and superposed on the surface are black; apparent
mantled craters, faintly visible, are shown as circles. Notice the strong correlation between
dark terrain and the absence of large craters.
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accretional material in heliocentric orbits
near Saturn or later long-lived cometary
or asteroidal fragments?

Estimates of the impact flux from
long-lived sources in the last 3 to 4 billion
years suggest that the flux of cometary
fragments is roughly 10* times that of
asteroidal fragments. The contribution of
long-period comets was extrapolated
from their flux in the neighborhood of
Earth, assuming that the perihelion dis-
tances are uniformly distributed between
1 AU and the orbit of Saturn (57). Colli-
sion probabilities, velocities of impact,
masses of comet nuclei, and cratering
rates (Table 2) were estimated as de-
scribed by Shoemaker and Wolfe (57).

Two trends are indicated by the model
calculations for cometary debris (Table
2). First, the mean impact velocities and
therefore crater production rates in-
crease inward from Rhea to Mimas, due
largely to gravitational acceleration by
Saturn. Second, the cratering rates at the
apex and antapex of motion (leading and
trailing hemispheres) differ, ranging from
about 20:1 for Mimas to more than 5:1
for Rhea. These trends generally apply
for all external sources (such as short-
period comets or asteroids in heliocen-
tric orbits), although long-period comets
have slightly higher impact rates due to
their higher velocities.

In addition to long-period comets,
there may be about 10* comet nuclei of
diameter > 1 km that have been cap-
tured in relatively short-period orbits by
repeated encounters with Saturn. As
most of these bodies would be too far
from the sun to show detectable come-
tary activity, their existence is inferred
almost entirely from dynamical argu-
ments; Chiron is the only apparent mem-
ber of this ‘‘Saturn family”’ of comet
nuclei so far discovered. A set of plausi-
ble orbits for Saturn-family comets sug-
gests that their cratering contributions
would be somewhat greater than those of
long-period comets given in Table 2. The
equivalent cratering rate for the moon
for craters 10 km and larger is about
2 x 107" km™? year™.

Including Saturn-family comets, our
best estimate for Rhea is a cratering rate
by external debris about a factor of 7
lower than that for the moon; our esti-
mate for Mimas is about the same as that
for the moon. We tentatively conclude
that the cratering rates of debris coming
from outside Saturn’s system over the
last 3 to 4 billion years (i) increase sys-
tematically inward from Rhea to Mimas,
(ii) differ greatly from leading to trailing
hemispheres (by factors of 5 to 20), and
(iii) are generally lower than lunar rates.

We now examine the observed crater
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populations for these characteristics.
Smoothed, average crater size-frequen-
cy distributions for Mimas, Dione, and
Rhea are shown in Fig. 24. The curve for
Mimas represents craters measured on
the three highest resolution images.
Dione’s curve represents the cratered
plains and heavily cratered terrain, but is
dominated by the plains. Rhea’s curve is
dominated by the bright leading hemi-
sphere. Comparison of the three distri-
butions suggests that at least two differ-
ent crater populations are involved. Pop-
ulation I is characterized by a relatively
high abundance of craters larger than
~ 20 km. Population II is characterized
by abundant craters smaller than ~ 20
km and a general absence of larger
craters. Although the curves for Dione
and Mimas are dominated by population
11, the most heavily cratered terrains on
Dione and Rhea preserve a record of
population I. The youngest. cratered

plain observed on the three bodies, lo-

cated near the terminator on Dione (Fig.
18), is imprinted by population II. On
Dione, population II postdates popula-
tion I, as it also appears to on the bright
and dark terrains in the north polar re-
gion of Rhea.

Regions on Rhea and Dione that dis-
play population I craters date back to a
very early period of postaccretional
bombardment, as do the highlands of the
moon, Mars, and Mercury and the heav-
ily cratered terrains on Ganymede and
Callisto. As for the moon, an extremely
high flux and rapid decline around 4
billion years ago is implied. Whether
population I is due to debris in heliocen-
tric orbits or to fragments coorbiting
with the satellites during this early peri-
od cannot be determined. )

In regard to population II, a first im-
pression is that the higher average crater
density for Mimas than for Dione might
be evidence for cratering by extra-Satur-
nian debris during the last 4 billion years.
Other observations, however, suggest
that population II craters were generated
by debris indigenous to the Saturn sys-
tem. Compared to the lunar maria, the
abundance of the population II craters
ranges from a factor of 2 or 3 times
higher for Dione’s plains to a factor of
more than 100 times higher for Mimas
and Rhea. Since the estimated modern
cratering rates are lower on the Satur-
nian satellites than on the moon, the
population II craters on Rhea and Mimas
could not have been produced under
modern rates during the last few billion
years. Such a strong statement cannot be
made for Dione, as our calculations
could be in error by a factor of 10. The
distribution of craters on Dione, howev-
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Fig. 23. Image of Saturn’s large icy satellite, Iapetus. This view was taken at a range of
2.5 x 10°km and a phase angle of 41°. The resolution is about 50 km/Ip; the central longitude is
45°W. Two versions are shown: (left) enhanced to show the regional boundaries in albedo
patterns, and (right) enhanced to show an impact crater with raised rim and central peak near
the terminator in the overlap between bright and dark regions.

er, does not follow the leading-trailing
variation expected for an extra-Satur-

nian source; in fact, the least cratered’

plains are in the leading hemisphere. We
conclude that population II craters are
produced from debris indigenous to the
Saturn system.

Elsewhere in the solar system, sec-
ondary craters produced by large pri-
mary impacts have common characteris-
tics. The largest secondary is typically
an order of magnitude smaller than the
primary, and the cumulative number of
secondaries increases rapidly with de-
creasing diameter, roughly as the inverse
third or fourth power of diameter. Hence
such secondary populations have steep
size-frequency distributions and no
craters larger than a certain diameter.
Saturn’s population II craters share
these attributes. Most of the secondary
fragments ejected from the large primary
impact crater on Mimas would escape;
the escape velocity from Mimas is only
0.16 km sec™!. Thus each primary impact
would eject debris into independent orbit
about Saturn. Most of these orbits would
have semimajor axes similar to that of
Mimas because the escape velocity of
Mimas is small compared to its orbital
speed. Therefore the debris would soon
be swept up again, producing a large
number of low-velocity secondary
craters.

On the moon, the size-frequency dis-

‘tribution of secondaries around a large

primary reflects the distribution of kinet-
ic energies of the ejected fragments. As
on the moon, fragments ejected from the
surface of an icy satellite will collide with
that surface with the same average ener-
gy they had when they left. Hence the
returning fragments will impact with an
energy distribution similar to that on the

moon. Leaving aside rheological proper-
ties and effects of gravity on excavation,
the secondary craters will be of similar
size. In summary, the characteristics of
population IT most resemble those ex-
pected for large impacts by debris within
the system.

If populations I and II are not related
to long-term cratering by extra-Saturnian
debris, does evidence for such cratering
exist? The global views of Dione (Fig.
17) show the leading hemisphere to be
bland and bright and the trailing hemi-
sphere to display complex albedo pat-
terns. The transition is regular in angular
distance from the apex (90°W). The
shaded relief map (Fig. 13) shows the
complex albedo pattern centered in the
trailing hemisphere at 270°W. We sug-
gest that this appearance is due to a
higher rate of impact gardening by extra-
Saturnian debris on the leading than on
the trailing hemisphere (~ 10:1). The
craters responsible for the gardening are
simply too small to be detected with the
Voyager 1 resolution. Also, the change
in flux with angular distance from the
apex is not gradual but occurs abruptly
in the trailing hemisphere. The ratio of
flux between the apex and 90° from the
apex is only 2:1, but from there to the
antapex the ratio is 5:1. This is consist-
ent with the abrupt transition from the
region of bright uniform albedo to that of
complex albedo in Fig. 17. Rhea shows
the same effect; the complex albedo pat-
terns in Figs. 12 and 20, right, are in the
trailing hemisphere. Figure 20, middle,
shows the transition from this region
to the bright leading hemisphere, which
is bland except for the bright ray cra-
ter.

We conclude that the albedo patterns
on Dione and Rhea have been preserved
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in the more protected, trailing hemi-
spheres and that these satellites were
once covered with these complex pat-
terns. Mimas and Tethys may never
have developed such patterns, or the
patterns may have been erased. If our
interpretation of these patterns is cor-
rect, the best records of the early histor-
ies of the satellites are hidden on the
trailing hemispheres. Figure 17, right,
shows that the bright markings in
Dione’s trailing hemisphere are younger
than the large craters on the dark terrain.
Evidently the plains-producing activity
lasted for some time after the bombard-
ments that formed population I and pos-
sibly population II.

These observations suggest the follow-
ing general model for the geologic histor-
ies of the icy satellites. After accretion
they were intensely bombarded by ob-
jects that produced the craters of popula-
tion I, dominated by craters 20 to 100 km
in diameter. Population I cratering then
ceased as the source was rapidly deplet-
ed. Subsequently, regions on Dione and
Rhea were resurfaced with plains materi-
als that obliterated population I craters.
Collisions by late-arriving debris or frag-
ments within Saturn’s system produced
numerous secondary fragments that cre-
ated the population II craters on top of
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Fig. 24. Comparison of average crater popula-
tions on Mimas, Dione, and Rhea. Although
Dione and Rhea show variability in crater
populations from region to region, the average
populations are substantially different. Shown
here are the populations on the three bodies
relative to a distribution N D2 (where N is the
number of craters per unit area larger than
diameter D), which would be represented by a
horizontal line in this plot. The level is pro-
portional to the number density. On the aver-
age, Mimas and Dione are highly deficient in
craters larger than about 10 km relative to the
average for Rhea. The different relative abun-
dances of large and small craters suggest
different populations of impacting bodies and
variations in surface age on and among the
satellites.
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these plains. The population I craters on
Mimas may have been erased principally
by intense recratering by population II
projectiles. Hence, care should be taken
to use relative crater abundances in com-
paring the relative ages of the satellites.
Concurrently or subsequently, materials
escaping from the interiors of Dione and
Rhea created a complex network of
bright albedo patterns. Mimas and
Tethys, smaller and less dense, may not
have developed the endogenic activity
necessary to produce dark plains and
bright streaks. Finally, over the last few
billion years, gardening by extra-Satur-
nian debris has gradually erased the
bright and dark patterns on the leading
hemispheres of Dione and Rhea; the
patterns remain in the more protected
regions of their trailing hemispheres.

Implications of observed densities of
satellites. The Saturnian satellites differ
in several important respects from the
Jovian satellites. First, with the excep-
tion of Titan, they are smaller than the
Galilean satellites. Second, as suspected
before Voyager, they have lower densi-
ties than the Jovian satellites (Table 1).
Third, although some pre-Voyager mod-
els suggested that the density of the
satellites would increase with proximity
to the primary (52), as is the case in the
Jovian system, it now appears that the
reverse is true: in general, density in-
creases from Mimas to Titan.

Figure 25A is a plot of radius versus
density for the icy satellites. Also repre-
sented are two theoretical models from
Lupo and Lewis (53) showing the effects
of self-compression in the larger satel-
lites. Note that Ganymede, Callisto, and
Titan all fall above the curve for a 40
percent mass fraction of ‘‘rock’ (as-
sumed to have a density of 3.7 g cm™),
whereas the other well-determined Sa-
turnian satellites fall on or below it; the
density of Tethys is close to the curve for
a pure ice model. These data suggest that
Titan’s composition is close to that of
Ganymede or Callisto (if the major con-
densed volatile is water) and that the
other satellites have less rock-rich com-
positions. Figure 25B gives the result of
a computation of the limits on total rock
mass fraction in the satellites, taking the
extremes of the density errors and as-
suming a density of either 2.2 g cm™ (Cl1-
type meteoritic) or 3.7 g cm™ (G1, dry
chondritic) for the rock fraction and
0.939 g cm™ for uncompressed water
ice. Even with these uncertainties,
Tethys must have a lower rock fraction
than the other satellites and Mimas an
intermediate one. The general trend of
increasing density toward the outer part
of the system probably reflects the con-

ditions during satellite formation. Devi-
ations from the trend may reflect vari-
ations in composition and density of the
fragments that coalesced to form the
satellites.

It may be significant that the denser
members of the system show far more
evidence of internal activity at some
stage in their histories than do the less
dense ones. For example, Tethys and
Dione have very different appearances
despite their nearly identical sizes.
Greater amounts of rocky material, im-
plying larger proportions of heat-produc-
ing radionuclides, may be more impor-
tant than size in determining the thermal
evolution of bodies of this general size.

Detailed calculations of the gravita-
tional contraction of these systems (46)
suggest that Jupiter and Saturn were
initially several hundred times their pres-
ent size; they then slowly contracted,
underwent rapid hydrodynamic collapse
to a size several times their present di-
mensions, and finally resumed slow con-
traction. The disk of gas and dust that
gave rise to the satellites and rings may
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Fig. 25. Comparison of sizes and densities of
the icy Saturnian satellites. (A) Best estimates
of the densities of the satellites with Voyager
1 data included (see Table 1). The large error
bars for Enceladus (S2) and lapetus (S8) are
due to poor knowledge of their masses. (Voy-
ager 2 will improve the mass determination
for Enceladus.) The Tethys (S§3) and Dione
(54) pair, which have very similar diameters,
are at the extremes of density (1.0 and 1.45 g
cm) for the satellites. (B) Mass fractions of
rock and ice consistent with the densities of
the Saturnian satellites compared with Gany-
mede. Two cases are shown: ice and rock
with a density of 3.7 g cm™> (typical for mantle
rocks, the moon, and Io) and ice and rock
with a density of 2.2 g cm™ (typical for
material like carbonaceous chondrites).
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have formed during the early collapse
phase. The intrinsic luminosities of the
two planets may have been several or-
ders of magnitude larger during the peri-
od of satellite formation and declined
monotonically with time to their present
values. If so, the temperature conditions
within the circumplanetary nebulae were
dominated by the planetary heat fluxes.

It has been suggested (54) that the
intrinsic luminosity of Jupiter was so
high during satellite formation that water
vapor was unable to condense in the
inner region of the Jovian nebula. This
would explain why lo and Europa have
mean densities typical of objects made
mostly of rock, whereas Ganymede and
Callisto appear to have a water ice com-
ponent close to that predicted for con-
densation from a nebula of solar compo-
sition. Because Saturn is about a factor
of 3 less massive than Jupiter, its intrin-
sic luminosity may have been a factor of
10 smaller than that of Jupiter (55). Dur-
ing the period of satellite formation, wa-
ter vapor within Saturn’s nebula could
condense much closer to the planet (56).
This is consistent with the observed
mean densities of Saturn’s satellites, all
of which are in the range of 1 to 2 g cm™.

Further, during satellite formation Sat-
urn may have extended to about five
times its present size, to just beyond the
present orbit of Tethys (55, 56). In that
case silicate grains would have been
largely removed by gas drag from the
innermost satellites, but would have re-
mained in the vicinity of Dione, Rhea,
and Titan. Thus satellites and rings that
formed within the initial radius of Saturn
may have had a smaller amount of rocky
material available.

This model provides only a tentative
explanation of the trend of increasing
density away from Saturn. It does not
explain the random deviations, nor the
lower density of Tethys compared to
Mimas or of Rhea compared to Dione.
To account for these apparent anoma-
lies, we speculate that these icy bodies
are so small that the stochastic character
of accretion itself may be recorded in
their bulk properties. If the planetesi-
mals—the lumps of matter accumulating
in the final stages of accretion—were
heterogeneous in their bulk properties,
then random factors would control the
final makeup of small bodies. By chance,
Dione and Mimas may have gathered a
few more rocky planetesimals than did
Tethys and Rhea. If so, we have found a
class of objects in the solar system that
reflect the character of accretion itself.

Small inner satellites. Five small satel-
lites are now known within the orbit of
Mimas. The two outermost, discovered
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by Dollfus (57) and Fountain and Larson
(58), are in orbits separated by only 50
km; they are sometimes referred to as
the coorbital satellites and are designat-
ed here as 1980S! and 1980S3. Their
irregular shape (Figs. 27 and 29) and
their orbits are consistent with their hav-
ing once been a single body that was split
by an impact more severe than that
which caused the large crater on Mimas.
Three satellites that orbit closer to Sat-
urn than these have been discovered by
Voyager 1 (59, 60); they are designated,
in order of discovery, as 1980S26,
1980S27, and 1980S28. Later, they will
be given permanent names by the Inter-
national Astronomical Union (6/). The
larger two (1980S26 and 1980S27) brack-
et the F ring and establish its stability or

instability. The smallest of all known
Saturnian satellites, 1980528, orbits just
outside the A ring and seems to establish
the outer boundary of the entire broad
ring system (Fig. 26). The orbital param-
eters of these satellites are discussed by
Synnott et al. (62).

By a coincidence of illumination and
viewing geometry, Voyager | obtained
six images of the trailing coorbital satel-
lite (1980S3) at a time when the penum-
bral shadow of the F ring was crossing
the satellite from south to north (Figs. 28
and 29). Analysis of the shadow’s photom-
etry and shape should give an indica-
tion of the optical thickness of the F ring
and some topographic contours of the
satellite itself.

The leading coorbital satellite, 1980S1,

Fig. 26. (Left) 1980528 orbiting between the F ring and the A ring. (Right) The satellite’s oblong

shape.

= T0O SATURN

ORBITAL DIRECTION

Fig. 27. (Left) 1980S1 at (a) range 611,000 km. resolution 11.3 km/lp, and phase angle 27.5°. and
(b) range 521,785 km, resolution 9.65 km/lp. and phase angle 25.1°. The image shuttered in
viewing geometry (c) was badly smeared. (Top right) Viewing geometry as seen from Saturn’s
north pole; arrows indicate the direction of the spacecraft (5/C); the shaded area represents the
nightside. (Bottom right) Standard definition of axes of triaxial ellipsoid.
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SATELLITE

Fig. 28. 198083, the trailing coorbital satellite,
seen by the spacecraft ($/C) from 45° below
the satellite’s equatorial plane.

was observed at phase angles 25°, 27°,
and 73°. Average I/F values at these
phase angles are 0.27, 0.31, and 0.12.
Although these data do not define a
detailed phase function, they are not
unreasonable for a bright object. The
equivalent linear phase coefficient would
be ~ 0.02 magnitude per degree, al-
though this may not be valid for high
phase angles. The trailing coorbital satel-
lite, 198083, has an average I/F of 0.15 at
phase angle 57°. If the leading and trail-
ing satellites have the same phase func-
tion, they will both be about the same
brightness at 0° phase (I/F ~ 0.4). Ap-
proximate albedos of 0.08 and 0.25 have
been measured for 1980527 and 1980528
at phase angles of 12° and 40°, respec-
tively. Currently known properties of
these small inner satellites are listed in
Table 3. In the three cases where rel-
evant data exist, the long axis points
toward Saturn.

The rings. Voyager 1’s observations of
Saturn’s rings reveal a much more com-
plex and varied structure than expected
from Earth-based photos or Pioneer 11
images (4). Here we discuss the overall
properties of the rings seen in Voyager
images: the major components of the
system, their large-scale structure, and
gross comparisons that can be made
among them.

As seen in Fig. 30, the classical ring
elements (A, B, C, D, Cassini division,
and Encke division) retain their signifi-
cance in that they differ in the qualitative
nature of the observed structure. Closest
to Saturn is the extremely faint D ring,
seen in Fig. 31. Material in this ring has

been detected at a radial distance of
about 66,500 km from the planet center,
but it could extend down to Saturn’s
atmosphere; its outer edge is the inner
edge of the C ring. The D ring consists of
numerous narrow features that vary in
width from several hundred kilometers
to the resolution limit of 35 km. These
features were observed in both forward
and back scattering, indicating a negligi-
ble component of small (micrometer-
sized) particles. The optical depth is ex-
tremely small and it is very likely, de-
spite reports to the contrary (63), that the
D ring has never been observed from the
ground.

The C ring consists of broad bands of
optically thin regions, giving it a trans-
parent appearance in transmitted light
(Fig. 32). Within these transparent re-
gions are many optically thick ringlets, at
least one of which is an eccentric feature
(see Fig. 33).

The B ring is the largest component of
the ring system, extending over 25,000
km, and is in general the brightest and
most optically thick. At small phase an-
gles the B ring exhibits modest structure;
at large phase angles it resolves into
hundreds of bright ringlets and dark
gaps, with widths from 100 km down to
the limit of resolution. Over most of the
B ring, little or no large-scale (several
hundred kilometer) systematic spacing
of ringlets is evident. When seen in dif-
fuse transmission, many of the narrow
features in the ring appear relatively
transparent. No evidence for such nar-
row, randomly distributed, optically thin
regions exists outside the B ring. The
boundary between the B and C rings is
sharp (~ 10 km) and is bordered outward
by a 600- to 800-km-wide region of ex-
tremely large optical depth, with no evi-
dence of narrow gaps.

The next classical feature, at a radius
of approximately 118 x 10° km, is the
Cassini division, which until recently
was believed to be a single gap. Voyager
1 high-resolution images (Fig. 34) reveal
a wealth of detail: five broad, sharp-

TAU Mean Observa- Ellipsoidal axes
satellite orbital Orbital tional Phafe M§? n P (km)
desig- radius period resolution* a(x;g N rak e
nation (km) (km/lp) (deg)  (km) A B C
1980S1  1.51472 x 10° 16"40.316™ 11.3 27.5
9.7 25.1 1007'% 90 7530,
6.3 73
1980S3  1.51422 x 10° 16P39.825™ 3.3 57 90 40
1980526 1.4170 x 10° 15705.08™ 111 100
1980827 1.394 x 10° 14M42.72™ 98 12 110
1980828 1.373 x 10° 14M25.77™ 13.4 14 15 20 107 10t

*Resolution at which sateilite size and albedo measurements have been made.

distinguishable for 1980S28.
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Tx;gs B and C are not yet

Table 4. Ring optical depths and albedos.

. . Single
Ring R;‘ﬁ:l %?lfgl scattering
P albedo™
A Central 0.4 = 0.08 0.63 = 0.08
half
B Inner third >1t 0.63 = 0.08
C Central 0.1 =+ 0.02 0.21 = 0.05
half
Cassini Four 0.08 + 0.02
divi- inner 0.07 = 0.02
sion bands 0.07 + 0.02 032 = 0.05
0.10 = 0.02

*Lambert spheres are assumed to represent the
particle phase function. tThe effective B ring
optical depth is ill-determined due to the existence of
narrow regions of very low optical depths within an
overall highly opaque layer.

edged, evenly spaced bands, each of
which exhibits structure down to the
limit of resolution. The arrangement of
large- and small-scale features in the
Cassini division, as well as in the C ring,
shows a regularity that at present cannot
be attributed to resonances with known
satellites. The optical density of the
bands is similar to that of features in the
C ring. This similarity is paralleled in the
photometric properties of these two ring
elements, which are notably different
from those of the A or B ring (see Fig.
30).

The A ring and the Encke division
within it are the last major features of the
classical ring system. Although in com-
parison with the other components the A
ring is devoid of spectacular detail, high-
resolution images show many narrow
and well-ordered features that may be
associated with satellite resonances. The
reported azimuthal asymmetry in A ring
brightness has been confirmed in low-
resolution Voyager images. The Encke
division is not entirely free of material
but contains at least two very narrow,
clumpy ringlets.

Beyond the outer edge of the A ring
there are several more features. The F
ring, discovered by Pioneer 11 (4), is
found to be far more complicated than
was imagined. This ring lies between the
orbits of 1980527 and 1980526 at a radius
of about 140,000 km. It will be discussed
later.

Still farther out is the G ring at a radius
of about 170,000 km. It can be seen in
Fig. 31 as a thin line across the frame.
Image smear has broadened the ring’s
appearance; however, the ring seems to
be very faint and very narrow. Charged
particle experiments on Pioneer 11 (60)
indicated the presence of material at this
radius.

Figure 31 also shows the E ring in
forward-scattered light. This ring is ex-
tremely optically thin and extends from
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about 210,000 to 300,000 km in radius.
The E ring’s visibility only in forward-
scattered light supports observations of
Terrile and Tokunaga (42) which indicate
that it has a large component of small
particles.

Photometry of the rings. Only a limit-
ed number of the Voyager ring observa-
tions have been photometrically calibrat-
ed, and thus only preliminary numbers
for ring optical depth, particle albedo,
and phase function can be presented at
this time. Before discussing these re-
sults, we give a qualitative overview of
the greatly varying appearance of the
main rings with sun-ring-spacecraft
geometry.

Before encounter, the lit face of the
rings was observed at low phase angles
(~ 10° to 15°). The roughly equal bright-
ness of the A and B rings and the low
brightness of the rings relative to the
planet are due to the low solar elevation
angle (3.8° at the time of encounter).
After Voyager 1 passed through the ring
plane to the unlit side, a quite different
appearance of the rings was observed
(Fig. 35). At this geometry the nearly
totally opaque B ring and a variety of
finer scale features appear relatively
darker than the C ring and Cassini divi-
sion. Regions of intermediate optical
depth, such as the A ring, are intermedi-
ate in brightness. Truly vacant regions,
such as the inner and outer gaps within
the Cassini division and the Encke divi-
sion, also appear dark due to the nearly
total absence of scattering material.

During observations of the unlit face,
viewing geometry allowed the rings to be
seen against the bright limb of the planet,
permitting determination of the optical
depth of various regions (Fig. 32). After
Voyager recrossed the ring plane and
emerged to the lit face, the scattering
geometry had changed and the rings
were viewed at higher phase angles (130°
to 160°). Regions characterized by
strongly forward-scattering particles
now appeared brighter than when
viewed in backscatter before encounter
(Fig. 36).

These variations of ring appearance
with illumination and viewing geometry
under the three general viewing condi-
tions are summarized and illustrated in
Fig. 37.

Images of the rings taken through var-
ious filters have been calibrated and re-
duced to I/F units (17), following the
calibration procedure described by So-
derblom et al. (64). Figure 38a illustrates
radial photometric profiles from images
taken through a green filter and an ultra-
violet filter with a resolution of about 280
km/lp. The intensity scales are propor-
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tional to I/F, but have been scaled so that
the brightest parts of the B ring are at the
same level for both filters. A marked
difference in the two profiles is evident;
the C ring and the material in the Cassini
division are considerably brighter than
the A and B rings in the ultraviolet than
in the green filter image.

Figure 38b shows relative spectral re-
flectance at five spectral bandpasses
(scaled to unity at green) for portions of
the A, B, and C rings and the Cassini
division. The A and B rings show essen-
tially the same spectral properties, while
the C ring and Cassini division show
enhanced reflectance in the ultraviolet

and the violet. Also shown in Fig. 38b
are ground-based data for the B ring (65).
The agreement indicates that the camera
characteristics have not changed dra-
matically since Jupiter encounter. Trial
calculations indicate that the large differ-
ence in reflectance at shorter wave-
lengths for the C ring and Cassini divi-
sion is not due to multiple scattering in
regions of different optical depths. It is
probably due to intrinsic differences in
the optical properties of the ring parti-
cles, with the C ring and Cassini division
particles having a more neutral (less red)
color.

The azimuthal asymmetry of the A

Fig. 29. Shadow of the F ring seen in transit across 1980S3. Images a to f were taken with
various filters and exposure times and are separated in time by 3.2 minutes.
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Fig. 30. False-color image of Saturn’s rings. This image, recorded at a range of 18 x 10° km,
was constructed with ultraviolet, blue, and green filters used as blue, green, and red,
respectively. A marked difference can be seen in the photometric properties of the C ring and
Cassini division compared to the A and B rings. The colored ‘‘spokes’’ seen faintly in the B ring
result from the lapse between camera shutterings of the images.

N 5 i WIDE ANGLE
o b FIELD OF VIEW
A i3
PLANET
SHADOW EDGE |

— INNER EDGE
OF C-RING
b 23
OUTER EDGE
OF A-RING
WIDE ANGLE
d FIELD OF VIEW

Fig. 31. (a) The D ring recorded at a range of
250,000 km. (b) Illustration of the picture
geometry. Saturn’s limb is visible in the upper
right and the inner edge of the C ring in the

lower left. Saturn’s shadow cuts diagonally across the D ring. This faint ring is composed of
several bands where ring particles are concentrated. The phase angle was 157°. (¢) The G and E
rings, with the image geometry shown in (d). The G ring appears as a faint and narrow feature
about 168.000 km from Saturn’s center. Image smear has broadened the ring’s appearance. Also
visible as a diffuse bright band is the E ring. This feature does not show sharp edges but appears
to extend from about 210,000 to 300.000 km from Saturn. The phase angle was 160°.
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ring observed from the ground (66) is
also seen in Voyager 1 preencounter
images of the ring system. Preliminary
measurements on images taken 25 days
before encounter at a resolution of 600
km/lp indicate that the modulation of
ring brightness has approximately the
same amplitude in all colors (blue, green,
orange, and violet) and is comparable to
the ground-based value, a peak-to-peak
variation of ~ 15 percent. The phase
angle for the Voyager measurements was
12°, larger than is possible from Earth,
with a viewing (ring-opening) angle of
11°. The phase of the variation with
azimuth seen from the spacecraft exactly
matches that seen from Earth. Minima in
brightness occur in postconjunction
quadrants at ~ 20° from the ansae and
maxima occur in preconjunction quad-
rants ~ 40° from the ansae.

We made preliminary radiative trans-
fer model calculations of the variation of
ring brightness with viewing geometry
and compared them with calibrated Voy-
ager data. The radial regions used (Table
4) are not particularly heterogeneous and
average values were used. Optical
depths were obtained from calibrated
data in Fig. 32 by differencing brightness
across the limb of the planet (67).

The brightness of the limb was ob-
tained from unobscured images at com-
parable latitudes and phase angles. No
meaningful optical depth can be obtained
for the B ring due to the dominance of
light transmitted through a small fraction
of narrow gaps, as inferred from Pioneer
11 photometry (67). However, its aver-
age optical depth is a more relevant
quantity for diffuse brightness calcula-
tions and is sufficiently large (> 1) to
have a negligible effect on brightness
calculations for the lit face.

It was realized before encounter (68)
that the rings, especially the A and B
rings, were more strongly backscattering
than previously suspected. A phase
function for Lambert spheres was as-
sumed for initial computations, and a
doubling code was used which treated
the rings as having a bimodal distribution
of optical depths, inferred from Pioneer
11 data (67). The small inhomogeneity
thus introduced does not significantly
affect the model brightness values
shown. Typical results are shown in Fig.
39. The low phase angle data were used
to obtain particle scattering albedos,
which are given in Table 4, and refer to
the clear filter of the wide-angle camera,
with center wavelength ~ 5070 A. The
value given for the A and B rings is in
excellent agreement with that obtained
from ground-based observations and an-
alyses (69). The particles in the C ring
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and Cassini division are significantly
darker than the A and B ring particles.
The scattering phase function of the A
and B ring particles is not satisfactorily
matched by the Lambert sphere assump-
tion. This may be seen by comparing the
brightness of these regions observed at
high phase angles (Fig. 37) with that
observed at low phase angles. The high
phase angle data fall at significantly low-
er albedo values, implying that the A and
inner B ring particles are significantly
more backscattering than Lambert
spheres, a result consistent with the
strong opposition brightening exhibited
by many planetary bodies and particles
with porous surfaces. The behavior of
the outer B ring is not the same as that of
the inner B ring; it is more forward-
scattering than Lambert spheres. We
have not yet attempted more detailed
modeling of the particle phase functions.
Interestingly enough, the C ring and Cas-
sini division particles agree much better
with the Lambert sphere assumption
over the whole range of phase and view-
ing angles. Obviously, much refinement
and expansion of these results must oc-
cur before detailed conclusions can be
drawn about the nature of the particles in
various regions.

The C ring. The structure of the C ring
is regularly ordered and cannot be readi-
ly associated with gravitational reso-
nances. Its inner edge, for instance, is
not in correspondence with any predict-
ed resonance location. A prominent gap
several hundred kilometers wide at
about 77,300 km does agree fairly well in
location with an apsidal resonance with
Titan (70, 71). Intermediate regions of
the C ring show a low-contrast, undulat-
ing pattern. In the outer regions, an even
more prominent gap ~ 270 km wide is
flanked in a regular and symmetrical
manner by several relatively featureless
bands that are more opaque than their
surroundings and have sharp edges. This
gap contains a narrow ringlet that is
eccentric, as shown graphically in Fig.
33.

The outer gap is at a radius of about
87,100 km and the eccentric ringlet is 35
km wide and 100 km from the outer edge
of the gap at its periapse. The ringlet is
optically thick when viewed against Sat-
urn’s disk. At the apapse the ring is 90
km wide and 50 km from the outer edge
of the gap. The ring has one periapse and
one apapse, indicating that its eccentrici-
ty is not induced by resonance with an
outer satellite. The line of apsides was
not observed to move over a period of
several days. This is consistent with a
long precession period (~ 24 days) for
the eccentric ring, probably due to the
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quadrupole moment of Saturn. It seems
likely that this ringlet must continually
have its eccentricity forced by some
mechanism, probably by a small satellite
or satellites in its vicinity. Such forcing
would seem to argue for an external
resonance, but this feature is located
near only a 2:1 resonance with the tiny

of the rings.

satellite 1980S28. This feature will be
studied by Voyager 2.

In highest resolution (10 km/Ip) images
of the unlit face of the rings, the inner C
ring exhibits many marginally resolved
dark features, which are not as common
in the outer C ring. The optical thickness
of these features is not yet known. The

Fig. 32 (left). Wide-angle image showing the
unilluminated side of Saturn’s ring crossing in
front of Saturn’s bright limb. The C ring, B
ring, Cassini division, and A ring are seen
from bottom to top. Optically thick portions
of the rings are viewed as dark regions cross-
ing the limb. The left portion of the image is
illuminated by light diffusely transmitted
through optically thin but not empty regions

Fig. 33 (right). High resolution (60 km/lp) composite view of the outer portion

of the C ring. The horizontal line through the center marks the border between two photos; at
the top is the trailing ansa of the rings and at the bottom the leading ansa. The dark gap in the
center of both images shows a bright ringlet. This feature is eccentric and appears narrow in the
lower image and slightly broader and displaced within the gap in the upper image.

Fig. 34. This mosaic of the Cassini division seen in diffuse transmission was recorded as part of
a larger ring scan with a resolution of about 10 km/lp. The Cassini division and the inner portion
of the A ring appear bright because of their relatively lower optical depth than the A and B rings.
Dark (and nearly empty) gaps are seen on either side of the Cassini division. A faint wavelike
pattern can be seen on the brightest portion at the inner A ring.
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C ring has also been observed at high
phase angle (150°), and does not exhibit
any significant brightening as would be
expected from substantial quantities of
small particles.

The B ring. The extremely sharp
boundary between the B and C rings
does not show any gap, nor does it
correspond in location to any significant
resonance. However, the properties of
the regions on either side of the bound-
ary differ structurally as well as photo-
metrically.

In general, the B ring has the most
extensive and uniform small-scale struc-
ture, consisting of many sequences of
alternating high and low optical depth,
with characteristic radial scales of sever-
al hundred to tens of kilometers. In
transmission, narrow radial gaps of low
optical depth are seen to be spaced irreg-
ularly, but with spacing comparable to
their own widths of tens of kilometers. In
forward scattering, bright bands several
hundred kilometers wide are defined
much more clearly than in backscatter

(Fig. 37). Locally regular structure is
much more evident in forward scattering
than in backscatter. In fact, these bands
are so extensive and numerous as to
cause the entire outer B ring on the
average to brighten considerably in for-
ward scattering. The inner B ring does
not exhibit such forward-scattering
behavior.

On a scale of 10° to 10* km, the B ring
is divided into four radial zones of rough-
ly equal width that differ qualitatively in
photometric properties. The inner zone
contains the most numerous and trans-
parent gaps. Near the innermost edge the
ring tends to be more opaque and to
resemble the extremely opaque outer
third quarter. These similar regions of
low transparency have fewer narrow
gaps. In general, the most opaque re-
gions have the greatest brightening in
forward-scattered light. They also exhib-
it the bulk of the ‘“‘spoke’’ activity, dis-
cussed below in greater detail. Here we
point out that the spoke features show
the same increased brightness and defini-

Fig. 35. Mosaic showing the dark side of the rings. Optically thin regions like the C ring and
Cassini division appear brighter than the more optically thick regions of the A and B rings due to
diffuse scattering of transmitted light. Dark ring features are either areas of high optical depth or

nearly empty gaps.

Fig. 36. Outbound mosaic of the illuminated side of the rings recorded at a phase angle of 132°.
Regions of the rings that appear bright in forward-scattered light are thought to have a
significant component of small (micrometer-sized) particles. These regions include the F ring,
portions of the A and B rings, and, in particular, the spokelike features in the B ring.
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tion as do the regions of the rings with
which they are primarily associated, and
are therefore characterized by a substan-
tial number of small particles relative to
surrounding areas.

Cassini division. The outer edge of the
B ring is the inner edge of the Cassini
division, and is quite opaque and abrupt
to the limit of resolution. The boundary
appears to correspond to the location of
the 2:1 Mimas resonance, which is a
resonance of major strength and has long
been believed to be associated with the
Cassini division. Figure 34 is a three-
frame mosaic of the Cassini division,
representing a small fraction of the Voy-
ager 1 radial coverage of the entire ring
system at ~ 10 km/Ip.

In general, these observations allow us
to understand discrepancies in bound-
aries assigned to the Cassini division
from ground-based, Pioneer 11, and
preencounter Voyager 1 observations. A
bright band ~ 1400 km wide lies outward
of the outermost prominent dark region,
which is an essentially vacant gap ~ 170
km wide. This bright region, when
viewed from above, is comparable in
brightness to the A ring and appears to
blend with it. When seen from the unlit
face, however, it appears comparable to
the C ring in opacity (~ 0.1). Therefore,
if matter density is the basic criterion for
distinguishing regions, it should be re-
garded as part of the Cassini division,
which was essentially the conclusion
reached by the Pioneer 11 photopola-
rimeter team (4). However, the lit-face
brightness argues for particle properties
similar to those of the A ring, so that if
local particle properties are considered
the basic criterion, the region should be
regarded as part of the A ring.

A very regular sequence of alternating
bright and dark features extends practi-
cally throughout this interesting (bright
band) region, with interval decreasing
outward, typically hundreds to tens of
kilometers. This pattern may be evi-
dence for density waves within the ring
material, with dark areas of concentra-
tion and bright areas of rarefaction. Be-
tween the two prominent gaps lie four or
five bands of similar appearance, each
with fine structure at the limit of our
resolution. This set of bands was used to
produce the photometric results for the
Cassini division discussed earlier. With-
in the inner of the two gaps is a narrow
ringlet similar in width, opacity, and
eccentricity to the ringlet in the outer gap
of the C ring described earlier. We ex-
pect that resonant forcing maintains the
eccentricity of this ringlet. Its proximity
to the Mimas 2:1 resonance makes it of
special interest for observations by Voy-
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Fig. 37. Composite showing three radial slices through the rings at three different viewing geometries. (Top) Illuminated side in backscattered
light; (middle) same side in forward-scattered light: (bottom) unilluminated side in backscattered light. Due to foreshortening. the horizontal scale
includes nonlinearities, causing some mismatch of features in three perspectives. Radial distance from Saturn increases to the left.

ager 2. Finally, images obtained at large
phase angles show that the Cassini divi-
sion in general does not have a substan-
tial component of small, forward-scatter-
ing particles. In this respect as well, it is
similar to the C ring.

The A ring. The inner edge of the A
ring is as abrupt as the B/C boundary and
as opaque as any region of the B ring.
Most of the A ring, however, is of lower
optical depth and varies smoothly in
brightness. The Encke division, at a radi-
al distance of 133,200 km, is vacant
except for two very narrow, faint ringlets
that are irregularly clumped. These ring-
lets are brighter in forward scattering
and probably contain a significant frac-
tion of small particles.

Although the Mimas 5:3 resonance is
nearby, it corresponds better with one of
five other features of great interest in the
outer A ring. These features are general-
ly dark in backscatter (Fig. 40), bright in
forward scatter (Fig. 36), and optically
thick relative to surrounding areas. At
high resolution (Fig. 41) they exhibit

alternating bright and dark patterns with
a spacing of tens of kilometers. It should
be noted that there are far more theoreti-
cal resonances with the external satel-
lites than there are ring features in this
region. Perhaps the superposition of two
or more resonances is required for their
formation. Four of these features are
close to four positions where calculated
resonances nearly coincide. The remain-
ing feature shows an unusual and intrigu-
ing effect in forward scattering; whereas
the other features are bright compared to
their surroundings. this feature reverses
contrast at the ansa. This suggests verti-
cal relief at this radius, which tentatively
corresponds to the 5:3 resonance with
Mimas’ orbital inclination involving the
orbital inclination of the ring particles.
Outward of the Encke division, there
is a pattern of unresolved A ring features
that are dark in backscatter, bright in
forward scatter, and decrease in interval
with increasing radius. These features
may represent a sequence of classical
resonances converging on one of the
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close-in satellites. The entire region out-
side the Encke division is ~ 25 percent
brighter than the region inside; this is
echoed by a region at the outer edge of
the A ring, several hundred kilometers
wide, that is set off from the A ring by an
apparently vacant gap tens of kilometers
wide and is ~ 50 percent brighter in
forward scatter than the region immedi-
ately inside the gap (see Fig. 37). The
outer edge of the A ring is sharp at the
limit of our resolution.

The F ring. Pioneer 11 discovered the
narrow F ring about 3600 km outside the
edge of the A ring (4). As Voyager |
approached Saturn two satellites were
discovered in close association with the
F ring (Fig. 42). Outside the ring,
1980526 moves in an eccentric orbit that
takes it between 2000 and 500 km from
the ring. Just 500 km inside the ring is
1980827, which is comparable in size to
1980526 (about 200 km in diameter). The
F ring was also found to be eccentric,
with at least a 400-km variation in its
140,000-km radius. It is not known
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Fig. 38. (a) Two photometric radial profiles of
one ring ansa. The dark line is from an image
taken through a green filter (effective wave-
length, 0.56 wm) and the red line from an
ultraviolet (0.35 pm) image. Intensity is in
arbitrary units proportional to I/F but scaled
for comparison between the two wavelengths.
Relative sample number gives distance in
internal frame units, which are geometrically
calibrated and linear. Arrows mark locations
from which relative spectral reflectances are
given in (b). (b) Relative spectral reflectance
(scaled to unity at 0.56 wm) for the portions of
the ring marked in (a). Also shown are
ground-based data for the B ring (65).
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whether the precession of satellite orbits
and F ring eccentricities will change the
close-approach distances of the F ring
and 1980S26 and 1980S27.

In high-resolution images, bright
clumps are seen in the F ring. Their
orbital motion, determined by tracking
from frame to frame, coincides with the
F ring’s Keplerian period of about 15
hours. Still higher resolution [Fig. 43
(left)] shows that the F ring has three
components, each about 20 km wide.
The inner component is the faintest; it is
smooth and does not appear to interact
with the other two. Perhaps the most
startling view acquired by Voyager 1 is
shown in Fig. 43 (right). Over half the
image, the outer two compoents of the F
ring appear to be intertwined or braided.
There are five crossover points with a
separation of 700 = 100 km (mean and
standard error of four measurements).
The radial extent of the braids is about 30
km. Throughout the rest of the image no
braids are seen, although a series of
kinks or knots in the rings is apparent.
Nine knots have been measured with a
mean separation of 630 = 150 km. It is
not clear whether the coincidence be-
tween the separation of crossover points
and the separation of knots is significant.
If it is, then ~ 700 km seems to be the
characteristic scale length for warps in
the F rings. The complex nature of the F
ring braids and clumps is most likely
connected with the gravitational actions
of the ‘‘shepherding’’ satellites, 1980S26
and 1980S27. The limited viewing geom-
etries and times did not permit three-
dimensional characterization of the fea-
tures or their time evolution. These pa-
rameters, to be measured by Voyager 2,
and details of the satellites and ring ec-
centricities are needed to describe F ring
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Fig. 39 (left). Reflectivity. I/F, of selected areas of the rings as a function of time relative to
encounter: (+) Inner third of the B ring, (m) central half of the A ring, (@) central half of the C
ring, and (A) Cassini division. Smooth curves are theoretical calculations, using the proper
geometric and viewing factors for a range of optical depths, 7 (2 percent of all areas assumed to
have v = 0.02) and particle single-scattering albedoes @,. Curves are labeled by value of
@g. Fig. 40 (right). Mosaic of Saturn’s rings recorded from illuminated side with a resolution
of 160 km/lp. The solar phase angle of this image is 13.5°, Material in the C ring and Cassini
division is not apparent because of their dark appearance at this lighting geometry.

gravitational dynamics. Why the third
(faintest) component appears smooth
and without knots or kinks still remains
to be explained.

At high phase angles, the F ring and
particularly the ring clumps become
brighter, indicating a significant compo-
nent of small particles. We estimated the
(cross section-weighted) average radius
7 of the particles by comparing the
brightness at phase angles of 140° and
155°. Assuming that the F ring is optical-
ly thin, it suffices to consider only single
scattering. Also, Mie theory may be
used, since the single-scattering phase
function is insensitive to particle shape
at these small angles. We find that 7 is
several tenths of a micrometer. This is
much smaller than the particle radii of
centimeters to meters that characterize
much of the main rings (72).

The small value of 7 for the F ring
particles has several implications. First,
as in the case of Jupiter’s ring (73), the
lifetime of such small particles may be
much less than the age of the ring system
due to micrometeoroidal collisions and/
or sputtering by radiation belt particles.
Ejecta from cratering of larger bodies in
the F ring or from collisions between
these hypothetical bodies (perturbed
gravitationally by 1980526 and 1980S27)
may represent a plausible source for the
small F ring particles. Second, the small
value of 7 may allow electromagnetic as
well as gravitational forces to influence
the motion of the F ring particles. Elec-
tromagnetic forces would result from
charging of the particles by the ambient
plasma and the photoelectric effect, with
Saturn’s corotating magnetic field exert-
ing a Lorentz force on them. Such forces
could play a role in determining the
strange morphology of the F ring.

Spokes. Among the most interesting
variable ring features are the narrow
radial markings or spokes in the B ring.
These features were first observed as
dark wedge-shaped projections rotating
in the outer half of the ring, predomi-
nantly on the morning ansa (the part of
the ring just emerged from Saturn’s
shadow). At high resolution, spokes
were easily observed on both ansae and
across most of the B ring. Spokes have
not been seen to cross th: Cassini divi-
sion and seldom extend farther in than
about 105,000 km from the center of
Saturn. This point appears to be a sharp
cutoff for most of the spokes and is a
bright region (in backscattered light) in
the B ring. Characteristic lengths and
widths of these features are 10,000 and
2,000 km, respectively.

What were discovered as dark mark-
ings during inbound passage (backscat-
tered light) became bright markings (Fig.
44) during outbound passage (forward-
scattered light). Viewed against the plan-
et’s disk, the spokes show no optical
density variations, and no spokes are
visible from the unilluminated side of the
rings. In the highest resolution images of
the spokes taken in forward-scattered -
light, the B ring resolves into radially
aligned areas of enhanced brightness
along ringlets. This is especially true in
the outer optically thin region of the ring.
Only in the optically thick regions do the
gaps appear to be filled in by spoke
material. These observations indicate
that small particles constitute a large
fraction of the B ring and are more
visible, perhaps because they are elevat-
ed above the ring plane, within the
spokes.

The inferred behavior of small parti-
cles in the spokes and the presence of a
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rotating magnetic field in the ring envi-
ronment suggest a possible connection
between electromagnetic forces and the
dynamics of spoke rotation. Spoke mo-
tion was measured by comparing images
of the rings taken over 30-minute inter-
vals. Figure 45 shows data from two sets
of images, one inbound and one out-
bound, on which spokes are seen on the
morning ansa. Rotation rate is plotted
against radial distance from Saturn’s
center and curves representing pure
Keplerian motion and the rotation of
Saturn’s magnetic field are shown for
comparison.

These data seem to lie along the Kep-
lerian line, most convincingly at radial
distances greater than ~10.7 x 10* km.
Although large morphological changes in
the spokes are not apparent over an
interval of 30 minutes, the diffuseness of
these features makes exact determina-
tion of their location difficult, particular-
ly at smaller radii, where they are more
diffuse. Still, it appears that along most
of the length of a spoke, motion is inde-
pendent of the magnetic field.

The difference between Keplerian and
magnetic orbital motion grows as one
moves away from a radius of
112.5 x 10* km (Fig. 45). Hence it is
interesting to note that the spokes com-
monly appear wedge shaped, wider to-
ward Saturn, and that the location at
which they become the narrowest coin-
cides with the point where Keplerian
orbital motion and magnetic angular ve-

locity are identical. Also, examination of
many images indicates that the vast ma-
jority of spokes are near-radial or tilting
away from radial in such a way that
Keplerian motion will continue to tilt
them further. These observations sug-
gest that the magnetic field is responsible
for creation of the spokes and that Kep-
lerian motion is responsible for their
particle dynamics. The characteristic
wedge shape may reflect the difference
between Keplerian and magnetic orbital
motion over the time it takes one spoke
feature to be created.

The modulating influence of Saturn’s
magnetic field could also account for the
random occurrence of spokes on the
rings. The Voyager 1 radio astronomy
experiment (9) detected electrostatic dis-
charge signatures that are believed to
originate in the rings and have a modula-
tion period similar to the magnetic field
rotation rate. Spokes may be the visible
manifestation of these phenomena. Cor-
relation of radial alignment of the spokes
with a particular magnetic longitude has
not yet been investigated.

Finally, the spokes do not seem to
have any common orbital longitude of
origin in the ring system. Spoke align-
ment with the radial direction does not
seem to be correlated with any particular
orbital location. When pure Keplerian
motion was assumed and spoke features
were ‘“‘mapped’’ backward in time to
check for alignment with the morning or
evening edge of Saturn’s shadow on the

ring plane, the features were found not to
be parallel to the shadow.

Discussion. Out of the great complex-
ity of Saturn’s rings, we can only begin
to draw general conclusions. Qualitative
differences exist between the classical
main ring elements. The C ring and Cas-
sini division are similar in color and
albedo and unlike the A and B rings in
these properties. Although there are pos-
sible mechanisms for varying the surface
properties of ring particles as a function
of op.ical thickness (thickness variations
could result in shading variations), there
does not seem to be an unambiguous
pattern in the data. The rings also differ
in abundance of small, forward-scatter-
ing particles, with the outer B ring, the F
ring, the outermost A ring, and the dis-
crete features surrounding the Encke di-
vision having the highest relative abun-
dance. The Cassini division and the C
ring show the least evidence of such
small particles, and they show less back-
scatter relative to Lambert spheres than
do the A and B ringparticles. The low
abundance of small particles in the C ring
and Cassini regions implies that the bluer
color of these regions is an intrinsic
compositional effect and not due to
small-particle Rayleigh scattering behav-
ior. The A and C rings lack the disor-
dered structure evident in the many nar-
row transparent zones in the B ring; they
exhibit a relatively smooth background
punctuated by discrete features, some-
times located at classical resonances (A

Fig. 41 (left). Detail of part of the A ring seen in diffusely transmitted light with a resolution of about 10 km/Ip. The outer part of the rings is to the
left. Visible are some of the wavelike patterns seen near strong ring features. These patterns may be evidence for density waves produced in the

rings near strong satellite resonances.

Fig. 42 (right). Segment of the F ring, showing the positions of the neighboring satellites 1980S26 (left)

and 1980827 (right). The outer edge of the A ring is visible ir the upper right. It has been suggested (72) that the gravitational effects of the inner
and outer satellites can confine the ring particles into a narr. .. structure. The eccentric motion of these satellites may also be responsible for the
complicated structure in the F ring. The bright area on the Jge of the A ring and the two diffuse areas in the F ring are artifacts.

Fig. 43. Two sections of the F ring. On the left, the ring appears as three parallel components with a slight longitudinal variation in brightness. The
image on the right shows a different area with a very complex structure. The two outer components appear to cross several times, giving the ring a
braided appearance. Several brighter clumps or knots in the ring are also visible.
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ring) and sometimes not (A and C rings).

The boundaries between the rings
seem to represent real differences in par-
ticle properties. The greater abundance
of small particles in certain regions im-
plies local differences in rates of produc-
tion, as small particles are short-lived.
The F ring and outer A ring are likely to
be locations of relatively more intense
collisions due to the perturbing activity
of 1980826, 1980S27, and 1980S28. Thus
it is not surprising to find many small
particles there. The B ring exhibits both
a preponderance of small particles and a
preponderance of narrow gaps. Both
phenomena are consistent with a rela-
tively large number of large (~ 1 km)
moonlets in the B ring. Such moonlets
will clear gaps ~ 10 km wide around
themselves by superposition of torques
(71) in a time approximately equal to the
diffusion collapse time of such gaps. The
gravitationally deposited energy pro-
duced by such large particles will then
produce large random-collision veloci-
ties (74) and consequently greater pro-
duction rates of small particles. The
spoke patterns, representing increased
visibility of small particles, are restricted
to regions that are already rich in small
particles. In the A ring, the fact that
many small particles are seen in associa-
tion with the regularly spaced features

near the Encke division is consistent
with the idea that the features are density
waves, forced by gravitational reso-
nances with 1980526 and 1980527 or
some other objects, that become nonlin-
ear as they propagate from their source,
producing vigorous collisions and nu-
merous small particles. The many unre-
solved features outside the Encke divi-
sion may be of similar origin.

Several significant questions remain.
If the presence of small, forward-scatter-
ing particles is indicative of vigorous
local dynamics, why are such particles
absent from the Cassini division, the
location of some of the strongest predict-
ed dynamical activity? If the simulta-
neous presence of many narrow gaps and
many small particles, widely dispersed,
is indicative of the presence of many
embedded and invisible kilometer-size
moonlets, how does one understand the
presence and predominance of such ob-
jects in the B ring? How are the distinct
and abrupt boundaries between the main
rings themselves, and the significant
qualitative differences in particle proper-
ties between the classical regions, main-
tained? At present, these boundaries are
not satisfactorily correlated with any
possible classical gravitational reso-
nances, except for the boundary be-
tween the outer B ring and the inner

Fig. 44. Views of the B ring in (left) backscattered and (right) forward-scattered light. The
backscatter image shows several spoke features as dark regions. They are broadest and most
prominent near the center of the ring. In forward scattering, the contrast is reversed and the
spokes appear as bright features. In this geometry the concentric structure in the B ring is seen
with increased contrast, accentuating hundreds of light and dark ringlets.
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Cassini division. While the sharp outer
edge of the A ring is understood, the
sharp inner edge of the C ring is not.
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Orbits of the Small Satellites of Saturn

Abstract. Orbital parameter values and associated uncertainties determined from
Voyager 1 imaging data for the satellites 198081, 198053, 198086, 1980526, 1980527,

and 1980828 are presented.

Six small satellites were observed dur-
ing the approach of Voyager 1 to Saturn;
three were known from ground-based
observations (/) and three were dis-
covered in the Voyager images (5). The
‘‘co-orbital’’ satellites 1980S1 and
198083 (6) were observed first approxi-
mately 75 days before encounter on the
basis of predictions by B. A. Smith, H. J.
Reitsema, and J. Fountain (7). The inter-
vals for the remaining four are consider-

" ably shorter, ranging from about 20 days

for 1980S6 and 1980527 to approximately
8 days for 1980S28.

In order to refer their positions to the
center of Saturn, 1980S1, 1980S3, and
1980S6 were recorded over the entire
observing interval in frames in which at
least one pointing reference, either a star
or one or more of the satellites Mimas,

Enceladus, Tethys, Dione, and Rhea,
also appeared. The orbital parameter
values of these large satellites were also
improved during approach by using hun-
dreds of satellite-star frames taken pri-
marily for spacecraft navigational pur-
poses. Observations of 1980526, 1980-
S27, and 1980S28 were then referred to
the center of Saturn by using stars and/or
the orbits of the large satellites as well as
1980S1 and 1980S3.

Since orbits were nearly singular,
some of the parameters actually estimat-
ed were combinations of the usual clas-
sic set. In particular, the parameters 4, k,
P, and g (8) were estimated:

h =esind®
k=ecosd
p = tan /2 sin Q)
g = tan i/2 cos ()
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