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INTRODUCTION: Saturn’s rings are an acces-
sible exemplar of astrophysical disk processes
and a delicate tracer of the Saturn system’s dy-
namical processes and history.

RATIONALE: During its ring grazing orbits
andGrandFinale, the Cassini spacecraft passed
very close to Saturn’smain rings and obtained
very high–spatial-resolution images, spectral
scans, and temperature scans.

RESULTS:We find structures related to the de-
tailed sculpting of rings by embeddedmasses,
including structures near the moon Daphnis
that have apparently experienced markedly
different perturbations compared to the sur-

rounding ringmaterial, and complex structure
elements within the largest propeller-shaped
disturbances. Interpreting certain suchelements
in terms of theHill radius yields diameters of 1.0
to 1.6 km for the largest propeller-causingmoons.
Several classes of subkilometer structure

in the ring, which we call textures, are found
in well-defined radial bands, which in many
cases are difficult to correlate with other ring
properties. The plateaux in the C ring exhibit
a characteristic streaky texture. We hypothe-
size that these textures indicate variation in
properties that affect the results of particle-
particle collisions.
Medium-strength densitywaves neither alter

the spectral characteristics of the region sur-

rounding them nor exclude swarms of pro-
pellers from their vicinity, as the largest-density
waves are known to do. We also confirm that
even the strongest bending waves (such as
Mimas 5:3) do not exhibit any signs of spectral
halos.However,medium-strengthdensitywaves
do exhibit clumpy texture in their troughs, and
they also alter the propeller size distribution.
“Mini-jets” in the F ring are found in clusters,

whose members evolve in lockstep with each
other. This provides the strongest evidence yet
that impacts onto the rings are commonly due to
(Saturn-orbiting) streams of material, rather
than lone impacting objects.

The distinct light-
scattering characteris-
tics of the narrow region
outward of the Keeler
gap—weaker water ice
absorption bands, higher
reflectivity, grayish rather

than reddish color—transition abruptly from
the rest of the A ring, although different de-
grees of abruptness are seen in the visible and
the near-infrared. The combination of weaker
water-ice band depths with higher reflectivity
is difficult to understand.
Water-ice banddepth andgeneral color slope

are closely correlated with optical depth, and
temperature is anticorrelated (that is, denser
regions are colder), even in sharply banded
regions, down to the spatial resolution limit of

e

3 km px−1. However, the narrow bright bands
in the C ring, called plateaux, have similar
color slopes and water-ice band depths to
those of the surrounding C ring, despite their
marked difference in brightness. Furthermore,

denser regions are warmer in some
fine-scaled structures, including
C-ring plateaux and structure in
the B ring, both on the lit side only,
and strong waves in the A ring on
both the lit and unlit sides.

CONCLUSION: The rings are
sculpted by embedded masses,
producing structure visible down
to our resolution limit. Correla-
tions of spectral properties and
temperature with optical depth are
tight at many locations, although
exceptions are found that deepen
puzzles in certain regions. Many
of these results are likely related
to radial stratification in particle
properties, rather than in chem-
ical composition or surface mass
density. ▪
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False-color images of Saturn’s rings. (Top) A mosaic showing Daphnis in the Keeler gap on the lit side
of the rings, with three wave crests of the structure raised by Daphnis in the gap’s outer edge. (Middle
and bottom) Visual and Infrared Mapping Spectrometer radial scans across the lit side of the main rings,
displayed as false-color images. Reddish colors signify a higher fraction of components other than
water ice. The boxed region in the middle panel indicates the location of the bottom panel.
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Saturn’s rings are an accessible exemplar of an astrophysical disk, tracing the Saturn
system’s dynamical processes and history. We present close-range remote-sensing
observations of the main rings from the Cassini spacecraft. We find detailed sculpting
of the rings by embedded masses, and banded texture belts throughout the rings.
Saturn-orbiting streams of material impact the F ring. There are fine-scaled correlations
among optical depth, spectral properties, and temperature in the B ring, but anticorrelations
within strong density waves in the A ring. There is no spectral distinction between plateaux
and the rest of the C ring, whereas the region outward of the Keeler gap is spectrally
distinct from nearby regions. These results likely indicate that radial stratification of
particle physical properties, rather than compositional differences, is responsible for
producing these ring structures.

S
aturn’smain rings (1) are the regions known
as the A, B, C, and F rings and the Cassini
Division,which together constitute a broad,
dense disk of orbiting particles lying in
the equatorial plane between 74,600 and

140,200 km (that is, 1.2 to 2.3 Saturn radii) from
Saturn’s center. The normal optical depth tn (2)
in themain rings is at least tn ≳ 0:1, and in some
locations tn ≫ 1. Particle composition is domi-
nated by water ice, with trace contaminants, and
particle size ranges from millimeters to meters

(although a few localities, including the F ring,
are rich in dust). By contrast, the dusty rings are
inward (the D ring) and outward (the E and G
rings) of the main rings, have tn ≪ 0:1, and are
dominated by micrometer-sized particles (3).
The 13-year mission of the Cassini spacecraft

at Saturn culminated in two stages. During the
ring-grazing orbits (RGOs), from December 2016
to April 2017, Cassini executed near-polar orbits
that crossed the ring plane just outward of the
F ring, providing close-range viewing of the outer
portion of the main rings. During the Grand
Finale (GF), from April to September 2017, the
orbit shifted so that closest approach to Saturn
was inward of the D ring, passing a few thousand
km above Saturn’s cloud tops, providing close-
range flybys of the inner portion of the main
rings. We present and analyze optical remote-
sensing data taken during these flybys (4). We
use data from Cassini’s Imaging Science Sub-
system (ISS) (5), Visual and Infrared Mapping
Spectrometer (VIMS) (6), Composite Infrared
Spectrometer (CIRS) (7), and Ultraviolet Imaging
Spectrograph (UVIS) (8).

Ring structure: Embedded moons
and propellers

Each ring particle follows its own orbit around
the planet. However, collective effects, including
collisions andmutual self-gravity, affect the struc-
ture of the rings, as do interactions with larger
orbiting objects. Moons ranging in size from

Titan to Pan raise spiral density and bending
waves in the ring (9–11). Moderate-sized moons
Pan (radius R ~ 14 km) and Daphnis (R ~ 4 km)
orbit within the outer part of the A ring and clear
sharp-edged gaps (the Encke and Keeler gaps,
respectively). Smaller moons, but ones that are
still substantially larger than the largest con-
tinuum ring particles, create local disturbances
that have been dubbed “propellers,” because of
their shape (12).
Propellers are similar in principle to a circum-

ferential gap like the Encke or Keeler gap, except
that the embeddedmoon’s influence is overcome
some distance downstream as the gap is filled in
by the viscosity of the disk. Swarms of relatively
small propellers, likely due to embeddedmoons
~100m in size, are present in the Propeller Belts
of themid-A ring (13–15). There are probablymore
than 106 propellers over the several-thousand-
km annulus of the Propeller Belts (15). Solitary
larger propellers, likely due to embedded moons
~1 km in size, orbit beyond the Encke gap (16). At
least a half-dozen of the latter have had their
orbits tracked for the duration of the Cassini
mission, and their shifting orbital attributes have
been analyzed theoretically (12).
Among the science objectives of the RGO and

GF (presented in Fig. 1) were close-range flybys of
Pan and Daphnis (17) and of three large propel-
lers (namely, those nicknamed Blériot, Earhart,
and Santos-Dumont), as well as high-resolution
imaging of the Propeller Belts.

Daphnis and its vicinity

A false-color mosaic of Daphnis and its vicinity
is shown in Fig. 1A. Daphnis itself is discussed
in a companion paper (17); here we focus on the
ring material perturbed by Daphnis. The image
conveys the dichotomy in brightness and color
that occurs at the Keeler gap (see below). Im-
mediately to the lower left of Daphnis in Fig. 1A,
within the gap, a strand of material is seen to
follow a looping streamline. This material was
likely pulled out of the sharp edge of the gap by a
recent passage of Daphnis and is now spreading
along its streamline as a result of Keplerian shear
(18). Cassini was 13.5° above the ring plane when
this image was taken, and the wavy edges of the
Keeler gap are known to have a vertical com-
ponent due to the orbital inclination of Daphnis
(19), so the streamline seen here may be vertical
and/or in-plane, which cannot be disentangled,
owing to projection effects.
Downstream of Daphnis (which is trailing

on the outer edge of the gap, but leading on the
inner edge, due to Keplerian shear), the edge is
scalloped with a characteristic wavelength equal
to 3pDa, where Da is the difference in semimajor
axis between Daphnis and the gap edge (12). It
was previously known that thewavy edges due to
Daphnis die away only a few wave crests down-
stream, whereas those due to Pan in the edges of
the Encke gap persist for the entire circumfer-
ential extent of the gap (20–22). Figure 1A shows
structure in the third wave crest downstream
of Daphnis. The trailing structure in the outer
edge is seen on the left-hand side of Fig. 1A and
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magnified in Fig. 1B. Macroscopic clumps of ring
particles, which are not visible in the first or sec-
ondwave crest, dominate the third wave crest, as
the effects of Daphnis diminish. Furthermore, a
gap or rift appears between the clump-studded
wave crest and the rest of the ring. We interpret
this as a vertical feature: The ribbon of material
may be rising above the ring plane, having been
launched by the inclination of Daphnis, with the
line of sight (due to Cassini’s oblique viewing
angle) passing through the vertical gap. As evi-
dence for this, further downstream (in the left-
hand portion of Fig. 1B), the same ribbon of
material can be seen to pass behind the main
portion of the ring, from Cassini’s point of view.
This hypothesis does not exclude some degree of
simultaneous radial structure in the third wave
crest. The difference in appearance between the
third wave crest and the first two may be partly
due to a shroud of smaller particles (whose struc-
ture perhaps is primarily radial) that smooths the
appearance of the first two wave crests, which
may have been absorbed into larger clumps in
the third wave crest.

The propeller belts

Thepropellers observed (13) in close-range images
taken during Saturn orbit insertion (SOI) were

substantially smaller than those seen in the Pro-
peller Belts during the remainder of the Cassini
mission (14, 15). Figure 1C shows propellers of a
size similar to those seen during SOI. We iden-
tified and analyzed 41 propellers in this image
(4).We find a substantial range in propeller sizes,
with the largest propellers being more than four
times as large as the smallest (table S1). We also
find that the population density, average size,
and size distributionmay vary substantially with
ring radius on finer scales than previously iden-
tified (fig. S1), particularly in the vicinity of a
moderately strong density wave. This implies
that some combination of the parent bodies, sub-
sequent evolution, and/or visibility of propellers
is highly radially stratified.

Giant propellers

Close-range flyby images of propellers Blériot and
Earhart are shown in Fig. 1, D and E, respectively.
Blériotwas captured on the unlit side of the rings,
where regions can be dark because of low optical
depth (insufficient material to scatter sunlight
toward the camera) or because optical depths are
so high that the region is opaque. Earhart was
captured on the lit side, where brightness usually
increases monotonically as a function of optical
depth. Additionally, close-range flybys captured

images of propeller Santos-Dumont on both the
lit and unlit sides of the rings, in images taken
on both sides of ring-plane crossing during a
single RGO pass (fig. S2).
Complex structure is seen in all these images.

The dark band through the center of Blériot,
which is due to the disturbed region being opaque,
extends further downstream than the similar dark
band in the unlit-side image of Santos-Dumont,
likely indicating higher surface mass densities.
Scalloping is present on the inner edges of the

perturbed regions, analogous to patterns seen on
the edges of the Encke andKeeler gaps. Equating
the wavelength of the scalloping with 3pDa, and
taking the full width of the gap (i.e., twice Da)
to be four times the Hill radius rH (23), where
rH ≡ aðm=3MÞ1=3 for Saturn’s mass M and the
central moon’s mass m and semimajor axis a,
we calculate Da ≃ 2rH to be 1.0 km for Santos-
Dumont and 1.6 km for Blériot.
The Hill radii implymasses of 7 × 1014 g for the

central moon of Santos-Dumont and 3 × 1015 g
for that of Blériot. Most likely, the actual size of
each centralmoon is similar to itsHill radius (16),
so that its bulk density is equal to the critical
density for this region of the A ring, which is
~0.4 g cm�3 (24), so that the above-calculatedDa
approximates the triaxial moon’s longest axis.
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Fig. 1. Embedded moons
cause structure in the main
rings. (A) False-color image
mosaic (4) showing Daphnis in
the Keeler gap on the lit side
of the rings, with three wave
crests of the structure raised by
Daphnis in the gap’s outer edge.
Each successive wave crest
from right to left is older, having
elapsed an additional orbital
period (~13 hours) since its
close approach to Daphnis. The
direction to Saturn is up, and
the orbital direction is to the
right. A thin strand of material
(indicated by the arrow) is
present in the gap to the lower
left of Daphnis, and there is
intricate structure in the third
wave crest downstream. The
box on the left-hand side indi-
cates the approximate footprint
of the image in (B). (B) A
further close-up of the third
wave crest, on the unlit side of
the rings. (C) Propellers in the
Propeller Belts of the mid-A ring
on the unlit side of the rings.
The large multibanded structure
across the center of the panel
is the Prometheus 9:8 spiral
density wave. (D) The propeller
Blériot on the unlit side of the
rings. (E) The propeller Earhart
on the lit side of the rings.
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The central propeller moon for each of these
close-range propellers should be two to three
pixels across in these images. However, we do not
detect them, likely because they are obscured by
the disturbed ringmaterial swirling around them.

Ring structure: Texture belts

The main rings appear smooth in most images,
although a clumpy straw-like texture has been
identified in the troughs of strong density waves
(25, 26). Other textures have been dimly percep-
tible in images throughout the Cassini mission
but have not been described or analyzed in any
detail.
The RGO and GF images show several classes

of ring texture, in well-defined radial bands,
which donot correlatewith other ring properties.
Examples of these textures are shown in Fig. 2.
There is growing evidence that some of the

sharply bounded features in the main rings are
not due to changes in surface mass density and
thus must be due to variations in particle prop-
erties (27, 28). Composition, particle size, and
regolith character (29) are candidate causes, al-
though it is not clear how ring particles are sorted
according to these properties. We find that these
ring textures are localized to sharply defined
radial bands (Fig. 2). We speculate that this may
be due to differences in how ring particles bounce
off each other when they collide and thus might
be correlated with regolith character (30).
Clumpy straw-like texture is seen not only in

the troughs of strong density waves (Fig. 2a)
but also in smaller waves such as those due to
Prometheus (Fig. 2B) and at other types of

locations. At 124,230 km from Saturn’s center
(in the inner A ring), a region characterized by
fine-scale radial structure that is not well under-
stood, a 100-km radial band exhibits clumpy
structure, whereas the regions around it do not
(Fig. 2C). The clumpy texture at this location
is correlated with a relatively bright band, but
other relative brightness maxima nearby do not
exhibit clumpy texture. The clumpy texture at
this location is not associated with any spiral
density wave, although such waves do occur at
adjacent locations.
Many locations in the B ring (e.g., Fig. 2D)

exhibit a more elongated texture. This streaky
or feathery texture is often correlated with local
minima in optical depths (although all optical
depths are quite high in this region), which ap-
pear dark in lit-side images such as Fig. 2D. The
landmark triple-humped belt in the outer Cassini
Division also exhibits feathery texture (fig. S3).
Here the dark (gap-like) streaks are more dis-
crete and may be related to features termed
“ghosts” identified in UVIS occultations (31).
Another streaky texture appears in all 10 of

the narrow and sharp-edged increases in bright-
ness and optical depth in the C ring known as
“plateaux.” For example, Plateau P1 (Fig. 2E)
exhibits streaky texture, whereas the nonplateau
C-ring material around it exhibits either clumpy
texture or no texture at all. Plateau P5 also ex-
hibits streaky texture (fig. S4). Their surfacemass
densities do not appear to be markedly different
from those of the background C ring (32), so their
defining characteristicmust be related to particle
properties (33).

An occultation of the star k Orionis by the
rings was observed using UVIS (4). Gaps≳20 m
across were seen in the plateaux, with an average
separation of 0.5 to 1 km. We modeled the pla-
teaux with a simplified bimodal transparency
model using 19UVIS stellar occultations (4). This
model yields gap widths of 10 to 100 m and
vertical thicknesses of the plateaux of 10 to
40 m. These average gap widths may represent
the narrowest in a range of gap sizes, observ-
able only with the high spatial resolution of the
stellar occultations, with the dark streaks seen
in the images being gaps on the wider end of
the distribution.

Ring structure: F-ring objects

Images of the F-ring core obtained during the
RGO and GF (Fig. 3) confirm the existence of a
population of smaller objects by the detection
of their associated mini-jets (34). Although the
core has an irregular, jagged shape [figure 4 in
(35)]), the population ofmini-jets visible in Fig. 3,
D and E, are all in phase, implying that they
formed from a set of objects that collided with
the core almost simultaneously. This observation
suggests that rather than representing a random
population of small, colliding objects, the mini-
jets in Fig. 3, D and E, had a common origin,
probably as the result of a breakup of a single
object. This supports previous inferences (36, 37)
that impacts onto the rings may sometimes be
due to Saturn-orbiting streams ofmaterial rather
than to lone impacting objects. Additional evi-
dence for this is shown in the inset to Fig. 3B,
where a collection of objects extending over
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Fig. 2. Belts of textures in the main rings.
A strip along the bottom of each panel
has been filtered by subtracting the average
radial profile of the image, so that local
structures and textures are more visible.
All images in this figure show the lit side of
the rings (4). (A) Straw-like clumps in the
troughs of the strong Janus 6:5 density wave
in the outer A ring. (B) Straw in the troughs
of the Prometheus 26:25, 27:26, and 28:27
density waves (left to right) in the outer
A ring. (C) Straw-like texture in one radial
band of the inner A ring but not in surrounding
regions. (D) Feathery texture in some radial
bands of the outer B ring (especially those
with lower brightness in the main part of
the image) but not in surrounding regions.
(E) Plateau P1 and its environs in the C ring,
with three different textures in close proximity
to each other.
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~0.05° (~100 km) appears to have recently emerged
from the core. We interpret this feature as a
more compact version of the multiple objects
seen to cause the mini-jets in Fig. 3, D and E.
The calculated radial velocities (4) of ~1.4 m s�1

are consistent with those of previously observed
mini-jets (34).
We observe a narrow component in the F ring,

1 to 2 km in radial extent but perhaps un-
resolved, located ~10 km radially inward of the
center of the bright core and visible in ~50% of
Fig. 3A (i.e., extending over ~2°). Although evi-
dence for such a component has been seen be-
fore [figure 4h in (35)]), we infer from Fig. 3D
that the original impact events that produced
the mini-jet features in this part of the F ring
originatedwhen the source objects collidedwith
the narrow component, implying the existence
of substantial mass at this location. It has been
suggested (38) that the true core of the F ring
consists of discontinuous ring arcs, <1 km in
radial width, each extending over ~2° in longi-
tude, wherein most of the F ring’s mass is con-
tained. The observations in Fig. 3 donot constrain
the mass of the F ring, but they do provide sup-
porting evidence for this interpretation and imply
that the true core of the F ring may be radially
offset from the brighter components that are
more commonly seen.

Ring composition, particle size, and
grain size
The reflectance spectrum of Saturn’s main rings
in the ultraviolet (UV), visible, and near-infrared
(IR) regions is dominated by fine-grained crys-
talline water ice with relatively small amounts
of non-icy material (39, 40). The latter seems to
consist of two distinct components. The first is
responsible for the strong absorption at UV
and blue wavelengths that gives the rings their
pale tan or reddish color, and is now generally
thought to be either organic in nature (41–43)
or nanophase particles of metallic iron or iron
oxides (44), whereas the second component is
a spectrally neutral absorber generally assumed
to be silicates and/or carbon (45). Together, this
icy mixture makes up the regolith coating the
surfaces of the individual ring particles, whose
sizes range from a few millimeters up to ~5 m
(39, 46–50).
The UV absorber appears to be present as

inclusions within the individual grains of water
ice (sometimes referred to as an intramix), and
its abundance increases monotonically with
proximity to Saturn (51–53). Its nature has been
debated (54), although it is suspected to be a
primordial component of the rings. Recent ob-
servations and modeling (43) favor an organic
material, perhaps tholins or mixtures of poly-

cyclic aromatic hydrocarbons (PAHs). Large or-
ganic molecules have been detected falling into
Saturn’s upper atmosphere (55), which may have
come from the D ring. The neutral absorber, by
contrast, is inferred to be intimately mixed with
the icy grains (i.e., as separate particles in close
proximity, like a mixture of salt and pepper) and
is most abundant in the optically thin C ring and
Cassini Division (52). It may be produced by the
exposure of the originally pure icy rings to bom-
bardment by interplanetary debris (45).
Previous observations by Cassini have shown

small-scale spatial variations in the main rings’
visible and near-IR spectrum (51, 56). VIMS spec-
tra have revealed that regolith grains are larger
in the A and B rings; grain size and/or composi-
tion varies locally in the vicinity of strong density
waves in the A ring and at several locations in the
B and C rings (52, 53, 57). UVIS optical depth
variance measurements have yielded similar
conclusions about small-scale variations in the
ring particle-size distribution (33).

Color and spectral variations

During the final orbits of the Cassini mission,
high-resolution multicolor and spectral scans
were taken across the entire ring system, cov-
ering both the lit and unlit sides of the rings
(Figs. 4 and 5).
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Fig. 3. Mini-jets and other structures in the
F ring. A high-resolution mosaic (4) of the
F-ring core region showing evidence for a
population of small objects, their evolution,
and a possible narrow component. (A) Context
mosaic. White boxes indicate the regions
shown in the other panels. (B) Enlarged
portion of (A), showing a linear feature near
the core with a contrast-enhanced inset
showing a faint, linear feature below it.
(C) Enlarged portion of (A), showing a mini-jet
emerging ~10 km from the core with evidence
of a narrow ring component parallel to and
below the core. There is also evidence of a
fan-shaped structure (4) to the left,
characteristic of an embedded object on an
eccentric orbit. (D) Enlarged portion of (A),
with a region immediately above the core
(indicated by the white rectangle) selectively
contrast enhanced to bring out faint features.
Several mini-jets (black arrows) emerge from
the core, leaving trails that extend between
~7 km (left) and ~14 km (right) from the core.
There is also evidence that the mini-jets
originate in a narrow ring component parallel to
the core but ~10 km below it (white arrows).
(E) Same as (D), except portion of a different
image mosaic of the same region, taken 85
min later. Although the resolution is poorer, the
evolution of the mini-jets is evident, having
doubled in length and undergone Keplerian
shear. The dashed lines in (D) and (E) indicate
longitudes where adjacent images overlap,
leading to the production of slight offsets in
the mosaics. The white arrows in (C) and (D)
indicate the location of the narrow component.
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Color imaging with ISS was conducted at a
resolution of ~3 km px−1, although this is a lower
resolution than for the black-and-white images
(e.g., Figs. 1 and 2). Figure 4A displays a com-
posite of true and enhanced color images (bottom
two panels), with context given by a single unlit-
face image (upper panel) in which darker bands
are more optically thick. The pale tan color seen
in the middle panel is generally not perceptible
in a telescope, especially because Saturn is a
yellowish tan itself (see below). Figure 4B is an
enhanced color composite from early in the
Cassini mission, illustrating the different color
outward of the Keeler gap.
The observing mode for VIMS (4) resulted in

a single, continuous image of the A, B, and C
rings (referred to as a noodle) 64 pixels wide by
~1000 pixels long. The spatial resolution ranges
from ~30 to 60 km px�1, the gradient in resolu-
tion from one end of a noodle to the other being
due to the changing spacecraft range. In the
VIMS false-color images shown in Fig. 5, the red
channel corresponds to the center of a strong
water-ice absorption band, so reddish colors
in the images signify less ice absorption, while
the blue channel corresponds to a much weaker
water-ice band. The green channel is a contin-
uum wavelength. The red color is most evident
in the C ring and Cassini Division but is also
visible in the extreme outer part of the A ring.
The inner B ring also has slightly weaker ice
bands than do the outer B or A rings (4).
Figure 6 plots a set of standard spectral pa-

rameters for the main rings, derived from the
VIMS lit-side scan on Rev 287 (58) and rebinned
to a sampling interval of 20 km. Figure 6A shows
two representative brightness profiles of the rings
at continuumwavelengths. Figure 6C shows an
optical depth profile of the rings for context, de-
rived from a VIMS stellar occultation. In Fig.
6B are plotted water-ice band depths at 1.5 and
2.0 mm, calculated from the average spectrum
for each radial bin (4). Also shown are spectral
slopes in the visible portion of the spectrum, be-
tween 0.35 and 0.55 mm and between 0.55 and

0.85 mm (these are sometimes called the blue
slope and the red slope, respectively, after the
spectral regions where they are centered, rather
than their shapes) Also plotted is the height of
the 3.6-mm peak, which is defined by strong ab-
sorptions at 3 and ~4.5 mm, using the continuum
level at 1:8 mm as a reference (4, 51, 52, 57).
As seen in previous work (51, 52), ice-band

depths are greatest in the outer half of the B ring
and the outer two-thirds of the A ring and lowest
in the inner C ring and the Cassini Division. Band
depths decrease smoothly from themiddle A ring
into the outer Cassini Division, and also from the
innermost part of the B ring into the outer C ring,
and then decrease further across the C ring. We
confirm that regional transitions in band depths
are gradual (51, 52), except that we identify a
more abrupt transition at the Keeler gap (see
below). More detailed views of portions of Fig. 6
are shown in figs. S9 to S11.
Consistentwithprevious observations (51, 52, 57),

we find that the fine-scale variations in the 0.35- to
0.55-mmslope and the IRwater-ice band depths in
the A andB rings arewell correlated. These curves
exhibit very similar shapes down to the spatial
resolution limit of the scans, and these param-
eters aremore closely correlatedwith each other
than either is with the ring brightness I/F (59).
The 0.35- to 0.55-mm slope and ice bands show
different behaviors within the lower optical
depth C ring and Cassini Division, as well as
across the transitions between those rings and
the innermost B and A rings. Detailed spectro-
photometric modeling of VIMS observations of
the A, B, and C rings (40, 52) reveals that these
varying trends can be attributed to a combina-
tion of variable particle regolith properties and
compositions across the rings. For example,most
of the fine-scale variations in the 0.35- to 0.55-mm
slope and ice bands across the A and B rings
can be attributed to shifts in grain sizes, whereas
the deviations between these parameters in the
lower optical depth C ring and Cassini Division
are due to higher concentrations of darkening
materials (neutral absorber) in those regions

(40). After accounting for these variations, the
differences between the overall trends across the
inner B ring between the 0.35- to 0.55-mm slope
and the ice-band strengths could be due to an
increase in the fractional abundances of the UV
absorber closer to the planet (52).
Although the 0.55- to 0.85-mm slope shows

some of the same features in the A and B rings
as the other spectral parameters, its overall be-
havior is quite different and so traces a differ-
ent aspect of the rings’ texture or composition.
In particular, the 0.55- to 0.85-mm slope is ele-
vated in the middle part of the C ring, which is
consistent with evidence for enhanced silicate
or carbon-rich material at that location inferred
from radio wavelengths (60).

A ring

In the A ring, halos of reduced water-ice band
depth around the strong density waves are seen
in the VIMS observations. In fig. S9, we plot the
band depths in the A ring at a larger scale,
together with profiles of the 0.35- to 0.55-mm
and 0.55- 0.85-mm slopes (although the latter is
fairly uniform in this region). Apart from the
general inward decrease in band depths noted
above, the most prominent features in the A ring
profile are the peaks and dips seen at each of
the strong density waves, especially those due
to Janus. Centered on each of the Janus 4:3,
5:4, and 6:5 resonances is a peak in all ice-band
depths—and in the 0.35- to 0.55-mm spectral
slope—symmetrically flanked by a region of re-
duced band depths. These features have been
dubbed “halos” (51), from VIMS SOI data. The
overall radial width of each halo is ~1000 km,
which is much larger than the extent of the den-
sity waves associated with these resonances, and
the halos are centered on the waves. The halo
associated with theMimas 5:3 resonance is less
evident, even though it is one of the strongest
density waves in the A ring. (The nearby Mimas
5:3 bending wave at 131,800 km shows neither
peaknorhalo in thebanddepthprofiles.) Although
the reason for thepeaks andhalos remainsunclear,
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3000 km1000 km
A B

Fig. 4. Color images of the B and A rings. (A) The inner-central B ring, covering the region from 98,600 to 105,500 km from Saturn’s center at about
3 km px−1. The top panel is a context image in black and white, while the middle and bottom panels are, respectively, true-color and enhanced-color
versions. (B) The mid- and outer A ring (4). Figure S10 shows a VIMS image of the same region.
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they may reflect an increase in the interparticle
collision rate within the density wave itself (ex-
posing fresh, coarser-grained ice from deeper
layers in the ring particles), accompanied by the
ejection of debris that falls back onto the sur-
rounding regions (which may reduce their mean
grain size by spreading a cloud of small icy par-
ticles). UVIS optical depth variance results sup-
port this conclusion (33).
There are several ripples in the band depths

and 0.35- to 0.55-mmslope in the innermost part
of the A ring, inwards of 124,500 km. There are
two moderately strong density waves in this re-
gion, due to the Pandora 5:4 and Prometheus 6:5
resonances, and the optical depth profile shows
several sharp peaks in this neighborhood, but
there is no correlation between the band depths
and either the resonances or optical depth struc-
ture (61).
The region around and outward of the Keeler

gap is less red, shows less backscattering, and
has weaker ice bands than the rest of the A ring,
as noted first in Voyager data (39, 62), and pro-
nounced color variations are seen in early Cassini
images such as Fig. 4B, where the color transition
is very sharp and coincides with the location of
the gap. In our observations, the spectral vari-
ations appear to start near 136,200 km and ex-
tend across the gap to the ring’s outer edge at
136,770 km. They include decreases in both ice-
band depths and the 0.35- to 0.55-mmslope (figs.
6 and S9), accompanied by an increase in the
continuum brightness of the rings beyond the
Keeler gap. This region is also known to have a
lower surface mass density (63) and different
particle-size properties (49, 50, 64) from the
rest of the A ring.
It remains unknown whether the spectral dif-

ference of the trans-Keeler region implies a dif-
ferent composition and origin of the underlying
material, or whether some other factor is respon-
sible. Figures 6B and S9 suggest weaker water-
ice bands in the trans-Keeler region. This may
imply less water ice and less of the accompany-
ing organic reddening material. However, this
hypothesis is difficult to reconcile with the rela-
tively high reflectivity (I/F) in the same region,
as seen in Fig. 6A and fig. S9. A finer regolith
grain size outside the Keeler gap could explain
all three observations: flatter (less-red) visual
wavelength spectra, higher I/F, and weaker ice
bands, whether or not the material has an in-
trinsically different composition.

B ring

The B ring, the most opaque and massive of
Saturn’s main rings (65), is conventionally di-
vided into four or five subregions, based on
varying structure and mean optical depth (66).
The innermost or B1 region, between radii of
92,000 and 99,000 km, has a normal optical
depth tn of 1 to 2 and is characterized by smooth,
quasi-sinusoidal variations in tn and brightness
with typical length scales of ~100 km (67). B1 is
uniform in its spectral parameters (51) and in its
optical colors (68, 69). Our VIMS data in Fig. 6
show very little variation in this region, except

for amodest inward increase in both the 0.35 - to
0.55-mm and 0.55- to 0.85-mm slopes and a slight
drop in the ice-band depths toward the C ring
ramp over the innermost 500 km.
The B2 region is a zone of transition between

the relatively low–optical depth B1 region and
the opaque B3 region (outward of 104,000 km)
where tn > 3 almost everywhere and frequently
exceeds 5. The B2 region is characterized by a
series of abrupt local transitions in tn, between a
minimum of ~2 and a maximum of 5 or greater,
at irregular intervals of 40 to 200 km. The VIMS
data for this region (shown at a larger scale in fig.
S10) show a positive correlation between the IR
ice-band depths, the 0.35- to 0.55-mm slope, and
tn, with every peak (or dip) in band depth being
associatedwith amaximum (orminimum) in tn.
At somewhat lower spatial resolution, a similar
relationship between optical depth and ice-
band depths was previously demonstrated for
the whole B ring (52); our data show that this
correlation also holds down to the 50- to 100-km
scale in the B2 region. The correlation of optical
depth with I/F is much weaker, with peaks in tn
being associatedwith bothmaxima andminima
in I/F in this region. This suggests that many of
the I/F variations in the central B ring are due
to variations in albedo and/or phase function
rather than particle density—a conclusion pre-
viously drawn from Voyager imaging data (68).
Figure 4A shows a high-resolution ISS color
image, also of the B2 region. There are sharp
boundaries between the discrete ~100-km-wide
bands in this region, which Cassini radio occul-
tation data have shown to be even sharper than
the ISS resolution (66). The narrow ringlets in
the middle of this figure are about 40 km wide,
whereas the broader bands near the right edge
are 300 to 500 km across. It remains unclear
what causes the variable brightness of these

ringlets and bands; the inherent reflectivity of
the ring particle material, shadowing on their
surfaces, their absolute abundance, and/or their
packing density may all play a role. The bottom
panel of Fig. 4A is a color-enhanced version of
the middle panel, in which blue colors indicate
a “less red” or flatter spectrum at visible wave-
lengths than the redder colors, which mean a
steeper-than-average spectrum. Observations by
Voyager showed these color variations at lower
resolution (68, 69); we find that suchwell-defined
color contrasts are sharply defined even down to
the 3-km radial scale.
Across the very opaque B3 and B4 regions,

between radii of 99,000 and 115,000 km (66), we
find only small variations in the VIMS ice band
depths or the 0.35- to 0.55-mm slope. A series of
six low-amplitude oscillations in the band depths
between 112,500 and 114,200 km are positively
correlated with similar variations in both tn and
I/F (52). Only within ~1300 km of the outer edge
of the B ring is there a small but distinct decrease
in all four of these spectral indicators, followed
by an abrupt upturn in the final 500 km.
An exception to the generally flat band depths

in this central part of the B ring is a broad but
shallow dip in the ice band depths and 0.35- to
0.55-mm slope centered at 109,100 km and an
even shallower dip centered at 107,400 km. These
two features coincide with prominent peaks in
I/F but with no obvious features in the optical
depth profile. They may represent halos asso-
ciated with the otherwise-invisible density waves
that are expected to be driven by the Prometheus
and Pandora 3:2 resonances (52), as seen in the
A ring (fig. S9). Both dips are located 500 to
600 km exterior to the actual resonance loca-
tions (52). Two similar shallow dips in the band
depths are seen in the outermost part of the
B ring, at 115,700 and 116,500 km, and bear a

Tiscareno et al., Science 364, eaau1017 (2019) 14 June 2019 6 of 10

Fig. 5. Near-IR spectral scans.VIMS radial scans across the lit side of the main rings, displayed as
false-color images. (A) The scan obtained on Rev 262, on 21 February 2017. (B) An enlarged view
of the outer two-thirds of the B ring, and Cassini Division. (C) The scan obtained on Rev 287, on
7 August 2017. The scale bars indicate the average radial scale for each scan, although in both cases,
the true scale varies across the scan because of the varying projected radial velocity of the
spacecraft. On Rev 262, the velocity was a maximum in the B ring and the radial scale is compressed
there by ~15%. On Rev 287, the velocity decreased from right to left by ~30% and the scale in the
C ring is correspondingly stretched out.
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similar spatial relationship to the Enceladus 3:1
and Janus 3:2 resonances. This region is quite
complex, with several other potentially interfer-
ing resonances due toMimas andPrometheus (70).

C ring

Large-scale variations across the C ring visible
in Fig. 6 include a steady inward decrease in
IR-band depths and the 0.35- to 0.55-mm slope
parameter. On a finer scale, the most obvious
structural features in the C ring are the plateaux.
A typical plateau is ~150 km wide, with fairly
abrupt edges and a peak optical depth of ~0.4.
They were detected in Voyager images (1) but are
of unknown origin. Measurements of surface
mass densities in the C ring (32) indicate that the
plateau mass densities are similar to that of the
adjacent background C ring ðtn ≃ 0:1Þ, suggest-
ing that their particle size distribution may be
quite different (fewer particles in the meter-size
range). VIMS observations at SOI yielded a mar-
ginal detection of variation in ice-band depths
between the plateaux and background regions
(51). There is no discernible signature of the
plateaux in the lit-side profiles of ice band depths,
but there is a weak enhancement in the 0.35- to
0.55-mm slope parameter, which may be due to
a local increase in the abundance of the UV
absorber (52).
In the outer C ring (fig. S11), the VIMS spectral

data show that the 0.35- to 0.55-mm slope again
tracks the depth of the ice band at 1.55 mm,
although the profiles for the C ring are noisier at
visible wavelengths. These data show very little
difference, if any, in spectral characteristics be-
tween the plateaux and the background. In sev-
eral cases, a very small increase in band depths

within the plateaux may be detectable, at the
level of 0.01 or 0.02, or 1.5 to 3%. These signa-
tures are more apparent in the 0.35- to 0.55-mm
slope than in any of the IR ice bands.

Correlation with optical depth

Color variations and spectral variations often
imply compositional variations. However, this is
not necessarily correct in Saturn’s rings. Figure 4A
shows that ring color correlateswith optical depth
down to the smallest scales discernible: Optically
thicker bands (darker in the top panel) are redder.
A similar correlation between optical depth, ice-
band depths, and spectral slope is visible in fig. S9
and discussed above. The intrinsic composition
is unlikely to vary in such a correlated way and
on such small radial scales. Meteoroid bombard-
ment spreads ejecta around the rings on 100-km
radial scales, smoothing out any such variations
(71). However, variable optical depth might lead
to other local changes in ring particle and/or
ring layer properties. Collisional dynamics in re-
gions of varying optical depth can lead to varying
volume or packing density of particles, which
might affect the degree of multiple interparticle
scattering. Multiple scattering is known to en-
hance spectral contrast and the ring material is
red, so more multiple scattering can make a re-
gion redder and also increase the relative depths
of absorption bands (72). The local packing den-
sity can also lead to nonclassical scattering ef-
fects (e.g., shadowing), which can affect the ring
brightness as a function of particle albedo, also
affecting spectral contrast (73). The frequency
and/or speed of collisionsmay also vary between
regions of different optical depth, and this con-
stant jostling can affect the roughness, porosity,

or grain size in the surfaces of the local particles
(30, 52, 74, 75). Shadows on rough particle sur-
faces can change the particle phase function (76)
in such a way as to exaggerate spectral contrasts
at moderate to high phase angles. Monte Carlo
models (4) of scattering in closely packed rings
verified against similar models (40, 73, 77) sug-
gest that the simplest explanation of the optical
depth–dependent reddening is increased multi-
ple scattering in the optically thicker regions by
the already reddish ring particles, given particle
phase functions and surface reflectances like
those of the ring particles (43), in the geometry
of the observation (the ISS image in Fig. 4A was
taken at a relatively high phase angle, defined as
Sun-target-observer angle, of a – 110°). At shorter
wavelengths, particle albedos are low enough
that multiple scattering is minimal, leading to
the variable reddening. Therefore, the fine-scale
color variations are consistent with a generally
invariant composition, at least on 10- to 100-km
length scales.

Ring temperature

CIRS measured the thermal emission from
Saturn’s main rings—the A, B, and C rings and
the Cassini Division (7, 78, 79). During the RGOs,
CIRS obtained radial scans at spatial resolu-
tions ranging from 260 to 470 km for the A
ring to 660 to 930 km for the C ring for both
their lit (northern) and unlit (southern) sides.
Temperature T of the ring material was derived
from spectra measured with focal plane 1 (FP1)
between 10 and 600 cm−1 (17 µm to 1 mm) at
a spectral resolution of 15 cm−1. Rings were
viewed nearly face-on for both the lit and unlit
sides at absolute spacecraft elevation angles B
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Fig. 6. Radial profiles of spectral
parameters. Data shown are from
theVIMS lit-side scan on Rev 287.Vertical
dotted lines indicate (as labeled) the
locations of density waves or of
boundaries between ring regions,
including the A, B, and C rings and
the B-ring subregions B1 through B4.
(A) Reflectivity of the rings at
continuum wavelengths of 0.55 and
1.8 mm, with the locations of major
ring boundaries and the strongest
density waves identified by vertical
dotted lines. (B) Fractional depths of
the water-ice bands at 1.55, 2.0, and
3.6 mm in orange, red, and black,
respectively, as well as the 0.35- to
0.55-mm and 0.55- to 0.85-mm slopes
in blue and green (see text for
definitions). (C) Optical depth profile
of the rings obtained from a VIMS
occultation of the star g Crucis
on Rev 082 (52, 70). Versions of this
figure that zoom on the A, mid-B,
and outer C rings, respectively, are
shown in figs. S9, S10, and S11.
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(defined with respect to the ring plane) between
70° and 83°, and at phase angles of a ~ 60° for
the lit side and a ~ 120° to 130° for the unlit side
(table S2). The representative ring temperatures
and associated scaling factors were derived from
Planck functions fitted to FP1 spectral data (80).
The lit-side temperatures varied from 80 to

100 K, and the unlit-side temperatures varied
from 70 to 90 K (Fig. 7). The radially averaged
ring temperatures were [C, 93 K; B, 85 K; CD
(Cassini Division), 88 K; A, 84 K] on the lit face
and (C, 87 K; B, 73 K; CD, 80 K; A, 78 K) on the
unlit face. Ring temperatures are driven by direct
solar flux, solar flux reflected from Saturn, and
Saturn thermal flux and depend on the transport
of heat vertically through the rings via radiation,
conduction, and particle transport. The flux due
to Saturn-shine falls off approximately as the
square of the distance from Saturn, and the solar
flux varies with the sine of the solar elevation
angle above the ring plane. The optically thin
C ring and Cassini Division are warmer than the
optically thick A and B rings because incident
flux from the Sun and Saturn penetrates through
the ring, resulting in more efficient heating (81).
Themagnitudes of the thermal radiation emitted
from the lit and unlit sides of the C ring and
Cassini Division are consistent with the unlit
side being in thermal equilibrium with the ra-
diation field. That is not true of the B andA rings,
where the unlit sides radiate at a much higher
temperature thanwould be expected if theywere
in equilibrium with the small amount of radi-
ation that penetrates through the ring.
The heat transport within the C ring and

Cassini Division is thought to be similar, al-
though the C ring is always warmer than the
Cassini Division because of its proximity to
Saturn; similarly, the A- and B-ring temper-
atures are comparable, and at most epochs, the
lit B ring is warmer than the lit A ring because of
their relative distances from Saturn. This Saturn-
shine effect is at a minimum for the current data
because at solstice the solar flux is large com-
pared to the Saturn-shine, so that the lit A-ring
temperatures are comparable to those in the
B ring.Details of the effect of Saturn-shine on the
heating have been studied by using the radial
dependence of temperature at Saturn Equinox
when solar flux is nearly zero (81), where the
effect of reduced mutual shadowing between
particles in the optically thinner rings could
be modeled directly, given details of the inci-
dent flux.
Within each ring, the temperature difference

between the lit and unlit face correlates to some
extent with optical depth, although the actual
magnitudes of the temperatures differ between
rings. The correlations are shown graphically in
fig. S8 and discussed below with reference to
Fig. 7. In the thick rings, this effect has been
noted before and depends at least partially on
efficiency of heat transport across the rings
(82, 83). Detailed models indicate contribu-
tions to these broad trends from a positive
correlation between albedo and optical depth
across the rings (84), of a nature consistent with

preferential darkening of optically thinner rings
due to meteoritic bombardment (45). Our obser-
vations show that, at finer scale, this correla-
tion (of thermal gradient with optical depth) is
not everywhere consistent, possibly because of
local variations in ring structure and particle
properties.
The temperature difference between the lit

and unlit faces of the B ring correlates with
optical depth, owing mostly to variation on the
unlit face. This could be caused by mutual col-
lisions between particles in high–optical depth
regions hampering heat transport. Observational
studies have shown that the thermal transmit-

tance of the B ring correlates inversely with op-
tical depth (82). Transport models of the B ring
based on effectivemedium theory indicate that if
heat transport by the vertical motion of particles
is negligible, then the observed correlation of the
ring thermal gradient with optical depth can be
explained only if the increase in optical depth is
due to a vertically thicker ring and not to a larger
filling factor (83).
Figure 7 indicates that in the A ring, the cor-

relation of temperature differential with opti-
cal depth is consistent from the inner A ring to
the flat outer regions, but there is a reverse in
this trend in several locations where unlit-side
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Fig. 7. Radial temperature profiles. Observations by CIRS of the lit (red) and unlit (blue) faces of
(A) the C ring, (B) the B ring, and (C) the Cassini Division and the A ring. The black curve shows,
for context, the optical depth measured by Cassini UVIS (8) and smoothed over a radial extent
comparable to the typical CIRS footprint size. The vertical dotted lines show locations of prominent
features: the plateaux in the C ring and the Cassini Division and the strongest density and bending
waves in the A ring (table S3).
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temperatures of the A ring have local maxima
correlating with the halos of the strongest den-
sitywaves (Janus 4:3, 5:4, and 6:5 andMimas 5:3)
and bending waves (Mimas 5:3). This decreases
the temperature difference, even though the
optical depths of these resonant locations are
higher than those of the surrounding regions.
This effect may be due to enhanced vertical heat
transport or particle spin rates as a result of
increased stirring of the ring particles in these
regions. On the lit side of the rings, no temper-
ature differences between the resonant locations
and their surrounding regions are seen.
Correlations between temperature gradient

and optical depth are not obvious in the C ring
and Cassini Division, partially because of the lower
signal-to-noise ratio in those regions. There
appear to be dips in the unlit-side temperature
within at least the largest plateaux. In contrast
to the B and A rings, where the lit-side temper-
ature varies little, there are features in the lit-
side temperature of the C ring, but these do not
correlate well with the optical depth. The net
result is that there is either a weak correlation
or none between optical depth and temperature
difference in the optically thin regions and that
other effects seem to be important in this regard.
Temperature maxima near the largest plateaux
could be associatedwithmutual heating between
particles (84) or could be associated with radial
variations in particle properties or ring structure,
the presence of which is hinted at by the streaky
texture seen in images of the C-ring plateaux.
Measurements by VIMS of the wavelength of

the broad continuum peak around ~3.6m can be
used to infer the surface temperature of water
ice. This method is applicable to ring particles,
for which water ice is the dominant endmember
(53). Spatial and temporal variations of the tem-
perature as derived by this method are seen in
the RGO and GF lit-side data. For most of the
A ring, this peak was found at about 3.58 mm,
corresponding to T ~ 88 K, with lower tem-
peratures in the outermost parts of the ring. The
same temperature prevails inward to the mid-B
ring, but it increases toT~ 107K (peak at 3.60 mm)
in the inner B ring. In the C ring and Cassini
Division, the 3.6-mm reflectance peak is faint and
distorted by Saturn-shine, making temperature
retrieval uncertain. However, data collected be-
fore theGF (53) have shown systematically higher
temperatures; the inner C ring is 30 K warmer
than the B ring, and the Cassini Division is 20 K
warmer than the outer A ring. These VIMS re-
sults mirror the large-scale variations in mean
albedo and optical depth, in the sense that the
particles are colder where these quantities are
higher. Furthermore, with the exception of the
Cassini Division, the ring temperature decreases
with distance from Saturn (53). However, the
temperatures inferred by VIMS are generally
higher than those measured by CIRS. Different
depths to which ring particles are penetrated
by the radiation measured by VIMS (~1 mm)
and CIRS (≳ 10mm)may play a role, as may the
larger-pixel footprint for CIRS, which could aver-
age warmer and cooler temperatures together.

Conclusions
We have reported imaging and spectral observa-
tions of Saturn’s rings taken during the final year
of the Cassini mission. The rings are sculpted by
embedded masses, producing structure visible
down to our resolution limit. Correlations of
spectral properties and temperature with opti-
cal depth are tight at many locations, although
exceptions are found in certain regions already
known to be enigmatic. Some spectral variations
may be due to local variations in optical depth,
rather than being solely due to particle composi-
tion or regolith grain size. Sharply stratified vari-
ations in particle properties, possibly including
regolith character and bulk porosity as well as the
distribution of particle sizes, likely play a role in
producing many of the structures described here,
and in some cases they may supplant variations
in surface mass density as the dominant effect.
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and constrain models of their origin.
moons and ring particles. Together, these results show that Saturn's rings are substantially younger than the planet itself
observed the rings directly at close range, finding complex features sculpted by the gravitational interactions between 

et al.rings. The moons each have distinctive shapes and compositions, owing to accretion of ring material. Tiscareno 
 present observations of five small moons located in and around theet al.of Saturn and the mass of its rings. Buratti 

Cassini, separating the contributions from the planet and the rings. This allowed them to determine the interior structure 
 measured the gravitational pull onet al.discoveries made using Cassini during the 13 years it spent orbiting Saturn. Iess 

new view on this spectacular system (see the Perspective by Ida). Setting the scene, Spilker reviews the numerous 
During the final stages of the Cassini mission, the spacecraft flew between the planet and its rings, providing a

Cassini's last look at Saturn's rings
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