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A B S T R A C T

This work is the second in a series of manuscripts devoted to the investigation of the spectrophotometric
properties of Saturn’s rings from Cassini-VIMS (Visible and Infrared Mapping Spectrometer) observations. The
dataset used for this analysis is represented by ten radial spectrograms of the rings which have been derived in
Filacchione et al. (2014) by radial mosaics produced by VIMS. Spectrograms report the measured radiance factor
I/F of the main rings of Saturn as a function of both radial distance (from 73500 to 141375 km) and wavelength
(0.35–5.1 µm) for different observation geometries (phase angle ranging in the 2°–132° interval). We take ad-
vantage of a Monte Carlo ray-tracing routine (Ciarniello et al., 2014) to characterize the photometric behavior of
the rings at each wavelength and derive the spectral Bond albedo of ring particles. This quantity is used to infer
the composition of the regolith covering ring particles by applying Hapke’s theory. Four different regions,
characterized by different optical depths, and respectively located in the C ring, inner B ring, mid B ring and A
ring, have been investigated. Results from photometric modeling indicate that, in the VIS-NIR spectral range, B
ring particles are intrinsically brighter than A and C ring particles, with the latter having the lowest albedo,
while the single particle phase function of the ring’s particles is compatible with an Europa-like or Callisto-like
formulation, depending on the investigated region. Spectral modeling of the inferred Bond albedo indicates that
ring spectrum can be reproduced by water ice grains with inclusion of organic materials (tholin) as a UV ab-
sorber intimately mixed with variable amounts of other compounds in pure form (carbon, silicates) or embedded
in water ice grains (nanophase hydrated iron oxides, carbon, silicates, crystalline hematite, metallic iron, troi-
lite). The abundance of tholin decreases with radial distance from C ring (0.2–0.6%) to A ring (0.06%) for the
selected regions. Its distribution is compatible with an intrinsic origin and is possibly related to the different
plasma environment of the different ring regions. The identification of the other absorber(s) and its absolute
volumetric abundance is uncertain, depending on the adopted grain size and mixing modality (intraparticle or
intimate). However, assuming a common composition of the other absorber in the ring plane, we find that its
abundance anti-correlates with the optical depth of the investigated regions, being maximum in the thinnest C
ring and minimum in the thickest mid B ring. In the case of the C ring, an additional population of low-albedo
grains is required to match the positive spectral slope of the continuum in the 0.55–2.2 µm interval, represented
by an intraparticle mixture of water ice and a spectrum similar to troilite or metallic iron. The distribution of the
darkening compounds is interpreted as the result of a contamination by exogenous material, which is more
effective in the less dense regions of the rings because of their lower surface mass density of pure water ice.
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1. Introduction

The Cassini spacecraft has been orbiting in the Saturnian system
since 2004. After the period of the nominal mission (July 2004 - June
2008), the activity of the spacecraft was extended up to 2010 (Cassini-
Huygens Equinox Mission) and has completed the third and final stage
(Cassini Solstice) by September 15, 2017. During this long period the
VIMS (Visible Infrared Mapping Spectrometer) instrument acquired a
large spectral dataset of the Saturnian rings. The VIMS experiment
(Brown et al., 2004; McCord et al., 2004) consists of two imaging
spectrometers: VIMS-V and VIMS-IR. The first one covers the VIS-NIR
range (0.35–1.05 µm) using 96 spectral channels with a sampling of ≈
7.3 nm/band and instantaneous field of view (IFOV) of 500 µrad ×
500 µrad (nominal) or 166 µrad × 166 µrad (high resolution). The
latter works at infrared wavelengths (0.885–5.1 µm, 256 channels,
Miller et al. (1996)) with 16 nm/band spectral sampling and IFOV of
500 µrad × 500 µrad (nominal) or 250 µrad × 500 µrad (high re-
solution). The spectral capabilities of the instrument allowed the in-
vestigation of the composition of the different regions of the rings
characterizing the physical properties of the regolith which covers the
ring particles as shown in Nicholson et al. (2008), Cuzzi et al. (2009),
Filacchione et al. (2012) and Hedman et al. (2013). The results of these
studies indicate that Saturn’s rings are composed mainly of water ice
with grain size from tenths to hundreds of microns (Nicholson et al.,
2008; Filacchione et al., 2012) contaminated by the presence of a
darker component absorbing the light in the UV region, whose origin
(organic or mineral) is still debated (Poulet et al., 2002a; Poulet and
Cuzzi, 2002; Clark et al., 2012). Along with these spectral studies many
works investigated the photometry of the rings at visible wavelengths
and small phase angles mainly using observations from Hubble Space
Telescope (Cuzzi et al., 2002; Poulet et al., 2002b; French et al., 2007a;
2007b; Déau et al., 2009; Salo and French, 2010) and from Cassini
(Déau et al., 2013; Déau, 2015). The study of the rings phase curve at
large phase angle has been described in Dones et al. (1993) and
Salo and Karjalainen (2003) using Voyager data and by Déau (2015)
using Cassini images.

The photometric behavior of the rings is typically described as-
suming that single scattering is the dominant process in the light-par-
ticle interaction (Dones et al., 1993; Cuzzi et al., 2002), using what we
define here as a ”classical” approach, and neglecting the contribution
from inter-particle radiative scattering. These models, as described in
Section 2 have the advantage of being analytical and provide a rela-
tively good approximation of ring photometry at Earth-based observa-
tion geometries when particle albedo is moderate and the filling factor
of the ring plane ϕ (i.e. the fraction of volume occupied by particles) is
small. Conversely, at large phase angles, the classical equation which
describes ring reflectivity (I/F) is applicable only for low optical depth
(τ) regions (with I/F∝τ) where multiple scattering, typically significant
in the forward scattering regime, can be considered as negligible
(Cuzzi et al., 2002).

An alternative approach, able to overcome the limitations imposed
by the single scattering approximation, is given by Monte Carlo ray-
tracing. This method, as shown in Salo and Karjalainen (2003),
Salo et al. (2004), Stankevich and Shkuratov (2004),
Shkuratov et al. (2005) and Salo and French (2010) represents a
powerful tool to describe light scattering in particulate media in the
geometric optics limits. The advantage of numerical simulations with
respect to the classical analytical methods is that the physical properties
of the medium (filling factor, optical depth, particle size distribution,
particle albedo and particle phase function) can be accurately de-
scribed, and their effects on the final output can be studied in more
detail. Moreover, a Monte Carlo approach gives the possibility to ex-
plore variable observations geometries, from small to large phase an-
gles. Of course the limitation of this technique is represented by the
computational time, that in the most complex cases can be fairly long.

In this work, we use the Monte Carlo ray-tracing method described

in Ciarniello et al. (2014) to investigate the photometric behavior of
Saturn’s rings as seen by VIMS, in order to infer their physical prop-
erties and study the dependence of ring spectra on observation geo-
metry, comparing the simulations to real data. This approach allows us
to determine the spectral Bond albedo of ring particles in the instru-
ment wavelength range and this quantity will be used to derive the
composition of the regolith covering the surface of ring particles by
applying Hapke’s model (Hapke, 1993; Ciarniello et al., 2011).

In Section 2 the ”classical” single scattering analytical model will be
discussed and compared to the results of the Monte Carlo simulations.
The VIMS dataset analyzed in this work is described in Section 3 and
the methods adopted to determine the ring Bond albedo spectrum and
derive regolith composition are in Section 4. Results from the com-
parison between observations and computer simulations are reported in
Section 5 while a discussion of the dependence of the spectral behavior
on the phase angle is in Section 6. In Section 7 the outcome of the
spectral fitting and the derived ring composition are discussed. Finally,
we summarize the results of this study in Section 8.

2. Limits of the single scattering approximation

The radiative transfer equation for a finite particulate medium like
the ring plane can be solved analytically in the case of single scattering
approximation (Chandrasekhar, 1960). Under this assumption, the ra-
diance factor I

F
of the lit side of the rings can be expressed by the fol-

lowing equation:
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where i, e and g are the incidence, emission and solar phase angles with
respect to the plane of the rings, As the spectral Bond albedo (e.g total
fraction of incident irradiance at a given wavelength λ scattered by a
body into all directions (Hapke, 1993)), P(g,λ) the single particle phase
function (SPPF), and τ the optical depth. In this section we investigate
under which conditions, in terms of observation geometry, optical
depth and filling factor, this equation can be rigorously applied. In
order to perform this task we make use of a Monte Carlo ray-tracing
routine as described in Ciarniello et al. (2014). In this approach the
path of each single photon packet is traced from the Sun to the observer
after interaction with ring particles. The output of the routine is the
reflectance of the rings in a given geometry, which is proportional to
the total energy carried by the photon packets reaching the observer.
The ring is modeled as a slab of spherical particles with given As and
SPPF. In the routine, the As represents the fraction of energy of the
photon packet surviving at each scattering, while the SPPF determines
statistically the direction of the scattered photons. The depth of the slab
is adjusted to match the optical depth for a certain filling factor. For
given configurations of observation geometry and ring structure, we
compare Monte Carlo simulations with results from Eq. (1). In all the
simulations we assume solar elevation angle β 20= ∘ (i 70= ∘) because
this value is typical for the Saturn’s rings illumination conditions of the
dataset used in this work (see Section 3). We model the ring plane as-
suming combinations of optical depth and filling factors in the fol-
lowing ranges:

• ϕ [0.01, 0.1]=
• τ [0.1, 2]=

and adopting a Callisto-like single particle phase function (see
Section 4). This formulation of the SPPF has been shown to approx-
imate the ring photometric properties (Dones et al., 1993). Results are
summarized in Fig. 1. The simulated phase curves are positively cor-
related with the Bond albedo and show the expected global behavior of

M. Ciarniello et al. Icarus 317 (2019) 242–265

243



the I/F as a decreasing function of the phase angle. The surge of the
signal at small phase angles commonly referred to as opposition effect
(OE) can also be recognized. This phenomenon primarily depends on
inter-particle shadowing and, as shown in the simulations, it is more
significant when optical depth approaches unity (producing a more
intense surge) and filling factors are relatively large (affecting a larger
interval of phase angles around 0°). It is worth mentioning that the OE
can also be produced by intrinsic effects taking place in the regolith
covering the ring particles, like shadow hiding and coherent back-
scattering, as reported in Salo and French (2010).

From the comparison between Monte Carlo simulations and the
predicted output of Eq. (1) it can be noted that the single scattering
approximation holds for low Bond albedos, with the exception of the
opposition effect (OE) region which needs to be modeled independently
(French et al., 2007b; Salo and French, 2010) and the portion of the
phase curve at very large absolute values of the emission angle, where
an increase of the output can be observed in the simulations. For in-
creasing As the match worsens because of the growing contribution of
multiple scattering which dominates at large phase angles (Dones et al.,
1993; Salo and Karjalainen, 2003) and increases with τ. This indicates

that for observations acquired at low-intermediate phase angles Eq. (1)
satisfactory describes the photometry of the rings in the low-albedo
regime, but this is not the case of Cassini data, which span across a large
set of phase angles and observation geometries ( 1 130≈ −∘ ∘), thus re-
quiring the adoption of a different approach, which in this work is re-
presented by Monte Carlo ray-tracing. Concerning the effect of the
filling factor, the simulations point out that it mostly affects the OE
region. Along with this, an increase of the overall albedo with ϕ can
also be noted, in particular for the smallest optical depths. We attribute
this to the fact that, for a given optical depth, larger values of ϕ cor-
respond to a ring structure progressively more similar to a monolayer,
with the most of the signal produced by light scattered by the upper
portion of the particles. In this configuration, light scattered by one
particle has a lower probability of being intercepted by others with
respect to the case of a low-filling factor and vertically-extend ring. This
also explains the difference between simulations and the output pro-
duced by Eq. (1), in particular for the low optical depths. In fact, al-
though at these values of τ the output is driven by single scattering,
Eq. (1) is derived to model light scattering in a many-particle thick
medium.

Fig. 1. Simulated reflectance curves as a function of emission angle. A Callisto-like SPPF is assumed. Incidence angle is i 70= ∘ for all simulations, filling factor ϕ
increases from top to bottom and optical depth τ from left to right. Notice that τ is set to 0.2 in the bottom-left panel, instead of 0.1 as for the other plots in the same
column: this is due to the fact that for a monodisperse distribution of spherical particles with ϕ 0.1= the minimum achievable τ is ≈ 0.16. The scattering plane
contains the normal at the surface of the rings and both the incidence and emission directions are relative to the lit side of the ring plane. Emission angle is reported as
negative for light emitted on the opposite side of the illumination direction, with respect to the normal. The phase angle is then g i e= − . Data from Monte Carlo
simulations are shown with solid lines while dotted lines refer to Eq. (1). In each plot, three set of curves are drawn for A 0.2, 0.5, 0.7,s = in black, blue and red,
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Ring spectrograms

In Filacchione et al. (2014), VIMS data1 of the Saturnian rings from
10 observation sequences have been rearranged to compose radial
mosaics at different observations geometries with a radial binning of
400 km, spanning from 73500 km (D ring external edge) up to
141375 km (F ring) of Saturn radial distance. The collection of these
mosaics at each wavelength of the VIMS range (0.35–5.1 µm) for a
single observation sequence is referred to as spectrogram. Each spec-
trogram is a matrix with two dimensions: radial and spectral. It allows
investigating the spectral properties of the rings as a function of the
distance from Saturn. As stated above, spectrograms have been pro-
duced for different observation sequences that correspond to different
observation geometries (Sun illumination angle, emission angle and
phase angle) as well as spatial resolutions at the ring plane. For a given
wavelength and radial position R it is then possible to retrieve an I/F(λ)
profile as a function of the observation geometry (e.g. phase angle) as
shown in Fig. 2. The error associated to the reflectance for each spec-
trogram was derived in Filacchione et al. (2014) accounting for the raw
average signal measured in each radial bin and the average sky level,
and it is below 1% in the range 0.35–2.5 µm where signal is larger,
increasing up to 15 20%− at longer wavelengths, where the typical
spectrum of the rings has lower radiance values. The level of noise
increases for spectrograms acquired at large phase angles because of
reduction of the photometric output at these geometries. Along with
this, other sources of uncertainty on the derived reflectance can be
considered:

• spectrograms are computed by means of azimuthal averages taken
on the proximity of the ring ansa, thus azimuthal asymmetries
(French et al., 2007a; Salo et al., 2004) can increase the dispersion;

• depending on the spacecraft-rings distance, the pixel projection on
the ring plane can be larger than the radial binning, in particular at
large emission angles, reducing the effective spatial resolution of the
spectrogram and mixing the signal coming from different regions;

For these reasons the error reported in Filacchione et al. (2014) can
be considered as a lower limit of the real uncertainties associated with
the reflectance level in the spectrograms.

4. From reflectance profiles to ring composition

Reflectance profiles derived from spectrograms give us the possi-
bility to characterize the photometric properties of the rings (particle
spectral Bond albedo and phase function) and to obtain clues on ring
structure. This can be done by matching the observed reflectance with
simulations produced by means of the Monte Carlo ray tracing code.
The output of the simulations depends on the modeled ring optical
depth, filling factor, SPPF and As. We assume as the optical depth for a
given radial distance the one derived from UVIS occultations (Fig. 3,
Colwell et al. (2010)), while from the match between the measured
profiles and the simulation we retrieve ϕ, SPPF and As.

Given the relatively long computational time of Monte Carlo si-
mulations it was possible to explore only a limited number of the
combinations of these quantities, then, for a given optical depth, we
generated ring models combining selected filling factors (i.e. ring
physical thicknesses) in the range 0.01-0.25 with three different SPPFs
characterized by a progressive increment of back-scattering response:
Lambertian, Europa-like and Callisto-like (Fig. 4). Such SPPFs have
been already adopted in ring studies (Dones et al., 1993; Salo and
French, 2010), given their behavior which is in better agreement with

ring photometric properties with respect to more isotropic or forward
scattering formulations.

For each model a simulation is produced, assuming the geometries
of VIMS observations, for all the possible values of ring particle spectral
Bond albedo in the 0-0.8 range (at step of 0.01). The result is a family of
reflectance profiles which are compared to the measured one, wave-
length by wavelength; a least square method applied to the phase
curves for each wavelength was used to derive the best fit to the re-
flectance, thus determining the spectral Bond albedo, the single particle
phase function and the filling factor of the investigated region. The
result of this procedure allows us to decouple the photometric proper-
ties from the spectral ones that are described by the Bond albedo
spectrum. To retrieve the compositional properties of the regolith
which covers ring particle we finally model the spectral Bond albedo.
The Bond albedo is the total fraction of incident irradiance scattered by
a body in all directions. This definition can be applied also to ring
particles; thus, if the reflectance of each surface element of the particle
is r(ip, ep, gp), the Bond albedo As is given by:

Fig. 2. I/F scatterplot at 0.55 µm as a function of phase angle g for a region of
the B ring at R 94300= km. The points correspond to the ten VIMS observations
analyzed in this work. The dispersion is caused by the different values of g, i and
e characterizing each observation. Error bars are computed according to
Filacchione et al. (2014).

Fig. 3. Optical depth profile of the rings from UVIS stellar occultations
(Colwell et al., 2010) interpolated at VIMS rings’ spectrograms 400 km radial
scale.

1 VIMS data used in Filacchione et al. (2014) have been calibrated by means
of the RC17 version of the calibration pipeline (Clark et al., 2012), currently
used at the time of the publication.
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A
π

r i e g μ d d1 ( , , ) Ω Ωs π π p p p p i e2 2 p p∫ ∫=
(2)

where ip, ep, gp are the incidence,emission and phase angles of a given
particle’s surface element and dΩip and dΩep are the increments of solid
angle along the incidence and emission directions, respectively. From
an estimate of As is then possible to determine the physical properties of
the surface if a model for r(ip, ep, gp) is provided. In this paper we
achieve this task by using the Hapke model, whose formulation is re-
ported below:
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with μ cos e( ),p p= μ cos i( )p p0 = and where w is the single scattering
albedo (SSA), p(gp) is the single grain phase function and H(x, w) are the
Chandrasekhar functions, which are involved in the computation of the
multiple scattering contribution. In Eq. (3) we omitted the opposition
effect, surface roughness and porosity terms (Hapke, 2008; 2012;
Ciarniello et al., 2014). The former can be ignored since its contribution
to the integral in Eq. (2) can be neglected, while the other two have
been set to 1 in order to minimize the number of free parameters of the
model.

It can be shown (Van de Hulst, 1974) that in the case of an isotropic
scattering surface, p g( ) 1,p = the Bond albedo can be expressed as:

A γH1S 1= − (4)

where γ w1= − and H xH x dx( )1 0
1∫= is the first momentum of the

Chandrasekhar function. This expression can be extended to an aniso-
tropic scattering surface by means of the similarity relations
(Hapke, 1993), thus substituting w and γ by

w b
bw

w* 1
1

= −
− (5)

γ w* 1 *= − (6)

where b is the asymmetry parameter of the single grain phase function,
modeled with the Henyey–Greenstein equation (Henyey and
Greenstein, 1941). If the AS of ring particles is known, it is possible to
invert Eq. (4) to retrieve the SSA (w). Recently, Cuzzi et al. (2017,
2018) propose an additional correction to the Bond albedo, before it is
converted to SSA, with the aim to take into account for ring particles
roughness. In our approach we do not include this effect, and this is
discussed in Section 7.7. The SSA is directly linked to the composition

of the investigated medium and can be modeled by means of Hapke’s
theory (Hapke, 2012) to determine the composition of the regolith
covering ring particles. This can be done straightforwardly by applying
Eqs. (4,5) and (6) if a determination of b is given. In order to derive the
asymmetry parameter, we consider a single ring particle, assumed as
spherical. It scatters light following the relation below (Hapke, 2012):

I J A
P g

π
(Ω) (Ω )

( )
4s0=

(7)

where I(Ω) is the radiance scattered into Ω direction, J(Ω0) is the solar
irradiance coming from Ω0 and P(g) is the SPPF of the ring particle. We
recall here that g is the observation phase angle of the ring plane and
that necessarily g gp= . The same quantity of Eq. (7) can be expressed as
follows

I
πR

J r i e g μ dA(Ω) 1 (Ω ) ( , , )
p A ill vis p p p p2 ( , ) 0∫=

(8)

where r(ip, ep, gp) is the reflectance of the regolith, dA is a surface ele-
ment, Rp the particle radius and A(ill, vis) represents the portion of
surface both illuminated and visible. Because dA R dΩp p

2= with dΩp the
solid angle subtending dA, from the comparison between Eqs. (7) and
(8) we can express the single particle phase function as:

P g
A

r i e g μ d( ) 4 ( , , ) Ωp
s A ill vis p p p p p( , )
∫=

(9)

The asymmetry parameter can then be determined as the value that
inserted into p(gp) (modeled as the Heyney–Greenstein function) in the
definition of r(ip, ep, gp) (Eq. (3)) provides the best match with Eq. (9).
Its value depends on the SSA (linked to As by Eq. (4)) and can be de-
termined in a numerical way.

5. Photometric analysis

In this work we focus our analysis on four regions of the rings: the
first pertains to C ring at R 81100= km (C81100, τ 0.094= ), the second
is relative to a low density region in the B ring (R 94300= km, B94300,
τ 1.4= ), the third is in the outer B ring, where the optical depth is
larger (R 106700,= B106700, τ 4.6= ) and the latter is in the A ring
(R 131900,= A131900, τ 0.6= ). Here we present the results of the
comparison between measured reflectance profiles and simulated ones
for all the positions defined above. As stated in Section 4 this method
allows us to characterize the filling factor of the ring plane, the single
particle phase function and eventually the spectral Bond albedo of the
ring particles. In Fig. 5, as an example, different simulated reflectance
profiles are shown for various filling factors and different single particle
phase function, assuming the observation geometry and optical depth
(τ 1.4= ) of the B94300 region and A 0.5s = . It can be noted that var-
iations in the filling factor affect the shape of the reflectance profile and
the overall output level as well, with an increase for larger ϕ, while the
single particle phase function drives the global behavior with phase
angle.

The comparison between measured reflectance profiles and simu-
lations has been performed for all the wavelengths in the VIMS range.
For each given combination of filling factor (ı) and SPPF (j) we compute
a cost function Cı, j(λ) depending on the wavelength λ, as follows:

C λ
I F λ g I F g A λ

I F λ g N
( )

( / ( , ) / ( , ( ) ))

/ ( , *)
g

sim
s

obs
ı,j

ı,j ı,j
2

2=
∑ −

(10)

where g is the phase angle of each observation, I/F and I F/ sim
ı,j are the

measured and simulated radiance factors respectively, As(λ)ı, j is the
best fit spectral Bond albedo for that combination of filling factor and
phase function, g* is the phase angle for a selected observation geo-
metry and N 10obs = is the number of points in the phase curve. The
quality of the resulting fit for a given combination of filling factor, SPPF
and spectral Bond albedo As(λ)ı, j is defined by the median residual over

Fig. 4. Single particle phase functions: Callisto-like (solid), Europa-like (dash-
dotted) and Lambertian (dashed).The isotropic SPPF is reported for comparison
(dotted).
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λ, Res C λMedian[ ( )]ı,j= . This quantity is considered in the evaluation
of the accuracy of the different ring models, along with qualitative
considerations concerning the global description of the measured
photometric behavior. We notice here that, in principle, the ring par-
ticle phase function is a wavelength dependent quantity. However, our
method selects an average behavior of the SPPF over the VIMS spectral
range. In order to account for the wavelength dependence of SPPF we
should be able to produce Monte Carlo models with a large number of
different single particle phase function, which is impractical. Given this,
our result must be considered as representative of the average spec-
trophotometric response of the investigated region.

5.1. C81100

In Fig. 6, we report the best fits at λ= 0.55 µm for a series of in-
vestigated models for the selected region in the C ring. Given the low
optical depth we explored a maximum filling factor of ≈ 0.04, which
corresponds to a ring depth of ≈ 1.5 times the particle size. Because of
the marked back-scattering behavior of the measured reflectance curve
only the Callisto and Europa SPPFs have been investigated. Although a
best-fit model can be defined in terms of the Res parameter, it can be
noted that more than one model provide a reasonably good match to
the measured reflectance curve. This is due to the interplay among the
ring filling factor, phase function and albedo. In particular a reduction

of the filling factor is compensated by an increase of As and/or a more
back-scattering SPPFs. The corresponding best-fit spectral As for each
model is shown in Fig. 7. With the aim to provide a conservative esti-
mate of the spectral Bond albedo we then define two possible solutions
for As, which represent an upper and a lower limit of our derivation, by
averaging separately the two solutions with the Callisto-like SPPF
(C81100a), and the two with the Europa-like (C81100b) (Fig. 17).

5.2. B94300

In Figs. 8 and 9, we report the best fits at λ= 0.55 µm for a series of
investigated models for the selected region in the B ring. As for the C
ring, given the backscattering behavior of the phase curve we explore
only models with Callisto-like and Europa-like SPPF, while ϕ varies
from 0.01 to 0.2. At first, similarly to Section 5.1, all the models have
been produced assuming a constant filling factor vertical profile (in-
dicated as const in the plots) in the ring plane (Fig. 8). However,
Salo and Karjalainen (2003) and Salo and French (2010) suggest that in
the B ring the filling factor may decrease as a function of the height z
above the ring plane, due to a concentration of larger particles in the
central layers. This should explain the ”tilt-effect”, which is the
brightning of the rings at increasing emission angles (Lumme et al.,
1983; Salo and French, 2010). A realistic vertical distribution of the
particles in the rings can be obtained by means of N-body simulations

Fig. 5. Simulated I/F as a function of the phase angle for various filling factors and phase functions (indicated in the plots) for the ten VIMS observations geometries
relative to B94300 region with optical depth τ 1.4= and Bond albedo fixed to As = 0.5. The dispersion of the points in each plot is caused by the different values of g,
i and e characterizing the observations.
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(Salo, 1995; Salo et al., 2001) and is beyond the scope of this work, but
we empirically accounted for this effect assuming a gaussian (indicated
as gauss in the plots) distribution of the filling factor with z, in a second
set of simulations (Fig. 9). In this case a maximum average filling factor
ϕ 0.15= has been modeled, corresponding to a ring thickness of ≈ 5
particle diameters, which allows only a gross approximation of a
gaussian profile. Larger average filling factors require smaller slab
thickness, for which makes even less sense to define a gaussian filling
factor profile.

The comparison between Figs. 8 and 9 shows a global reduction of
the Res value for the models described by a gaussian filling factor in-
dicating the Callisto-like SPPF as the best fit, with different values of the
average ϕ. However, two models based on the Europa-like SPPF

(assuming constant and gaussian ϕ) provide comparable good fits. The
corresponding spectral bond albedo of these models are shown in
Fig. 10. As done for the C ring region we have averaged separately the
best (Res≤ 0.005) Callisto-like (B94300a) models and Europa-like
models (B94300b) and plotted them in Fig. 17. It can be noted that for
increasing filling factors the retrieved As is typically smaller. It is im-
portant to mention that larger concentrations of particles in the ring
mid-plane can be obtained by means of different vertical filling factor
profiles and not uniform particle size distribution, and may potentially
provide smaller best-fit As’s. The exploration of further scenarios, al-
though meaningful for the aim of this study, is limited by computa-
tional time constraints.

5.3. B106700

In Figs. 11 and 12 we report the best fits at λ= 0.55 µm for a series of
investigated models for the optically thickest of the two selected regions
in the B ring. With respect to the reflectance curve of the other studied
regions, B106700 shows a less backscattering behavior. Given this,
along with Callisto-like and Europa-like SPPFs, also models with a
Lambertian phase function are considered. As for the B94300 region,
we include models with both constant (Fig. 11) and gaussian (Fig. 12)
filling factor profiles.

For all the investigated models the gaussian filling factor profile
provides a better match to the observations, and among these we can
select four solutions with comparable Res values ≤ 0.007. The corre-
sponding spectral bond albedo is indicated in Fig. 13. These all pertain
to models adopting Europa-like phase curves, and variable filling fac-
tors. In particular, it can be noted that solutions with the lowest ϕ
(0.05-0.1) provide a better match at small phase angles, but are notably
worse at high g where the I/F is largely overestimated with respect to
the models with smaller average porosity (ϕ 0.2 0.25= − ). The overall
level of As is larger for the low filling factor solutions, indicating a
compensation effect between porosity and Bond albedo (Fig. 13). Also
in this case, in order to account for this variability, two final solutions
are provided by separately averaging the high (ϕ 0.2, 0.25,=
B106700a) and low (ϕ 0.05, 0.1,= B106700b) filling factor models
(Fig. 17).

5.4. A131900

In Figs. 14 and 15 we report the best fits at 0.55 µm for a series of
investigated models for the selected region in the A ring. Given the
backscattering behavior of the phase curve we explore Callisto-like and
Europa-like SPPFs and as for the B ring, we include models with both
constant (Fig. 14) and gaussian (Fig. 15) filling factor profiles. In the
second case, we explore up to an average ϕ 0.05,= which, for τ 0.6,=
corresponds to a ring thickness of ≈ 8 particle diameters.

It can be noted that, for the A ring, the average quality of the
photometric fit is worse with respect to the previous cases. A possible
explanation of this can be represented by the observed azimuthal
asymmetry in reflected light measured in the A ring (Dones et al., 1993;
Salo et al., 2004; French et al., 2007a). Such an effect is induced by the
presence of self-gravity wakes which produce a variation of the pho-
tometric output and depends on the observer elevation angle and on the
wakes orientation with respect to the line of sight. The formation of
gravity wakes can be modeled by means of N-body dynamical simula-
tions (Salo et al., 2004), that are not included in the present analysis.
The best matches (Res≤ 0.018) are obtained using the Callisto-like
SPPF, with comparable results for the constants (0.01 0.05 0.1− − ) and
the gaussian (0.05) filling factors. As for the other investigated regions,
the best-fit models show an anti-correlation between the estimated As

and ϕ (Fig. 16). With the aim to account for this variability, also in this
case, two different solutions are produced, representing a lower
(A131900a) and an upper (A131900b) limit of the estimated albedo, by
averaging separately the two models with the smallest (ϕ 0.1= const

Fig. 6. Fitted reflectance profiles at λ= 0.55 µm for C81100 region (red: Monte
Carlo models; black: VIMS data), for various filling factors and SPPFs, as in-
dicated in the plots. The const label indicates that the filling factor profile is
assumed as constant along the vertical direction in the ring plane (in Section 5.2
the use of a gaussian filling factor profile is also introduced). Error bars on
Monte Carlo models are upper limits from uncertainties on observation geo-
metry. The Res value is indicated and is calculated across the whole spectral
range (see Section 5). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 7. Best-fit spectral As’s as derived from photometric fits of C81100 re-
flectance curves. The filling factor, phase function and Res value (in parenth-
esis) of the corresponding photometric models are indicated. The const label
indicates that the filling factor profile is assumed as constant along the vertical
direction in the ring plane (in Section 5.2 the use of a gaussian filling factor
profile is also introduced). Missing parts of the spectrum correspond to the
instrument order sorting filters junctions.

M. Ciarniello et al. Icarus 317 (2019) 242–265

248



and ϕ 0.05= gauss) and the largest (ϕ 0.05= const and ϕ 0.1= const)
spectral albedos, respectively (Fig. 17).

6. Phase dependent effects

As shown in Filacchione et al. (2014) spectral properties of the rings
vary with observation geometry. In particular, it has been observed that
spectral slopes in the VIS-IR range and water absorption features at 1.5
µm and 2 µm increases with phase angle (Filacchione et al., 2012). Also
Cuzzi et al. (2002) pointed out dependence of color ratios on phase
angle, while they appear to be independent on the ring opening angle. A
possible explanation for this behavior is represented by the different
contribution of the multiply scattered component for different wave-
lengths, in accord with the albedo value, that introduces a spectral
dependence on the reflectance phase curve. In this respect, two me-
chanisms can contribute to multiply scattered light: multiple scattering
in the regolith covering ring particles and inter-particle scattering in the
ring plane. For example, in the latter case, the expected effect can be
described by the following reasoning. If we assume a back-scattering
SPPF for the ring particles, the photometric output at small phase an-
gles is dominated by light scattered once within the ring plane, while at
high phase angles multiple scattering provides a larger contribution
(see Fig. 1 and the variation of the reflectance curve shape at different
albedos). If As(λ1) < As(λ2) for the two different wavelengths λ1, λ2,
the corresponding reflectance ratio I F g λ

I F g λ
/ ( , )
/ ( , )

2 2
1 1

increases with g because of
the progressively larger contribution of multiple scattering at λ2 with
respect to λ1. For a given shape of the Bond albedo spectrum such an

effect will systematically provide a steepening of the spectral slope of
the continuum and a deepening of the absorption features with the
phase angle. Given this, we can then investigate whether inter-particle
scattering explains the dependence of the ring spectral properties on
phase angle. As an example we show in Fig. 18 the spectral slope in the
VIS S ,0.35 0.55− in the IR S0.55 0.95− and the band depth at 1.5 µm BD1.5μm,

following the definition given in Filacchione et al. (2012) and
Filacchione et al. (2014), as a function of the phase angle for selected
models of the four investigated regions. It can be noted that the ob-
served dependence on g is partially reproduced by simulations, in-
dicating that inter-particle scattering contributes to this effect. This, on
the other hand, does not exclude any additional contribution due to
multiple scattering in the ring particles regolith, as suggested by
Cuzzi et al. (2002).

It must be mentioned that an increase of the spectral slope with the
phase angle, commonly referred to as ”phase reddening” has been ob-
served also in the case of very dark objects (Ciarniello et al., 2015;
Ciarniello et al., 2017) and in laboratory measurements and reflectance
simulations of low albedo/opaque samples (Schröder et al., 2014). This
suggests another possible contribution, not necessarily related to the
multiple scattering interaction, that produces spectral variability with
phase angle. Such a process could be responsible for the observed phase
reddening of the C ring, which, although within the error, seems un-
derestimated by our simulations, and partially for the A ring.

Fig. 8. Fitted reflectance profiles at λ= 0.55 µm for B94300 region (red: Monte Carlo models; black: VIMS data), for various filling factors and SPPFs, as indicated in
the plots. Filling factor profiles are assumed constant. Error bars on Monte Carlo models are upper limits from uncertainties on observation geometry. The Res value is
indicated and is calculated across the whole spectral range (see Section 5). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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7. Spectral modeling

The retrieved spectral Bond albedos are reported in Fig. 17. For all
the investigated regions water ice absorption features dominate the
spectrum (1.5, 2 and 3 µm) while the continuum is characterized by a
pronounced reddening towards short wavelengths, in the UV–VIS in-
terval (0.35–0.55 µm). The continuum spectral slope at wavelengths
longer than 0.55 µm changes sign passing from C81100 ring to

B106700. In particular, the C ring appears to be redder with respect to
the others rings, with a positive VIS-NIR spectral slope from 0.55 µm to
2.2 µm, water ice absorption features much less pronounced than B and
A rings and the lowest average albedo. The C ring also presents the
smallest reddening in the 0.35–0.55 µm interval. In the range 0.55–0.95
µm the spectral slope is neutral for B94300 and negative for B106700,
while, beyond 1.5 µm, it is negative in both cases, with a larger absolute
value for B106700, which has also the highest overall albedo. A131900
has a spectral behavior similar to B94300, with a lower albedo, but
deeper 1.5 and 2 µm absorption features. The observed spectral red-
dening has been related to the presence of different contaminants in
water ice, that separately affect the 0.35–0.55 µm and the 0.55–0.95 µm
spectral slopes (Nicholson et al., 2008; Filacchione et al., 2014). In
particular, as shown in the case of Saturn’s moons, the UV–VIS ab-
sorption can be produced by different materials, including iron-bearing
components (Clark et al., 2012) and carbon-rich organic compounds
(tholins) (Cruikshank et al., 2005; Ciarniello et al., 2011). In addition to
these, the overall albedo level and spectral features contrast can be
determined by broad-band absorbers which also affect the VIS-NIR
slope. Along with crystalline water ice (optical constants from
Warren (1984),Mastrapa et al. (2009) and Clark et al. (2012)) here we
investigate a series of end-members (hereafter referred to as con-
taminants) of planetary interest which may prove significant for the
ring spectral un-mixing. This is performed by applying the well-known
Hapke’s theory (Hapke, 1993), which allows to compute the SSA of a
given mixture of different materials as a function of their optical

Fig. 9. Fitted reflectance profiles at λ= 0.55 µm for B94300 region (red: Monte Carlo models; black: VIMS data), for various filling factors and SPPFs, as indicated in
the plots. Filling factor profiles are assumed gaussian. The indicated value of ϕ refers to the average filling factor of the slab. The gaussian profile is defined such that
the standard deviation is 1

6≈ of the total slab depth, thus providing ϕ≈ 0 at slab boundaries. Error bars on Monte Carlo models are upper limits from uncertainties on
observation geometry. The Res value is indicated and is calculated across the whole spectral range (see Section 5). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Best-fit spectral As’s as derived from photometric fits of B94300 re-
flectance curves. The filling factor (average value and vertical profile type),
phase function and Res value (in parenthesis) of the corresponding photometric
models are indicated. Missing parts of the spectrum correspond to the instru-
ment order sorting filters junctions.
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constants, abundances, grain sizes and mixing modality (areal, in-
timate, intraparticle). The compounds selected for our analysis are
listed below, while their optical constants are shown in Fig. 19

• Tholin: these are macro-molecular solids formed by irradiation of
organic compounds (CH4, C2H6) often in presence of N2. For our
purpose we adopted a so called ”Titan tholin” (Khare et al., 1984;
McDonald et al., 1994; Imanaka et al., 2004; Imanaka et al., 2012),
obtained in gaseous phase from a 0.9:0.1 mixture of N2/CH4 (optical
constants are from D. Cruikshank, personal communication)

• Hematite: nano-phase hydrated iron oxides with nano-phase me-
tallic iron have been proposed by Clark et al. (2012) as an UV ab-
sorber for Iapetus, Phoebe, Hyperion, Dione, the F-ring and the
Cassini Division. Here we adopt two sets of optical constants for iron
oxides: one corresponding to nano-phase hydrated iron oxides from
R. Clark (personal communication) and one from the average of
crystalline hematite optical constants of the two sets presented by
Sokolik and Toon (1999). It should be noted that crystalline he-
matite optical constants are significantly different from the nano-
phase hydrated iron oxides with embedded nano-phase metallic iron
proposed by Clark et al. (2012).

• Iron: sub-micron and nano-phase iron have been adopted in
Clark et al. (2012) to model Iapetus spectrum. At larger grain size it
is a viable candidate as a broad-band absorber. Here we assume
optical constants reported in Clark et al. (2012).

• Troilite: iron sulfides have been proposed by Quirico et al. (2016) as
opaque phases contributing to the extremely low albedo (0.06,

Ciarniello et al. (2015)) of comet 67P. Troilite spectrum lacks di-
agnostic features from 0.3 to 2.6 µm (Britt et al., 1992) and is
characterized by a red slope across this wavelength range. The op-
tical constants used in this work are from Pollack et al. (1994) which
reports the results derived from laboratory measurements in the 0.3
to 1 µm range by Egan and Hilgeman (1977) and extrapolated va-
lues at larger wavelengths.

• Silicates: in our analysis we consider both crystalline and amor-
phous silicates. For the former we assume optical constants by
Pollack et al. (1994) while amorphous silicates (also referred to as
”astronomical silicates”) are described by the optical constants de-
rived in Laor and Draine (1993).

• Amorphous carbon: similarly to iron, amorphous carbon is char-
acterized by a low albedo and featureless spectrum across the in-
vestigated spectral range. Here we adopt the optical constants de-
rived by Zubko et al. (1996), for hydrogenated amorphous carbon,
obtained from arc discharge between carbon electrodes in H2 at-
mosphere.

As a first step for ring spectral inversion we assume a simple model
made of an intimate mixture (”salt and pepper”) of two different po-
pulations of particles. The first population is represented by icy grains
embedding one of the contaminants described above (intraparticle
mixture, see Ciarniello et al. (2011) for further details on mixing
modalities) while the second is either represented by one of the con-
taminants in pure form or by an ice-contaminant intraparticle mixture.
As shown below, since all the contaminants investigated here are much

Fig. 11. Fitted reflectance profiles at λ= 0.55 µm for B106700 region (red: Monte Carlo models; black: VIMS data), for various filling factors and SPPFs, as indicated
in the plots. Filling factor profiles are assumed constant. Error bars on Monte Carlo models are upper limits from uncertainties on observation geometry. The Res
value is indicated and is calculated across the whole spectral range (see Section 5). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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more absorbing than water ice at short wavelengths, the first popula-
tion is aimed to provide the UV absorption (UV absorber), while the
second population of particle is meant to adjust the overall albedo level
and spectral contrast (broad-band absorber), with an approach similar
to Hedman et al. (2013).

In order to investigate the spectral effect of the various con-
taminants and mixing modalities on the modeled spectrum we show in
Fig. 20 and Fig. 21 intimate mixtures of ice with different contaminants
and ice-contaminant intraparticle mixtures, respectively, for variable
end-members abundances. For the selected grain size (30 µm) it can be
noted (Fig. 20) that adding pure amorphous carbon, or astronomical
silicates to the mixture yields basically the same effect, with a reduction
of the overall albedo and spectral contrast, and flattening of the spectral
slope. A similar effect is given by crystalline hematite, which introduces
a slightly blue slope across the spectrum and minor structures at shorter

wavelengths. Conversely, crystalline silicates, even in small amounts
(≤ 5%) introduce the crystal field absorptions of Fe2+ at 0.9 µm. Along
with a general reduction of the albedo, iron and troilite introduce a
positive slope increasing with contaminant abundance. It can be also
noted that iron increases the albedo at longer wavelengths. Finally,
Titan tholin, produces a reduction of the albedo followed by a broad
absorption feature shortward of 1 µm.

Ice-contaminant intraparticle mixtures are shown in Fig. 21. This
mixing modality is more effective in modifying pure water ice spectral
properties, with significant effects already at contaminant concentra-
tion well below 1%. In this case, although with a different magnitude,
both amorphous carbon and amorphous silicate provide a broad ab-
sorption at smaller wavelengths with less than 0.1% abundance. Crys-
talline silicate, even in larger amounts, produce a much smaller spectral
reddening, which is accompanied by the deepening of the 0.9 µm

Fig. 12. Fitted reflectance profiles at λ= 0.55 µm for B106700 region (red: Monte Carlo models; black: VIMS data), for various filling factors and SPPFs, as indicated
in the plots. Filling factor profiles are assumed gaussian. The indicated value of ϕ refers to the average filling factor of the slab. The gaussian profile is defined such
that the standard deviation is 1

6≈ of the total slab depth, thus providing ϕ≈ 0 at slab boundaries. Error bars on Monte Carlo models are upper and lower limits from
uncertainties on observation geometry. The Res value is indicated and is calculated across the whole spectral range (see Section 5). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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feature. Iron and troilite introduce a significant reddening of the
spectrum, characterized by a positive slope extending from the VIS to
the NIR. Crystalline hematite mixtures are characterized by a sharp
downturn of the spectrum at wavelength below 0.7–0.8 µm, accom-
panied by a less steep slope extending beyond 1 µm. A different beha-
vior is shown when the nano-phase form of the iron oxide is embedded
in water ice, yielding an absorption qualitatively similar to iron, but less
intense. Finally, tholin intraparticle mixtures show a relatively sharp
reddening starting below 0.9–1 µm. According to these simulations, it

can be noted that both crystalline hematite and tholin intraparticle
mixtures show spectral properties that are compatible to the ones ob-
served in the main rings at UV wavelengths.

7.1. Small icy particles

A quick comparison of the derived ring Bond albedo spectra
(Fig. 17) with the simulations shown in Figs. 20 and 21 points out that
large water ice grains exhibits a peak at 2.6 µm, which is not observed
in the data. This issue was addressed in Clark et al. (2012) with the
inclusion in the model of fine icy grains (micron-sized or small), which
depress the 2.6 µm peak. Additional effects are a lower reflectance at
longer wavelengths and a reduced 1.5 µm absorption feature. This
difference is due to the possibility for small grains to partially develop
light diffraction. In fact, in a particulate medium, large particles are in
contact one each other and light diffraction is prevented (Hapke, 2012),
while small grains can be relatively well separated. The SSA in the case
of an isolated spherical particle can be be modeled by means of Mie
theory, which naturally includes diffraction, thus leading to a different
spectral output with respect to the case when diffraction is neglected, as
shown in Clark et al. (2012), Fig. 22b of their paper.

Given this, we include in our spectral models a third population of
ice sub-micron particles (grain size = 0.2 µm). For the computation of
the SSA of the sub-micron component Mie theory is applied, while the
particle geometric cross section is assumed as the extinction cross sec-
tion of the grains.

Fig. 13. Best-fit spectral As’s as derived from photometric fits of B106700 re-
flectance curves. The filling factor (average value and vertical profile type),
phase function and Res value (in parenthesis) of the corresponding photometric
models are indicated. Missing parts of the spectrum correspond to the instru-
ment order sorting filters junctions.

Fig. 14. Fitted reflectance profiles at λ= 0.55 µm for A131900 region (red: Monte Carlo models; black: VIMS data), for various filling factors and SPPFs, as indicated
in the plots. Filling factor profiles are assumed constant. Error bars on Monte Carlo models are upper limits from uncertainties on observation geometry. The Res
value is indicated and is calculated across the whole spectral range (see Section 5). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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7.2. B94300a initial spectral modeling

With the aim of selecting the most plausible ring compositional
paradigm among the large number of possible scenarios available with
the selected end-members, we performed a first spectral un-mixing of
B94300a As spectrum, which exhibits intermediate spectral and albedo
properties. The derived compositional paradigm will then be adopted to
perform a more accurate spectral modeling and will be adapted to the
other ring regions.

7.2.1. The UV absorber
In order to define the best candidate for the UV absorption, several

models of B94300a were produced, with a mixture of different com-
binations of intraparticle ice-contaminant grains, pure amorphous

carbon grains2 and pure water ice sub-micron grains. As expected from
the simulations shown in Fig. 21, reasonably good fits are obtained only
when separately tholin or crystalline hematite are included.3 In Fig. 22
we show two best-fit models which include ice-tholin and ice-crystal-
line hematite particles, respectively.

It can be noted that the ice-crystalline hematite model does not fully
match the measured spectrum at wavelengths < 0.6 µm, being char-
acterized by a less steep spectral slope. Based on this, we consider tholin
as the best-fitting UV absorber, confirming the finding of
Cuzzi et al. (2018). It must be mentioned that more complex models
involving a larger number of free parameters (different grain sizes and
populations) may provide good fits also with other compounds, such as
nano-phase hydrated iron oxides and nano-phase iron, as shown by
Clark et al. (2012) for Saturn’s icy satellites, thus the identification of
tholin as an UV absorber may not be definitive, although it gives the
best match with the compositional paradigm adopted in this work.
However, the non-unicity of the solutions from radiative transfer
spectral inversion, is a well-known intrinsic limit of this approach,
emphasized in the case of candidate end-members which are char-
acterized by a limited number of diagnostic features in the investigated
spectral range.

7.2.2. The broad-band absorber
Following the same approach of Section 7.2.1, models with ice-

tholin grains and pure sub-micron ice mixed with a third population
made of either pure contaminant or ice-contaminant grains have been
analyzed, with the aim to select the best candidate as broad-band ab-
sorber.

• Ice-tholin grains and sub-micron ice mixed with pure contaminants: in
Fig. 23 we report a series of best-fit models with Ice-tholin grains
mixed with pure contaminants. In each plot we indicate the optical
abundances of the different end-members, instead of volumetric
fractions. This refers to the fractional cross section of a given end-
member as seen by the propagating photon within the medium. The
rationale of this choice is that the typical fitted grain size (from tens
to hundreds of microns depending on the material) of the broad-
band absorber is large enough to provide complete absorption of the
light passing through the grains, making the spectral output not
sensitive to the grain size. This means that for sizes larger than a
given value, the corresponding volumetric abundances of the ab-
sorber can be arbitrarily large, without affecting the spectral output.
Conversely, this is mostly driven by the optical abundance of the
absorber, that is in fact fairly uniform among the different mixtures
that produce good matches.
It can be noted that amorphous carbon and amorphous silicates
provide the best fits. The main differences between the modeled and
measured spectra are found at longer wavelengths ( > 2.7 µm)
where amorphous carbon and amorphous silicates models match the
average signal level, but only approximate the observed spectral
shape. Possible explanations to this mismatch will be discussed later
in Section 7.3. Mixtures with crystalline hematite produce a com-
parable match, although providing a slightly larger value of albedo
at longer wavelengths, while tholin introduces a positive spectral
slope in the continuum across 1 µm. Further testing for the other
investigated regions of the rings reveals that these effects are more
pronounced when larger amount of contaminants are required (C
ring), providing a worsening in the spectral fit. Finally, mixtures
with pure iron and troilite grains are not compatible with the ring
spectrum. Crystalline silicates mixtures distinctly display the 0.9 µm

Fig. 15. Fitted reflectance profiles at λ=0.55 µm for A131900 region (red:
Monte Carlo models; black: VIMS data), for various filling factors and SPPFs, as
indicated in the plots. Filling factor profiles are assumed gaussian. The in-
dicated value of ϕ refers to the average filling factor of the slab. The gaussian
profile is defined such that the standard deviation is 1

6≈ of the total slab depth,
thus providing ϕ≈ 0 at slab boundaries. Error bars on Monte Carlo models are
upper and lower limits from uncertainties on observation geometry. The Res
value is indicated and is calculated across the whole spectral range (see
Section 5). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 16. Best-fit spectral As’s as derived from photometric fits of A131900 re-
flectance curves. The filling factor (average value and vertical profile type),
phase function and Res value (in parenthesis) of the corresponding photometric
models are indicated. Missing parts of the spectrum correspond to the instru-
ment order sorting filters junctions.

2 As shown later, the choice of amorphous carbon as a broad-band absorber
does not affect the characterization of the UV absorption.
3 For brevity, all the investigated models including the different contaminants

embedded in water ice are not shown.
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and 1.9 µm absorption features and are not considered for brevity.4

• Ice-tholin grains and sub-micron ice mixed with ice-contaminant grains:
The required VIS-NIR absorption may be obtained, in principle,
adding ice-contaminant grains to the ice-tholin and the sub-micron
grains populations. Such a model requires one more free parameter,
which is represented by the fraction fCont of contaminant embedded
in water ice. In Fig. 24 a series of best-fit models with ice-tholin
grains and sub-micron ice grains mixed with ice-contaminants
grains are shown. As for Fig. 23, in each plot we indicate the optical
abundances of the different end-members, along with the fraction
fCont of the embedded contaminant. It can be noted that the fit
quality is comparable to results obtained with intimate mixtures
involving ice-tholin and pure contaminants. On the other hand, with
the proper fraction of embedded contaminant, all the shown mate-
rials may provide reasonable fits. This is caused by the fact that the
fraction fCont of the absorbing material and the grain size of the ice-
contaminant population can be both adjusted to minimize the cor-
responding spectral contrast.

From the comparison between the models reported in Figs. 23 and
24 it emerges that a unique determination of the population causing the
VIS-NIR absorption in ring spectra cannot be achieved from this ana-
lysis. In particular, different end-members embedded in water ice or in
pure form may provide the required nearly-neutral spectral properties.
This is in fact indicated by the similar retrieved optical abundances of
the VIS-NIR broad-band absorber (17-20%) among the different best-
fitting models, which appears to not depend on the particular end-
members and mixing modalities.

Given this, for the spectral modeling of the rings described in the
following sections, we have assumed that the broad-band absorber is
present in pure form, thus reducing the number of free parameters.
Moreover, to be qualitatively consistent with the results of
Cuzzi et al. (2018) we adopted amorphous carbon as the selected end-
member. As described above, since the presented spectral modeling is
not sensitive to the grain size of the broad-band absorber, we arbitrarily
assume a grain diameter of 10 µm for the amorphous carbon particles.
As show in Fig. 25 this size approximately represents a threshold be-
yond which all light passing through the single carbon grain is com-
pletely absorbed. From this argument it follows that the absolute vo-
lumetric amount of the broad-band absorber cannot be determined,
being a model-dependent quantity. On the other hand, assuming that
the contaminant properties (composition and grain size distribution)
are the same across the rings, the resulting contaminant abundance is
meaningful in relative terms.

7.3. B106700 spectral models

In Fig. 26a and b, we show the best fits obtained for the B106700
region for the two albedo solutions (B016700a and B106700b) derived
from the photometric analysis, following the paradigm described in the
previous section (7.2.2), with ice-tholin grains, pure water ice sub-mi-
cron particles and 10 µm size amorphous carbon grains. In each plot we
show the best-fit (Sol1) and two extreme solutions (Sol2 and Sol3) in
terms of water ice-tholin grain size, which provide a match with com-
parable accuracy, with the aim to constrain the range of variability of
the free parameters in the model. The results are summarized in
Tables 3 and 4. According to the two sets of solutions the typical ice-
tholin grain size is approximately in the range 60–130 µm while the
volumetric amount of amorphous carbon varies in the 0.2–0.8% in-
terval. The abundance of tholin embedded in water ice grains is 0.06-
0.1%, while the optical abundance of amorphous carbon varies between
2 and 5%, depending on the overall albedo level. It can be noted that
the match of the spectrum at longer wavelengths ( > 3 µm) is not fully
satisfactory, although the albedo level is grossly matched. This is pos-
sibly related to a more complicated water ice size distribution than the
one assumed here, with further populations of small grains (micron-
sized and sub-micron sized). Moreover, the interpretation of the mod-
eling result in this spectral region is further complicated by issues re-
lated with the assumed water ice optical constants. As stated above, for
our analysis we take advantage of the optical constants from
Clark et al. (2012), which in the IR part of the spectrum are derived
from Mastrapa et al. (2009) after proper corrections. In particular,
Clark et al. (2012) reports that original measurements in the 3–5.1 µm
from Mastrapa et al. (2009) were affected by scattering contamination.
The measured optical constants then have been modified in such a way
that spectra simulated by means of Hapke theory, adopting the mod-
ified refractive indexes, where matched to laboratory reflectance
spectra measurements on water ice grains. This effort produced im-
proved optical constants, but their values may partially be affected by
the particular set of parameters adopted in the Hapke models. Along
with this, Filacchione et al. (2014) showed that ring spectral properties
are affected by temperature variation on seasonal basis, with a sig-
nificant effect on the position of the 3.6 µm peak. Temperature also
produces a minor variation of the peak intensity (Clark et al., 2012).
However, we cannot account for this variability in the present analysis,
given that the observations investigated in this work have been ac-
quired in different periods of Saturn’s seasonal cycle. For these reasons,
the result of the presented spectral modeling in 3–5.1 µm range, for the
different investigated ring regions in this work, must be considered with
caution. Finally, the models also do not fully match the larger strength
of the 1.25 µm ice band, providing a further indication that more
complex grain size distributions are needed to produce better fits. Al-
though an impact of these issues on the interpretation of the con-
taminants abundances cannot be excluded, this should be of limited

Fig. 17. Final solutions for the spectral Bond albedo of the
four investigated ring regions (indicated in the plot). Two
solutions for each region have been derived, representing
the two extremes of the model-dependent albedo varia-
bility (see Sections 5.1–5.4). Missing parts of the spectrum
correspond to the instrument order sorting filters junctions.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)

4 According to our models these absorption features may fully saturate only
assuming mm-sized grains.
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extent, since the derived amounts of the non-icy materials are mainly
driven by the spectral behavior towards UV wavelengths and by the
overall albedo level.

7.4. B94300 spectral models

In Fig. 27a and b, we show the best fits obtained for the B94300
region for the two albedo solutions (B94300a and B94300b) derived
from the photometric analysis, following the paradigm described in
Section 7.2.2. As for Section 7.3, in each plot we show the best-fit (Sol1)
and two extreme solutions (Sol2 and Sol3) in terms of water ice-tholin
grain size which provide a match with comparable accuracy. The re-
sults are summarized in Tables 5 and 6. According to the two sets of

solutions the typical ice-thol grain size is approximately in the range
60–130 µm while volumetric amounts of amorphous carbon varies in
the 1–3% interval. The abundance of tholin embedded in water ice
grains is 0.1-0.2%. The optical abundance of amorphous carbon ranges
between 10 and 18%, depending of the overall albedo level.

7.5. A131900 spectral models

In Fig. 28a and b, we show the best fits obtained for the A131900
region for the two albedo solutions (A131900a and A131900b) derived
from the photometric analysis, following the paradigm described in the
previous section (7.2.2). As for Section 7.3, in each plot we show the
best-fit (Sol1) and two extreme solutions (Sol2 and Sol3) in terms of
water ice-tholin grain size which provide a match with comparable
accuracy. The results are summarized in Tables 7 and 8. According to
the two sets of solutions the typical ice-thol grain size is in the range
210–300 µm while volumetric amount of amorphous carbon varies in
the 1.4-1.8% interval. The abundance of tholin embedded in water ice
grains is 0.06%, with an approximately constant value for the different
solutions. The optical abundance of amorphous carbon is in the 20–26%
interval.

7.6. C81100 spectral models

C81100 spectral modeling performed by assuming the paradigm
previously applied to B and A ring does not provide a good match of the
observed spectral shape. In particular, the addition of a neutral spec-
trally-flat absorber is not able to reproduce the positive spectral slope
that characterize C81100 spectrum up to 2.2 µm. In order to improve
the spectral match an additional population of grains is required.
Extensive analysis of the different possible scenarios indicate that the
best match can be obtained by adding grains composed by water-ice
embedding troilite inclusions (ice-troilite) or alternatively iron (ice-
iron). In order to deal with a minimum number of free parameter this
additional population is assumed to have the same grain size of ice-
tholin grains. For brevity, below we show only the case including ice-
troilite particles, but a brief discussion of ice-iron fits will be given as
well. The derived spectral models are in Fig. 29a and b, where we show
the best-fit (Sol1) and two extreme solutions (Sol2 and Sol3), in terms
of water ice-tholin grain size which provide a match with comparable
accuracy. The results are summarized in Tables 9 and 10. According to
the two sets of solutions the typical ice-thol grain size results in the
range 35–80 µm while the volumetric amount of amorphous carbon
varies in the 7–13% interval. The abundance of tholin embedded in
water ice grains is 0.2-0.6%, while the total amount of troilite is 0.6-
1.5%. Ice-troilite grains in the mixture act as a broad-band absorber, as
show in Fig. 21g, concurring with amorphous carbon to reduce the
albedo level and introducing a positive spectral slope across the VIS-
NIR spectral range. The optical abundance of amorphous carbon and
ice-troilite grains varies between 14–30% and 25–29%, respectively,
while their sum, which represent the total contributions of the dar-
kening populations is 43–55%.

If ice-iron grains ( f 0.023 0.027Iron = − ) are adopted within the
mixture instead of the ice-troilite population, spectral fits of similar
quality are obtained. However, given the lower albedo of ice-iron
grains, the abundance of amorphous carbon is typically shifted towards
smaller amounts, with best-fits giving ≈ 3% and ≈ 2% for C81100a
and C81100b, respectively. Similarly to the ice-troilite case, the total
optical abundance of amorphous carbon grains and ice-iron grains is
44–54%.

7.7. Discussion

The results from spectral modeling of the retrieved Bond albedos for
the four investigated regions are summarized in Fig. 30 and indicate
that regolith composition varies across the ring plane but maintains
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Fig. 18. From top to bottom: Spectral slope in the VIS range S ,0.35 0.55− in the IR
S0.55 0.95− and band depth at 1.5 µm BD1.5µm as a function of the phase angle for
the four investigated regions: C81100 (red), B94300 (blue), B106700 (purple)
and A131900 (orange). Asterisks represent all the selected simulations (see
Sections. 5.1–5.4) and triangles are VIMS data. An offset of 2 μm 1− and 1 μm 1−

has been added to the S0.35 0.55− values of B106700 and B94300, respectively. An
offset of 3 μm ,1− 2 μm 1− and 1 μm 1− has been added to the S0.55 0.95− values of
B106700, B94300 and A131900, respectively. BD1.5µm is offset for B106700 and
B94300 of 1 and 0.5, respectively. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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elements of continuity. The paradigm of water ice mixed with tholin
and amorphous carbon is able to reproduce the spectral behavior
measured by VIMS in the densest rings. C ring modeling requires an
additional population of particles, that may be represented either by ice
with inclusions of troilite or ice embedding iron. The amount of tholin
increases moving from A to the inner B ring with largest abundances in
the C ring. In all the cases tholin is present in minimal amounts ranging
from 0.06 to 0.6 %. The radial distribution of tholin in the ring plane is
in good agreement with the one derived for the ring spectral UV ab-
sorber in Hedman et al. (2013), with the largest amounts measured in
the inner B and C rings and suggests an intrinsic origin. In
Hedman et al. (2013) the increase of the UV absorber in these regions
has been related to a different plasma environment. In particular,
Crary (2010) indicated that, for Saturn radial distances smaller than
99000 km, particle orbits instabilities (Northrop and Hill, 1983; Jontof-
Hutter and Hamilton, 2012) would deplete ring interior of negative
ions. Such a modification in the ionization state of the ring population
could have effects also in the chemical reactions and physical processes
(e.g. radiolysis, photolysis) producing tholins.

More complicated is the interpretation of the abundance of the end-
members that produce broad-band absorption within the rings. As
mentioned above, the nature and the absolute amount of the broad-
band absorber cannot be uniquely determined, depending dramatically
on the mixing modalities of contaminants and their albedo properties,
in particular when strongly absorbing materials are involved. While A
and B rings can be modeled reasonably well by adding one population
of absorbing grains (amorphous carbon in our models) to ice-tholin
grains, C ring spectral modeling indicates that two populations of dark
end-members (amorphous carbon and Ice-troilite or Ice-iron) are

Fig. 19. Real (top) and imaginary (bottom) part of the refractive index of dif-
ferent materials considered for ring spectral un-mixing. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 20. Intimate mixtures of ice and different contaminants. From left to right and top to bottom: carbon (a), amorphous silicate (b), crystalline silicate (c), iron (d),
crystalline hematite (e), troilite (f) and Titan tholin (g). The abundance of contaminant is indicated in the plots. Grain size is 30 µm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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needed to match both the spectral slope at VIS-NIR wavelength and the
albedo level. Moreover, it can be shown that for the A and B ring a
similar spectral match can be achieved by replacing part of amorphous
carbon with ice-troilite or ice-iron particles. Given this, we cannot draw
quantitative conclusions on the analysis of the volumetric abundance of
the broad-band absorber. Nonetheless, the progressive increase of the
modeled amount of amorphous carbon with decreasing optical depth,
should likely reflects, at least qualitatively, the distribution of the
contaminants in the rings. It must be mentioned that the modeling of
A131900 ring is not fully aligned along this trend, showing carbon
abundances compatible with the B94300 region. In this respect, it is
important to notice that the derived ice-tholin grain size for A131900 is
2–3 times larger than the typical grain size of the other investigated
regions, as required to match the deeper water ice absorption features.
Such a large value of the grain size bias the volumetric abundance of
amorphous carbon, whose diameter is assumed to be 10 µm, towards
smaller amounts. Nonetheless, the spectral match at wavelength > 3
µm for A131900 models, is the worst of the investigated dataset, in-
dicating that, primarily for this case, a more realistic grain diameters
distribution of the icy component, involving a larger fraction of smaller
sizes, is needed.

A more robust parameter emerging from the spectral modeling de-
scribed above is represented by the optical abundance of the darkening
populations. It can be noted that this quantity is representative of the
collective effect of the modeled parameters related to the darkening
materials and strongly correlates with the overall albedo level, pro-
gressively decreasing with the optical depth τ of the investigated region.
If we consider the optical abundance as a proxy of the total amount of
contaminants, we confirm the finding reported in Hedman et al. (2013),

Fig. 21. Ice-contaminant intraparticle mixtures. From left to right and top to bottom: carbon (a), amorphous silicate (b), crystalline silicate (c), iron (d), crystalline
hematite (e), nano-phase hydrated iron oxide (f), troilite (g) and Titan tholin (h). The abundance of contaminant is indicated in the plots. Grain size is 30 µm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 22. Best fit models with ice-tholin (blue) and ice-crystalline hematite (red)
particles from 0.35 µm to 1 µm for B94300a. The volumetric abundances of the
different end-members are indicated. In both cases, amorphous carbon is in-
cluded to provide broad-band absorption. For clarity, in the ice-crystalline
hematite case both the B94300a and modeled spectra are shown with an offset
of 0.1+ . The missing part of the spectrum corresponds to the instrument order
sorting filters junction. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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indicating an increase of the broad-band absorber in ring spectra for
low optical depths. The relation between optical depth and amount of
contaminants can be linked to the mechanisms that darken the rings,
like meteoroid bombardment (Cuzzi and Estrada, 1998), which are less
effective in the denser regions, where a larger flux of impactors is re-
quired to produce a given level of contamination. In this perspective,
the C ring spectral modeling involving troilite, may point towards
contamination by cometary nuclei impacts. In the context of the dis-
cussion of the broad-band absorber distribution, it is also worth men-
tioning that results of Zhang et al. (2017a,b), from Cassini RADAR
observations of the rings, indicate a trend of the non-icy material si-
milar to the one derived in this work. In their analysis the contaminant
is identified with silicates, and its amount is inversely related to the
optical depth, with typical abundances of < 1% for the A and B ring
and 1 2%− in the C ring (maximum concentration of 6 11%− ). Such
values are comparable with the total amount of the broad-band ab-
sorber derived in this work for the different regions of the rings.

In Cuzzi et al. (2017) the effect of surface roughness on the retrieved

albedo of the observed objects has been discussed. In particular, surface
reliefs and depressions on scales larger than the regolith grain size
produce shadows that reduce the photometric output. If this effect is
not considered the calculated surface single scattering albedo can be
underestimated. In Cuzzi et al. (2017) an analytic formulation of the
shadowing law for spherical objects has been given and it has been
shown that the integrated phase function of a body covered with a
regolith following Lambert, Lommell–Seeliger or the Minnaert scat-
tering law, in the presence of roughness, can converge to back-scat-
tering functions, like the Callisto-like and Europa-like, which are the
ones used in this work. In our modeling, with the aim to maintain a
minimal number of free parameters, the conversion from Bond albedo
to SSA has been derived by applying the Hapke’s model and the simi-
larity relations, without including the effect of roughness and de-
termining, for a given As, the value of the regolith SPPF asymmetry

Fig. 23. Best fit models with ice-tholin, sub-micron ice grains (sub) and pure
contaminants. The optical abundances (see text) of Ice-thol+sub-micron ice
grains and pure contaminant grains are indicated in parenthesis, while addi-
tional model details are in Table 1. For clarity, each model is shown with an
offset of 0.25 from the one directly below. Missing parts of the spectrum cor-
respond to the instrument order sorting filters junctions. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 24. Best fit models with ice-tholin grains, sub-micron ice grains (sub) and
ice-contaminant grains. The optical abundances (see text) of ice-thol+sub-mi-
cron grains and ice-contaminant grains are indicated in parenthesis, along with
the fraction of contaminant embedded in ice (fCont). Additional model details
are in Table 2. For clarity, each model is shown with an offset of 0.25 from the
one directly below. Crystalline silicates mixtures are affected by the presence of
0.9 µm and 1.9 µm absorption features and are not shown for brevity, while
nHIO indicates nano-phase Hydrated Iron Oxide. Missing parts of the spectrum
correspond to the instrument order sorting filters junctions. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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parameter b that satisfied Eq. (9). It must be noted that the derived
values of the b parameter can partially account for not explicitly
modeled roughness, mimicking the back-scattering dependence on
phase angle induced by shadowing. However, this effect does not ac-
count for the reduction of integrated Bond albedo due to presence of
shadows, thus the derived SSA values can be effectively under-
estimated. This leads to an overestimation of the optical abundance of
contaminants in the spectral modeling, whose absolute value can be
reduced with a corresponding increase of roughness. In the attempt to
apply the roughness shadowing correction proposed by
Cuzzi et al. (2017), we find that our derived Bond albedo must be di-
vided by a factor ξ 0.43= when Callisto-like phase function is assumed
and by ξ 0.65= for the Europa-like case.5 Such values provide a
roughness corrected albedo that for B106700a, B106700b and B94300a
exceeds unity, preventing us to apply the correction. We argue that this
is due to a combination of a possible overestimation of the derived
albedo from Monte Carlo simulations and of the roughness effect in the
formulation proposed by Cuzzi et al. (2017). In particular, one as-
sumption in the derivation of the roughness shadowing correction is
that in absence of surface roughness the ring particle phase function
follows a Lambertian or Lommel–Seeliger law, which correspond to
nearly isotropic or forward scattering regolith SPPF. If this hypothesis is
relaxed allowing for back-scattering regolith SPPF, the extent of the
shadowing roughness correction may be reduced. It is interesting to
note that a good match of the B106700 phase function can be obtained
only with an Europa-like particle phase function, while the other in-
vestigated regions show behaviors which are compatible with a Cal-
listo-like phase function (A131900) or have intermediate properties
(C81100, B94300). This can be ascribed to the larger intrinsic albedo of
B106700 particles, providing larger amount of multiple scattering
among the facets composing their surfaces and reducing the effective-
ness of roughness shadowing. This also indicates that at some level
roughness shadowing effectively influences the photometric output of
ring particles. Moreover, following this argument, we can hypothesize
that the magnitude of the shadowing correction has a spectral depen-
dence, being larger at wavelengths characterized by smaller albedos,
where the minor contribution of inter-facets multiple scattering is less
efficient in decreasing the roughness effects. Such a behavior would

systematically reduce the spectral contrast, possibly leading to smaller
grain sizes for the ice particles and/or reduced amounts of the UV ab-
sorber. Apart from the considerations reported above, we are not able
to provide a quantitative determination of the roughness shadowing
correction and of its effect on the absolute amount of contaminants in
the different regions. However, given the limited variability of the de-
rived particle phase function among the rings, it is likely that the dis-
tribution of the darkening material as obtained in our analysis is not
affected in relative terms.

In Cuzzi et al. (2018), spectral modeling of the average UV spectra
of the major rings is discussed. They propose a mixture of ice, ice-
tholin, ice-carbon and ice-silicate to model the average A, B and C ring.
Unfortunately, a quantitative comparison with Cuzzi et al. (2018) re-
sults, concerning the total amount of broad-band absorber, like carbon
and silicates, cannot be performed, since as stated above, our modeling
does not account for the shadowing correction. Moreover, our results
are derived assuming an intimate mixing between icy grains and the
broad-band absorbers while in Cuzzi et al. (2018) the mixing is intra-
particle. In this respect, we have shown that the mixing modality, along
with the contaminant grain size, plays a major role in assessing its
corresponding volumetric amount. However, from a qualitative point
view, we obtain a distribution of the contaminant in the ring plane in
agreement with Cuzzi et al. (2018), with larger pollution in less dense
regions, which is reassuring.

Conversely, a comparison on the derived amount of tholin between
our results and Cuzzi et al. (2018) findings seems to be more significant,
since the same mixing modality is adopted in the two works, and the
amount of the UV absorber is less sensitive to the overall albedo in our
modeling. We obtain tholin volumetric abundance ranging between
6 10 4× − and 6 10 ,3× − increasing inward from A ring to C ring. These
abundances overlap with results of Cuzzi et al. (2018), although in
general our derived amounts are slightly smaller.

Spectrophotometric modeling of Saturn’s rings at Far Ultraviolet
(FUV) wavelengths is also discussed in Bradley et al. (2010) and
Bradley et al. (2013), taking advantage of Cassini-UVIS observations
(Esposito et al., 2004). In particular, Bradley et al. (2013), provided an
estimation of the Bond albedo of the ring particles at 180 nm, for dif-
ferent regions in the ring plane. Maximum values of Bond albedo were
obtained for the outer B ring, interpreted as a minimum amount of non-
icy materials, while the C ring and Cassini Division, characterized by a
smaller albedo, are likely richer in contaminants. This behavior is in
qualitative agreement with our findings. A similar result is also reached
in Bradley et al. (2010), where the UV spectral slope has been used as a
proxy of the non-icy materials abundance. The typical scattering length
derived in these works is of the order of ≈ 2–5 µm, corresponding to
grain diameters up to 10 µm. Such values are much lower than the grain
sizes derived in this work, and in general, from VIS-IR remote sensing
observations of the rings (Filacchione et al., 2012; Filacchione et al.,
2014). This difference, as suggested in Bradley et al. (2013), is possibly
related to the fact that different wavelength regimes sample regolith at
different depths (increasing from FUV to VIS-IR), and that the inferred
scattering length, which is typically assumed as grain size, increases
with wavelength (Cuzzi et al., 2018).

8. Summary and conclusions

In this work we investigated the spectrophotometric properties of
Saturn’s rings by means of Monte Carlo ray-tracing applied to VIMS
observations. The dataset we used for our analysis consists of 10 radial
mosaics of the rings that have been reduced and represented as spec-
trograms by Filacchione et al. (2014). Each spectrogram is character-
ized by a different observation geometry, thus for a selected radial
distance from Saturn it was possible to build up a reflectance profile of a
given region of the rings in the VIMS wavelength range. By comparing
the reflectance profile to Monte Carlo ray-tracing simulations of light
scattering in the ring plane we have been able to retrieve the spectral

Fig. 25. Modeled Bond albedo spectrum of amorphous carbon grains as a
function of grain size (indicated in the plots). For grain sizes approaching 10µm,
As tends to a limit value. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

5 Of the two formulations of the roughness shadowing corrections given in
Cuzzi et al. (2017), here we apply the ”Hapke-like” form, which produces a
smaller effect
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Bond albedo (As) and the single particle phase function (P(g)) of the
ring particles, for four different regions: C81100, B94300, B106700 and
A131900. The photometric analysis reveal that ring particles Bond al-
bedo decreases with decreasing optical depth, with the highest values
for the densest region in the B ring and minimum values in the C ring.
The retrieved ring particles phase functions show a back-scattering
behavior. The average photometric properties of the particles in the
brightest of the two investigated B ring regions (B106700) are com-
patible with an Europa-like formulation of the phase function. For
C81100 and B94300 both the Callisto-like and Europa-like may provide
reasonable fits, while A131900 is best matched by a Callisto-like be-
havior. The spectral Bond albedo has been modeled by means of Hapke
theory to infer rings’ composition. We found that ring spectrum can be
reproduced by water ice embedding with a UV absorber, which we
model using tholins, with a variable amount of other absorbers in in-
timate or intraparticle mixture, and ice sub-micron grains. The UV

absorber is present with minimal amounts (0.06-0.6 %), providing
spectral reddening at short wavelengths. The identification of the other
absorber(s) is uncertain, as well as its absolute abundance, however
some conclusions on the relative distributions of this material in the
ring plane can be drawn. A and B ring models suggest the presence of a
neutral, low albedo component mixed with ice-tholin grains. C ring
results suggests the presence of a third population, which is compatible
with an intraparticle mixture of ice and iron-bearing materials (e.g.
troilite, metallic iron), which is characterized by low albedo and a
positive slope across the VIS-NIR range. The relative amount of these
phases appears to be anti-correlated with optical-depth, pointing to an
exogenous origin, likely driven by meteoroid or cometary bombard-
ment as suggested by Cuzzi and Estrada (1998), which contaminates
more effectively regions of low optical depth (C ring), where the pure
ice reservoir and rejuvenation processes of ring particle surface are
limited. Conversely, the distribution of the UV absorber is more

Table 2
Spectral modeling parameters for mixtures reported in Fig. 24. Each row is identified by the contaminant embedded in water ice grains which are intimately mixed
with Ice-tholin grains and sub-micron ice grains. The volumetric fraction of the ice-tholin (Ice-thol), ice-contaminant (Ice-cont) and sub-micron ice (Sub-Ice)
populations are indicated. The corresponding grain sizes of Ice-thol and Ice-cont are in parenthesis. Finally, the fraction of tholin (fThol) and contaminant (fCont)
embedded in Ice-thol and Ice-Cont, respectively, and the optical abundances (opt. ab.) of Ice-thol+Sub-Ice and Ice-Cont are reported.

Contaminant Ice-thol (d[µm]) Ice-cont (d[µm]) Sub-Ice fThol fCont Ice-thol+Sub-ice opt. ab. Ice-cont opt. ab.

nHIO 0.8225 (110) 0.1767 (74) 0.00084 0.0019 0.198 0.83 0.17
Crystalline Hematite 0.8416 (117) 0.1578 (71) 0.00061 0.0016 0.3236 0.82 0.18
Silicate 0.4510 (108) 0.5487 (450) 0.00035 0.0017 0.0394 0.83 0.17
Carbon 0.8954 (115) 0.1040 (48) 0.00058 0.0016 0.3248 0.83 0.17
Iron 0.8598 (115) 0.1396 (60) 0.00061 0.0017 0.252 0.82 0.18
Troilite 0.8711 (116) 0.1283 (53) 0.00064 0.0016 0.333 0.82 0.18

Table 1
Spectral modeling parameters for mixtures reported in Fig. 23. Each row is identified by the pure contaminant intimately mixed with Ice-tholin grains and sub-micron
ice grains. The volumetric fractions of the ice-tholin (Ice-thol), contaminant (Cont) and sub-micron ice (Sub-Ice) populations are indicated. The corresponding grain
sizes of Ice-thol and Cont are in parenthesis. Finally, the fraction of tholin (fThol) embedded in ice-tholin and the optical abundances (opt. ab.) of Ice-thol+Sub-Ice and
Cont are reported.

Contaminant Ice-thol (d[µm]) Cont (d[µm]) Sub-Ice fThol Ice-thol+Sub-Ice opt. ab. Cont opt. ab.

Crystalline Hematite 0.917 (111) 0.083 (25) 0.00089 0.0024 0.79 0.21
Tholin 0.717 (182) 0.283 (238) 0.00018 0.00074 0.8 0.2
Silicate 0.420 (109) 0.579 (500) 0.00032 0.0017 0.82 0.18
Carbon 0.852 (111) 0.148 (61) 0.00067 0.0018 0.82 0.18
Iron 0.919 (294) 0.081 (45) 0.00028 0.0017 0.71 0.29
Troilite 0.951 (195) 0.049 (18) 0.00048 0.0010 0.72 0.28

Fig. 26. Spectral modeling of B106700a (left,
black curve) and B106700b (right, black
curve) Bond albedo. Red curves refer to Sol1
while blue and violet curves refer to Sol2 and
Sol3, respectively. The total volumetric
amounts of water ice, carbon and tholin are
indicated, along with Ice-tholin grain size d.
See Tables 3 and 4 for further details. (For
interpretation of the references to colour in
this figure legend, the reader is referred to the
web version of this article.)
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Table 3
Spectral modeling retrieved parameters for B106700a. The volumetric abundances of Ice-tholin (Ice-thol), carbon and sub-micron ice (Sub-ice) are indicated, along
with the carbon optical abundance (see Section 7.2.2). The total volumetric abundances of water ice and tholin are also reported, while fThol and d are the fraction of
embedded tholin in ice-tholin grains and the ice-tholin grains diameter, respectively. Sol1 refers to the best fit model, while Sol2 and Sol3 are alternative solutions
with comparable accuracy.

Solution Ice-thol Carbon Sub-Ice Ice Tholin fThol d [µm] Carbon optical abundance

Sol1 0.9935 0.0059 0.00060 0.9933 0.00080 0.00080 111 0.047
Sol2 0.9910 0.0081 0.00098 0.9909 0.0010 0.0011 91 0.048
Sol3 0.9949 0.0046 0.00043 0.9947 0.00065 0.00066 131 0.045

Table 4
Spectral modeling retrieved parameters for B106700b. The volumetric abundances of Ice-tholin (Ice-thol), carbon and sub-micron ice (Sub-ice) are indicated, along
with the carbon optical abundance (see Section 7.2.2). The total volumetric abundances of water ice and tholin are also reported, while fThol and d are the fraction of
embedded tholin in ice-tholin grains and the ice-tholin grains diameter, respectively. Sol1 refers to the best fit model, while Sol2 and Sol3 are alternative solutions
with comparable accuracy.

Solution Ice-thol Carbon Sub-Ice Ice Tholin fThol d [µm] Carbon optical abundance

Sol1 0.9954 0.0037 0.00083 0.9954 0.00082 0.00082 77 0.021
Sol2 0.9917 0.0064 0.0019 0.9923 0.0013 0.0013 55 0.023
Sol3 0.9972 0.0024 0.00039 0.9970 0.00057 0.00058 101 0.020

Fig. 27. Spectral modeling of 94300a (left,
black curve) and B94300b (right, black curve)
Bond albedo. Red curves refer to Sol1 while
blue and violet curves refer to Sol2 and Sol3,
respectively. The total volumetric amounts of
water ice, carbon and tholin are indicated,
along with ice-tholin grain size d. See tables 5
and 6 for further details. Missing parts of the
spectrum correspond to the instrument order
sorting filters junctions. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article.)

Table 5
Spectral modeling retrieved parameters for B94300a. The volumetric abundances of Ice-tholin (Ice-thol), carbon and sub-micron ice (Sub-ice) are indicated, along
with the carbon optical abundance (see Section 7.2.2). The total volumetric abundances of water ice and tholin are also reported, while fThol and d are the fraction of
embedded tholin in ice-tholin grains and ice-tholin grains diameter, respectively. Sol1 refers to the best fit model, while Sol2 and Sol3 are alternative solutions with
comparable accuracy.

Solution Ice-thol Carbon Sub-Ice Ice Tholin fThol d [µm] Carbon optical abundance

Sol1 0.9731 0.0261 0.00070 0.9722 0.0016 0.0017 115 0.18
Sol2 0.9683 0.0308 0.0009 0.9673 0.0019 0.0020 102 0.18
Sol3 0.9764 0.0229 0.00058 0.9756 0.0015 0.0015 126 0.18

Table 6
Spectral modeling retrieved parameters for B94300b. The volumetric abundances of Ice-tholin (Ice-thol), carbon and sub-micron ice (Sub-ice) are indicated, along
with the carbon optical abundance (see Section 7.2.2). The total volumetric abundances of water ice and tholin are also reported while fThol and d are the fraction of
embedded tholin in ice-tholin grains and ice-tholin grains diameter, respectively. Sol1 refers to the best fit model, while Sol2 and Sol3 are alternative solutions with
comparable accuracy.

Solution Ice-thol Carbon Sub-Ice Ice Tholin fThol d [µm] Carbon optical abundance

Sol1 0.9797 0.0195 0.00086 0.9787 0.0017 0.0017 78 0.104
Sol2 0.9698 0.0286 0.0016 0.9691 0.0024 0.0025 60 0.105
Sol3 0.9853 0.0142 0.00048 0.9846 0.0012 0.0013 97 0.101
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Fig. 28. Spectral modeling of A131900a (left,
black curve) and A131900b (right, black curve)
Bond albedo. Red curves refer to Sol1 while
blue and violet curves refer to Sol2 and Sol3,
respectively. The total volumetric amounts of
water ice, carbon and tholin are indicated,
along with ice-tholin grain size d. See Tables 7
and 8 for further details. Missing parts of the
spectrum correspond to the instrument order
sorting filters junctions. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the web version of this
article.)

Table 7
Spectral modeling retrieved parameters for A131900a. The volumetric abundances of Ice-tholin (Ice-thol), carbon and sub-micron ice (Sub-ice) are indicated, along
with the carbon optical abundance (see Section 7.2.2). The total volumetric abundances of water ice and tholin are also reported, while fThol and d are the fraction of
embedded tholin in ice-tholin grains and ice-tholin grains diameter, respectively. Sol1 refers to the best fit model, while Sol2 and Sol3 are alternative solutions with
comparable accuracy.

Solution Ice-thol Carbon Sub-Ice Ice Tholin fThol d [µm] Carbon optical abundance

Sol1 0.9838 0.0169 0.00026 0.9825 0.00061 0.00062 269 0.25
Sol2 0.9819 0.0178 0.00023 0.9815 0.00062 0.00063 242 0.26
Sol3 0.9835 0.0162 0.00031 0.9832 0.00062 0.00063 301 0.25

Table 8
Spectral modeling retrieved parameters for A131900b. The volumetric abundances of Ice-tholin (Ice-thol), carbon and sub-micron ice (Sub-ice) are indicated, along
with the carbon optical fraction (see Section 7.2.2). The total volumetric abundance of water ice and tholin are also reported while fThol and d are the fraction of
embedded tholin in ice-tholin grains and ice-tholin grains diameter, respectively. Sol1 refers to the best fit model, while Sol2 and Sol3 are alternative solutions with
comparable accuracy.

Solution Ice-thol Carbon Sub-Ice Ice Tholin fThol d [µm] Carbon optical abundance

Sol1 0.9851 0.0145 0.00030 0.9848 0.00062 0.00063 234 0.20
Sol2 0.9843 0.0153 0.00027 0.9839 0.00063 0.00064 212 0.20
Sol3 0.9857 0.0139 0.00034 0.9854 0.00062 0.00063 261 0.20

Fig. 29. Spectral modeling of 81100a (left, black
curve) and 81100b (right, black curve) Bond
albedo. Red curves refer to Sol1 while blue and
violet curves refer to Sol2 and Sol3, respectively.
The total volumetric amounts of water ice,
carbon, tholin and troilite are indicated, along
with ice-tholin and ice-troilite grain size d. See
Tables 9 and 10 for further details. Missing parts
of the spectrum correspond to the instrument
order sorting filters junctions. (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web version
of this article.)

Table 9
Spectral modeling retrieved parameters for C81100a. The volumetric abundances of Ice-tholin (Ice-thol), carbon, sub-micron ice (Sub-ice) and Ice-troilite grains (Ice-
tro) are indicated, along with the optical abundance of carbon and Ice-troilite grains (see Section 7.2.2). The total volumetric abundances of water ice, tholin and
troilite are also reported while fThol, fTro and d are the fraction of embedded tholin in Ice-tholin, embedded troilite in Ice-troilite and the grains diameter of these
populations, respectively. Sol1 refers to the best fit model, while Sol2 and Sol3 are alternative solutions with comparable accuracy.

Solution Ice-thol Carbon Sub-Ice Ice-tro Ice Tholin fThol Troilite fTro d [µm] Carbon optical ab. Ice-tro optical ab.

Sol1 0.2610 0.1060 0.0025 0.6306 0.8818 0.0042 0.016 0.0079 0.013 68 0.29 0.26
Sol2 0.2374 0.1330 0.0031 0.6265 0.8518 0.0057 0.024 0.0096 0.015 57 0.30 0.25
Sol3 0.2840 0.0845 0.0019 0.6295 0.9060 0.0030 0.010 0.0065 0.010 82 0.29 0.26
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compatible with an intrinsic origin, linked to the energetic processes
(solar irradiation and interaction with charged particles) that drives
their formation in the water ice particles. The relatively larger amounts
of tholin measured in the inner B ring and C ring can be possibly related
to the different plasma environment of these regions.
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