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The spectral properties and thermal behavior of Saturn’s rings are determined from a dataset of ten radial
mosaics acquired by Cassini–VIMS (Visual and Infrared Mapping Spectrometer) between October 29th
2004 and January 27th 2010 with phase angle ranging between 5.7� and 132.4� and elevation angles
between �23.5� and 2.6�. These observations, after reduction to spectrograms, e.g. 2D arrays containing
the VIS–IR (0.35–5.1 lm) spectral information versus radial distance from Saturn (from 73.500 to
141.375 km, 400 km/bin), allow us to compare the derived spectral and thermal properties of the ring
particles on a common reference. Spectral properties: rings spectra are characterized by an intense red-
dening at visible wavelengths while they maintain a strong similarity with water ice in the infrared
domain. Significant changes in VIS reddening, water ice abundance and grain sizes are observed across
different radial regions resulting in correlation with optical depth and local structures. The availability
of observations taken at very different phase angles allows us to examine spectrophotometric properties
of the ring’s particles. When observed at high phase angles, a remarkable increase of visible reddening
and water ice band depths is found, probably as a consequence of the presence of a red-colored contam-
inant intimately mixed within water ice grains and of multiple scattering. At low phases the analysis of
the 3.2–3.6 lm range shows faint spectral signatures at 3.42–3.52 lm which are compatible with the CH2

aliphatic stretch. The 3.29 lm PAH aromatic stretch absorption is not clearly detectable on this dataset.
VIMS results indicate that ring particles contain about 90–95% water ice while the remaining 5–10% is
consistent with different contaminants like amorphous carbon or tholins. However, we cannot exclude
the presence of nanophase iron or hematite produced by iron oxidation in the rings tenuous oxygen
atmosphere, intimately mixed with the ice grains. Greater pollution caused by meteoritic material is seen
in the C ring and Cassini division while the low levels of aliphatic material observed by VIMS in the A and
B rings particles are an evidence that they are pristine. Thermal properties: the ring-particles’ temperature
is retrieved by fitting the spectral position of the 3.6 lm continuum peak observed on reflectance spectra:
in case of pure water ice the position of the peak, as measured in laboratory, shifts towards shorter wave-
lengths when temperature decreases, moving from about 3.65 lm at 123 K to about 3.55 lm at 88 K.
When applied to VIMS rings observations, this method allows us to infer the average temperature across
ring regions sampled through 400 km-wide radial bins. Comparing VIMS temperature radial profiles with
similar CIRS measurements acquired at the same time we have found a substantial agreement between
the two instruments’ results across the A and B rings. In general VIMS measures higher temperatures than
CIRS across C ring and Cassini division as a consequence of the lower optical depth and the resulting pol-
lution that creates a deviation from pure water ice composition of these regions. VIMS results point out
that across C ring and CD the 3.6 lm peak wavelength is always higher than across B and A rings and
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therefore C ring and CD are warmer than A and B rings. VIMS observations allow us to investigate also
diurnal and seasonal effects: comparing antisolar and subsolar ansae observations we have measured
higher temperature on the latter. As the solar elevation angle decreases to 0� (equinox), the peak’s posi-
tion shifts at shorter wavelengths because ring’s particles becomes colder. Merging multi-wavelength
data sets allow us to test different thermal models, combining the effects of particle albedo, regolith com-
position, grain size and thermal properties with the ring structures.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Among the planets of the Solar System, Saturn has the most
prominent and complex ring system which spans more than
62,000 km from 74,658 km (inner C ring) to 136,780 km (outer A
ring). The composition of Saturn’s ring particles was first character-
ized thanks to telescopic infrared observations in the ’70s (Pilcher
et al., 1970; Lebofsky et al., 1970; Kuiper et al., 1970), which
showed the rings were composed mainly of water ice. Afterward,
Voyager observations at visible wavelengths pointed out that the
optically thick A and B rings have redder spectra than the darker
and optically thin C ring and Cassini division (Smith et al., 1981,
1982). Moreover, the large surface/volume ratio of the disk results
in a highly efficient collecting area to capture the meteoroid flux,
whose ejecta are then incorporated in the rings particles because
of their low velocities (Cuzzi and Durisen, 1990). This information
drove the development of the ‘‘ballistic transport model’’ by Cuzzi
and Estrada (1998) in which the constant infall of meteoritic mate-
rial on the ring disk, accumulating in the optically thin regions
induces a pollution of the icy particles orbiting within these zones
resulting in darker and more neutral-colored reflectance spectra.
This scenario has prompted further efforts to model ring visible-
infrared reflectance spectra acquired from Earth (Poulet et al.,
2003) using mixtures of water ice and different chromophores, like
tholins or amorphous carbon. Also HST observations were fre-
quently used to perform photometry studies of the main rings as
function of phase and opening angle between 255 and 1042 nm
(Cuzzi et al., 2002) and to characterize the ring’s azimuthal bright-
ness asymmetry (French et al., 2007).

In the last decade Saturn ring’s composition studies further con-
tinued thanks to the continuous stream of VIS–IR data returned by
VIMS, the Visual and Infrared Mapping Spectrometer (Brown et al.,
2004), onboard the Cassini mission. A review about rings’ compo-
sition from VIMS and the other Cassini’s payloads can be found in
Cuzzi et al. (2009, 2010). Several analyses conducted on VIMS data
have pointed out the spectral variability of the particles across dif-
ferent rings regions (Nicholson et al., 2008) but to date, despite the
high performances of VIMS, there has been no detection of diag-
nostic spectral features which could help to identify the non-icy
component, with the only exception of the reddening affecting
the visible part of the spectrum (Cuzzi et al., 2009; Filacchione
et al., 2012).

Different approaches have been exploited to characterize com-
position and model visible-infrared light-scattering properties of
the regolith coating the rings particles. Shkuratov et al. (1999) geo-
metrical optics model was applied by Poulet and Cuzzi (2001) to
infer ring particles composition from ground-based observations
by deriving an intimate mixing of water ice particles with few per-
cent of embedded tholin and amorphous carbon particles. An alter-
native method, based on brightness ratios described in the same
Shkuratov et al. (1999) paper, allows us to retrieve the spatial dis-
tribution of two different contaminants populations, the first
absorbing across a wide spectral visible-infrared range, the second
that absorbs only at short visible wavelengths (Hedman et al.,
2013). A different approach is based on Monte Carlo raytracing
simulations applied to particulate media of given composition,
grain size distribution and filling factor (Ciarniello et al., 2013,
2014). This method allows a better characterization of the grains’
composition by using Hapke (1993) theory in the cases in which
multiple scattering among rings particles is not negligible. In fact
even if single scattered light dominates the total power reflected
by the rings plane, the inter-particle (multiple) scattering fraction
produces a dependence of the spectral features on observation
geometry, in particular phase angle, at least for the more dense
regions of the rings (Ciarniello et al., 2012). Other very different
approaches were developed to simulate VIMS observations: in
order to consider the role played by ring particles’ roughness and
irregular surfaces (Cuzzi et al., 1984; Vahidinia et al., 2011) have
applied light scattering models based on Mie and discrete dipole
approximations to F ring VIMS spectra. Alternatively, a radiative
transfer code was used by D’Aversa et al. (2010) to model spokes’
spectra observed in 2008 by VIMS on the B ring.

The origin of the UV absorber (Bradley et al., 2013) is largely
debated in the ring community because the nature and distribution
of this chromophore has important implications on the age and
formation mechanisms of Saturn’s rings. As reported by
Filacchione et al. (2013) VIMS has found a marked uniformity in
the distribution of the abundance of water ice across the saturnian
system while chromophores are much more concentrated in the
rings particles and on the outermost satellites (Rhea, Hyperion,
Iapetus and Phoebe). At the same time a reduction of the red mate-
rial on the satellites surfaces orbiting within the E ring environ-
ment is observed as a consequence of the layering of fine water
ice particles sprayed by Enceladus plumes (Porco et al., 2006)
released from the ‘‘tiger stripes’’ features on the south polar region
(Brown et al., 2006; Jaumann et al., 2006). Apart the meteoritic
infall, both Phoebe’s ring discovered by Verbiscer et al. (2009),
and the outer irregular satellites (Tosi et al., 2010) are possible
sources of exogenous dark material polluting the external satur-
nian system and driving the compositional gradients observed on
the surfaces of the outer satellites (Filacchione et al., 2013): the
accumulation of dark material on Iapetus’ leading hemisphere is
the most evident consequence of these processes as reported by
Clark et al. (2012) and Dalle Ore et al. (2012). However, the main
ring system is currently unaffected by similar contamination
because the flux of dust particles coming from Phoebe’s ring and
outer irregular satellites vanishes between Iapetus’ and Hyperion’s
orbits according to dynamical simulations performed by Tamayo
et al. (2011).

Rings’ particle composition and regolith properties can be
inferred through the comparison of VIMS observations with labora-
tory and synthetic spectra of analog icy materials. For each ring
region it is essential to process as many observations as possible
taken at different illumination and viewing geometries, in order
to decouple the photometric phase response from spectral analysis.
As described in Hapke (1993), when phase changes the reflectance
spectra are influenced in different ways by single and multiple scat-
tering which occur among the regolith grains covering the surface
of a given ring particle: at low phase in fact multiple scattering
influences the continuum and the wings of the absorption band
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where the single scattering albedo is high. At the same time single
scattering dominates within the band where albedo is low and con-
sequently photons are immediately absorbed by the medium.
When phase increases the single scattering prevails over multiple
scattering across the band. Finally, at very high phases, e.g. in for-
ward scattering viewing geometry, multiple scattering becomes
the dominant process, especially for a medium composed by parti-
cles having a size larger than the wavelength. The consequences of
these effects are verified on many spectral indicators – e.g. visible
spectral slopes and infrared band depths – discussed later in
Section 3.

Observations taken above rings’ regions with phase between
20� and 40� are preferentially employed to retrieve the composi-
tion. In these cases, in fact, the complications induced by multiple
and forward scattering are minimized. According to Cuzzi et al.
(2009) ring particles are composed of pure crystalline water ice
up to 90–95%. The strong reddening characterizing ring spectra
at wavelengths lower than 0.55 lm indicates the presence of a
non-icy component that must represent the remaining few percent
by mass. Any absorption features of CO2, CH4, NH3 ices and silicates
are not detected on VIMS spectra (Cuzzi et al., 2010). As discussed
by Cuzzi et al. (2009) and Clark et al. (2012) a few percent of nano-
phase iron or hematite particles, a byproduct of iron oxidation in
the tenuous oxygen-rich atmosphere around rings, mixed in water
ice can reproduce the average rings optical properties causing a
strong UV absorption without introducing alteration to water ice
spectral reflectance in the 1–5 lm range. VIMS data point out that
rings spectra are strongly correlated with the local optical depth
and surface mass density while spectral changes along the radial
axis are probably due to regolith grain size variation more than
compositional variations (Nicholson et al., 2008). As a general rule
C ring and Cassini division are more contaminated by non-icy end-
members than the A and B rings (Cuzzi and Estrada, 1998). Fur-
thermore, the water ice band depths are strongly correlated with
the visual reddening, implying that the UV absorber must be inti-
mately mixed within ice particles (Cuzzi et al., 2009; Filacchione
et al., 2012; Hedman et al., 2013).

The contaminants distribution appears correlated with the rings
temperature radial variation, where C ring and Cassini division par-
ticles are warmer than A and B ring particles. This property,
observed for the first time on Voyager’s IRIS infrared spectrometer
data (Hanel et al., 1982), is a consequence of the low albedo parti-
cles in C ring and Cassini division where non-icy materials accu-
mulate. Moreover, C ring and Cassini division higher temperature
is caused by the reduced mutual shadowing among particles as a
consequence of the low optical depth (Spilker et al., 2003). Con-
versely, lower temperatures are typical of the A–B ring particles
whose composition is dominated by water ice. Cassini’s CIRS, Com-
posite InfraRed Spectrometer (Kunde, 1996; Flasar et al., 2004), is
able to derive ring particles temperature and filling factor from
spectral radiance data between 100 and 400 cm�1 (100–25 lm)
(Spilker et al., 2006). Radial and azimuthal distributions of these
quantities measured with solar elevation angle between �23�
and �13.4� are discussed in Altobelli et al. (2008) and Leyrat
et al. (2008), respectively. At equinox, when the solar elevation
angle approaches 0�, the ring plane is no longer directly illumi-
nated by the Sun. In this geometry, ring particles receive the sat-
urnshine and Saturn’s thermal flux on dayside part of the ring
orbit while the Saturn’s thermal emission at T = 95 K is radiated
on the nightside. As a consequence of the continuous reduction
of the direct solar flux during the season from solstice to equinox,
ring particles cool down: according to Spilker et al. (2013) the ring
temperatures measured by CIRS at equinox were 55–75 K on C
ring, 45–60 K on B ring, 45–58 K on Cassini division and 43–52 K
on A ring. Based on these temperature measurements, different
thermophysical models were built: the monolayer ring model
(Ferrari and Leyrat, 2006) can reproduce the observed temperature
variations in the C ring at different local times; the temperatures of
the B and C rings can be successfully simulated also by the multi-
layer model (Morishima et al., 2009) which, however, fails to sim-
ulate A ring’s temperature.

With this paper we are starting a study of the spectrophotomet-
ric properties of the rings particles using a common VIMS dataset,
consisting in ten radial mosaics acquired between October 29th
2004 and January 27th 2010 with phase angle ranging between
5.7� and 132.4� and elevation angle between �23.5� and 2.6�. In
this paper (I) we report about Saturn’s rings spectral properties
and temperature radial profiles variability as function of phase
angle and elevation angle. Section 2 contains a description of the
VIMS observations, including a description of the method applied
to derive rings spectrograms; rings average spectral properties, sig-
nal to noise ratio and estimation of the error affecting VIMS mea-
surements are discussed. In Section 3 we describe the radial
profiles derived for several spectral indicators we have selected
to study the rings variability, including the I/F(0.55 lm), the two
spectral slopes S0.35–0.55 and S0.55–0.95, the water ice 1.5–2.0 lm
band depth and the ratio I/F(3.6) / I/F(1.8). A discussion about
the variability of these indicators induced by phase angle is given
in Section 4. Section 5 describes the temperature-dependent
3.6 lm continuum peak position we have used as a proxy to infer
ring particles temperature through calibration with laboratory
data. VIMS results are compared with CIRS temperatures measured
at the same time. In Section 6 we report about the detection of
faint absorption features in the 3.2–3.5 lm spectral range associ-
ated with organic material in the aliphatic form. Finally, in Sec-
tion 7 a summary of the main findings is given.
2. Observations and data analysis

2.1. Observations

The VIMS instrument is based on two co-aligned imaging spec-
trometers (VIMS-V and VIMS-IR) observing the same field of view
(1.83�) in two spectral ranges (Brown et al., 2004). The VIMS-V
channel operates in the 0.35–1.05 lm range using 96 spectral
channels, a spectral sampling of Dk = 7.3 nm/band and spatial res-
olutions of 500 (nominal mode) or 166 (high resolution mode)
lrad/pixel; the VIMS-IR channel works in the 0.885–5.1 lm spec-
tral range resolving it in 256 bands with a spectral sampling of
Dk = 16.6 nm/band and spatial resolutions of 500 (nominal mode)
or 250 � 500 (high resolution mode) lrad/pixel. For the sake of
brevity we do not repeat here a full description of the VIMS data
calibration process nor of the VIMS data format which were
already addressed in McCord et al. (2004), Coradini et al. (2004),
Filacchione (2006, 2007, 2012), Clark et al. (2008, 2012) and
Cruikshank et al. (2010). In this work we have selected and ana-
lyzed a dataset consisting of ten ring radial mosaics from which
the average spectral characteristics of the ring system along the
radial axis are retrieved. Details about VIMS mosaics, including
observation geometries, are reported in Table 1.

All the observations were performed in lit-side geometry with
phase angles, measured in the middle B ring (at about
r = 104,000 km from Saturn), running between 5.7� and 132.4�
and solar elevation angle between �23.5� and 2.6�. Since VIMS-V
and VIMS-IR can be independently commanded to operate with
different spatial resolutions (nominal and high), the resulting scale
on the hyperspectral images changes accordingly: in nominal-res-
olution mode both spectral channels have a square IFOV (Instanta-
neous Field of View) of 500 � 500 lrad; in high-resolution mode
the VIS channel has a square IFOV of 166 � 166 lrad while the IR
channel IFOV is a rectangle of 250 � 500 lrad. This means that



Table 1
Summary of VIMS ring dataset. Roman numbers are used to identify datasets in the following text and figures. A and S indicate antisolar and solar ansa observations, respectively.
VIMS nominal (N) and high spatial resolution (H) modes are reported in the fifth column. B and B0 correspond to the spacecraft and solar elevation angles, respectively.

Observation number and
sequence

Ansa Middle time
(UTC)

Int. time VIS–
IR (ms)

Res.
VIS–IR

S/C-Saturn
distance (km)

B ring phase
(deg)

B
(deg)

B0

(deg)
SubS/C lon
(deg)

Number VIS–IR
spectra

I – S05-LATPHASE001 A 2004-
303T18:26

5120 – 80 N–N 983287 132.4 �10.4 �23.5 113.2 2200

II – S10-SUBML07LP001 S 2005-
104T07:57

10000 – 160 H–H 620713 30.7 �7.5 �22.0 23.1 8640

III – S10-LATPHASE001 A 2005-
120T10:37

5120 – 80 N–H 1515808 33.3 �19.3 �21.9 145.2 2,634

IV – S11-RDHRCOMP001 A 2005-
141T00:48

3840 – 80 N–H 307587 29.2 �12.4 �21.6 194.0 8192

V – S13-LATPHASE001 S 2005-
230T22:07

5120 – 80 H–H 1091785 32.6 �21.3 �20.7 67.2 18,240

VI – S13-LATPHASE001 A 2005-
231T01:18

5120 – 80 H–H 1029324 20.2 �21.5 �20.7 172.3 17,950

VII – S28-PHOTLIT007 S 2007-
049T14:48

7680 – 80 H–H 974535 96.0 �49.3 �13.7 43.7 13,630

VIII – S36-SUBML001 S 2007-
353T21:35

10000 – 160 H–H 638829 38.8 �10.7 �9.2 67.9 10,340

IX – S36-SUBML001 A 2007-
354T00:03

10000 – 160 H–H 703801 19.2 �9.0 �9.2 147.5 11,320

X – S57-LOWPHASE001 A 2010-
027T09:07

5120 – 80 N–H 287325 5.7 4.4 2.6 10.5 8420
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only when the two channels are both in nominal-resolution the
resulting images have compatible scales. As reported in Table 1,
only observation (I) was acquired with both channels operating
in nominal-resolution mode, resulting in a spatial resolution of
490 km/pixel along the radial direction from a distance of
983,287 km. For the remaining observations the radial spatial res-
olution changes between the VIS and IR channels. Taking into
account the combination between distance and instrumental
modes, the highest spatial resolution achievable from this dataset
can be evaluated: for the VIS channel it is 103 km/pixel, occurring
during observation (II) acquired in high-resolution mode; for the IR
channel it is 144 � 72 km/pixel for high-resolution mode observa-
tion (X). As far as the azimuthal spatial resolution is concerned, we
must remember that since the ring observations are obtained with
oblique viewing geometries – see the B angle, e.g. the spacecraft
(S/C) opening angle values reported in Table 1 – the resulting
images have different spatial scale across the FOV, resulting in bet-
ter spatial resolution on the portion of the ring plane closer to the
spacecraft and worse on the farther. This effect is particularly evi-
dent for observations obtained when the spacecraft was at equato-
rial latitudes (small opening angles) like in (II)–(X) while is
negligible when the spacecraft was at much higher latitudes like
in (VII).

The ring radial mosaics considered in this work were acquired
by VIMS operating in imaging mode, e.g. using the internal scan
mirrors mechanisms to build a bi-dimensional image, while the
Cassini spacecraft was staring in inertial mode at fixed locations
placed through the ring’s ansa. Each station of the mosaic was
commanded with an angular offset smaller than one instrumental
FOV in order to guarantee an overlap between consecutive acquisi-
tions. In this way it was possible to avoid radial gaps and obtain a
better spatial reconstruction of the mosaics. Furthermore, each sta-
tion was observed for a sufficient period of time to allow VIMS to
complete the acquisitions of the lines necessary to complete a sin-
gle hyperspectral cube. Typically, during these observations the
Cassini spacecraft was oriented in such a way to maintain VIMS
slit’s direction tangential to the ring’s ansa radial direction with
the scan occurring perpendicular to it. The views of the rings dur-
ing each mosaic are shown in Fig. 1: in these renderings the nom-
inal VIMS FOV (64 � 64 mrad) is indicated by the orange square,
with the slit direction along the horizontal direction and the scan
direction along the vertical direction. Moreover subsolar (S) or
antisolar (A) ansa viewed by VIMS are specified in Table 1: in
general observations taken on the antisolar ansa are preferential
to retrieve spectral information because this minimizes the saturn-
shine contamination on the rings. At the same time antisolar ansa
observations offer better signal to noise conditions than the solar
ansa ones because the phase angle is lower on the former than
on the latter. We have verified this to be the case by considering
two data sets (V)–(VI) and (VIII)–(IX) for which two scans of the
two ansa at nearly the same viewing geometry are available.

Each VIMS hyperspectral cube is calibrated according to the
method already discussed in Filacchione et al. (2012) which for
brevity we do not repeat here. Particular care was devoted in this
case to reduce the readout and electronic offset which characterize
the response of the VIMS-VIS channel’s CCD which is often the case
for the rings at short wavelengths. These effects become particu-
larly evident in low signal to noise conditions which, in case of
the rings occur often in the blue spectral range. For each mosaic
we have subtracted pixel by pixel a deep-sky observation, taken
far from rings before or after the acquisition of the science data
while maintaining the same instrument’s operative mode and inte-
gration time. This method, used in synergy with a despiking algo-
rithm, allows us to greatly improve the quality of the VIS channel
data (Filacchione et al., 2007). In some cases the IR channel spectra
are affected by calibration residuals across the three order sorting
filter gaps placed at 1.65, 2.9, 3.9 lm as well as by some hot IR pix-
els, in particular at 1.22 and 4.74 lm wavelengths. Finally, also IR
spectra are processed with a standard despiking filter to remove
out of statistics and negative pixels.

2.2. Radial spectrograms

Since one of the primary goals of this study is the comparison of
the spectral properties of the different ring regions observed from
very different geometries we need a tool able to allow us to per-
form such comparisons. For this reason we have built radial spec-
trograms which place the reflectance spectra of each VIMS pixel on
a common spatial reference. This method is the same as used
before to reduce rings IR observations (Nicholson et al., 2008;
Hedman et al., 2013). We have built VIS–IR radial spectrograms
for each mosaic reported in Table 1 according to the method
already discussed in Filacchione et al. (2012) which allows to
merge together the VIMS-VIS and IR channels data in a 2D array



Fig. 1. Renderings of the VIMS views during mosaics acquisitions (from iDigit, by David Seal, NASA-JPL). Left column, from top to bottom: (X), (IX), (VIII), (VII), (VI). Right
column, from top to bottom: (V), (IV), (III), (II), (I). The orange square indicates the VIMS 64 � 64 mrad nominal FOV. The two small and large green squares correspond to the
ISS NAC and WAC FOVs, respectively. The magenta rectangle indicates the UVIS FOV and finally the red circle and rectangle the two CIRS FOVs. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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containing the 0.35–5.1 lm spectral information sorted according
to the radial distance from Saturn (from 73,500 to 141,375 km at
400 km/bin).

As an example, we show the radial spectrogram derived from
observation (VIII) in Fig. 2. Moving away from Saturn is possible
to observe:

� the faint C ring, extending between 74,658 and 91,975 km, has
an optical depth of about 0.05 in the inner part which increases
to about 0.35 in the outer region where the Maxwell gap
(87,523 km) is barely resolved at 400 km resolution. The
17,317 km total width of the C ring is sampled by about 43 bins
on VIMS spectrograms;
� with an optical depth ranging between 0.4 and >2.5, the B ring

is the most massive and reflective region; it spans between
91,975 and 117,507 km including four regions along the radius
named B1–B2–B3–B4 according to the nomenclature given in
Marouf et al. (2006). The inner part of the B ring, named B1
(92,000 < r < 99,000 km) is characterized by a lower optical
depth and smaller reflectance than the B2 region (99,000 <
r < 104,500 km), where significant variations both in color and
in water ice band depth are seen. The outer regions B3–B4 are
the brightest and reddest regions of the system. On VIMS spec-
trograms the B ring spans across about 64 bins;
� the faint Cassini division (CD) extends to a width of 5000 km

between 117,507 and 122,340 km. The narrow Huygens gap is
localized close to the inner edge at 118,005 km. CD is resolved
with about 12 radial bins on VIMS spectrograms;
� an optical depth of 0.4–1.0 characterizes the outermost A ring

which is placed between 122,340 and 136,780 km (36 radial
bins). The 300 km-wide Encke gap (133,410–133,740 km) is
resolved in the spectrograms.



Fig. 2. Example of rings spectrogram as derived from observation VIII. The radial
direction is shown along the vertical axis, while the horizontal axis corresponds to
spectral dispersion from 0.35 to 0.98 (VIMS-V) to 0.98–5.1 lm (VIMS-IR). Rings
regions can be recognized along the radial axis where C, B, A rings and CD (Cassini
division) are indicated.
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The corresponding average rings reflectance spectra are shown
in Fig. 3: at visible wavelengths Saturn’s rings reflectance spectra
are characterized by a steep slope between 0.35 and 0.55 lm
range. This feature is caused by the presence of a still unknown
UV absorber material mixed within water ice particles. The red-
dening effect is more evident across the regions having higher opti-
cal depth, like A and B rings, while is less pronounced across C ring
and CD where the optical depth is much lower. In the 0.55–
0.98 lm range A–B ring spectra appear flat while C and CD are both
moderately red. In the infrared range water ice dominates across
the entire ring system showing absorption bands at 1.05, 1.25,
1.5, 2.05, 3.0 lm which are comparable in strength to the values
Fig. 3. Average reflectance spectra for different ring regions: C1
(74,658 6 r 6 87,523 km), C2 (87,523 6 r 6 91,795 km). B1 (91,795 6 r 6 99,000
km), B2 (99,000 6 r 6 104,500 km), B3 (104,500 6 r 6 110,000 km), B4
(11,000 6 r 6 117,500 km), CD (117,500 6 r 6 122,340 km), A1 (122,340 6 r 6
127,000 km), A2 (127,000 6 r 6 133,575 km), A3 (133,575 6 r 6 136,780 km). Spec-
tral sampling is 7.3 nm/band between 0.35 and 0.98 lm (VIMS-V range) and 16.5 nm/
band between 0.98 and 5.1 lm (VIMS-IR range). VIS and IR bridging wavelength at
0.98 lm is indicated by the vertical red dash line. VIMS order sorting filters junctions
are indicated by vertical black dash lines.
measured on Enceladus and Calypso, the more water ice-rich
objects in the Saturn’s system Filacchione et al. (2012). Also the
3.1 lm Fresnel peak caused by water ice particles is well-resolved
everywhere. Faint features are detected by VIMS at 3.42–3.52 lm
resulting compatible with the CH2 aliphatic stretch signature (see
discussion in Section 6).

A synoptic view of the ten VIMS observations analyzed in this
work converted in radial spectrograms is given in Fig. 4. These
data, correlated with their own observation geometries, are used
to infer the spectral indicators discussed in the next sections.
2.3. Evaluation of the errors

With the scope to determine the accuracy of the spectral indica-
tors (spectral slopes, spectral ratios, band depths) discussed in the
next sections, we have performed an accurate analysis of the sig-
nal-to-noise (SNR) affecting each spectrogram of the dataset. At
each wavelength the SNR is defined as the ratio between the raw
average signal measured across a 400 km-wide radial bin and the
average sky signal, both expressed in digital units. For each mosaic
we have used the region outside the F ring to retrieve the sky sig-
nal. Both rings and sky observations are taken with the same inte-
gration time and operative mode. The resulting error affecting the
spectral reflectance measurements is given by 1/SNR. With the aim
to compare the reflectance and the associated error we report in
Fig. 5 the value of the SNR on the rings spectrograms following
the same scheme previously used for reflectance in Fig. 4. With
the exception of mosaics (VII) and (I), the error is <1% between
0.35 and 2.5 lm: propagating the error we find that spectral
slopes/ratios and water ice band depths at 1.5 and 2.0 lm dis-
cussed in the next sections are in general affected by errors lower
than 1% and 5%, respectively. The scarcity of photon flux causes the
increase of the error between 2.5 and 5.1 lm; at 3.6 lm the typical
error is in the 15–20% range. Finally, the high phase angle charac-
terizing the two mosaics (VII) (90.4�) and (I) (132.4�) implies much
lower SNR conditions across the entire spectral range.
3. Spectral indicators versus distance to Saturn

As shown in Fig. 3, rings reflectances are dominated by water
ice across the entire disk. The variability of the numerous and
wide-band spectra is well reflected in fewer spectral indicators,
which help reducing the complexity of the analysis. In this work
we have used the spectral reflectance I/F(0.55 lm) as an indicator
correlated to visual albedo and optical depth. The spectral slope
S0.35–0.55 is an index of the reddening caused by the presence of
chromophores in intraparticle–intramolecular mixing with water
ice. The spectral slope S0.55–0.95 is a marker of the reddening caused
by the presence of chromophores in areal mixing with water ice.
The water ice 1.5–2.0 lm band depths are related to the water ice
abundance and grain size. Also the I/F(3.6) / I/F(1.8) ratio is a further
indicator of regolith grain size. Finally, the position of the 3.6 lm
continuum peak is a hint of the regolith’s grains temperature.

The methods applied to measure spectral slopes and band
depths were already discussed in previous papers (Cuzzi et al.,
2009; Filacchione et al., 2010, 2012) and are not repeated here
for brevity. All these spectral indicators are illumination/viewing
geometry, material composition and grain size-dependent. Water
ice band depths and I/F(3.6) / I/F(1.8) ratio are temperature-depen-
dent too. Grundy and Schmitt (1998) have measured the changes
of the 1.5–2 lm water ice absorptions positions with temperature
finding that they move to shorter wavelengths as ice temperature
increases. However, given the VIMS spectral resolution, this effect
is not optimal to retrieve the typical saturnian ring’s temperatures
which are between �40–120 K, depending on solar elevation angle



Fig. 4. Reflectance values in rings spectrograms. Left column, from top to bottom: observations (X), (II), (VI), (V), (VIII). Right column, from top to bottom: observations (IX),
(III), (IV), (VII), (I). Each spectrogram’s image is plotted using two different stretches to improve visualization: the ranges between 0.35–2.8 lm and 2.8–5.1 lm are rendered
according to the color ramp schemes shown on the top. The legend relative to observation (VIII) (bottom right corner) showing the spectral axis (horizontal) and radial
direction (vertical) is valid for each of them. The vertical dot line correspond to the 2.8 lm wavelength where the stretch change occurs. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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(season), local time and radial position. As measured by Grundy
and Schmitt (1998), in this range of temperatures the 1.5–2 lm
band centers shift of about 4 nm, well below the 16.6 nm/band
spectral resolution of VIMS-IR. However, laboratory measurements
conducted by Clark et al. (2012) have indicated that the position of
the continuum peak at 3.6 lm in crystalline water is temperature-
dependent and suitable to infer the ring’s particle temperature. A
specific discussion about the use of the 3.6 lm peak position as a
spectral indicator of temperature is addressed in Section 5.

In our discussion about the photometric properties of the ring
particles we are following the same assumption made by Cuzzi
and Estrada (1998), e.g. that a typical ring particle is a centimeter
to meter-sized icy chunk. The spatial distribution, size and shape of
these particles drives the local optical depth of the ring. A regolith
of icy grains envelops the external skin of the chunks driving the
spectro-photometric parameters like the single particle albedo
and phase function. Both ring optical depth and spectro-photomet-
ric responses of the surface regolith can therefore influence the
resulting brightness of the rings.

Since in our analysis we are mainly using observations taken in
backscattering geometries and at low ring tilt angles, with the
exception of datasets (I) and (X), the effect of the multiple scatter-
ing between chunks can be neglected with respect of the single
scattered light, as demonstrated by Cuzzi et al. (1984) using Voy-
ager observations. The photometry study of the A ring by Dones
et al. (1993) has demonstrated how single scattered, multiple scat-
tered and Saturn-shine components account for the 0.97, 0.02–0.03
and 60.01 of the rings brightness, respectively, on low phase
(a = 13�) observations. The same contributions on high phase
(a = 155�) observations change in 0.03, 0.84 and 0.13, respectively.

The single scattering assumption is not more valid when we
study the interaction of photons with regolith’s particles: in this
case the multiple scattering between grains must be considered,
especially to model high phase observations. Furthermore,
Esposito (1979) applying Markov chain formalism to radiative
transfer has demonstrated that interparticle shadowing plays a
minor role in the multiple scattering processes.

3.1. I/F(0.55 lm) radial profiles

The radial profiles of the I/F at 0.55 lm derived from the ten
spectrograms are shown in Fig. 6, top panel, at a spatial resolution
of 400 km/bin. The errors associated to the I/F are shown in the
same figure, bottom panel. In general the reflectance along the



Fig. 5. SNR values in rings spectrograms, visualized with the same scheme used for the reflectance in Fig. 4. Left column, from top to bottom: observations (X), (II), (VI), (V),
(VIII). Right column, from top to bottom: observations (IX), (III), (IV), (VII), (I). Each spectrogram’s image is plotted using two different stretches to improve visualization: the
ranges between 0.35 and 2.7 lm and 2.7 and 5.1 lm are rendered according to the color ramp schemes shown on the top. The legend relative to observation (VIII) (bottom
right corner) showing the spectral axis (horizontal) and radial direction (vertical) is valid for each of them. The vertical dot line correspond to the 2.8 lm wavelength where
the stretch change occurs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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radial distance follows the trends seen in the spectrograms, with
lower values across C ring and CD and higher across A–B rings.
The illumination and viewing geometry are responsible of the dif-
ferences in intensity seen for the same ring region: in general the
reflectance decreases when phase angle increases but with some
peculiar behavior across different ring regions.

As an example, the A ring reaches the maximum reflectance
value, 0.35 at 123,000 km, on low-phase observations (X) (black
curve) and (IV) (light green curve). In agreement with the trend
seen on Voyager data (Cuzzi et al., 1984), a reverse contrast is
observed between the inner and outer part of the A ring: at low
phase the reflectance decreases linearly with the radial distance
while at intermediate phase (�20–30�) the trend assumes a
bowl-shaped profile with two maxima on the inner and outer
edges. The outer edge reflectance becomes higher than the inner
edge when the phase is high, like on observation (I) (red curve,
phase = 132.4�). According to Cuzzi et al. (1984) this effect is
caused by the presence of wavelength-sized, or even smaller, e.g.
sub-micron scale, forward scattering particles in the outer part of
the A ring (for r > 130,000 km). However, this explanation is
incompatible with high phase transmission spectra which do not
exhibit the spectral signatures that one would expect if sub-micron
particles were common (Hedman et al., 2013). Another complexity
in comparing A ring observations taken at different illumination
and viewing geometry is given by the presence of self-gravity
wakes which cause azimuthal asymmetry in brightness
(Thompson et al., 1981; Dones et al., 1993) and in optical depth
along the line of sight (Colwell et al., 2006; Hedman et al., 2007).

Similarly, B ring radial features exhibit stronger contrast on all
observations taken at phase larger than 20–30�. On low phase
observations, like on (X) (black curve, phase = 5.7�) the reflectance
linearly decreases with the radial distance moving from outer to
inner B ring resulting in a low contrast profile. The step-like tran-
sition zone located at r � 98,000 km between B1–B2 seen on high
phase observations becomes smoother at low phase, e.g. on (X).

3.2. Spectral slopes S0.35–0.55 and S0.55–0.95 radial profiles

As discussed in Cuzzi et al. (2009) and in Filacchione et al.
(2012) spectral slopes S0.35–0.55 and S0.55–0.95 are markers for the
presence of contaminants/darkening agents bound with the water
ice regolith covering the ring particles.

The spectral slope S0.35–0.55 profile, shown in Fig. 7, gives us
clues about the reddening caused by the presence of chromophores



Fig. 6. I/F(0.55 lm) radial profiles (top panel) and errors (bottom panel). Observa-
tions labels follow the nomenclature given in Table 1. Vertical dash lines indicate
the position of the following relevant ring structures: (a) Titan ringlet, (b) 1.47 RS

ringlet, (c) 1.495 RS ringlet, (d) C–B ring boundary, (e) B1–B2 boundary, (f) B2–B3
boundary, (g) B3–B4 boundary, (h) B4–CD boundary, (i) Huygens gap, (j) CD–A ring
boundary, (k) Encke gap, (l) A ring outer edge. The B ring regions are coded
following the nomenclature given in Marouf et al. (2006).

Fig. 7. Spectral slope S0.35–0.55 radial profiles (top panel) and errors (bottom panel).
At high phases a significant increase in slope (reddening) is observed. Labels follow
the same scheme described in Fig. 6.
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in intraparticle–intramolecular mixing with water ice. As a general
rule when the slope increases the reflectance spectrum becomes
more red as a consequence of higher amount of contaminants. As
a reference, pure water ice has a null slope being neutral or color-
less in the 0.35–0.55 lm spectral range. For a given phase, VIMS
measures maximum values of the S0.35–0.55 across the A (outer
region) and B rings; the slope decreases from the middle of the A
ring towards the outer edge of CD. A similar effect is caused by
an increase of contaminants with respect to the outer regions of
the A ring.

Moving to the B ring we observe that S0.35–0.55 slope is charac-
terized by small relative variations showing a local maximum
around r = 100,000 km and a minimum around r = 102,000 km;
the peak placed at r = 100,000 km may identify a region with purer
ices because the maximum in the S0.35–0.55 slope is correlated with
a similar peak in the water ice band depth. As discussed in
Nicholson et al. (2008), the S0.35–0.55 profile is closely correlated
with the water ice band depth profiles (discussed later and shown
in Figs. 9 and 10). In the outer part of the B ring the slope seems to
decrease with the radial distance showing small contrast across the
ring in the low and intermediate phase observations. On the high
phase data, like observations (I) (red curve, phase = 132.4�) and
(VII) (light blue curve, phase = 96�) the trend is more flat and
locally-variable.

The S0.35–0.55 slope profiles have minima across C ring and CD
where the intraparticle–intramolecular mixing of contaminants
within water ice is minimal. In these regions where small grain size
particles prevail, the optical depth and the surface mass density are
smaller with respect to A and B rings. Note that the low signal to
noise affecting high phase observations (I and VII) causes fluctua-
tions in the slope values measured across these two regions. VIMS
data show a regular trend in the distribution of the S0.35–0.55 slope
which increases with the phase angle: across A and B ring it moves,
in average, from a value of 3 lm�1 at phase 5.7� (X, black curve) to
more than 4 lm�1 at phase 132.4� (I, red curve). Such values are
the higher observed across rings and satellites’ surfaces of the Sat-
urn’s system Filacchione et al. (2012): as reported by Estrada and
Cuzzi (1996) A and B rings are very ‘‘red’’ objects, especially at high
phases.

The spectral slope S0.55–0.95 profile (Fig. 7) is an indicator of the
presence of chromophores in areal or intimate mixing with water
ice particles. Pure water ice has a neutral to moderately negative
(or blue) slope in this spectral range. In general the S0.55–0.95 slope
is characterized by a flat profile across A and B rings, with values of
about 0–0.1 lm�1 on low phase observation (X) (black curve): this
is in agreement with a water ice-rich spectral behavior. VIMS
observations evidence the slope’s increase across CD and C ring
resulting in the opposite behavior with respect to what we have
seen for the S0.35–0.55 slope. Across these low optical depth regions
the S0.55–0.95 slope becomes more intense as a result of the presence
of a larger fraction of dark material particles dispersed among ice
grains. This is in agreement with the Cuzzi and Estrada (1998) bal-
listic transport model in which is foreseen a similar accumulation
of residual dark material of meteoritic and cometary origin in the C
ring and CD.



Fig. 8. Spectral slope S0.55–0.95 radial profiles (top panel) and errors (bottom panel).
At high phases a significant increase in slope (reddening) is observed. Labels follow
the same scheme described in Fig. 6.

Fig. 9. Water ice 1.5 lm band depth radial profiles (top panel) and errors (bottom
panel). Labels follow the same scheme described in Fig. 6.
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Similarly with the S0.35–0.55 slope, also the S0.55–0.95 slope shows
a phase angle-dependence across A and B rings, increasing from �
0–0.1 lm�1 at phase 5.7� (observation X, black curve) to about
0.4 lm�1 at phase 132.4� (observation I, red curve).
3.3. Water ice 1.5–2.0 lm band depth radial profiles

The two water ice 1.5–2.0 lm band depths are spectral indica-
tors suitable to determine the water ice abundance and the grain
size. The profiles retrieved from VIMS spectrograms show similar
trends across rings (see Figs. 9 and 10): the water ice band depth
is minimum across C ring and CD while maximum is reached
across A and B rings. Starting from low phase observation (X), black
curve, phase = 5.7�, the 1.5–2.0 lm band depths have values of
about 0.2–0.45 on the inner part of the C ring to about 0.47–0.68
on the outer, respectively. Between the 1.495 RS ringlet and the
C–B ring boundary the water ice band depth follows a step ramp.
Across the B ring is possible to recognize the inner part, B1–B2,
and the outer region, B3–B4: across B1 region the 1.5 lm band
depth is about 0.5 (0.7 for the 2.0 lm band) while in B3–B4 both
band depths increase about 0.05 reaching 0.55 and 0.75, respec-
tively. In the central B2 ring (from 98,500 to 104,000 km), we
observe a peak of higher band depth which can be explained by
the presence of more pure, resurfaced water ice correlated with
higher optical depth occurring in this region. The minimum value
of the 1.5 lm band depth on the middle of the CD is about 0.4;
for the 2.0 lm band depth is 0.62. From here the band depths fol-
low a ‘‘parabolic’’ trend increasing from CD to reach the maximum
on the outer part of the A ring in a way very similar to the S0.35–0.55

profile previously shown in Fig. 7. A similar effect can be explained
by supposing a progressive increase of non icy material bound in
water ice grains at molecular scale Nicholson et al. (2008): the
advantage of this kind of mixing is to not influence the S0.55–0.95

profile, which remains constant, because this spectral range is
more sensitive to detect the fractional abundance changes of the
non icy material, nor to change the I/F(0.55 lm) profile, which is
dependent on optical depth. The maximum values of the band
depths on the A ring are in general larger than the similar one mea-
sured on the B ring: 0.68 and 0.76 for the 1.5–2.0 lm band depth,
respectively.

On both profiles shown in Figs. 9 and 10 we observe a notewor-
thy increase of the band depth values with the phase angle. On
observation (I), red curve, phase = 132.4�, the A ring maximum val-
ues of the 1.5–2.0 lm band depths are about 0.78–0.87, respec-
tively: this means an increment of about 0.1 with respect to low
phase observations. The band depth changes with phase as a con-
sequence of the balance between single scattering and forward-
multiple scattering processes. At high phases the forward-multiple
scattering component within the regolith dominates across the
entire absorption band (Hapke, 1993) causing an increment of
the band depth. Conversely, the band depth decreases at low
phases because in this case the multiple scattering is predominant
on the band wings where the single scattering albedo, w, is higher.
At the same time the multiple scattering is less effective at the
band center where w is low allowing the single scattering to pre-
vail (Veverka et al., 1978; Hapke, 1993). As a consequence of this
effect the band depth decreases. We have observed that water
ice band depths are almost constant for phases in the 20–30� inter-
val: in this range in fact the single scattering dominates throughout
the entire absorption band.

Finally, we report about the typical dimension of the regolith
grain sizes covering the surface of the ring particles. Assuming a
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pure water ice composition and selecting observations taken at
phases of about 30� is possible to apply the method described in
Clark and Lucey (1984) which allow us to correlate the band depth
with the grain size. In Fig. 10 three arrows along the vertical axis
are placed in correspondence of the 2.0 lm band depth values
for 10, 40 and 100 lm grain sizes. Comparing these values with
the profile of observations (II), orange curve, phase = 30.7� or
(IV), lime green curve, phase = 29.2�, is possible to infer typical reg-
olith grain sizes between 20–50 lm in the C ring, 50–60 lm in the
CD and �80–100 lm in the A and B rings. Of course the presence of
contaminants, clearly evidenced by the visible S0.55–0.95 spectral
slope, influences the estimation of the grain size on C ring and
CD with this method. For a given grain size when a darkening
material is mixed with water ice both the 1.5 and 2.0 lm band
depths decrease (see as example Fig. 5 in Filacchione et al.,
2010). As a result, the grain size derived with this method assum-
ing pure water ice composition could be underestimated.

3.4. I/F(3.6) / I/F(1.8) ratio radial profile

The I/F(3.6) / I/F(1.8) ratio is another appropriate indicator to
infer the regolith grain size in case of pure water ice composition.
In a previous paper (Filacchione et al., 2012) we have analyzed the
effect of the regolith grain size on the continuum levels at 1.8 and
3.6 lm: for pure water ice these two continuum levels are strongly
grain size-dependent, reaching high values for small grains (few
microns) and low values for large particles (hundred microns).
After having calibrated the ratio with laboratory and synthetic
spectra we have seen that it decreases from 0.406 to 0.164 to
Fig. 10. Water ice 2.0 lm band depth radial profiles (top panel) and errors (bottom
panel). Reference band depth values for pure water ice grains of different diameters
(from 10 to 100 lm) are indicated. Labels follow the same scheme described in
Fig. 6.
0.096 for 10, 50 and 100 lm grain sizes, respectively. These values,
like for the similar grain size retrieval from the 2 lm band depth
we have discussed in the previous section, is valid only for obser-
vations taken at phases of about 30� like (II), orange curve,
phase = 30.7� or (IV), lime green curve, phase = 29.2� reported in
Fig. 11. VIMS data point out that the ratio profiles have a large var-
iability along the radial distance showing two peaks across the C
ring and CD while minimum values are measured on the A and B
rings. This general radial trend remains for the different observa-
tions independently from the phase angle. However, the ratio val-
ues show a net decrease when phase increases: in the middle of the
A ring the I/F(3.6) / I/F(1.8) ratio drops from about 0.2 to 0.08
between observations (X), black curve, phase = 5.7� and (I), red
curve, phase = 132.4�. This is a consequence of the multiple scatter-
ing which dominates over single scattering at high phases reducing
more the reflectance at 3.6 lm than at 1.8 lm. The five arrows
along the vertical axis in Fig. 11 indicate the reference values of
the I/F(3.6) / I/F(1.8) ratio for grain sizes between 10 and
100 lm: comparing them with the 30� phase observations, e.g.
(II), (III), (IV) and (V), we measure a typical regolith grain size of
about 20–50 lm in C ring, <30 lm in the CD and 50–80 lm in A–
B rings.

In conclusion, the regolith grain sizes derived by applying two
different spectral indicators, i.e. the 2.0 lm band depth and I/
F(3.6) / I/F(1.8) ratio, converge on very similar results. At the same
time the general trend observed across the rings, with smaller
grains in the C ring and in the CD and larger one in the A and B
rings, is confirmed by both methods.
Fig. 11. I/F(3.6) / I/F(1.8) ratio radial profiles (top panel) and errors (bottom panel).
Reference values for pure water ice grains of different diameters (from 10 to
100 lm) are indicated. Labels follow the same scheme described in Fig. 6.
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4. Spectral indicators: phase-dependent effects

As described in the previous section, spectrograms are an effec-
tive tool to build radial profiles across rings which, through the use
of many observations taken at different illumination and viewing
geometries, allow us to disentangle spectral properties from pho-
tometric effects: a similar approach is essential to understand
the physical properties of the ring particles and to study the inter-
action of the solar radiation with them. For these reasons we focus
this section to investigate the relations observed between spectral
indicators and phase angle.

The scatterplot in Fig. 12 shows the dispersion of the visible
spectral slopes S0.35–0.55–S0.55–0.95 for the main four ring regions
(A, B, C ring and CD) as observed on five observations taken with
the phase angle running between 5.7� and 132.4�. A similar study
for both spectral slopes and band depths applied to a large dataset
of Saturn’s icy satellites and one ring mosaic is already published in
(Filacchione et al., 2012). At low phase (5.7�, black symbols) A–B
ring points (indicated as squares and diamonds, respectively) are
characterized by maximum S0.35–0.55 slope values, between 2.5–
3 lm�1 and almost neutral S0.55–0.95, between 0 and 0.1 lm�1. C
ring (circles) slopes have minimum S0.35–0.55 slope values, clustered
around 1.4 lm�1 while the S0.55–0.95 slope is about 0.2 lm�1.
Between these two clusters the CD points (triangles) are grouped
around values of 2.0 lm�1 and 0.05 lm�1 for the S0.35–0.55 and
S0.55–0.95 slope, respectively.

This trend means that Saturn’s ring are characterized by a dif-
ferent spectral response in the two visible ranges 0.35–0.55 lm
and 0.55–0.95 lm. As is possible to observe also in Figs. 2 and 3,
a very step (red) slope below 0.55 lm and a relatively flat contin-
uum between 0.55 and 0.95 lm characterizes both A and B rings
reflectance spectra. In general B ring points are a few percent more
red than the A ring ones in the S0.35–0.55 slope; C ring and CD spec-
tra appear less red than A–B rings in the 0.35–0.55 lm range but
more red between 0.55 and 0.95 lm.

When phase increases this general distribution of the slopes
values does not change in relative terms but the four clusters move
towards higher values. At 132.4� (red symbols) the clusters appear
Fig. 12. Scatterplot of the spectral slope S0.35–0.55 versus S0.55–0.95 for rings
observations taken at 5.7�, 19.2�, 30.7�, 96.0� and 132.4� phase angles.
more dispersed than in the low observation case as a consequence
of the lower SNR conditions (Fig. 5). For the A–B ring points at
132.4� phase angle we measure an increment of about 1 and
0.4 lm�1 for the S0.35–0.55 and S0.55–0.95 slope, respectively, with
respect to the low phase observation. Similarly, for the C ring
and the CD the increment is of about 0.8 and 0.4 lm�1 for the
two slopes.

The analysis of the water ice 1.5 and 2.0 lm band depths taken
at different phase angles is summarized in Fig. 13. The ring points
are aligned along a branch, showing an almost linear distribution
with both band depths increasing from the C ring and the CD up
to the A and B rings. On low phase (5.7�, black symbols) observa-
tion the minimum band depths are measured across the C ring (cir-
cles) where BD(1.5 lm) = 0.2–0.5, BD(2.0 lm) = 0.45–0.7. The CD
points (triangles) are grouped in the BD(1.5 lm) = 0.35–0.5,
BD(2.0 lm) = 0.6–0.68 ranges. Finally, the A and B rings (squares
and diamonds respectively) define the upper edge of the distribu-
tion, with maxima placed approximately at BD(1.5 lm) = 0.64,
BD(2.0 lm) = 0.82 and minima at BD(1.5 lm) = 0.45, BD(2.0 lm) =
0.68. Observations taken at 19.2� (blue symbols) and 30.7� (cyan
symbols) phases show very similar trends but shifted to few per-
cent higher band depths with respect to the 5.7� phase branch.

The distribution changes when phase reaches 96�: here the
BD(1.5 lm) shows a large variability, between 0 and 0.4 across
the C ring (circles) and deviates with respect to the trend shown
at lower phases. Another significant change is observed on the
top edge of the distribution where A and B ring points are clearly
separated between them. B ring points (diamonds) are divided in
two subgroups, the first around BD(1.5 lm) = 0.55, BD(2.0 lm) =
0.76 which corresponds to B1 region (r < 100,000 km); the second
around BD(1.5 lm) = 0.67, BD(2.0 lm) = 0.88 includes the points in
the B2-B4 regions (r > 100,000 km). At this phase the A ring points
(squares) are all grouped in a single cluster between
BD(1.5 lm) = 0.6–0.75, BD(2.0 lm) = 0.76–86. Finally, at 132.4�
phase (red symbols) across the A ring (squares) the maximum
value of the two band depths is reached, 0.78 and 0.89, respectively
for BD(1.5 lm) and BD(2.0 lm). At this high phase the entire
branch is shifted towards higher values of the BD(1.5 lm).
Fig. 13. Scatterplot of the water ice band depths at 1.5 and 2.0 lm for rings
observations taken at 5.7�, 19.2�, 30.7�, 96.0� and 132.4� phase angles.
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VIMS data reveal that both VIS slope S0.35–0.55 (Fig. 14) and
2.0 lm water ice band depth (Fig. 15) are phase-dependent and
that a similar behavior is common for both dense A and B rings
and optically thin CD and C ring regions. The band depth is almost
constant in a small phase interval between �20� and 40� angles in
which the single scattering dominates throughout the entire band
width.

In order to understand how the spectral parameters are influ-
enced by illumination conditions, the interaction of light with
the ring particles must be considered. In the limit of the single scat-
tering theory (Dones et al., 1993), the reflection function of the
rings, assumed as a many-particles thick layer, is given by:
Rðl;l0;aÞ ¼
w

4ðlþ l0Þ
PðaÞ 1� e�sl0þl

ll0

� �
ð1Þ
Fig. 15. Water ice 2.0 lm band depth phase curves for average ring regions.
where l ¼ jsinðBÞj with B the observer’s elevation angle,
l0 ¼ jsinðB0Þj with B0 the solar elevation angle, w is the single scat-
tering albedo of a ring particle and PðaÞ is the particle’s disk-inte-
grated phase function which describes the angular distribution of
the scattered radiation at phase angle a and s is the extinction opti-
cal depth. Using this law is therefore possible to infer the reflec-
tance of a given region of the rings assuming to know the optical
depth s, the single scattering albedo w and the particle’s phase
function PðaÞ. Among these three parameters the phase function
plays a fundamental role because several different functions can
be used to model the angular response of the radiation scattered
by particles: in general large particles – where for large we mean
larger than the wavelength of light – have a backscattering response
while small dust grains are more forward scattering and isotropic.
While the phase function can be modeled and inferred from obser-
vations, it remains wavelength-independent, e.g. in the single scat-
tering approximation (Eq. (1)) the reflectance changes by the same
quantity across the entire spectral range when phase changes. This
means that additional effects must be considered, like the multiple
and the intraparticle scattering, in order to match the increase of
spectral slopes (Fig. 14) and band depth (Fig. 15) values at high
phases observed by VIMS. As verified by Dones et al. (1993) on Voy-
ager data, single scattering approximation gives satisfactory results
only on low phase observations while at high phase the multiple
scattering becomes predominant on single scattering.

In order to include the effects of multiple and intraparticle scat-
tering among the ring particles we have developed a Monte Carlo
model adapted to simulate photons scattering in particulate media
of a given composition (Ciarniello et al., 2014). A future paper (II),
currently in preparation, shall address these arguments.
Fig. 14. Spectral slope S0.35–0.55 phase curves for average ring regions.
5. Spectral indicators: the temperature-dependent 3.6 lm
continuum peak position

As discussed in Section 3, the position of the 3.6 lm continuum
peak of crystalline water ice is temperature-dependent and can be
inferred using laboratory data. This effect is particularly evident on
the imaginary part of the refractive index of crystalline water ice as
measured by Mastrapa et al. (2009) for a range of temperature
between 20 and 150 K. Rather than using optical constants we
have preferred for our analysis to use measurements in reflectance
realized by Clark et al. (2012) on small grains of pure water ice at
standard illumination conditions (phase = 30�) for temperature of
the sample varying between 88 K and 172 K. The lack of laboratory
reflectance data at temperature below 88 K do not allow us to mea-
sure temperatures below this limit. A simple extrapolation of the
trend at lower temperature seems risky because the shift is not lin-
ear with temperature. It is well known that ring particles can reach
temperatures as low as 50 K at equinox; however, we are measur-
ing the position of the 3.6 lm continuum peak for all observations,
leaving the possibility to infer lower temperatures when new lab-
oratory data shall be available. The analysis of the reflectance spec-
tra derived from Clark et al. (2012) measurements (Fig. 16)
evidences that the 3.6 lm peak shifts towards shorter wavelengths
when the ice is cooled, moving from about 3.675 lm at T = 172 K to
about 3.581 lm at T = 88 K. Starting from this experimental evi-
dence we have used a 4th-degree polynomial fit between 3.2 and
3.8 lm to measure the wavelength at which the peak occurs on
laboratory data with the view toward using it as a marker to
retrieve the temperatures of the ring particles on the ten spectro-
grams considered in this work (Table 1). The results of the fit on
laboratory data are reported in Fig. 16 for seven measurements
taken at temperature between 88 K and 172 K.

The same fitting technique is applied to each one of the 170
average spectra forming a VIMS observation spectrogram. The
3.6 lm peak’s profiles as function of the radial distance at
400 km/bin spatial resolution are shown in Fig. 17, left panel. VIMS
data highlight some peculiar trends on these observations: (a) in
general peak’s position, e.g. temperature, and the optical depth
are anticorrelated: low optical depth C ring and CD have higher
temperatures than A–B rings where the optical depth is higher;
(b) with the exception of the CD, the peak’s position, e.g. tempera-
ture, decreases with distance from Saturn; (c) since the observa-
tions shown in Fig. 17 are sorted according to the date of
acquisition which increases from year 2004 to 2010, is possible
to follow the seasonal changes in peak’s position, e.g. temperature.
During this period of time the solar elevation angle decreases,
becomes null at equinox and finally rises again in 2010. Before



Fig. 16. Water ice reflectance spectra between 3.0 and 3.8 lm showing the shift of
the 3.6 lm peak position induced by the temperature. The peak position, evaluated
through a 4th-degree polynomial fit between 3.2 and 3.8 lm, moves from 3.67 to
3.58 lm when temperature decreases from 172 to 88 K.
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equinox the south side of the ring plane is illuminated while after
equinox the sun shines on the north face. Particles are cooling
down from summer to equinox. At equinox the solar rays are par-
allel to the ring plane: as a consequence the particles reach mini-
mum temperature and the peak’s position shifts at shorter
wavelengths; (d) when both solar and antisolar ansae observations
are available, like in (V)–(VI) and (VIII)–(IX), is possible to distin-
guish diurnal variations: in those cases across the solar ansa,
(V)–(VIII), are measured higher temperatures than on the antisolar,
(VI)–(IX). This effect is particularly evident on the C ring.
5.1. Comparison between VIMS and CIRS temperature radial profiles

In order to assess VIMS temperature results we have compared
them with simultaneous measurements performed by Cassini CIRS
experiment (Kunde, 1996). CIRS ring scans were acquired by the
FP1 channel, an infrared interferometer covering the spectral range
between 600 and 10 cm�1 (17 lm–1 mm) with a 4 mrad circular
FOV (Flasar et al., 2004). Temperature of the ring particles by CIRS
is derived by applying the same method described in Spilker et al.
(2006) and Altobelli et al. (2008). With the exclusion of observa-
tions (IV)–(V)–(IX), for all the other seven VIMS observations cor-
responding CIRS data taken at the same time are available.
Compared with VIMS mosaics, CIRS scans shown in Fig. 17, right
panel, were acquired with much different spatial samplings: only
on observations (II)–(VIII)–(X) are available data spanning contin-
uously across inner C to outer A ring with a regular radial sampling
every �60–100 km. For the remaining cases the spatial sampling is
much more sparse. The temperature spread observed at some
radial distances on some scans (like at r = 75,000, 82,000,
106,000 and 109,000 km on observation (I) corresponds to CIRS
long-time measurements at a fixed radial distance planned with
the scope to measure the azimuthal temperature’s variation of
the rings. On this dataset in average the temperature measured
by CIRS is affected by an absolute error 62 K on A–B rings and
64 K on C ring and CD.

The comparison of VIMS and CIRS observations reported in
Fig. 17 reveals that they have the same radial temperature trends.
In particular we have found a substantial agreement between VIMS
and CIRS results across A and B rings while VIMS measures higher
temperatures than CIRS across C ring and CD. To better understand
these differences we focus our analysis on observation (II) for
which well-resolved datasets for both instruments are available.
On VIMS observation (II) (Fig. 17, left panel, orange curve), having
a phase of 30.7� and a solar elevation angle of �22�, the 3.6 lm
peak position decreases from about 3.65 lm or T � 148 K on the
inner C ring to about 3.615 lm or T � 115 K on the outer C ring.
Similar values are retrieved through the inner B1 ring. The peak
moves to 3.595 lm or T � 105 K in the B2-B3 regions to reach a
minimum 3.58 lm or T � 88 K on the outer B4 region. On the CD
VIMS measures a local peak at 3.615 lm or T � 115 K while
3.595 lm or T � 105 K is reached in the inner A ring and 3.58 lm
or T � 88 K on the outer A ring. On the corresponding CIRS obser-
vation II) (Fig. 17, right panel, orange points) temperature
decreases from about 107 K on the inner C ring to about 90 K on
the border between C–B rings (r = 92,000 km). This means that
VIMS measures a temperature higher by 40 K on the inner C ring
and about 25 K on the outer. Moving across the B2 ring, CIRS
detects a double peak structure at r = 100,000–105,000 km where
the temperature rises up to 94 K. On the outer B4 ring
(r = 117,000 km) CIRS temperature decreases to �89 K. Therefore
on the B ring VIMS temperature is only few K higher than CIRS.
The maximum temperature CIRS has measured on the CD is
100 K while VIMS records �115 K, 15 K more than CIRS. Finally,
on the A ring CIRS measures an almost linear decrease of the tem-
perature from about 90 K on the inner boundary to �82 K on the
outer. Similarly, VIMS temperature profile decreases from �105 K
to 88 K.

From this comparison is evident that C ring and CD tempera-
tures measured by VIMS through the 3.6 lm peak position method
are in general much higher than corresponding ones reported by
CIRS. There are multiple possible explanations for this discrepancy
that need to be explored, including the deviation of the peak’s posi-
tion in presence of contaminants, in particular organics (see Sec-
tion 6) which having absorption bands falling in the 3.6 lm
peaks short-wavelength wing may change the apparent position
of the peak: as a consequence of the erosion of the continuum at
shorter wavelengths the peak position appears at longer wave-
lengths, e.g. at higher equivalent temperature; in the ring’s parti-
cles distribution properties (grain size, surface roughness, ring’s
optical depth); or in the illumination geometry – especially at very
high and low illumination angles. Another important effect to con-
sider is the different skindepth sampled by the two instruments as
a consequence of the very different wavelengths at which they
operate: while VIMS is sensitive to a very shallow skindepth (few
microns) from the outer surface of the particles, CIRS measures
temperature at greater depth (few millimeters). Therefore VIMS
performs a ‘‘surface’’ temperature measurement while CIRS inte-
grate in a ‘‘volume’’.

As mentioned at the beginning of this section VIMS and CIRS
datasets allow us to follow how seasonal changes induced by the
variation of the solar elevation angle affect the ring temperature.
In the time interval considered in this work, the solar elevation
angle decreases from �23.5� in 2004 to 0� in 2009 (equinox) to
increase to 2.6� in 2010. The south face of the ring plane is
observed by VIMS in reflectance when the sub-solar latitude is
negative (observations I to IX) while when is positive (X) the north
face is seen. Furthermore, when the solar elevation angle
approaches 0� (equinox) the ring plane is no more directly illumi-
nated by the Sun but it receives only the saturnshine and Saturn’s
thermal flux on dayside part of the orbit while only the Saturn’s
thermal emission at T = 95 K is radiated on the nightside. In this
geometry, in absence of the direct solar flux, the particles cool
down: according to Spilker et al. (2013) the ring temperatures
measured by CIRS at equinox were 55–75 K for the C ring, 45–
60 K for the B ring, 45–58 K for the CD and 43–52 K for the A ring.



Fig. 17. Left panel: VIMS-retrieved 3.6 lm maximum continuum wavelength and corresponding water ice temperature scale (horizontal dashed lines) for the 10 observations
considered in this work. From observation (I) to (X) the sub-solar latitude, or solar elevation angle, decreases from �23.5� to 2.6�. When the sub-solar latitude is negative
VIMS observes the south face of the ring plane, (I) to (IX), when positive the north face, (X). Right panel: CIRS-retrieved ring’s temperature during 7 of the 10 observations
considered in this work. From top to bottom the sub-solar latitude, or solar elevation angle, decreases from �23.5� to 2.6�. In some observations, like in (VIII), are shown the
data taken across two consecutive radial scans: this explain the differences observed across the C ring.
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The seasonal temperature trends measured by VIMS from 2004
to 2010 are shown in Fig. 18 where the variations observed on two
400 km-wide zones taken across A–B–C rings and CD are reported:
with the exclusion of some points corresponding to (VII) mosaic (at
�13.7� sub-solar latitude) a decrease of the 3.6 lm peak position,
and therefore of the temperature, is seen on each region of the
rings when the solar elevation angle decreases. For symmetry,
we should expect an increase after the equinox, to be verified with
more recent datasets. The maximum spectral shift of the 3.6 lm
peak position is seen on the inner A ring (r = 124,900–
125,300 km) where it moves of about 10 nm from about 3.63 lm
to 3.53 lm between observations taken in 2004 and 2010.

Without entering in a discussion about ring particles thermal
properties, which is beyond the scope of this paper, we want to
point out the importance to integrate VIMS results into different
thermo-physical models derived from CIRS observations (Spilker
et al., 2006; Ferrari and Leyrat, 2006; Morishima et al., 2009). VIMS
surface temperature in fact are interesting to better constrain the
thermal properties of the particles’ outer layer which is very sensi-
tive to the three main contributions of heating: direct solar flux,
saturnshine and Saturn’s thermal emission on dayside arc of the
orbit while only Saturn’s thermal emission at T = 95 K is active on
the nightside arc of the orbit.
6. Detection of organic features

In this section we report about the possible detection of organic
material’s absorption bands on VIMS ring spectra. As discussed in
Section 3.2, we have evidences that spectral slopes becomes posi-
tive (or red) when water ice particles are polluted by chromoph-
ores like carbonaceous particles (Cuzzi and Estrada, 1998),
complex organics coming from the irradiation of simple hydrocar-
bons (Johnson et al., 1983; Moore et al., 1983), amorphous silicates
(Poulet et al., 2003), iron or hematite submicron grains (Clark et al.,
2008), tholins intimately mixed in water ice grains (Poulet et al.,
2003; Ciarniello et al., 2011) or combinations of these materials.
With the aim to verify the presence of these contaminants we have
focused our analysis on the 3.2–3.5 lm spectral range where
organic material’s absorption bands are located: aromatic hydro-
carbons, structured in benzene rings which form polycyclic aro-
matic hydrocarbons (or PAH), can be recognized thanks to the
diagnostic stretch mode at 3.29 lm. The aliphatic material, struc-
tured along carbon chains, shows diagnostic features caused by
the methylene (CH2) stretch modes around 3.42–3.52 lm.

The detection of these organic material features is in general
very difficult in VIMS rings spectra because the signal to noise
(SNR) conditions are very poor in 3.2–3.5 lm range (see Fig. 5)
and the spectral resolution similar or lower to the width of these
signatures. Since is impossible to perform a reliable identification
of any organic features on moderate to high phase observations,
we have restricted our analysis on low phase-high signal mosaic
(X) which, despite the short integration time (80 ms) has the high-
est SNR in the 3.2–3.5 lm spectral range among all observations
considered in our analysis (see Figs. 4 and 5).

In the resulting A, B, C rings and CD reflectance spectra, shown
in Fig. 19, is possible to recognize the faint absorptions centered at
3.42 and at 3.52 lm arising from the symmetric and asymmetric



Fig. 18. Seasonal changes of the 3.6 lm maximum continuum wavelength measured by VIMS (blue points). Blue arrows indicate the corresponding temperature scale for
pure water ice. CIRS-derived temperature points are in red. From top left to bottom right panels two different 400 km-wide radial positions taken on C, B, CD and A rings are
sampled between �23.5� to 2.6� solar elevation angles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

60 G. Filacchione et al. / Icarus 241 (2014) 45–65
stretch of CH2 in aliphatic hydrocarbons, respectively (Cruikshank
et al., 2008). The 3.29 lm polycyclic aromatic hydrocarbons signa-
ture is not evident on these VIMS spectra.

For a more accurate analysis of the features we have normalized
the spectra to the local continuum calculated through a 3rd-degree
least-square polynomial fit between 3.26 and 3.58 lm. The result-
ing spectra, shown in Fig. 20 indicate that the two aliphatic fea-
tures at 3.42 and 3.52 lm are persistent across the entire ring
system. The PAH feature at 3.29 lm is much less obvious to detect:
this is a consequence of the removal of the continuum, affected by
the presence of the relatively strong 3.1 lm peak’s shoulder at
shorter wavelengths or by the intrinsic weakness of the band.

For the two aliphatic features we have measured the radial pro-
file of the 3.42 and 3.52 lm band depths which are shown in
Fig. 21. The 3.42 lm band shows a significant increase in the inner
part of the C ring, up to about 0.08. A second maximum at 0.06 is
measured on the CD. Across A and B rings the band depth is in
average about 0.03 and never negative. This is an indication that
the absorption feature is detected also where the signal is low.
The radial distribution of the 3.42 lm band depth has similarities
with the S0.55–0.95 spectral slope shown in Fig. 8. The 3.52 lm band
depth is more uniform and equal to about 0.03 across the entire
ring system.

VIMS data show an increase of the 3.42 lm band depth of about
2–3 times across the C ring with respect to the B ring. This is a con-
firmation of the results reported by Poulet et al. (2003) which have
detected the presence of the 3.4 lm aliphatic feature in the ratio of
average C/B ring spectra, as a result of enrichment of the aliphatic
compound on the C ring.

Conversely, the PAH aromatic feature at 3.29 lm, detected by
VIMS on the dark material units of Iapetus leading hemisphere,
Phoebe and Hyperion (Cruikshank et al., 2008; Coradini et al.,
2008; Clark et al., 2008, 2012; Tosi et al., 2010; Dalton et al.,
2012; Dalle Ore et al., 2012), seems to be very faint on C rings



Fig. 19. Average reflectance spectra showing the two aliphatic hydrocarbon
absorption features at 3.42–3.52 lm on A, B, C rings and CD. Error bars on
reflectances correspond to the 3 sigma level.

Fig. 20. Continuum-removed reflectance spectra showing the two aliphatic hydrocarbo
3.29 lm signature is influenced by the presence of the nearby Fresnel’s peak at 3.1 lm.
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and CD spectra and difficult to detect on A and B rings due to the
proximity of the relatively strong 3.1 lm Fresnel peak. These prop-
erties of the organic features could help us to trace the origin of the
chromophores observed in the Saturn’s system. In fact, a similar
prevalence of the aliphatic bond outnumbering the aromatic com-
ponent is frequently observed, from interstellar to interplanetary
scale distances (Pendleton and Allamandola, 2002). This is the case
n absorption features at 3.42–3.52 lm on A, B, C rings and CD. The retrieval of the
Error bars on reflectances correspond to the 3 sigma level.

Fig. 21. Radial profile of the aliphatic hydrocarbon band depths at 3.42–3.52 lm.
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of the diffuse interstellar medium (ISM) towards the active galactic
nucleus IRAS 08572+3915 (Dartois et al., 2007) where organic
material is associated to hydrogenated amorphous carbon (HAC)-
rich dust particles; in comet 81P/Wild 2 samples returned by the
Stardust mission (Keller et al., 2006) and in interplanetary dust
particles (IDP) (Flynn et al., 2008).

Based on this evidence we can argue that the organic material
observed across the Saturn’s system can be classified in two sepa-
rate components: the aliphatic one that prevails across inner rings
while the aromatic hydrocarbons component dominates across the
outer satellites (Hyperion, Iapetus leading hemisphere, Phoebe).
The low level of aliphatic material (band depth at about 0.03)
observed in A and B ring particles could be an evidence of their pris-
tine composition (Charnoz et al., 2009). Conversely, low-density
rings such as the C ring and the CD are more susceptible to being
altered compositionally by meteoroid bombardment (Cuzzi and
Estrada, 1998) resulting in a higher concentration of carbonaceous
particles and aliphatic material (band depth at about 0.06–0.08).

Apart from those preliminary considerations, further steps are
necessary to better investigate the nature and distribution of the
organic material features because the ring reflectance between
3.2 and 3.5 lm is affected by water ice amount, grain size and tem-
perature: the strong 3.0 lm water ice band dominates at shorter
wavelengths, reducing the reflectance to few percent; the intensity
of the reflectance around the 3.6 lm peak is strongly grain size-
dependent, as discussed in Section 3.4; finally, the position of the
3.6 lm peak and the slope between 3.2 and 3.6 lm are tempera-
ture-dependent (Section 5). In particular is interesting to note in
Fig. 19 how much the continuum around the 3.52 lm band
changes with the temperature: in fact it is very close to the local
maximum on cold A–B rings while it moves on the wing of the
strong 3.0 lm water ice band on warmer C ring and CD spectra.
This means that to disentangle organic composition from water
ice, grain size and temperature is necessary to adopt a radiative
transfer model in which these parameters can be simulated for
the different rings regions. A similar effort is currently under devel-
opment and shall be addressed by a next paper (III).
7. Discussion and conclusions

In this paper an extensive sub-set of VIMS rings data, made up
of ten radial mosaics for a total of 101,566 VIS–IR spectra returned
by VIMS from 2004 to 2010 has been analyzed. After having
reduced these hyperspectral data mosaics in radial spectrograms
at 400 km spatial resolution, we have obtained a comprehensive
view of Saturn’s main rings in a variety of illumination and viewing
geometries. Taking advantage of a similar dataset, several VIS–IR
spectral indicators tailored to determine albedo, visual reddening,
water ice abundance, regolith grain size and temperature were
applied. Such indicators are measured across the entire radial axis
from inner C ring to outer A ring, giving us the possibility to ana-
lyze the changes induced by phase angle and elevation angle on
each region of the ring system.
7.1. Composition

The distribution and mixing of the chromophores bond in water
ice particles is traced thanks the radial profiles shown in Figs. 7–10.
The two visible S0.35–0.55–S0.55–0.95 spectral slopes profiles show
opposite behavior: across the high optical depth A–B rings the
S0.35–0.55 slope reaches the maximum reddening while the S0.55–

0.95 slope is minimum. Conversely, the S0.55–0.95 slope profile has
two maxima across the low optical depth regions, the C ring and
the CD, where the S0.35–0.55 slope has minimum values. Water ice
1.5–2.0 lm band depths are strongly spatially correlated with the
S0.35–0.55 slope, reaching maximum depths across outer B ring
and A ring. Since the two spectral slopes are correlated to the
amount of chromophores and how these contaminants are mixed
with water ice particles, we can infer the composition for the main
spectral classes observed:

� A–B rings: the high S0.35–0.55 slope reddening joined to a more
neutral S0.55–0.95 slope is compatible with an intraparticle–intra-
molecular embedding of UV-blue absorbing chromophores in a
very abundant water ice matrix (Nicholson et al., 2008). The
high concentration of the water ice is confirmed by the strong
1.5–2.0 lm band depths and high I/F(0.55) (see Fig. 6).
� C ring–CD: the high S0.55–0.95 slope points to the presence of dark

chromophores in areal mixing with water ice particles. These
two regions appear much darker than A–B rings as a conse-
quence of the low optical depth and of the presence of a larger
fraction of dark material dispersed among ice grains (Hedman
et al., 2013).

The general compositional properties of the ring’s particles as
derived from VIMS observations are in agreement with the compo-
sitional trend foreseen by the ballistic transport model (Cuzzi and
Estrada, 1998) in which dark material, residuum of meteoritic and
cometary bombardment on the ring plane, concentrate where opti-
cal depth is lower.

7.2. Regolith grain size

Two different methods, based on the comparison of the 2.0 lm
band depth (Fig. 10) and I/F(3.6) / I/F(1.8) ratio (Fig. 11) with pure
water ice laboratory spectra, were applied. The resulting grain
sizes for A–B–C rings and CD are summarized here:

� A–B rings: �80–100 lm from 2.0 lm band depth; 50–80 lm
from I/F(3.6) / I/F(1.8) ratio.
� C ring: 20–50 lm from both 2.0 lm band depth and I/F(3.6) / I/

F(1.8) ratio.
� CD: 50–60 lm from 2.0 lm band depth; <30 lm from I/F(3.6) /

I/F(1.8) ratio.

The regolith grain sizes derived by applying these two different
spectral indicators converge on very similar results on A, B and C
rings. Estimates for C ring and CD could be invalidated by the larger
concentration of contaminants. In the past, several attempts were
made to estimate the typical size of the water ice particles by using
the diagnostic absorption features in the near infrared. The regolith
grain size retrieved by Pollack et al. (1973) and Clark and McCord
(1980) was in the tens of microns range, similar to the results we
have obtained on A–B rings.

7.3. Phase-dependent effects

Both visible spectral slopes (Figs. 12 and 14) and water ice band
depth (Figs. 13 and 15) change with the illumination conditions
(Veverka et al., 1978; Hapke, 1993): at low and at high phases in
addition to the multiple scattering, the opposition surge and the
forward scattering effects, respectively, influence the color
response of the icy particles. A similar behavior is common for
all ring regions, from low density C ring and CD to high density
A–B rings. VIMS data confirm the extreme red color of the A–B
observed on Voyager data (Estrada and Cuzzi, 1996).

7.4. Regolith temperature

The temperature of the ring particles is derived using the posi-
tion of the 3.6 lm continuum peak calibrated on crystalline water



G. Filacchione et al. / Icarus 241 (2014) 45–65 63
ice spectra measured in laboratory (Fig. 16). VIMS data indicate
that temperature is anticorrelated with the albedo: low-albedo C
ring and CD have higher temperatures than A–B rings where
albedo is high. This trend is in agreement with CIRS temperature
measurements (Spilker et al., 2013). Since albedo and optical depth
are correlated among them across rings, we observe a similar anti-
correlation between temperature and optical depth too. Further-
more, with the exception of the CD, the temperature decreases
with the distance from Saturn. The availability of data taken at dif-
ferent solar elevation angle allow us to follow how seasonal
changes influences the ring’s temperature. Mosaics acquired across
both solar and antisolar ansae allow us to retrieve the temperature
diurnal changes: across the C ring VIMS measures higher temper-
atures on the solar ansa than on the antisolar one. Finally, compar-
ing co-located VIMS and CIRS temperature measurements
performed at the same time (observation II, phase angle 30.7�,
solar elevation angle �22�, see Fig. 17) we have seen the following
trend across rings:

� A ring: VIMS measures T � 105 K (inner edge) to T � 88 K (outer
edge); CIRS measures T � 90 K (inner edge) to T � 82 K (outer
edge).
� B ring: VIMS measures T � 115 K (inner edge) to T � 88 K (outer

edge); CIRS measures T � 90 K (inner edge) to T � 89 K (outer
edge).
� C ring: VIMS measures T � 148 K (inner edge) to T � 115 K

(outer edge); CIRS measures T � 107 K (inner edge) to T � 90 K
(outer edge).
� CD: VIMS peak temperature T � 115 K; CIRS peak temperature

T � 100 K.

C ring and CD temperatures measured by VIMS through the
3.6 lm peak position method are in general much higher than cor-
responding ones reported by CIRS (Altobelli et al., 2008; Leyrat
et al., 2008; Spilker et al., 2013). Deviation from pure water ice
composition and different skindepth sampled by the two instru-
ments are possible causes of these deviations. Conversely, the
two instruments give similar results on the outer regions of the
A–B rings.

7.5. Organic material

We report the detection of faint features associated with
organic material on low phase–high SNR observations. In particular
the spectral signature of the aliphatic compounds at 3.42 lm
appears stronger on CD and C ring than on A–B rings, in agreement
with the results reported by Poulet et al. (2003). The PAH aromatic
feature at 3.29 lm, detected by VIMS on the dark material units of
Iapetus leading hemisphere, Phoebe and Hyperion is not evident
on rings spectra. Based on these results out of the way we specu-
late that the organic material observed across the Saturn’s system
can be classified into two separate components: the aliphatic com-
ponent prevailing across inner rings while the aromatic hydrocar-
bons component dominates on the outer satellites surfaces.

7.6. Future works

We plan to follow the investigation exposed in this work in two
other successive papers. Paper II, led by M. Ciarniello, shall be
devoted to the spectral modeling of ring particles by using a Monte
Carlo raytracing simulation applied to particulate media. A
description of the method we plan to exploit is given in
Ciarniello et al. (2014). Paper III, led by D. Cruikshank and C. Dalle
Ore will investigate the spectral properties and radial distribution
of the organic compounds detected in 3.2–3.5 lm spectral range
using the same data clustering technique employed in Dalle Ore
et al. (2012).
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