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ABSTRACT

The Visual and Infrared Mapping Spectrometer observed Phoebe, Iapetus, Titan and Saturn’s rings during Cassini’s approach and orbital
insertion. Phoebe’s surface contains water ice, CO,, and ferrous iron. Iapetus contains CO, and organic materials. Titan’s atmosphere shows
methane fluorescence, and night-side atmospheric emission that may be CO, and CH;D. As determined from cloud motions, the winds at
altitude 25-30 km in the south polar region of Titan appear to be moving in a prograde direction at velocity ~1 ms™!. Circular albedo features
on Titan’s surface, seen at 2.02 ym, may be palimpsests remaining from the rheological adjustment of ancient impact craters. As such, their
long-term persistence is of special interest in view of the expected precipitation of liquids and solids from the atmosphere. Saturn’s rings have
changed little in their radial structure since the Voyager flybys in the early 1980s. Spectral absorption bands tentatively attributed to Fe*
suggest that iron-bearing silicates are a source of contamination of the C ring and the Cassini Division.

Key words. infrared: solar system — planets and satellites: general

1. Introduction

This is a preliminary report on observations made with the
Cassini Visual and Infrared Mapping Spectrometer (VIMS)
(Miller et al. 1996; Reininger et al. 1996) around the time
of Saturn orbit insertion (SOI) of the Cassini spacecraft at
Saturn, its final destination. Previous reports on VIMS ob-
servations of Venus (Baines et al. 2000) and Jupiter and
its satellites (Brown et al. 2003; Bellucci et al. 2004,

http://www.edpsciences.org/aa

Chamberlain & Brown 2004; McCord et al. 2004; Simonelli &
Buratti 2004) made en route to the Saturn system have already
appeared. VIMS is an imaging spectrometer capable of obtain-
ing data at 352 separate wavelengths simultaneously, with an
angular resolution of 0.17 x 0.17 mrad over the wavelength re-
gion 0.35-1.08 um (the Vis, or visual channel), and an angular
resolution of 0.25 x 0.5 mrad over the range 0.85-5.2 um (the
IR, or infrared channel). The Vis and IR channels give spec-
tral resolutions of 7 nm and 16 nm, respectively. The combined

http://dx.doi.org/10.1051/0004-6361:20053054
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Fig.1. The spectrum of Phoebe a), consisting of the average of
>10000 individual spectra and covering the entire surface observed by
VIMS. Small gaps in the spectrum correspond to filter gaps and dis-
turbed spectral channels. The small peak at 3.12 um is the Fresnel re-
flection peak from crystalline H,O ice. Some weak spectral absorption
bands have received tentative identification; see Clark et al. (2005).
Spectrum b) is the average of several pixels in a region of Phoebe
in which the metal-OH band (denoted 23 at 2.3 um) is particularly
strong (spectrum S4 from Fig. 2¢ of Clark et al. 2005).

wavelength coverage of the Vis and IR channels of VIMS spans
about 95% of the integrated solar irradiance.

2. Phoebe

Cassini encountered Phoebe, the outermost large satellite of
Saturn, on 11 June 2004. VIMS obtained spatially resolved,
hyper-spectral images of Phoebe from 8:47 UT June 11, 2004
at an initial range of 245833 km and phase angle of 84.9 de-
grees, to 10:22 UT June 12, 2004 at a final range of 338401 km
and a phase angle of 92.2 degrees. The closest image was ob-
tained on June 11 at 19:32 UT at a range of 2178 km and solar
phase angle of 24.6 degrees. Figure 1 is a globally averaged
spectrum of Phoebe, demonstrating the presence of a number
of spectral absorption bands. Noteworthy in this global average
are the broad 1 um feature interpreted to be due to Fe?*-bearing
minerals, the very strong 3 um band of H,O ice, bound water
and hydroxyl, and the band at 4.26 um identified as CO5.

The spatial mapping capability of the VIMS produced spa-
tial coverage at full spectral resolution up to 1 km per pixel.
The VIMS data have been registered and projected into three
simple cylindrical maps: low resolution providing near global
coverage, medium resolution, and a high resolution map of an
area of about 2500 km? (Fig. 2).

The spatially resolved spectra of Phoebe indicate a low-
albedo surface, from <1 to 6% reflectance with a variety of
absorption features due to materials which occur with variable
abundances and/or grain sizes in different locations on the body
(Fig. 2). These include: water ice (previously identified, Owen
et al. 1999), bound water, and trapped CO; (Fig. 2). The broad
1 um Fe?* feature is present in almost all regions but is more
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intense in equatorial areas. Bound water and hydroxyl absorp-
tions are indicative of phyllosilicate minerals. Below, we con-
sider each of these constituents of Phoebe’s surface in greater
detail. See also Clark et al. (2005).

Water ice, identified by its absorption bands at 1.5, 2.0,
and 3.0 um, is ubiquitous on Phoebe’s surface, but generally
shows stronger spectral signatures toward the southern polar
region (Fig. 2). The highest resolution data indicate an ice-
rich layer exposed in crater walls just below Phoebe’s surface,
but overall, craters display less exposed ice than does the sur-
rounding terrain (Fig. 2). The cratering events have resulted in
relatively ice-poor debris covering exposed ice, in contrast to
most craters on Jupiter’s H,O ice-rich satellites. It is therefore
likely that water ice is less abundant in the subsurface, at least
in the region of our highest resolution data (near longitude 0,
latitude 0).

The spectral absorption band diagnostic of Fe?* is broad,
extending from ~0.5 to 2.0 um, unlike that in pyroxene mineral
phases, but similar to that in olivine and phyllosilicate phases.
If phyllosilicate grains were present, weak OH absorptions
would be expected due to the low reflectance. Indeed, weak and
relatively narrow 2.2 and 2.3 ym absorptions are seen in some
spectra, indicating a possible Al-OH absorption. Hydrated min-
eral absorptions are also consistent with phyllosilicate phases.
The 1.5 and 1.95 um hydrated mineral absorptions are at differ-
ent wavelengths, so a specific mineral cannot be identified. The
2.3 um position matches a number of phyllosilicate phases. In
ice-poor regions of Phoebe’s surface, these absorption bands
can be clearly distinguished from bands of H,O ice.

An absorption band attributed to CO, is seen everywhere
on Phoebe covered by the VIMS data, although its strength is
variable (Fig. 2). The measured position of the CO, absorp-
tion, 4.260 um, is shorter than that of pure CO; ice (4.267 um).
While this wavelength difference is small compared to the in-
trinsic resolution of the VIMS IR channel, it is statistically sig-
nificant when seen in several hundred spatial pixels. The ob-
served wavelength on Phoebe is similar to that of the trapped
CO; found in the H,O ice-poor regions of Jupiter’s satellites
Callisto and Ganymede (McCord et al. 1997, 1998; Hibbitts
et al. 2002, 2003). The VIMS data with the highest spatial res-
olution on Phoebe indicate a linear surface structure at least
60 km in length where CO, absorption is weak, and variable
CO; abundances are also seen in medium-resolution spectral
images.

In summary, spectra of Phoebe indicate ferrous iron-
bearing minerals, bound water, carbon dioxide, and probable
phyllosilicate phases. These materials exist in distinct loca-
tions on Phoebe’s surface, with general polar versus equato-
rial spatial variations. While the overall composition of Phoebe
is similar to comets, there is some evidence that ice may
only be a surface coating. This suggests that Phoebe is coated
by material of cometary or outer Solar System origin, but
this information alone is insufficient to allow the conclusion
that Phoebe itself originated in the outer Solar System. The
same broad Fe?* absorption is seen in Saturn’s rings, in par-
ticular, in the Cassini Division and in the C ring. This im-
plies a common material on Phoebe’s surface and the rings.
The detection of an absorption band of uncertain origin at
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Fig. 2. Compositional maps of Phoebe in simple cylindrical projection. For each map, two resolutions are shown: low resolution sampled at
1 degree per pixel (about 3.8 km at the equator) and high resolution sampled at 0.96 km/pixel. Also see Clark et al. (2005).

2.42 um on both Phoebe and Iapetus (see next section) may
indicate that material from Phoebe has coated Iapetus’s lead-
ing hemisphere. Alternatively, perhaps cometary material has
coated both Phoebe and Iapetus. Regardless of their origin,
Phoebe’s surface materials are unique among Solar System sur-
faces observed to date and probably sample primitive materials
that originated in the region well beyond Jupiter.

3. lapetus

Saturn’s large satellite Iapetus has long been known for its
unique bimodal surface albedo distribution. The satellite is
locked in synchronous rotation relative to Saturn, the leading
hemisphere being characterized by a low albedo (~6%) and dis-
tinctly reddish color. The opposite, or trailing, hemisphere has
an albedo of about 60%, and displays strong absorption bands
of H,O ice (Clark et al. 1986). The origin and composition of
the low-albedo material on the leading hemisphere have been
vexing problems for many years (Owen et al. 2001; Grundy
et al. 1999).

Cassini encountered Iapetus on 31 December 2004. VIMS
obtained spatially resolved, hyperspectral images over a range
of distances and phase angles. The mean values of range
(in thousands of km) and phase angle, respectively, for the
four VIMS cubes near closest approach are: LIMBTOPO B
146.5, 63.5°, LIMBTOPO D 124, 93.5°, LIMBTOPO E
126.5, 105°, GLOBMAP C 128.5, 79.5°. An average spectrum
of a portion of the high-albedo hemisphere is shown in Fig. 3,
together with the grand average spectrum of the low-albedo
hemisphere. Projected on the surface of lapetus, the 0.5 mrad
pixels of the VIMS infrared cubes correspond to 73 km at a
range of 146500 km, and 62 km at a range of 126 000 km.

The spectrum of the low-albedo hemisphere (Buratti et al.
2005) is similar to that obtained from Earth-based telescopes,
but extends to longer wavelengths. A strong 3 pum band is
confirmed; models of the low-albedo hemisphere (Owen et al.
2001) favor a nitrogen-rich tholin as the source of the red color
of the surface, as well as the strong 3 um absorption band. In
the present paper, the 3 um band is attributed to bound water,
presumably in the dark material itself. While the bright, H,O
ice-rich region of lapetus is deeply absorbing between 4 and
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Fig. 3. The average spectrum of a portion of the high-albedo surface
of Iapetus, observed at the close flyby of December 31, 2004, at phase
angle ~90°. Small gaps in the spectrum correspond to filter gaps and
disturbed spectral channels. The small peak at 3.12 um is the Fresnel
reflection peak from crystalline H,O ice. The only materials identi-
fied in this spectrum are the bands of H,O ice and complexed CO,
(4.26 um). Additional discussion is found in Buratti et al. (2005). The
spectrum of the low-albedo hemisphere shows the broad 3 ym band
attributed to bound H,O, the 4.26 ym band of complexed CO,, and
several weaker, unidentified features. The two spectra are scaled in
intensity such that at 2.2 um the reflectance of the high-albedo hemi-
sphere is 0.76 and that of the low-albedo hemisphere is 0.14. These
reflectance values are the equivalent of geometric albedo at 2.2 um at
small phase angles observable from Earth (e.g., Owen et al. 2001).

5 pm, the low-albedo side of Iapetus has about the same re-
flectivity in this spectral range as it does at 2.2 ym. This result
is consistent with the presence of abundant organic material,
such as N-rich tholins, which are highly reflective between 4
and 5 um, as shown in the Iapetus models of Owen et al. (2001,
Fig. 13) and Buratti et al. (2005).

A prominent, newly recognized feature in spectra of both
the high- and low-albedo material on Iapetus is an absorption
band at 4.255 um, which we identify as the v3 antisymmetric
stretching mode of CO; adsorbed on or included in another ma-
terial (Fig. 3). As in the case of Phoebe, the CO, band is shifted
to shorter wavelengths than that of CO; ice, which in any case
would not be stable on Iapetus because of the relatively high
temperature. At the limited spatial scale afforded by these data,
we can say that the CO, band on Iapetus occurs in regions that
are H, O ice-poor, but not ice-free, as is also true in the case of
Phoebe. This circumstance allows for the possibility that CO,
and H,O are associated (complexed) in a way that induces the
wavelength shift observed for the CO,. An alternative possibil-
ity is the presence of CO, gaseous or fluid inclusions in miner-
als (McCord et al. 1998).

In addition to the strong 3 um bound H,O band and the
4.26 ym band of complexed CO,, several relatively weak
absorptions appear in the spectrum of the low-albedo hemi-
sphere. The band at 2.418 um is notable because it also ap-
pears in the spectrum of Phoebe; Clark et al. (2005) propose
that it is an overtone of a CN-bearing mineral. Additional
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absorptions likely due to CN-bearing minerals occur in the re-
gion 4.6—4.8 ym.

Additional absorption bands in the spectra of both the low
and high-albedo materials of lapetus require further study and
modelling for identification and a more complete understand-
ing of the way in which these materials are mixed with one
another.

4. Titan: atmosphere

In addition to the well known atmospheric absorption bands
of CHs and CO, the observations of Titan by VIMS show
prominent limb emission in the CH4 bands near 3.3 ym. While
methane emission was detected on the full disk from Earth-
based observations (Kim et al. 2000; Geballe et al. 2003),
the VIMS observations have a spatial resolution of ~135 km,
which is sufficiently high to resolve the limb emission and show
that the maximum of the emitted radiation occurs at an altitude
of about 400 km (Fig. 4). A synthetic model used to estimate
methane abundances from fluorescent emission on giant plan-
ets (Drossart et al. 1999) has been adapted to allow an esti-
mate of the abundance of methane in the atmosphere of Titan.
In this model, non-LTE emission is treated with a full radia-
tive transfer, line-by-line frequency redistribution calculation.
Solar absorption is calculated in all the methane bands up to
the 1.7 um bands, and cascade fluorescence is retrieved for the
fundamental (v3 band, 3.313 um), the first overtone (v3+v4—vy,
3.326 um), the second overtone (2v3 — vz, 3.35 um), and re-
lated bands at similar wavelengths. The vibrational population
is calculated in a simplified scheme (“superlevels”), follow-
ing Doyennette et al. (1998). Self-absorption and subsequent
scattering in the Titan atmosphere is treated by a Curtis matrix
method. The calculations are made in full spherical geometry
for different altitudes of sounding along a tangential path, and
for the solar phase angle corresponding to image A in Fig. 4.

The model of fluorescence has been applied with differ-
ent values of the CHy abundance (from 1 to 3%) with an
acceptable fit to the observed spectra; even if the mixing ra-
tio of CH4 could possibly be retrieved from a complete cal-
culation, the uncertainties in the modelling, in particular for
the collision frequency (no less than 50% according to differ-
ent authors), preclude an accurate direct determination of CHy
from this set of observations. Nevertheless, relative variations
of CH4 abundance would be detectable; the uniformity of the
pole-to-equator emission of CHy allows us to deduce a constant
abundance of CH,4 within 20%.

The spectral fit depends on the abundance of methane in
the stratosphere, assumed to be constant over the sounded lev-
els (200 to 800 km above the surface). Uncertainties in the
model arise from several sources: the spectral calibration of
VIMS gives an uncertainty in the retrieved flux of about 20%,
the atmospheric model (15%), the accuracy of vibrational pa-
rameters (50%) (Boursier et al. 2003), and the accuracy of the
complex model calculations (>10%). From the model, we es-
timate an abundance of methane of 2% (number density) with
an accuracy of 50%.

Spectral emission on the night side of Titan is also seen
in the VIMS data (Fig. 5). In addition to an overall spectral
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VIMS Observations

Fig.4. A. Image of Titan at high phase angle with VIMS, showing the size of the body (circle) and two radial lines at which spectral profiles
were measured at wavelength 3.3 um~'. B. Profiles of radiance along the two radial segments shown in image A. The units of radiance
are uWem™2 Sr~!um™!. C. A series of spectra (top panel) corresponding to different positions along the radial line segments of image A,
compared with synthetic spectra (lower panel) calculated for the same geometry. These observations were obtained at the TO flyby (VIMS cube
CM_1467450817) on 2004 July 2 at 08:53 UT from a distance of 339 750 km, with a phase angle of 65° and a spatial pixel size of ~135 km at

the center of disk.
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Fig. 5. Spectra of the night side of Titan from the same VIMS cube
described in the caption to Fig. 4. Blue is for the limb and red is for
the center of the disk.

shape modulated by CO thermal emission, emission features
are observed which could be due to CO, at 4.3 ym (prominent
on the disk) and CH3D at 4.55 um (prominent at the limb).

The interpretations of these spectra are complicated by non-
LTE effects, which complicate the radiative transfer calcula-
tions, and will be the subject of further investigation.

In the 5 um region, CO fluorescence has been detected on
Titan from ground-based observations with the ISAAC spec-
trometer on the Very Large Telescope (Lopez-Valverde et al.
2005). Despite its lower spectral resolution, VIMS is sensitive
enough to detect the CO emission, with additional observations
in thermal emission on the night side.

The Titan encounter of 2 July 2004 provided the first op-
portunity for VIMS to measure winds on Titan by tracking dis-
crete clouds. Spectral imagery revealed that cloud coverage of
Titan was sparse, amounting to less than 1.5% of the observed
sunlit surface area. Nevertheless three distinct clouds at an es-
timated altitude of 25-30 km above the surface near the South
Pole were followed during the encounter (Fig. 6). The vari-
able brightness of the cloud features over our 13-h observa-
tional period is an indicator of small-scale meteorological ac-
tivity which hinders our ability to measure advective motions.
Here we report results of the measurements of the centroid of
each of the three features as an indicator of mean dynamical
motion, possibly due to a variety of mechanisms, including
wave activity as well as advection. All of the measured mo-
tions were slow (less than 4 m/s) and the clouds moved mainly
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in a zonal direction. The most prominent cloud (a roughly cir-
cular feature 600 = 110 km in diameter) was located near the
South Pole (~87° south latitude, ~0° longitude). Cloud motions
were measured using two methods. In the first, cloud positions
were measured in latitude/longitude coordinates using the post-
encounter SPICE kernels supplied by the Cassini Project, and
in the second the relative position of the centroid of each cloud
was measured against prominent surface features observed by
VIMS in the clear 2.02 ym channel (Fig. 6). Both methods
showed that the clouds remained nearly stationary during the
encounter, but a careful analysis revealed a mean zonal wind
speed over a 13-h period of 0.5 + 3.3 ms~! in the prograde
direction. Two other smaller clouds located within 20° of the
South Pole also showed sluggish movements during this 13-h
period. The zonal velocity components were 0.9 + 3.0 and
2.3 +2.0 ms~! for clouds at 74° and 78° south latitude, re-
spectively, in a prograde direction. While the uncertainties in
these cloud measurements allow for retrograde or no motion,
the totality of all the evidence favors a weak prograde motion,
consistent with the results of other investigators using ground-
based images (e.g., Bouchez & Brown 2005). The mean merid-
ional motions during the 13-h period were imperceptible for all
other clouds.

5. Titan: surface

Sunlight penetrates Titan’s atmosphere at wavelengths (e.g.,
2.02 um) where CHy, the principal atmospheric gaseous ab-
sorber, is transparent. At such wavelengths, VIMS is able to
image the surface (Fig. 7). We investigated the possibility that
several circular features detected in VIMS images of the Titan’s
surface might be impact craters (or impact remnants). Over ge-
ologic time impact craters on an ice-rich planetary surface may
relax due to plastic flow of the lithosphere (or cryosphere), re-
sulting in reduced or non-existent topographic relief. These fea-
tures may remain visible as palimpsests — regions of different
reflectance on a surface having little or no topographic varia-
tion. In the absence of shadows or other clear signs of vertical
relief, we undertook a photometric analysis of two of the cir-
cular features that were imaged in order to search for some
degree of topographic expression. The center of the first fea-
ture studied was at latitude —36° and longitude 31°, and the
center of the second was at latitude —7°, longitude 357°. We
used the VIMS image at 2.02 ym and measured the reflectance
along lines which pass through the sub-solar point on Titan’s
surface and traverse the center of the circular features (Fig. 7).
We compared our photometric traces with the profiles expected
from four different cases: 1) a simple circular depression; 2) a
circular depression with a raised rim; 3) a circular depression
with a raised rim and a central peak; and 4) a circular depres-
sion with a raised rim and a central pit. We assumed that surface
particles scatter incident sunlight isotropically with a uniform
single scattering albedo, and we applied the widely used
bi-directional reflectance equations (Hapke 1981).

Under these assumptions we could only reconstruct the
photometric measurements by assuming depressions of un-
reasonable depth (>50 km.). Therefore, we conclude that the
circular features are due to differences in surface reflectance.

R. H. Brown et al.: Observations of the Saturn system with VIMS

However, a possible impact origin cannot be ruled out because
these features might be palimpsests resulting from the relax-
ation of the original topography by plastic flow. If these fea-
tures are indeed palimpsests representing the remains of an-
cient impacts, their persistence on the surface suggests that
weathering processes on Titan are limited. We note furthermore
that because these features are defined primarily by surface
albedo variations, the degree of global precipitation of either
solids or liquids from the atmosphere, and the hypothesized
liquid oceans are limited.

The reflectance spectrum of the surface of Titan in the near-
infrared is difficult to derive because of the absorbing and scat-
tering effects of the methane- and aerosol-rich atmosphere, but
at wavelengths where methane absorption is minimum (0.83,
0.94, 1.07, 1.28, 1.58, 2.0, 2.9, and 5.0 um), radiative trans-
fer models can remove most of the interference (Griffith et al.
2003). Work is in progress to model the surface reflectance
of Titan with the VIMS data, and will be reported elsewhere
(McCord et al., in preparation).

6. Rings

Immediately following the Cassini spacecraft’s Saturn Orbit
Insertion (SOI) engine burn on 1 July 2004, VIMS obtained
near-infrared spectra from 0.9 to 5.1 ym in two continuous ra-
dial scans across the unlit side of the rings, at ranges of 24 000
to 38 000 km. The first scan covers the outer C and inner B rings
at a phase angle @ = 82° and an emission angle £ = 47°, while
the second covers the Cassini Division and entire A ring at
a = 59° and £ = 63°. The solar incidence angle was 114° and
the radial resolution ranges from 15 to 25 km per pixel, with
sampling intervals of 2.5 km in the C ring and ~7 km in the A
ring. The IR integration time was 160 msec per pixel.

Structurally, the rings appear to have changed little, if at all,
since the Voyager observations in 1980/81 and the occultations
by the star 28 Sagittarius (Sgr) in 1989 (Nicholson et al. 2000).
In the outer C ring, the familiar pattern of moderate optical
depth “plateaux” is seen, and the only variable feature is the
eccentric Maxwell ringlet (Porco et al. 1984), which was sam-
pled by VIMS close to pericenter at a radius of 87477 + 7 km.
This is consistent with a precessing Keplerian ellipse model fit-
ted to the Voyager and 28 Sgr occultation data'.

At most locations in the moderately opaque inner B ring
there is a strong anticorrelation between the transmitted in-
tensity and the normal optical depth, as anticipated in this
viewing geometry. Particularly striking is the long-term sta-
bility of the quasi-irregular structure which characterizes this
region on scales of ~100 km (Fig. 8). The origin of this struc-
ture is unknown (Horn & Cuzzi 1996), but theories have in-
voked several varieties of spontaneous radial instability (Ward
1981; Linn & Bodenheimer 1981; Borderies et al. 1985;

! Unpublished 1991 model by G. Musser, P. D. Nicholson, and
R. G. French, with keplerian parameters a = 87512 = 4 km, ¢ =
(4.4 £ 0.5) x 10%, w, = 240 = 4° at JD 2444 556.49, and dw/dt =
14.6935 + 0.0017°/d. This model predicts a true anomaly for the SOI
observations of 4 — w = 322 + 15°, corresponding to a radius of
87483 £ 6 km.
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Titan Clouds

02:09:03 05:04:55 06:47:43

Red =2.02 um

Green = 2.81 um

08:49:21 09:07:34 15:01:32

Blue =2.13 um

Fig. 6. Clouds and surface features as observed in six near-infrared false-color views of Titan over a 12-h period, July 2, 2004. These images
were acquired from a distance of ~350 000 km. In each image, red and green depict the views at 2.01 and 2.81 um (respectively); the atmospheric
“window” wavelengths in which sunlight reaches the surface relatively unimpeded by atmospheric absorption and aerosol extinction. By
contrast, the blue represents 2.13 um, a wavelength largely attenuated by the lower atmosphere. High-altitude clouds and stratospheric haze
layers appear bluish-white on the disk and limb, since they reflect substantial sunlight at all three wavelengths. Discrete cloud features appear
most prominently near the South Pole in all of these images, and their motion allows estimates of the wind speeds at cloud-top altitudes. Note
the changing perspective over the 13-h period, as the spacecraft flew nearly directly over the South Pole.

Goertz & Morfill 1988; Schmit & Tscharnuter 1999; Tremaine
2003) or ballistic transport (Durisen et al. 1989; Durisen 1995).

Spectrally, all regions of the rings scanned are dominated
by water ice, with prominent absorption bands at 1.55, 2.0 and
3.0 um, as well as weaker bands at 1.04 and 1.25 um which are
seen primarily in the A and B rings (Fig. 9). All ice bands are
strongest in the middle A ring, around 131 000 km radius, and
the outer B ring, and much weaker in the C ring and Cassini
Division (Fig. 10). This broad picture is generally consistent
with Earth-based reflectance spectra at higher spectral resolu-
tion obtained at low phase angle, except that the Earth-based
spectra show stronger 1.04 and 1.25 pym bands in the C ring
(Poulet et al. 2003). Systematic increases in band strength with
radius are observed for the 1.25 and 2.0 um bands across the
outer C ring and into the innermost B ring, and across the inner
Cassini Division into the inner A ring. The water ice bands
weaken again in the outer A ring, especially outside of the
Keeler gap.

Regionally, the transitions between the C and B rings and
between the Cassini Division and A ring, which are quite
abrupt in optical depth, are marked by gradual changes in ice
band depth over radial distances of a few thousand km, perhaps
indicative of ballistic redistribution of material (Durisen et al.
1992; Cuzzi et al. 2003). Locally, however, the fractional ice
band depths are almost independent of optical depth in both
the C and B rings, as indicated by the lack of a significant
correlation between small-scale brightness features and band
depths (Fig. 10). This suggests that the light diffusely transmit-
ted through the rings at moderate phase angles is dominated by
single scattering from the centimeter-to-meter sized ring par-
ticles, although the band shapes and relative strengths imply
multiple scattering between the ice grains on the surfaces of
these particles. A similar lack of correlation with the underly-
ing small-scale optical depth variations in the C ring is seen for

Fig.7. Color composite image developed from three VIMS spectral
images at wavelengths of 1.27, 2.02, and 2.78 um, three wavelengths
at which methane, Titan’s principal atmospheric absorber, is transpar-
ent. There are several circular features resembling impact craters, two
of which we investigated in detail. The subsolar point is indicated by
the letter X. Photometric profiles were measured along the lines show
passing through the center of each of the two circular features that we
studied and in line with the sub solar point.

the optical green to violet color ratios in reflected light (Estrada
et al. 2003).
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VIMS SOl data: inner B ring
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Fig.8. The lower two curves show I/F profiles of the inner B ring
as seen in diffuse transmission, from Voyager 1 narrow angle camera
images (wavelength 0.45 um, thin line) taken in 1980 and Cassini-
VIMS SOI observations (1.08 um, thick line) in 2004. The upper
curves show profiles of normal optical depth for the same region, as
measured by the Voyager 2 Photopolarimeter occultation (wavelength
0.27 pm, thin line) in 1981 and the 28 Sgr stellar occultation (3.9 ym,
thick line) in 1989. No significant changes in ring structure are seen
over this 24 year interval. As expected, there is a strong anticorrelation
between I/F and optical depth in this dark-side viewing geometry.

Upon closer inspection of Fig. 10, however, it can be seen
that the 1.25 and 2.0 um ice bands are slightly (10%) stronger in
the higher-optical depth “plateaux” in the outermost C ring than
in the intervening regions, whereas in the part of the B ring seen
in Fig. 8 there is a weak anticorrelation between band strength
and optical depth. In the A ring, small-scale variations in ice
band strength are associated with the strong Lindblad reso-
nances due to Janus (4:3, 5:4 and 6:5) and Mimas (5:3). In each
case, we see stronger bands over a region of width ~200 km
which corresponds to the density wave driven outwards from
the resonance (Holberg et al. 1982), flanked on either side by
regions of weaker than average band strength which extend
over a total width of ~750 km. Curiously, the Mimas 5:3 ver-
tical resonance and associated bending wave (Lissauer 1985)
show no comparable spectral signature.

A broad reflectance maximum at 3.6 um, characteristic of
ice grain sizes less than 100 um, is prominent everywhere in
the SOI scans but particularly strong in the outermost parts of
the A ring, exterior to the Encke Gap (Fig. 10). The 3.12 um
Fresnel peak due to front-surface reflection from (large?) ice
grains is clearly observed in the A ring, especially in its out-
ermost parts, but not in the B and C rings (Fig. 10). This fea-
ture is seen in reflected light in both A and B rings in pre-SOI
VIMS spectra at a phase angle of ~60° and in ground-based
spectra at 5° phase (Poulet et al. 2003). Variations in the 3.1
and 3.6 um peaks, both spatially and with viewing geometry,
should eventually provide information on ice grain sizes and
regolith texture on the surfaces of ring particles, but this must
await further observations at a wider range of geometries.
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Fig. 9. Spectra of the major ring regions as seen in the VIMS SOI
data, averaged over radial ranges of 126-130 Mm for the A ring,
119.0-119.3 Mm for the Cassini Division, 94.6-95.1 Mm for the
B ring and 87.7-88.2 Mm for the C ring. Triangles denote the loca-
tions of gaps between blocking filters in the VIMS focal plane array,
where the spectrum is unreliable. At an exposure time of 160 ms per
pixel, there is no useful signal beyond ~4.0 um. Noteworthy are the
prominent water ice bands at 1.04, 1.25, 1.5, 2.0 and 2.9 um. The blue
continuum slopes in the A and B ring between 0.9 and 2.2 um, char-
acteristic of pure water ice, contrast with the neutral to red continuum
slopes shown by the C ring and Cassini Division, which we attribute
to absorption by Fe?*.

Besides water ice, the most noteworthy spectral feature in
the SOI scan of the rings is a broad, shallow absorption in the
0.9-1.4 um region which we tentatively attribute to Fe-bearing
minerals, most likely silicates. This feature is similar to that
seen on Phoebe as described above, and is seen primarily in the
outer C ring, and the Cassini Division, and possibly also at the
edges of the Encke and Keeler gaps and the very outer edge of
the A ring (Fig. 10). However, like the ice bands, it varies in
strength smoothly across structural boundaries. It may also be
responsible for the red slope of the continuum noted by Poulet
et al. (2003) in their C ring spectra, compared to those of the
A and B rings, and attributed by them to an unknown dark,
spectrally-neutral contaminant which they modeled as amor-
phous carbon inclusions within the ice grains. Cuzzi & Estrada
(1998) have suggested that the lower visual albedo and less-red
visual color of the C ring and Cassini Division particles can be
understood as a natural result of bombardment of an initially
pristine icy ring system by spectrally-neutral material of inter-
planetary origin. This model also appears to be compatible with
the VIMS data, although the visual and near-IR colors may be
controlled by distinct materials.

Poulet et al. (2003) reported the presence of absorption fea-
tures at 1.73 and 3.4 ym which are probably due to hydrocar-
bons (CH bonds) in the C ring. Similar features are also seen
in the innermost portion of the VIMS C ring scan, accompa-
nied by the weaker CH bands at 1.00, 1.16, 1.38 and 2.20 um
as well as the stronger 2.3 ym band. However, the C ring SOI
scan was made immediately adjacent to the shadow cast by
Saturn across the rings and based on subsequent observations
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Saturn's Rings as seen by the Cassini Visual and Infrared Mapping Spectrometer (VIMS)
Saturn Orbit Insertion Ring Scan
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Fig. 10. Map of Saturn’s rings as seen in diffuse transmission in the Cassini VIMS SOI scans. The horizontal scale is approximately linear in
radius, with the major ring regions identified at the bottom of the diagram. The C/B ring scan is shown at its original sampling of 2.5 km, while
the Cassini Division/A ring scan has been interpolated onto a 5 km radial grid. Note the large gap in coverage corresponding to the central
B ring. The lower four panels show the ring I/F in three channels: 1.0 um continuum, 2.0 ym water ice band, and 3.6 um water ice peak, plus a
color composite. The next two panels display the fractional depths (brighter = deeper band) of the water ice bands at 1.25 and 2.0 um, while
above these is shown the fractional depth of the broad absorption at 0.9-1.8 um which we attribute to Fe**. The top two panels show color
composites assembled from subsets of the lower panels, as labelled on the right edge. Here, blue denotes an ice-dominated region, red a region

of strong silicate (?) absorption, and purple a mixture of both.

and on simulations it appears that these particular features are
due to light transmitted through the planet’s methane-rich at-
mosphere. The question of whether or not there are detectable
amounts of organic material in the rings is thus unresolved at
present. We note, however, that small quantities complex or-
ganic solids (tholins) mixed with the H,O ice of the rings have
been invoked to provide the reddish visible coloration of the
A and B rings (Cuzzi & Estrada 1998) and many other Solar
System bodies (Cruikshank et al. 2005).

7. Conclusions

In the first weeks of the investigation of the Saturn system with
VIMS, a number of discoveries have been made, the highlights
of which have been presented here. From Earth, Phoebe is a
point of light of stellar magnitude 16, but in the VIMS data it
has emerged as an icy body of complex and varied surface com-
position that will eventually yield important information on its
origin and history. Water ice is a principal component of its sur-
face. As with the surface materials of Phoebe, the low-albedo
material on the leading hemisphere of Iapetus is seen to con-
tain CO; in some form of chemical or structural complex with
the substance(s) imparting the low reflectivity. These two sur-
faces also share a strong spectral absorption at 3 um attributed
to H,O bound to mineral grains or organic solid compounds.
Both bodies have additional spectral absorption bands that are
not yet identified.

High-altitude methane emission is found in the atmo-
sphere of Titan arising from fluorescence at ~400 km. Model

calculations indicate a methane abundance of 2% (+1%) at that
altitude. Spectral emissions from the night-side atmosphere
at 4.3 um and 4.55 um are tentatively identified as CO, and
CH3D, respectively. Three discrete clouds in Titan’s atmo-
sphere near the South Pole were tracked for 13 h, indicating
a weak prograde wind with velocity up to 3 ms™'.

Circular albedo features on Titan’s surface, seen through a
window at 2.02 um in the atmospheric CHy4 absorption, are sug-
gestive of impact structures that have partially or completely re-
laxed isostatically in a plastic lithosphere/cryosphere. If these
features are indeed remnants of an ancient impacted crust, cer-
tain limits to processes of weathering and deposition from the
atmosphere can be derived with further study.

With the high spatial resolution and diagnostic spectral cov-
erage afforded by VIMS, the spectral study of Saturn’s rings
has moved into a new dimension. Small differences in H,O
ice band strengths in different regions of the ring system are
diagnostic of variations in surface grain particle size and re-
golith scattering properties. The detection of a broad spectral
absorption band from ~0.9-1.8 um is suggestive of the pres-
ence of ferrous iron-bearing materials in the C ring and Cassini
Division.

Although three previous spacecraft have visited the Saturn
system, Cassini is the first to carry a mapping spectrometer that
operates in the visual and near-infrared spectral regions. With
the diagnostic power provided by a combination of spectral and
spatial resolution, VIMS opens a new era in the exploration of
Saturn, its rings and icy satellites, and the surface and atmo-
sphere of Titan.
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