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1. Introduction

ABSTRACT

New global maps of the five inner midsize icy saturnian satellites, Mimas, Enceladus, Tethys, Dione, and
Rhea, have been constructed in three colors (UV, Green and near-IR) at resolutions of 1 km/pixel. The
maps reveal prominent global patterns common to several of these satellites but also three major color
features unique to specific satellites or satellite subgroups. The most common features among the group
are first-order global asymmetries in color properties. This pattern, expressed on Tethys, Dione and Rhea,
takes the form of a ~1.4-1.8 times enhancement in redness (expressed as IR/UV ratio) of the surface at
the center of the trailing hemisphere of motion, and a similar though significantly weaker IR/UV enhance-
ment at the center of the leading hemisphere. The peak in redness on the trailing hemisphere also cor-
responds to a known decrease in albedo. These double hemispheric asymmetries are attributable to
plasma and E-ring grain bombardment on the trailing and leading hemispheres, respectively, for the
outer three satellites Tethys, Dione and Rhea, whereas as E-ring bombardment may be focused on the
trailing hemisphere of Mimas due to its orbital location interior to Enceladus. The maps also reveal three
major deviations from these basic global patterns. We observe the previously known dark bluish leading
hemisphere equatorial band on Tethys but have also discovered a similar band on Mimas. Similar in
shape, both features match the surface patterns expected for irradiation of the surface by incident
MeV electrons that drift in a direction opposite to the plasma flow. The global asymmetry on Enceladus
is offset ~40° to the west compared to the other satellites. We do not consider Enceladus in detail here,
but the global distribution of bluish material can be shown to match the deposition pattern predicted for
plume fallback onto the surface (Kempf, S., Beckmann, U., Schmidt, S. [2010]. Icarus 206, 446-457.
doi:10.1016/j.icarus.2009.09.016). E-ring deposition on Enceladus thus appears to mask or prevent the
formation of the lenses and hemispheric asymmetries we see on the other satellites. Finally, we observe
a chain of discrete bluish splotches along the equator of Rhea. Unlike the equatorial bands of Tethys and
Mimas, these splotches form a very narrow great circle <10-km wide (north-to-south) and appear to be
related to surface disruption, exposing fresh, bluish ice on older crater rims. This feature is unique to Rhea
and may have formed by impact onto its surface of orbiting material.

© 2010 Elsevier Inc. All rights reserved.

formation of scattering centers, or the formation of new molecular
species. Indeed, global color patterns observed on the large icy

Water ice on planetary surfaces is susceptible to chemical and
physical alteration due to exposure to photons, charged particles,
and dust. This can lead to alterations of the albedo and color of
these surfaces due to, e.g., non-ice particle implantation, the
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Galilean satellites have been attributed to sulfur ion implantation
(e.g., Veverka et al., 1989, 1994; Grundy et al.,, 2007; Carlson
et al.,, 2009), insolation, and chemical alteration by energetic ions
and electrons (e.g., Paranicas et al., 2001, 2009; Khurana et al.,
2007; Carlson et al., 2009).

In addition to radiation belts (e.g., Krupp et al., 2009), the Saturn
system also features a diffuse ring of micron-sized particles—the


http://dx.doi.org/10.1016/j.icarus.2010.08.016
mailto:schenk@lpi.usra.edu
http://dx.doi.org/10.1016/j.icarus.2010.08.016
http://www.sciencedirect.com/science/journal/00191035
http://www.elsevier.com/locate/icarus

P. Schenk et al./Icarus 211 (2011) 740-757 741

E-ring—extending across the orbits of the inner satellite system
from Mimas to Rhea and beyond (e.g., Showalter et al., 1991). Sat-
urn also appears to experience an influx of dark material or grains
(Clark et al., 2008), and possibly meteoroids or material associated
with the recently discovered Phoebe ring (Verbiscer et al., 2009).
Finally, Rhea itself may possess a tenuous circum-satellite ring or
debris system of its own (Jones et al., 2008). Therefore, surface
alterations of the icy satellites are to be expected.

Voyager and ground-based telescopes observed basic hemi-
spheric albedo and color asymmetries on the saturnian icy satel-
lites (Verbiscer and Veverka, 1989, 1992, 1994; Buratti et al.,
1990), but these efforts did not extend into the ultraviolet (UV)
or infrared (IR) and were very uneven in resolution (ranging glob-
ally from >1 km to >20 km/pixel). More recent Cassini VIMS inves-
tigations (Clark et al., 2008; Stephan et al., 2009, 2010) of several of
these satellites in the visible and near-IR have confirmed these pat-
terns and investigated potential compositional and grain-size
differences.

Here we present new global, high-resolution color maps of each
of the five inner midsize icy satellites, Mimas, Enceladus, Tethys,
Dione and Rhea, using Cassini Imaging Science Subsystem (ISS)
CCD data in three colors and at resolutions finer than 1 km/pixel.
We observe the basic global color and albedo asymmetries re-
ported earlier on most of these satellites, and we also report on sig-
nificant variations from these global patterns that both reveal and
constrain dynamical processes in the Saturn system. Our maps are
substantially better and more uniform in resolution than was pos-
sible with Voyager data, and they extend to shorter and longer
wavelengths, allowing for more definitive color mapping. Further,
they allow us to compare global color patterns across the entire
Saturn system interior to Titan.

2. Global mapping procedures

New 3-color maps of the five midsize saturnian satellites have
been constructed from Cassini ISS Narrow Angle Camera imaging
data, covering roughly 75% of their surfaces at resolutions of
~1 km/pixel (Fig. 1). Some additional areas are also covered at
~1.5 km/pixel, but no coverage was available north of +60° latitude
as of this writing due to the southern declination of the Sun at Sat-
urn when the images were acquired. These areas will be covered
later in the Cassini mission. The maps are in three colors (IR3,
0.930 um; GRN (Green), 0.568 um; UV3, 0.338 um, each with an
effective spectral bandwidth of ~0.1-0.15 pm; Porco et al., 2004),
and all images have been calibrated using CISSCAL 3.6 procedures
and reference calibration files published in the Planetary Data Sys-
tem archives March, 2009, i.e., the most recent release available as
of this writing. The maps shown here are based on global control
network solutions by P. Schenk derived using ISIS2 “RAND” image
control software, which allows for cartographic mapping of ISS
images to precisions of a few km or better over their respective sa-
tellite surfaces. Satellite radii are from Thomas et al. (2007), with
minor updates (Thomas, 2010). Mapping was completed with stan-
dard ISIS2 map projection software.

Ideally, imaging at low (i.e., <30°) phase angles (o) is preferred
for color mapping as shadows are significantly reduced. However,
to optimize resolution, images at a variety of intermediate phase
angles (o~ 10-80°) were used as available Cassini low-phase
images are often at 10 km/pixel resolution or lower. To compen-
sate for the use of images at different phase angles, viewing angles
and solar illumination, the images must be photometrically cor-
rected to remove the effects of variable viewing and illumination
and produce seamless integrated albedo maps in each wavelength.

360° 180° 0°

Fig. 1. Enhanced Cassini three color (IR-Green-UV filter) global maps of the five
inner midsize icy satellites of Saturn (from top to bottom: Mimas, Enceladus,
Tethys, Dione, Rhea). See text for detailed description. Maps are in simple
cylindrical projection from 90°S to 90°N and from —2°W to 360°W.
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Photometric corrections were applied using the simplified Lunar-
Lambertian photometric function (cf. McEwen, 1991), which is a
function of incidence and emission angles and normal albedo of
the surface. The relative contribution of the lunar-like and the
Lambertian components is determined by the factor L(o). The func-
tional dependence of L(«) on phase angle varies between the satel-
lites and sometimes between different terrains. Finally, all images
are then corrected to zero phase angle (neglecting opposition
surges) using a linear phase correction.

Phase functions and phase corrections have not yet been for-
mally derived for each satellite from the relatively new Cassini
data; hence preliminary values are used, derived from values used
for the Galilean satellites (Schenk, 2010) and empirically adjusted
for these satellites based on matching of mosaic images. Although
every effort was made to produce photometrically accurate maps,
it must be recognized that radiometric calibrations may be ad-
justed in future data releases and knowledge of photometric func-
tions will certainly improve as data analysis continues. As a result,
we focus here not on absolute albedo or color values but rather on
global patterns and deviations from those patterns.

We show the maps in two forms. The first are IR-Green-UV
(Fig. 1) image mosaics shown as RGB color composites, where each
component also serves as an albedo map in its respective bandpass.
As the filter range is beyond that of human vision, these can be
considered hyper-color maps. To facilitate color pattern recogni-
tion we also show color ratio (IR/UV) maps (Fig. 2) as a direct mea-
sure of the relative spectral slope or “redness” across these
surfaces. In these maps, bright features have a positive or “reddish”
slope between the respective ratioed bands. Comparison with the
other ratio maps shows that the IR/UV ratio provides the best color
contrasts. As a rule, the G/UV maps resemble the IR/UV maps but
IR/G ratio maps tend to be more bland, suggesting that many but
not all of the color differences are dominated by the UV albedo.

3. Global color patterns
3.1. Hemispheric color asymmetries

Our new maps of the five midsize icy satellites of Saturn allow
us to compare patterns on all five satellites and to search for vari-
ations across the entire Saturn system inward of Titan. While most
show similar patterns, there are important exceptions. The outer
three satellites, Tethys, Dione and Rhea, each show prominent glo-
bal asymmetries in both color and albedo. The most obvious man-
ifestation of this is the several-fold decrease in albedo across the
trailing hemispheres of these three satellites (Verbiscer and Vever-
ka, 1989; Buratti et al., 1990; Fig. 1). The color ratio maps (Fig. 2)
show that this albedo decrease also coincides with a similar in-
crease in IR/UV ratio (i.e., redness). Buratti et al. (1990) also re-
ported a weak color asymmetry on some satellites, but the
Voyager color filter range extended only from 0.4 to 0.58 um and
surface resolutions ranged from 1 to 40 km/pixel. The Cassini fil-
ters provide greater color contrast and our maps are essentially
uniform and of much higher spatial resolution. For these three sat-
ellites the darkest (and reddest) materials are centered on the trail-
ing hemisphere at the antapex of orbital motion along the equator
near the 270° meridian (Fig. 2), decreasing outward radially from
this point.

The magnitudes and shapes of the IR/UV peaks on the trailing
hemispheres are not identical on the three satellites (Fig. 3). The
IR/UV peaks on Tethys and Dione are substantially stronger than
on Rhea (Fig. 3) and are best fit by Gaussian functions (Fig. 4).
The IR/UV intensity increases by ~1.4 in magnitude from edge to

360° 180° 0°

360° 180° 0°

Fig. 2. Global IR/UV color ratio maps of the five inner midsize icy satellites of Saturn
(from top to bottom: Mimas, Enceladus, Tethys, Dione, Rhea). Maps are in simple
cylindrical projection from 90°S to 90°N and from —2°W to 360°W. See text for
detailed description. Data from Fig. 1.
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Fig. 3. East-west profiles across IR/UV ratio maps of the five inner regular Saturn satellites (M-Mimas, E-Enceladus, T-Tethys, D-Dione, R-Rhea). Traces extend along the
entire equatorial circumference, beginning at 0°W longitude. In the bottom figure the profiles have been offset for greater clarity. The depressed IR/UV values in parts of the
trailing hemispheres of Dione and Rhea (especially near longitude 300°) correspond to areas within and adjacent to the bright graben that cross those hemispheres (see
Fig. 1). Note the offset of the pattern on Enceladus. The absolute color and photometric calibrations used here are subject to future revision and the apparent first order color
differences between satellites, especially the overall redness of Rhea, may or may not be real. The jitter in the profiles provided a measure of the measurement error inherent

in the data sets.

center of Tethys’ trailing hemisphere, but ~1.8 in the case of Dione
(Fig. 3). The center of the trailing hemisphere on Rhea is crossed by
several graben or rift structures (Figs. 1 and 2), which are both
bright and relatively blue', obscuring the center of the IR/UV peak
and masking its true peak intensity and shape (similar tectonic fea-
tures cross Dione but do not obscure the center of the hemisphere
directly). Whether differences between the satellites relate to their
relative distances from Saturn is a topic of later discussion.

A similar but weaker and previously unrecognized enhance-
ment in the IR/UV ratio (i.e., redness) also occurs on the leading
hemispheres of Tethys, Dione and Rhea (Figs. 2 and 3). Like the
trailing hemisphere features, this color feature is most intense at
the center of the respective leading hemisphere, but follows a
smooth sine curve (Fig. 5) different in shape from trailing hemi-
sphere features. In addition, the relative magnitude of the color
feature at the center of each leading hemisphere is only ~1.1-1.2

! For interpretation of color in “Figs. 1, 3,5, 6, 8,9, 11, 13, 14", the reader is referred
to the web version of this article.

times the intensity at the edges, considerably weaker than that ob-
served on the trailing hemisphere and not associated with any
detectable albedo variation. The leading hemispheres otherwise ap-
pear to be relatively bland except for this color difference. Unlike
on the trailing hemispheres, the reddening on the leading hemi-
spheres appears to be roughly consistent in shape and magnitude
among the three satellites that show this feature (Fig. 5). It is there-
fore likely to have a different origin from the trailing hemisphere
enhancements.

One curious effect of the simultaneous leading and trailing
hemisphere IR/UV ratio peaks is the existence of low IR/UV (i.e.,
bluish) band along the boundary between the two hemispheres,
forming a great-circle hoop through the poles (Figs. 2 and 3). That
this band is real and not an artifact of the color mosaic process can
be seen in single 3-filter observations along the boundary between
the two hemispheres (e.g., Fig. 6). This bluish hoop or band may
have no specific physical origin, aside from the juxtaposition of
two peaked color patterns formed on opposite hemispheres, form-
ing a natural color minimum between them.
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Fig. 4. Equatorial profile across IR/UV ratio map of trailing hemisphere of Tethys
(from Fig. 3). A Gaussian curve (dotted line) provides a much better match to the
shape of the color pattern across this hemisphere compared with that of a sine
curve (solid line). A Gaussian curve also matches the Dione and Rhea patterns as
well (Fig. 3), but bluish fault scarps and associated “wispy terrains” obscure large
areas of the trailing hemisphere pattern on both satellites, making a curve fit
difficult. Data are from Fig. 2.

3.2. Deviations from global asymmetry patterns

3.2.1. Mimas and Enceladus

Mimas does not follow the patterns described above. Mimas
possesses a subtle but known leading/trailing brightness ratio in
the visible that is less than unity (Verbiscer and Veverka, 1992;
Buratti et al., 1998). Our maps now reveal an increase in the IR/
UV ratio toward the center of the trailing hemisphere on Mimas
but one much weaker than on Tethys, Dione, or Rhea (Figs. 2 and
3). The magnitude of this peak is comparable in magnitude to that
seen on the leading hemispheres on those satellites, and like those

patterns is not associated with the albedo decrease seen on Dione
and Rhea. Mimas is heavily cratered and shadows are more preva-
lent on this map; additional high-resolution low-phase imaging of
Mimas would provide more uniform mapping coverage and permit
us to determine the physical distribution of these materials. Mi-
mas’ leading hemisphere displays an unusual pattern, though,
which is not affected by phase effects, and which will be described
in the next section.

Enceladus also exhibits a subtle albedo asymmetry (Buratti
et al., 1990; Verbiscer and Veverka, 1994). We find in global color
mapping that this active moon also exhibits a significant global
color asymmetry in the form of depressed IR/UV ratios correspond-
ing to the mapped active south polar terrains south of —50° lati-
tude (Fig. 2), and extending northward in two progressively
narrowing zones in antipodal directions up the ~40°W and
~220°W longitudes. The low IR/UV lobes extend to ~55°N where
color coverage is noisy or not yet available. The Enceladus color
pattern differs from those described above in two important ways.
First, the difference in IR/UV magnitude between the leading and
trailing hemispheres, while present on Enceladus, is not nearly as
pronounced as that on Rhea, Dione, or Tethys (Figs. 2 and 3). Second,
the centers of enhanced IR/UV ratios are offset roughly 40° to the
west of the centers of each hemisphere and hence with respect
to the patterns observed on the other satellites (Figs. 2 and 3).

3.2.2. Tectonic features

As mentioned above, the only significant breaks in the trailing
hemisphere color patterns on the outer three satellites, Tethys,
Dione, and Rhea (Figs. 2, 3 and 7) are the linear rift/graben frac-
tures and bright flanks (formerly collectively known as wispy ter-
rains; Moore and Schenk, 2007; Stephan et al., 2010) on the trailing
hemispheres of Dione and Rhea. These rifts and flanking deposits
have markedly lower IR/UV ratios and are distinctly bluer than
undisturbed terrains (Fig. 7); their relative blueness was also noted
by Buratti et al. (1990). Enhanced blueness here is most likely
due to relatively clean ice compared to surrounding regions (e.g.,
Stephan et al., 2009, 2010).

Although the global-scale color patterns on Enceladus obscure
some features, there appear to be local color differences related
to geologic units. The most obvious of these are the bluish “tiger

Leading Hemisphere

South - North
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Fig. 5. North-south profiles across IR/UV ratio maps of leading hemispheres of the five inner midsize Saturn satellites. Profiles extend from pole-to-pole although north polar
coverage is lacking in each case. The solid lines are sine curves. The dips in the IR/UV value along the equators of Mimas and Tethys are discussed in the text.
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Fig. 6. Single-frame Cassini color observations of Rhea from orbit 18 along the
boundary between the trailing (left) and leading (right) hemispheres. Top view is 3-
color composite of IR, Green, and UV images; middle view is IR/UV ratio image
(stretched to show 1.37-1.65 range); bottom view is IR/Green ratio image
(stretched to 1.055-1.1 IR/UV). Views are centered near 145°W longitude, ~35°
east of the boundary between leading and trailing hemisphere and clearly show
the low IR/UV ratio band between the two hemispheres. The bright ray crater
Inktomi at 12°S, 112°W is very prominent in the 3-color composite but is virtually
invisible in the center IR/UV ratio image. The bright rays are moderately reddish
(bright) while the proximal ejecta deposit is distinctly bluish (dark) in the IR/Green
image. Image resolution is 1.75 km/pixel. Map extends from ~85° to 215°W.

stripes” (Porco et al., 2006) and exposed wall scarps of relatively
young fault-bounded graben, including the large troughs extend-
ing northward radially from the south polar terrain boundary
(Fig. 8). These cliff faces are distinctly bluish in color and may re-
flect the color of unaltered water ice or may reflect differences in
grain size (Porco et al., 2006; Brown et al., 2006). Tectonically
resurfaced regions on Enceladus are characterized by larger ice
particle sizes reaching a peak near 100 um in the tiger stripes
(Brown et al., 2006; Jaumann et al., 2008); cf. the VIMS-derived
1.5-um band depth map in Roatsch et al. (2009).

3.2.3. Impact ejecta and rim deposits

A variety of local color effects related to impact cratering can be
identified. An odd color feature is the bluish (low IR/UV) colors of
steep crater rim scarps in non-ancient and geologically younger
craters (Fig. 7). This material may be similar to that exposed on

fault scarps seen on Enceladus, at least away from the tiger stripes.
Assuming that these slopes expose relatively fresh crustal material
(perhaps through ongoing creep or sloughing of talus or debris
downslope), these scarps may indicate that icy surfaces in the Sat-
urn system undergo progressive reddening over time, perhaps due
to mantling or alteration (such as chemical or grain size or other
surface changes).

Curiously, the extremely young 48-km-wide bright ray crater at
12°S, 112°W on the leading hemisphere of Rhea (Inktomi), and
likely the most recently formed large crater in the Saturn system
(Wagner et al., 2007; Dones et al. 2009), is not evident in the color
ratio maps (Fig. 6), except as a dark (i.e., bluish) diffuse halo sur-
rounding the crater rim in the IR/Green ratio image. The bright rays
are barely detectable in any of the ratio images. On the other hand,
reddish ray patterns are clearly associated with the smaller,
31-km-wide, bright-ray central-peak crater Creusa on the leading
hemisphere of Dione (49°N, 76°W; Fig. 2), despite the fact that
the rays are not nearly as prominent an albedo feature as the ray
crater on Rhea (Stephan et al,, 2010, their Fig. 18).

We speculate we could be seeing a compositional effect. Ink-
tomi formed on typical cratered terrain. Creusa formed on smooth
plains that cover most of Dione’s leading hemisphere and are inter-
preted to be cryovolcanic in origin (Plescia, 1983; Moore, 1984;
Schenk and Moore, 2007). The Dione ray crater may have exca-
vated through a surface deposit to redder material below. Two sim-
ilar but smaller blue ray craters are also evident on this Dione
terrain (Fig. 2; D ~ 10 km, 32°N, 134°W; D ~ 8 km, 64°S, 89°W).

Creusa on Dione may be the largest example of a class of “color
ray craters” observed on Dione, Rhea, Tethys and Mimas (Fig. 9).
These small crater rays can be either spectrally blue or red com-
pared with background terrain. The combinations of composition
and microstructure in the optical surface that are responsible for
these colors are not yet clear, however. VIMS-determined water-
ice band depths indicate that the bright ejecta at Inktomi on Rhea
is the most ice-rich unit there (Stephan et al., 2009); similar data
for Creusa on Dione imply that Creusa is likewise characterized
by clean water ice, similar to the tectonic features on Dione but
with the largest ice particles on Dione observed so far (Stephan
et al., 2010). The predominant reddening of the Creusa rays is in
contrast to the bluish coloration of exposed steep crater rims
(and the general bluish color of bright rays on Ganymede [e.g.,
Schenk and McKinnon, 1989]), and would be difficult to explain
simply as freshly exposed ice unless the colors of comminuted or
melted ice excavated and deposited in rays on the saturnian satel-
lites are affected by additional processes. Further investigation is
ongoing (Schenk and Murphy, in preparation).

3.2.4. Equatorial lenses on Mimas and Tethys

An enigmatic, Voyager-era feature in the Saturn system is the
dark equatorial band across the center of the leading hemisphere
of Tethys (Smith et al., 1981, their Fig. 13; Stooke, 1989, 2002;
Buratti et al., 1990). No satisfactory explanation has been offered
for this feature, the shape of which resembles the cross-section
of an optical lens. Our color maps clearly show this feature and re-
veal that it has a low IR/UV ratio compared to the rest of the lead-
ing hemisphere (Figs. 1 and 5), the feature being both dark in the IR
and Green but bright in the UV albedo maps (see also Elder et al.,
2007). Geographically, the band extends the entire width of the
leading hemisphere and is symmetric with respect to the center
of the leading hemisphere and the equator. It extends to approxi-
mately +20° latitude north and south of the equator at ~90° longi-
tude (where it is widest, spanning ~360 km), but narrows to
within a few degrees of the equator at the edges of the hemisphere.
We note that the center portions of the feature, nearest the
equator, are not as dark or bluish as the northern and southern
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Fig. 7. Center of trailing hemisphere of Rhea, showing graben (sometimes referred to as wispy terrain) and craters. View at left is from the 1-km resolution clear-filter albedo
map, at right from the IR/UV color ratio map (Fig. 2), where brightness corresponds to relative redness of the surface. Color ratio map highlights the bluish color (dark in the
right view) of the graben walls and outer flanks that characterizes the wispy terrains originally seen at low resolution, and the bluish colors of rimwalls of relatively younger
crater, a characteristic that fades with age. View extends from 4° to 34°N and from 266° to 304°W.

Fig. 8. High-resolution 3-color mosaic of part of Enceladus, showing bluish colors
associated with relatively recently formed scarps along trough walls (center) and
within the south polar terrains (bottom). Map measures ~160km across and
extends from 58 to 20°S, and 207 to 248°W.

edges, accounting for the lack of a strong signature in the profile
line in Fig. 3.

One of the biggest surprises in our new color maps is the discov-
ery of a similar lens-shaped feature across the leading hemisphere
of Mimas (indeed it is the only obvious resolved large-scale color
feature on that moon). This feature (Figs. 1, 2 and 5) has a similar
shape to the band on Tethys, but extends to approximately +40°
latitude at its maximum extent. Due to the smaller radius of Mi-
mas, however, this is equivalent to only ~260 km maximum width.
Hence, the width of this equatorial band extends a larger spherical
but shorter physical distance on Mimas. The band also wraps a few
degrees onto the trailing hemisphere. The transition across the
edge of this band is not sharp but gradual over a distance of

roughly 25 km or so. This band also has a low IR/UV ratio, and is
a bright feature in the UV albedo map, but unlike Tethys it has little
or no contrast at IR or Green wavelengths (it is barely detectable as
a brightening in the Green albedo map). The very low resolution
and noisy Voyager color mapping coverage (Buratti et al., 1990)
may explain why it was not detected in that data set.

The highest resolution color mapping of the equatorial band
feature on either Mimas or Tethys is only ~1 km/pixel, insuffi-
cient to resolve whether the deposit is heterogenous at local
scales or controlled by topography or surface orientation with
respect to any direction. The floor of the 125-km-wide central-
peak crater Herschel lies within the western half of this feature
(Fig. 2) and does not appear to be as bluish as the rest of the lens.
The crater floor may be less susceptible to the formation of the
low IR/UV signature, perhaps due to the unusual textural proper-
ties of the floor deposits. Higher resolution color mapping of
these equatorial bands should be a priority for the Cassini
extended mission.

3.2.5. Equatorial great circle on Rhea

As we have seen, the color maps reveal a global color pattern on
Rhea similar to that on Dione, even down to the bluish wispy
streaks (originating at fractures) cutting across the trailing hemi-
sphere. The Rhea maps also reveal numerous discrete, discon-
nected bluish streaks or splotches/patches. Some form an
unusual, very narrow, discontinuous linear track of discrete bluish
features (Figs. 1, 2, 6 and 10) along the equator of Rhea (portions of
which were first reported by Jones et al. (2008a)). These particular
patches are among the least red features on Rhea, and are nearly
neutral in the IR-UV portion of the spectrum (Figs. 10 and 11).
Once recognized in the color ratio maps, these features can some-
times be identified in the global albedo map as small spots with
very slightly lower IR albedos, but otherwise have no obvious or
significant albedo signature. These patches are typically no more
than ~10 km wide but are often elongated along the equator form-
ing oblong patches up to ~50 km in length. Although discontinu-
ous, together these features form a true great circle extending
from 18°E to ~275°W across the leading hemisphere and onto
the trailing hemisphere (Fig. 10). This blue great circle feature is in-
clined very slightly to the equator (Fig. 10), tracking to ~1.8°N at
~190°W and to 1.8°S at ~20°W. Detailed mapping in the ~75°W
longitude section suggests that the great circle trace may have a
bend or kink along it (Fig. 12).
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Fig. 9. Enlargement of 3-color mosaic (left) and corresponding IR/UV ratio map (right) of Dione. Highlighted are several red- and blue-rayed impact craters. Scene is ~200-km

across, centered on 25°S, 142°W.

Fig. 10. Enlargement of leading hemisphere of global IR/UV color ratio image of Rhea. Region is centered on equator and extends from 358°W to ~195°W. Black boxes show

locations of enlargements shown in Figs. 12-15.
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Fig. 11. Color values of select geologic units on Rhea. Bluish equatorial patches are
shown as dashed lines. Data values are from 5 x 5 to 9 x 9 pixel samples of the
images with standard deviations of ~0.02 (I/F). Based on 260 m resolution images
acquired in the IR1, Green and UVS3 filters and shown in Fig. 14. Ring deposits in
blue splotch shown in Fig. 13 are among the least reddish units on the surface.

The character of the patches appears to change on the trailing
hemisphere, where they are characterized by lower albedo and

Fig. 12. IR/UV ratio image of equatorial patches on Rhea. Single-frame 3-color
observation (i.e., no mosaic seams) is from Cassini orbit 5 and extends from 50° to
100°W (or 700 km) and from 20°S to 20°N. Thin line traces line of constant latitude
(—1.3°). Blue patches east of 73° longitude lie along this line, those to the west lie to
the north, indicating a minor kink or deviation in the distribution of patches.

colors indistinguishable from the general reddish tones of that
hemisphere. There appears to be a gap in the great circle between
~275° and ~340°W, but this also the region where the wispy ter-
rains are most intensely developed (potentially masking these col-
ored patches) and where color imaging has the lowest spatial
resolution on our map. Given that color observations of Rhea’s
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trailing hemisphere are not yet as high in spatial resolution as
those on the leading hemisphere, our characterization of the spots
there may change when these data become available. Altogether
though, these discrete, narrow, bluish patches are distinct from
the much broader and diffuse equatorial lenses of Mimas and
Tethys. No evidence has been found for similar discrete equatorial
features on any of the other midsize icy saturnian satellites.

On Rhea, several blue patches between 110° and 155°W longi-
tude were observed at 0.53 km/pixel in three colors and in stereo,
providing concurrent DEM coverage (Fig. 13). The highest resolu-
tion (0.28 km/pixel) stereo color observation of a blue patch was
acquired along the equator between 161° and 165°W (Fig. 14), to-
gether with one concurrent 140 m/pixel clear filter mapping im-
age. The 161-165° observations are in the same filters as the
global maps, except that here the IR1 filter, at 0.742 pum, was used.
Even at this higher resolution, there is only a slight albedo signa-
ture of these color features; they are distinguished mostly by color.

Fig. 13. Medium-resolution observations along the equator of Rhea. (top) Three-
color mosaic from IR, Green, and UV channels (see text); (center) IR/UV ratio image;
(bottom) Digital elevation model (shown in gray-scale with dynamic range of
7 km). Views centered on 0°N, 130°W at resolution of 530 m/pixel. Oval circles
highlight locations of prominent equatorial spots described in text. Note bright rays
from Inktomi, the bright ray crater at 12°S, 112°W extending into the eastern edge
of the mosaic. The bluish rim scarps (dark in the IR/UV map at center) are also
apparent. View extends from 117° to 155°W longitude.

Fig. 14. High resolution (140 m/pixel) Cassini observations along the equator of
Rhea. View centered on 0°N, 163°W. (top) Three-color mosaic (in IR1, Green, and
UV3 filters); (center) IR1/UV color ratio image; (bottom) Color-coded stereo-
derived DEM combined with image mosaic. Topography shown has a total vertical
range of 6 km.

Both observations show that the blue patches are not associated
with any tectonic features such as graben, fractures or ridges.
The 161-165°W patch (seen in the global map as an elongate
feature) is resolved at higher resolution into a number of discrete
bluish deposits mostly associated with impact craters ~0.5-
11 km across (Fig. 14). In smaller craters the bluish materials are
confined to crater rims and sometimes crater floors; in larger cra-
ters, only the rim scarp is distinctly colored, and most prominently
on the western (east-facing) rimwall (although there may be shad-
owing effects on eastern rimwalls). Mapping at 850-m resolution
in the 80°W longitude region also demonstrates that the most
prominent exposures of bluish material appear to be on east-facing
slopes (Fig. 15). These rim scarp materials are similar to but even
more bluish than material exposed on rimwall scarps of relatively
young craters observed globally (Fig. 7). Irregular unresolved blu-
ish patches 1-5 km across also occur within the general area of
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Fig. 15. Image mosaic (left) and IR/UV ratio image of region centered on 0°N, 79°W on Rhea. Image was acquired early morning local time and highlights topographic relief.
Arrows point to local landmarks in both maps, indicating that the bluish equatorial material in this region occurs dominantly on east-facing slopes. Area shown is 110 km

across.

the 161-165°W blue patch. These do not appear to be associated
with resolvable impact craters. Not all craters within the confines
of the low-resolution blue patch are spectrally distinct, however;
some of the small craters appear spectrally “normal” and have no
unusual coloration.

The two resolved sites with topography reveal that the blue
patches lie on high-standing topography. At ~125°W, blue patches
lie atop the steepest and highest parts of the rim of an irregularly
shaped, 55-km-wide impact crater (Fig. 13). The 161-165°W blue
patches lies across the top of an irregularly shaped, north-south
trending ridge (Fig. 14), roughly 3 km high relative to the local
mean topography. The ridge is part of Rhea’s general global pattern
of rugged cratered topography and is not unique, but the blue
streak deposits are most prominently developed on the east-facing
slopes of this irregular ridge. These observations indicate that blue
material deposition was controlled by regional and local topogra-
phy, favoring local high-standing topography and steeper slopes,
possibly east-facing slopes (e.g., Fig. 15).

3.3. Summary of color patterns

In this section we summarize the complex overlapping color
patterns we have identified on the inner five icy midsize saturnian
satellites. There are at least five distinct color features that have
been identified. In this context, “bluish” describes the spectral
slope in the IR/UV region relative to colors of adjacent or globally
distributed features.

1. Trailing hemisphere reddening. The outer three of the midsize
satellites under consideration, Tethys, Dione and Rhea, are charac-
terized by a significant reddening increasing towards the center of
the trailing hemispheres, where the relative IR/UV ratios are en-
hanced by factors of 1.4-1.8 over those measured along the edges
of these hemispheres (Figs. 1-3). This reddening is also associated
with a general darkening towards the centers of the trailing hemi-
spheres. No pattern of this type is seen on the trailing hemisphere
of Mimas.

2. Leading hemisphere reddening. The outer three satellites,
Tethys, Dione and Rhea, are also characterized by a significant
(though lesser) reddening of their leading hemispheres (Figs. 1
and 2). IR/UV reddening ratios near the center of these hemi-
spheres are 1.1-1.2 times higher than those along the edge of the
hemispheres. Unlike the trailing hemisphere pattern, this color
variation not associated with a darkening but rather a general uni-

formly bright albedo. A similar pattern may occur on the trailing
hemisphere of Mimas, but color data are relatively lower in spatial
resolution and are noisy on this satellite.

3. Equatorial bands. Broad bands of bluish (low IR/UV ratio)
material extend across the leading hemispheres of both Mimas
and Tethys (Figs. 1 and 2). The band extends ~40° north and south
of the equator on Mimas, and ~20° on Tethys. Each band extends
only a few degrees onto the trailing hemisphere of each satellite.
The band is superposed on the leading hemisphere reddening on
Tethys. No similar bands have yet been identified on other
satellites.

4. Rhea equatorial great circle. Unique to Rhea is a sequence of
bluish (low IR/UV) patches aligned in a great circle oriented
~1.8° to the equator (based on our current best mapping coordi-
nates; Figs. 10 and 12). The bluish material is at most 20 or so
km wide (north-to-south) and extends in discrete discontinuous
patches across the entire leading hemisphere and in more widely
separated patches across portions of the trailing hemisphere
(where currently available color imaging is of lower quality). Un-
like the other global scale features, these are discrete spots most
often associated with particular impact craters or crater rims lo-
cated along the equator.

5. Enceladus. The color patterns on Enceladus are distinct from
the other satellites (Figs. 1 and 2). A reddening occurs on both lead-
ing and trailing hemispheres, but unlike the outer three satellites,
they are offset 40° or so to the west of the centers of these hemi-
spheres. No darkening of the trailing hemisphere is observed.
Two asymmetric zones of bluish material extend north by north-
east from the edge of the south polar tectonic terrains (which are
themselves bluish).

6. Geologic features. Recently exposed or young surfaces on
these satellites tend to be relatively less red in color (and may be
essentially neutral in the mapped spectral range). These include
younger fault scarps on Enceladus and rim scarps of relatively
young craters on Rhea, Tethys and other satellites (Figs. 7 and 8).
Additional geologic features include crater ejecta rays with rela-
tively bluish or reddish color. Detailed mapping of color properties
of geologic units will be addressed separately from this report.

4. Origins

Our new Cassini 3-color maps of the five inner midsize icy sat-
ellites of Saturn reveal basic global asymmetries as well as several
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major deviations from these patterns. This suggests that processes
inherent to the dynamics of the Saturn system are involved, but
that in some cases, satellite-specific processes can also be involved
in altering the surfaces of these icy moons. We will discuss each of
these aspects in turn.

4.1. Global asymmetries - role of the E-ring

Across the orbital space spanned by Mimas to Rhea, satellite al-
bedo anti-correlates with distance from Enceladus, and indeed to
the surface density of the E-ring (e.g., Pang et al., 1984; Verbiscer
et al.,, 2007). Verbiscer et al. (2007) in particular argue that the
anomalously large opposition surges and large geometric albedos
(in the visible) of all five midsized satellites are due to E-ring par-
ticles, now known to be resupplied by Enceladus’ plumes, “sand-
blasting” (their term) satellite surfaces and the resulting ejecta
recoating the surfaces with icy microstructures, although the de-
tails are far from understood.

The basic leading-trailing albedo asymmetry of the outer three
moons considered here (Tethys, Dione, and Rhea) has been known
since before Voyager days (cf. Buratti et al., 1990), and may also be
due to interactions with E-ring particles. Horanyi et al. (1992) and
Hamilton and Burns (1994) analyzed the orbital motions of ~1-um
particles leaving Enceladus and found that they would evolve con-
siderable eccentricities. At apoapse, such particles would be mov-
ing more slowly than circular orbital speeds, and thus would be
preferentially swept up by the leading faces of satellites such as
Tethys, Dione, and Rhea. Hamilton and Burns (1994) offered that
this was the root cause of the leading-hemisphere brightening seen
on these three worlds. Conversely, the trailing hemisphere of Mi-
mas should be brightened by E-ring particles at periapse overtak-
ing that satellite. Mimas' trailing hemisphere is indeed the
brighter of the two (Verbiscer and Veverka, 1992; Buratti et al.,
1998), as is Enceladus’ (Verbiscer and Veverka, 1994; more on this
below).

There are of course a number of potential physical effects or
mechanisms that may contribute to leading/trailing hemispherical
albedo, color, or other asymmetries. Smith et al. (1981) offered that
enhanced bombardment by heliocentric impactors (so-called pop-
ulation III) on the leading hemispheres of tidally locked satellites
could be responsible for eroding, erasing or suppressing endogenic
or otherwise older, intrinsic albedo patterns. Conversely, Clark
et al. (2008), based on a careful analysis of VIMS spectra across
the surface of Dione, reject this hypothesis. Rather, they argue that
the lower albedo on the trailing hemisphere is due to implantation
of fine (sub-micron) dark particles, particles so fine they cause a
Rayleigh-scattering reflectance peak in the visible, and in addition,
are absorbing in the UV-visible shortward of ~0.5 mm. Additional
spectral evidence is presented in Clark et al. (2008) and Jaumann
et al. (2009) that this dark material is widespread in the saturnian
system, and may be primarily composed of finely divided (nano-
phase) iron and/or iron oxide (e.g., haematite) particles (cf. Kempf
et al., 2005). Noll et al. (1997) offer that the UV absorber is carbo-
naceous. Whether this dark material is cometary in origin, related
to the Phoebe ring (Verbiscer et al., 2009), or something else en-
tirely, is not known at this time.

In Saturn orbit, particles smaller than about 0.05 pm in radius
are electromagnetically dominated and behave roughly like ions
corotating with Saturn’s magnetic field, and overtake the satellites
from behind (Hamilton 1993; Dikarev 1999). Dust grains 0.2 and
0.5 pm in radius, although gravitationally dominated, orbit Saturn
10% and 1.5% faster than the Keplerian rate, respectively (Hamilton,
1993). If grain orbits are nearly circular, these grains will also
overtake the satellites from behind, and thus be consistent with
the hypothesis of Clark et al. (2008). However, it is known that
the equilibrium potential of larger (e.g., E-ring) grains changes sign

at a radial distance close to Rhea’s orbit (Kempf et al., 2006). Thus,
super-Keplerian orbital speeds should obtain for such larger grains
at Tethys, Dione, Enceladus, and Mimas, where the potential—and
grain charge—is negative, but this may not necessarily be true at
Rhea, where the potential is close to zero, and might even assume
positive values. That is, grains larger than ~0.2 pm, if moving on
circular orbits, may move at near- or sub-Keplerian speeds there
(Kempf et al., 2006).

Thus, based on the above, there would appear to be at least 3
classes of particles whose bombardment could contribute to the
hemispheric albedo and color patterns seen on the inner midsize
icy satellites: E-ring particles, small heliocentric impactors, and
sub-micron dark particles. There is naturally also the direct effect
of magnetospheric plasma bombardment, which to first order con-
centrates on the trailing hemispheres (and is discussed in greater
detail below). Bombardment of charged particles can implant
new chemical species, can drive chemical reactions and species
creation, alter grain size and other microstructure (thus affecting
absorption band depths), and even sputter away the surface. At
Europa, for example, the trailing hemisphere is darkened and
reddened by the implantation of sulfur into the surface ices (e.g.,
Johnson et al., 2004). In the Saturn system, the inner magnetospheric
plasma is dominated by water and water products and sulfur is un-
known. Indeed, S is very under-abundant in the plume gas emanat-
ing from Enceladus, whereas CH4 and other organic compounds are
present at the percent level (Waite et al., 2009), so perhaps carbon
is the active implanted species in terms of albedo and spectral
slope variation.

Now, it is not clear whether bombardment of essentially clean,
water-ice surfaces by such relatively “innocuous” species as OH™
and O*" (at Saturn) should produce pronounced albedo or color
changes. Certainly, the production of interstitial H,O, or O3 ought
not by itself lead to dramatic changes in ISS colors (although the
UV filter set is sensitive to the 0.26 pm ozone absorption band
and the onset of absorption by H,0, at 0.3 um; cf. Noll et al,,
1997; Carlson et al., 1999; Fig. 20 in Porco et al., 2004). Microstruc-
tural changes (discussed below) are another matter. Yet another
possibility is that preferential sputtering of water ice from the
trailing hemispheres may enhance the abundance of any more
refractory (possibly iron-rich), dark particles there.

In sum, E-ring particles (mainly water ice), heliocentric impacts,
sub-micron dark particles, and magnetospheric plasma may all
contribute to the leading/trailing albedo and color asymmetries,
whether pronounced or subtle, on Mimas, Enceladus, Tethys,
Dione, and Rhea. To the extent our Cassini-ISS-derived albedo
and color maps (Figs. 1 and 2) corroborate previous ground-based
and Voyager results, previous conclusions are supported. In partic-
ular, an important role for E-ring particle bombardment is necessi-
tated by the global geometric albedos of all five satellites
(Verbiscer et al., 2007) and by the near-equal reflectances, if not
brighter trailing hemispheres, of Mimas and Enceladus (Buratti
et al., 1998). Indeed, without Enceladus’ unique (plume and E-ring)
contributions, it would be very difficult to explain why Mimas and
Enceladus do not mimic Tethys, Dione, and Rhea in terms of hemi-
spheric albedo and color.

In contrast, Stephan et al. (2010), in their very detailed VIMS-
based study, were not able to find compositional or grain-size
evidence of a preferential leading hemisphere bombardment by
E-ring particles on Dione. It is not clear, however, what one should
expect in this regard from a bombardment by microscopic
water—ice particles of a water-ice surface. Our maps (Figs. 1, 3
and 6) do provide an interesting piece of the puzzle, the “blue val-
leys” between the leading and trailing hemispheres (0° and 180°
meridians) of Tethys, Dione, and Rhea. In other words, the brighter,
leading hemispheres do not continue to get bluer as the apex of
motion is approached. Rather, they become slightly more red
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(Figs. 3 and 5). This behavior is not obviously captured by any of
the mechanisms described above.

A simple explanation for the reddish color peaks at both the
apex and antapex of motion on these moons is that one or more
of the unidirectional solid or charged particle bombardment mech-
anisms is operating, but that the apex and antapex of motion have
exchanged positions due to a suitably large impact (Chapman and
McKinnon, 1986). We regard this as highly unlikely, however, as all
four moons (Mimas, Tethys, Dione, and Rhea) would have had to
have undergone such a reorientation; moreover, any such impact
would have likely completely reset the moon’s optical surface.

A more intriguing, albeit speculative, idea is that Saturn’s mag-
netic dipole reverses on a suitable time scale. The orientation of the
magnetic field would not of course affect the motion of the thermal
plasma, or that of particles so small as to be swept along with the
corotating field. They would still bombard the trailing hemispheres
of motion. Nor would the gravitational focusing of heliocentric
bombardment onto the leading faces be affected. But the Lorentz
force that larger orbiting particles would feel would be reversed.
In particular, E-ring or dark particles in the ~0.1-1 mm range
would have their circular orbital speeds switch from super-Keplerian
to sub-Keplerian. These particles would then be subject to sweep-up
by the leading hemispheres of the satellites. In this scenario, the
subtle reddening as the apex of motion is approached is a relict
of an earlier time, and is slowly disappearing under the combined
influence of present-day heliocentric micrometeorite and/or
eccentric E-ring particle bombardment.

4.2. Charged-particle radiation effects

Because the inner midsize icy satellites orbit within Saturn’s
magnetosphere, the trapped particle radiation there “space weath-
ers” the surface materials, as at the Galilean satellites (Johnson
et al., 2004; Carlson et al., 2009). Due to the large number of neu-
tral atoms (and grains) in the inner magnetosphere of Saturn, the
plasma/particle situation there is unique. Cold, corotating, plasma
ions survive the effects of the neutral gas, because in collisions a
cold ion is simply replaced by another cold ion (i.e., there is no
net loss of an ion). At higher energies, however, ions undergo
charge-exchange whereby an energetic ion becomes an energetic
neutral and exits the system, leaving behind a cold ion (e.g., Paranicas
et al.,, 2008). Therefore, the regime close to Saturn in which these
satellites reside is unlike that at Jupiter, where the population of
ions between the plasma energies (eV) and the energetic ions (tens
to hundreds of keV) is quite “robust” (i.e., the ion energy distribution
is broad, e.g., Mauk et al., 2004).

For electrons, it is the particles in the MeV or so energy range
that form Saturn’s radiation belts (e.g., Paranicas et al., 2010a).
The radial extent of the belts varies by energy, but these particles
are most important out to about the orbit of Tethys. Furthermore,
these particles drift in retrograde around the planet and initially
impact the leading hemispheres of the satellites (see below). How-
ever, in the tens to hundreds of keV energy range, the electrons are
at their highest fluxes near Dione and Rhea (e.g., Carbary et al.,
2009). Inward of these satellites, electrons in the tens to few hun-
dreds of keV fall off rapidly in intensity (Paranicas et al., 2010b, in
preparation). In any event, these lower energy electrons preferen-
tially impact the trailing hemispheres of the satellites.

Charged-particle radiation can produce a variety of effects,
including reddening and brightening, depending on the wave-
lengths in question as well as the composition and energies of
the incident particles. Although carbon ions are present in the
saturnian plasma as trace species, as noted above no single domi-
nant ion, such as sulfur from Io in the jovian system, is known to
readily affect satellite surfaces by implantation. Energetic ions
and electrons on the other hand can also affect surfaces by causing

chemical and physical alterations. For energetic ions and electrons
it is their energy (which dictates which hemisphere they will pref-
erentially impact) and energy spectrum at each body that is
important.

That radiation processing is occurring on the midsize icy satel-
lites is clear from the detection of an ozone absorption feature, at
0.26 pm, in the surface ice on Dione and Rhea (Noll et al., 1997).
Reddening may also occur in the UV due to formation of carbon res-
idue associated with radiation-processed, implanted carbonaceous
material (Noll et al., 1997), although Clark et al. (2008), Stephan
et al. (2010), and Jaumann et al. (2009) argue that carbon particles
are themselves insufficient to explain the total UV absorption seen
by VIMS at Dione and elsewhere. Regardless, that radiation pro-
cessing in an ice matrix should result in some radiation darkening
at wavelengths relevant to the Cassini ISS UV filter set (specifically,
the UV1 and UV2 filters) is not unreasonable (e.g., Noll et al., 1997;
Carlson et al., 2009; Hendrix and Johnson, 2009). We note that the
ambient, thermal plasma in this region of Saturn’s magnetosphere,
though non-negligible (Johnson et al., 2008), has much lower ener-
gies and, hence, smaller penetration depths than the plasma at
Europa. Therefore, the higher-energy ions and electrons that are
energized outside of Rhea’s orbit and diffuse inward are likely
the dominant agents for radiation effects.

As noted above, inwardly diffusing tens to hundreds of keV
electrons primarily affect Dione and Rhea (for ions, Rhea princi-
pally [Paranicas et al., 2008]), likely producing the observed
ozone-like features. These two satellites are probably more heavily
weathered by these charged particles, which have energies below
the radiation belt energies, than are Mimas, Enceladus, and Tethys.
In contrast, the net irradiation effect of the thermal plasma is min-
or. Such electrons and ions bombard in an axially symmetric pat-
tern with its peak on the trailing hemisphere, the principal effect
likely being modestly enhanced absorption in the UV on the trail-
ing hemispheres (by any or all of the mechanisms just discussed).

That the asymmetric color patterns on both the leading and
trailing hemispheres are directional in nature and not isotropic is
suggested by the distribution of color patterns within craters near
the edges of these hemispheres. Comparison of color patterns
within craters near the leading-trailing hemisphere boundary on
the anti-saturnian side of Dione show that crater walls facing to-
ward the apex (if on the leading hemisphere) or the antapex (if
on the trailing hemisphere) are often distinctly redder than walls
facing the opposite directions (Fig. 16). Crater walls typically slope
between 20° and 40°. Thus crater rims nearer the edge of each
hemisphere are going to be more effectively shielded if they face
away from the direction of incoming debris or thermal plasma,
whereas slopes facing toward those directions are more likely to
accumulate those deposits or effects. In the case of the leading
hemisphere, E-ring debris will accumulate more efficiently on rim-
wall slopes facing toward the apex (as shown in Fig. 16). On the
trailing hemisphere, plasma bombardment will alter surface colors
more efficiently on rimwalls facing the direction of incoming plas-
ma (the antapex). This process apparently operates in competition
with formation and/or preservation of bluish rimwall scarps, lead-
ing to complex color patterns at high resolution in some regions on
these satellites, especially near the boundaries between the two
hemispheres (e.g., Fig. 16).

4.3. Equatorial bands of Mimas and Tethys

The fact that equatorial lenses form on both Mimas and Tethys
suggests that a system-wide process not restricted to one satellite
is operative. A similar lens-shaped albedo/color pattern is evident
on Europa (Fig. 1 in Paranicas et al. (2001)), but the more complex
geologic patterns of Europa makes the feature there less obvious.
The latter pattern is attributed to bombardment by very energetic
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Fig. 16. IR/UV ratio map showing colors along the boundary between leading (right) and trailing (left) hemispheres of Dione. Arrows indicate sides of craters with “reddish”
spectral properties. These crater walls face the centers of their respective hemispheres. Vertical white line is 180° longitude. Black hash marks are missing data. Map

resolution is 1 km/pixel.

electrons onto Europa (Paranicas et al., 2001). These particles pref-
erentially impact the trailing hemisphere of that moon at equato-
rial latitudes. The electron energy dose into the surface also
dominates the total dose from energetic charged particles.
Whereas Europa is deep in the electron radiation belt of Jupiter,
Mimas, Enceladus and Tethys are all in the electron radiation belts
of Saturn. Curiously the oval albedo/color pattern occurs on the
hemispheres opposite to that of Europa (though not at all on Enc-
eladus due to the dominance of local resurfacing there).

Here we propose that the different placements of the lens-
shaped bands at Europa and Mimas/Tethys are related to the net
motion of radiation belt electrons at Jupiter versus Saturn.
Whereas most charged particles circle Saturn in a prograde man-
ner, like the satellites, very energetic electrons (>1 MeV) can have
a net drift in the opposite direction. At Europa’s orbit, the equiva-
lent energy transition occurs at approximately 25 MeV, meaning
that only electrons above this energy preferentially impact the
leading hemisphere of Europa, but these electrons do not contrib-
ute much to the total radiation dose (Paranicas et al., 2009). At Mi-
mas and Tethys, the strengths of the planetary magnetic field are
such that this transition energy is much lower. Electrons above a
certain energy have net guiding center motion that is opposite to
the motion of the inner satellites. For Mimas (Tethys), the range
of energies above which electrons impact the leading hemispheres
of the satellites is 1.0-1.25 MeV (0.9-1.1 MeV). These ranges cover
equatorial pitch angles between about 30° and 90°. Roussos et al.
(2007, their Fig. 1) show these values for several inner satellites.

To quantify this proposal, we have calculated the dose into the
leading hemispheres of Mimas and Tethys associated with these
energetic electrons. Inside the orbit of Dione, electrons with ener-
gies above about 1 MeV preferentially bombard the leading hemi-
spheres, and this is also the region in which the intensity of the
MeV electrons becomes a substantial component of the energetic
plasma.

For energetic electrons above the transition energy (i.e., those
that are colliding preferentially with the leading hemispheres of
the inner saturnian satellites), the spread of the bombardment in
satellite latitude depends on the energy. For example, at higher
energies, electron guiding centers have greater relative speeds to
the satellites. The basic physics governing the interaction is the
speed of the electrons along the magnetic field line compared to
their flow (drift speed) perpendicular to the field lines. When the
drift speed increases, the electrons reach higher latitudes on the
surface. For instance, in the rest frame of the satellite, electrons
that are moving onto the leading hemisphere of Tethys at low

speed will all be lost close to the equator of that moon. Electrons
moving at high speed will reach higher latitudes on the moon be-
fore being completely lost. For a 1 MeV electron near Mimas’
(Tethys’) orbit, the gyroradius of a particle mirroring at +34° lati-
tude is 3.2 km (12.7 km). Thus, because these values are small
compared with Moon radii, we do not explicitly include the effects
of gyroradius in generating the bombardment patterns.

To quantify this we have calculated the energy flux into the sur-
face. For an isotropic flux, this flux can be estimated from the fol-
lowing integral over particle energy E,

p— n/j(E)EdE (1)

In the calculations here, we instead consider a simple trapping dis-
tribution at all energies and perform the integral from the energy of
net retrograde motion to 30 MeV. For a steeply falling energy spec-
trum, the energy integral will be dominated at the lowest energies
(about 1 MeV in the cases here). Here j is the charged particle inten-

Fig. 17. IR/UV color ratio map of leading hemisphere of Mimas with contours of
power into the surface per unit area overlain. Map data are from Fig. 2 but have
been smoothed using a low-pass filter to suppress local features and map noise.
Contours created in the same manner as described in Paranicas et al. (2010, their
Fig. 8), using data from Cassini/MIMI. The contour at ~10%*7>) MeV/(cm? s) most
closely matches the edge of the Mimas equatorial band. The circular bright patch at
center left of the lens is the 120-km-wide Herschel crater. Map extends from —90°
to 90° latitude and —20°W to 200°W longitude. See text for additional details.
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Fig. 18. IR/UV color ratio map of leading hemisphere of Tethys with contours of
power into the surface per unit area overlain. Map data are from Fig. 2 but have
been smoothed using a low-pass filter to suppress local features and map noise.
Some longitudinal structure in the band in evident when smoothed, including an
increase in ratio (redness) along the center of the band and along the southern edge
(and likely northern edge also). Contours created in the same manner as described
in Paranicas et al. (2010, their Fig. 8), using data from Cassini/MIMI. The contour at
10425 MeV/(cm? s) most closely matches the edge of the Tethys equatorial band.
Map extends from —90° to 90° latitude and —20°W to 200°W longitude. See text for
additional details.

sity, derived by averaging electron data from Cassini LEMMS (Low
Energy Magnetospheric Measurement System; Krimigis et al.,
2004) over time periods when the spacecraft was close to the orbi-
tal distance of a given moon. Figs. 17 and 18 show contours of log
MeV cm~2s~!) on Mimas and Tethys, overlain on leading hemi-
sphere maps of IR/UV ratio intensity from Fig. 2. These gradient con-
tours very closely match the locations and shapes of the observed
equatorial bands (or lenses) on both satellites and at similar dose
contours (at approximately 10*> MeV cm~2s~!). The physical nat-
ure of this transition is not yet clear but suggests that a critical en-
ergy flux is required to physically alter the surface.

Because Mimas (radial distance ~3.08 Saturn radii, R) is in a
more intense radiation environment than Tethys (~4.89 R;), the
population of particles above the critical energy from about
1 MeV and up, does not decrease as quickly with increasing energy.
In other words, the radiation belt at Mimas is populated with rel-
atively more electrons well above 1 MeV. In comparison, at the
location of Tethys, the energy spectrum falls off more rapidly with
increasing energy. As noted above, the more energetic electrons
reach the highest latitudes on the leading hemisphere. Thus, we
estimate the dose into the leading hemisphere of the saturnian sat-
ellites from energetic electrons to be greatest and reach the highest
latitudes within the most intense parts of the electron radiation
belts (within the orbit of Dione). Deep within the belts, that is, at
Mimas, the latitudinal spread of electron dose on the leading hemi-
sphere of the satellites will be most pronounced.

So, given the above correlations, how do the >1 MeV electrons
affect the surface? These MeV electrons appear to affect the reflec-
tance properties of Tethys and Mimas in a manner opposite to
what one often associates with radiation effects. Although such
electrons also trigger surface chemistry and, hence, possible
absorption features sensible by the Cassini ISS UV filter set, these
electrons also penetrate very deeply, forming defects and small
voids in the ice that act as scattering centers (Johnson et al.,
1985; Johnson and Jesser, 1997). Therefore, we suggest that bright-
ening seen in the UV and, hence, a lowering of the IR/UV ratio are
in fact due primarily to enhanced scattering in the wavelength re-
gime associated with the UV filter. An important test of this

hypothesis would be to image the leading hemispheres of Mimas
and Tethys at the shortest UV wavelengths (the UV1 and UV2 fil-
ters, which are not used here due to lack of areal coverage). The lat-
ter filters are the most sensitive to the 0.26-pum ozone absorption,
and surface O; abundance is predicted to be elevated within the
UV-bright equatorial bands.

An unresolved question here concerns why the equatorial band
is IR-dark on Tethys but not on Mimas. Although the inherent
brightness of the Mimas band is still darker than on Tethys, this
behavior could be related to the inherently higher albedo of Tethys
(e.g., Verbiscer et al., 2007) and perhaps subtle compositional dif-
ferences between the two satellites (i.e., deviations from pure
water ice). Additional color imaging would be helpful in explaining
this particular property.

4.4. Enceladus

The odd global color patterns and active geology of Enceladus
immediately raise the likelihood that processes unique to Encela-
dus are creating the surface patterns we see. Encealdus space is
strongly dominated by the E-ring, which is most dense near Enc-
eladus and is resupplied by plume material from the active south
polar region. In a separate paper (Schenk et al, in preparation),
we show that this pattern is well matched by the predicted fallout
pattern (Kempf et al., 2010) of redeposited plume material, a situ-
ation unique to Enceladus. The main point here is that this local
deposition, and by association the E-ring particles themselves,
which are densest nearest Enceladus, appear to block or mask
the formation of the features seen on the other icy satellites. These
include the equatorial lenses on neighboring Mimas and Tethys
and the reddish asymmetries centered squarely on the leading
and trailing hemispheres and the processes forming them.

4.5. A ring at Rhea?

At high resolution (Figs. 13-15), the blue patches along Rhea’s
equator are associated with older impact features and are not asso-
ciated with any obvious, endogenic tectonic process, as no linear or
other tectonic fabric is apparent. While large basins and tidally dis-
rupted comets can both produce linear secondary crater chains
(Schenk et al., 1996), the location of the patches within a degree
or two of the equator and the lack of any large basins in line with
this feature (Fig. 1) rule out impact by secondary craters, and nei-
ther secondaries nor split comets produce chains that exceed 180°
in circumference.

A thin/diffuse ring/disk or halo surrounding Rhea and currently
confined close to the equator has been reported (Jones et al.,
2008b), and Jones et al. (2008a) have proposed a relationship be-
tween the unusual equatorial color pattern and the possible debris
disk or halo. More specifically, they proposed that these features,
which we now know to be a circumferential “blue great circle”
on Rhea might be directly related to impact of ring material on
its surface. We generally support the conclusion that the equatorial
feature is due to the impact of orbiting debris, but it does not nec-
essarily imply that such debris is orbiting currently (i.e., the equa-
torial feature may have been created in the geological past).

While first “detected” as unusual charged particle absorptions
by Cassini’s plasma and magnetospheric instruments (Jones et al.,
2008b), Rhea’s putative debris disk has not been observed in the
visible or near-infrared (Pitman et al., 2008; Tiscareno et al.,
2010). Further, the nature of the particles within this ring/disk is
unknown, and although the initial magnetospheric results sug-
gested that it would be dominated by fragments decimeters in size
(Jones et al., 2008b), detailed analysis of ISS images by Tiscareno
et al. (2010) could find no particle size distribution that could
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simultaneously explain the charged particle data and imaging
constraints.

Regardless of the present situation surrounding Rhea, with re-
spect to the equatorial blue features (which we stress are real), col-
lisional diffusion would be expected to broaden a hypothetical
source debris disk, and allow some of the disk particles to strike
the surface of Rhea, preferentially in the equatorial plane. The im-
pact of circum-satellite ring material on Rhea may thus provide in-
sight into the dynamics and nature of the particles within such
ring/disks. The narrowness of the blue great circle feature indicates
that any source debris disk remained confined within a degree or
two of Rhea’s equatorial plane, which is not unexpected if the deb-
ris density is great enough and long-lived enough to evolve colli-
sionally. Our surface imaging results might also imply that any
such ring/disk contained relatively little micron-sized dust, be-
cause such dust might be perturbed out of the equatorial plane
by non-gravitational forces, and therefore coat Rhea more broadly.
At present we see no evidence of any broad color shoulders adja-
cent to the main blue great circle.

An additional constraint from imaging of the blue patches in
Figs. 13-15 is their preference for local ridge crests and east-facing
slopes in particular, which suggests that high-standing topography
caught or blocked ring or disk particles as they approached the sur-
face. Although the imaging suggest a preference for east-facing
slopes, uncertainty remains as to whether impacting material
came predominantly from the east, suggesting the possibility of
retrograde orbits.

The high resolution imaging in Figs. 13-15 reveals the clumpy
and discontinuous nature of the blue patches. The resolution of
the blue patches into discrete splotches and crater rimwall depos-
its can be explained in two ways. First, craters within the patches
could be primary impact features related to impact of solid ring ob-
jects. With scaling from McKinnon and Schenk (1995), and assum-
ing highly oblique impacts at a circular orbital speed of ~450 m s~!
(we neglect Rhea’s equatorial rotational velocity of 12 ms~!), and
similar impactor and surface densities, the sizes of the putative
craters in Fig. 13 imply maximum impactor or fragments sizes on
the order of 100 m to several km. It unlikely that such bodies
would have gone unnoticed by Cassini, if such a population were
still in orbit, especially as more copious (and visible!) small parti-
cles would be generated by collisions (Tiscareno et al., 2010).

Rather, the bluish craters in Fig. 14 would more likely have
formed during a discrete period of time when large debris frag-
ments were more prevalent, perhaps shortly after ring formation,
and are recognized as such only because they clustered together
(though there is no obvious physical reason for such clustering).
These craters would have to have formed long enough ago that
bright rays initially formed (e.g., Figs. 6 and 9) would be erased,
but recently enough that bluish rimwalls would be retained. In
any case, the clustering could be an artifact of preservation.

Alternatively, if Rhea’s ring always consisted of only small frag-
ments a few meters or so in size, any ring material reaching the
surface of Rhea would not have been large enough to form craters
we can observe. The deposits observed in Fig. 14 would then be
preexisting craters along the track of the particles where the rim-
wall surfaces have been disrupted by relatively smaller-sized ring
material, material incapable of forming primary craters resolvable
in these images, but able to remobilize the regolith and re-expose
the fresh bluish ice commonly seen elsewhere in younger crater
rimwalls, and potentially explaining the bluish color of the equato-
rial feature on Rhea. The blue-colored craters within this patch are
not obviously of the same relative age, suggesting that disruption
of preexisting surfaces by repeated impacts of small particles
may indeed be the more likely explanation. If so, the strong bluish
color indicates that formation occurred recently and these may be
among the most recently formed features on the surface. On the

other hand, the surface features we observe might date from an
earlier time, as no bright rays have been observed in association
with the equatorial deposits. This would imply that sufficient time
has lapsed for ray erasure to have occurred but not sufficient time
to erase the blue crater rims associated with relatively young im-
pact craters elsewhere on Rhea. High-resolution color and stereo
mapping of other splotches may be required to determine their ori-
gin more confidently.

Presumably, ring material about a midsize satellite such as Rhea
represents debris launched by one or more impacts on its surface.
The very young, 80-km-wide impact crater Inktomi (Figs. 1 and 6)
has a very extensive bright ray pattern, and as one of the (if not the
youngest) known major impact crater in the Saturn system, it
could have easily launched at least a modest amount of debris into
orbit (inter-particle collisions and Saturn’s gravity ensure that not
all ejecta return immediately to Rhea [e.g., Alvarellos et al., 2005]).
But as noted above, the lack of bright ejecta in association with the
blue deposits may indicate that the reimpact of orbiting debris was
not recent (or that the ring impacts are very small). They are thus
unlikely to be associated with Inktomi. In addition, the asymmetric
ejecta pattern at Inktomi indicates impact from the west, not the
east as would be required to place some fraction of the ejecta into
close retrograde orbit. All told, even though it is tempting to relate
the formation of this youthful crater with the equatorial blue
patches (if not the electron dropouts seen near Rhea [Jones et al.,
2008b]), we must conclude that the equatorial features on Rhea
appear to relate to an earlier debris ejection event.

That the equatorial feature follows a great circle, nearly per-
fectly oriented on Rhea’s equator, indicates that whatever the ori-
gin of the orbiting debris, there was sufficient amount to
collisionally evolve and collapse into Rhea’s equatorial plane. The
1.8° inclination is, however, not expected. Although the control
solution developed here has been stable despite the addition of
new image data sets in 2010, suggesting the 1.8° offset is real, there
may still be a minor error in the current control network. The
apparent 1.8° inclination of the great circle is barely within the
margin of error of the equator for the current coordinate system
for Rhea (though we note inconsistent latitudes of this order for
features near 180°W in other basemaps?). Anticipated image acqui-
sition in the current north polar gap after Saturn equinox in 2009
should reduce these errors to less than a degree and confirm the true
orientation of the circle with respect to the equator.

If the inclination of the equatorial feature is real, it could be ex-
plained by true polar wander of Rhea’s figure. Rhea is a slow rota-
tor (not very oblate), and an uncompensated impact crater in the
100-km-diameter class could cause a reorientation of this magni-
tude (Nimmo and Matsuyama, 2007). In our particular case (and
for our control solution), the reorientation would have to be either
along the ~190°W (northern hemisphere) or 20°W (southern
hemisphere) meridians. No obvious crater candidates present
themselves in these locations, and if the positive rim and ejecta
mass around a crater is accounted for (Schroeter’s rule), the crater
required to drive a ~2° reorientation moves into the basin size
class.

The pattern of blue equatorial patches/deposits changes charac-
ter when it crosses from the leading onto the trailing hemisphere
of Rhea (Figs. 6 and 10). The change from a bluish to a dark but
apparently uncolored deposit suggests that the alteration of the
trailing hemisphere, by the exogenic contaminants that are also
responsible for the strong hemispheric IR/UV signature may also
alter the color of the blue great circle if it not a currently forming
feature. Deposits related to the extensive fracture system on the

2 Compare Fig. 24.6 in Roatsch et al. (2009), or http://www.photojournal.
jpl.nasa.gov/catalog/PIA08343, with http://www.planetarynames.wr.usgs.gov/image/
rhea_comp.pdf.
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trailing hemisphere (Fig. 1) may also mask the colors of the feature
or have otherwise disrupted the surface in specific regions, but not
across the entire hemisphere. We note that orbital decay of ring
material cannot accumulate on one hemisphere preferentially, as
even an eccentric ring or ring arc will precess. The simplest expla-
nation is probably that the greater influence of dark-particle
implantation and magenetospheric bombardment on the trailing
hemisphere of Rhea have masked or altered this equatorial feature,
or altered the surface in such a way as to prevent the formation or
exposure of bluish material. Available color coverage is weakest on
this hemisphere (ranging from 0.75 to 1.5 km/pixel resolution);
additional high-resolution color mapping is required to test these
conjectures.

Though lacking topographic expression, the unusual linear and
equatorial configuration of Rhea’s blue circle is surprisingly similar
to that of lapetus’ equatorial ridge (Porco et al., 2005; Giese et al.,
2008); they are the only two known features in the Solar System
uniquely tied to the equator of a major planetary surface (though
among small bodies, the Asteroid 1999 KW, A and the saturnian
ringmoons Pan and Atlas come to mind). Although the blue patches
form on the tops of some preexisting ridges, no evidence of an
equatorial ridge is seen in either limb images or a global DEM (dig-
ital elevation model) of Rhea (see Figs. 13 and 14). The ~70 km
wide and 13 km high Iapetus ridge (Giese et al., 2008) extends in
a structurally coherent form from approximately —23°W to
213°W longitude on that satellite, beyond which is breaks up into
discontinuous segments or peaks or disappears altogether. This
discontinuous section is reminiscent of the discontinuous nature
of the blue great circle on Rhea (and its possible missing section
near 270-340°W).

The unique lapetus equatorial ridge has led to several sugges-
tions for its origin, including deposition of a primordial ring onto
the surface due to collisional diffusion, possibly augmented by
gas drag in a lapetan proto-atmosphere (Ip, 2006). Despite the
prominence of this feature, no similar linear ridges have been
found on any other midsize or larger icy satellites. Concluding that
the Rhea feature is indeed the signature of the impact of (small
amounts) of Rhea ring material supports the general conclusion
that circum-satellite ring/disk material can make it to the surface
of a body. This in turn supports Ip’s (2006) interpretation, as op-
posed to endogenic mechanisms that have been proposed for the
ridge. The fact that no topographic pile (or excavated trough) has
formed on Rhea indicates that its ring must have been very low
mass compared to that proposed for lapetus, but this is logical as
the lapetus ridge is an ancient (if not primordial) feature, whereas
the Rhea color pattern is relatively geologically young and ring
material may be less stable around a satellite orbiting in much clo-
ser proximity to Saturn. These and other details remain to be ex-
plored, however.

5. Summary

Color mapping of the five inner midsize icy satellites of Saturn
reveals that their surfaces record several ongoing dynamical pro-
cesses that vary with distance from Saturn and from Enceladus
(summarized in Figs. 19 and 20). Indeed, although geologic fea-
tures such as rayed craters, crater rimwalls and tectonic scarps
and some geologic units have distinctive color signatures, the fun-
damental color properties of these bodies are all controlled by
these global-scale processes.

Fig. 19. From left-to-right, orthographic projections of the trailing, anti-saturnian and leading hemispheres of Dione (from Fig. 2) showing the global color asymmetries
characteristic of the three icy satellites Tethys, Dione and Rhea. Apparent features include the strong peak in redness at the center of the trailing hemisphere, the broader
reddening and the reddish crater ray patterns across the leading hemisphere, and the division between the two hemispheres along the center 180° meridian of the anti-Saturn
hemisphere. Not shown (or found on Dione) is the broad equatorial leading-side band seen on Tethys and Mimas.

——

energetic
electrons

Fig. 20. Cartoon illustrating the basic physical processes proposed to be responsible for global color patterns on the midsize icy satellites of Saturn. Not shown are deposition
of particles from circum-satellite debris disks along the equator (as seen at Rhea). View shows sub-saturnian hemisphere, highlighting leading and trailing reddening and blue

equatorial band. Cpld plasma may include entrained nanoparticles.
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(a-c) The outer three, Tethys, Dione, and Rhea are dominated by
two hemispheric color asymmetries in the form of enhanced
reddening (higher IR/UV ratios) centered on the leading and
trailing hemispheres (Fig. 19). The enhancement is signifi-
cantly stronger on the trailing hemisphere where it is associ-
ated with lower albedo material. The asymmetry on Mimas
is seen weakly and only on the trailing hemisphere. These
patterns are likely related to two or more competing mech-
anisms. The trailing hemisphere reddening is likely due to
(1) thermal and suprathermal plasma bombardment and
(2) implantation of small dark grains with attendant surface
chemistry alteration. Simultaneously, (3) E-ring deposition
appears to be coating or altering the leading hemispheres
of satellites outside Enceladus’ orbit and the trailing hemi-
sphere of satellites interior to Enceladus (i.e., Mimas).

(d) On Enceladus the global color asymmetry is offset ~40° to
the west compared to the other satellites. The pattern can
be shown to match the predicted pattern for redeposition
of plume material back onto Enceladus’ surface (Kempf
et al., 2010; Schenk et al., in preparation). In a sense this
can be considered a form of E-ring deposition similar to that
seen on the other satellites except that here on Enceladus
the fallout pattern is more tightly controlled by near-plume
dynamics and a well-outlined surface pattern results.

(e) A fifth process involves the bombardment of very energetic
(>1 MeV) electrons onto the leading hemispheres of Mimas
and Tethys, forming relatively bluish colored lens-shaped
zones along the equatorial zones of both satellites. No sim-
ilar features are observed on the other satellites, but Dione
and Rhea lie further out where the energetic electron den-
sity falls off rapidly and Enceladus may be shielded by the
densest regions of the E-ring within which it resides.

(f) A sixth process involves the impact of circum-satellite
material onto the surface. The only known possible occur-
rence is the series of blue splotches aligned along the equa-
tor of Rhea, interpreted to be the deposition or disturbance
of the surface due to the impact of circum-orbital debris in
the equatorial plane of Rhea. We note that a similar process
has been proposed to explain the equatorial ridge on lapetus
(Ip, 2006), although no discrete build-up of material appears
to have occurred on Rhea.

Additional investigation will be required to answer unresolved
issues raised by these patterns. First among these is an understand-
ing of the physical processes that occur as these color features form.
Little is known about the composition and structure of the surface
and how it has been altered by the processes described here. For
example, our mapping does not describe the photometric behavior
of these deposits. The color features could have different phase
functions. Indeed, the equatorial band on Tethys looks significantly
different in the very low phase angle color sequences of that hemi-
sphere that are currently available, an aspect we were not able to
pursue here. Mapping photometric properties such as the opposi-
tion surges and phase functions of each of the color features could
reveal differences in the porosity, grain size or other properties of
these deposits. Additional high resolution VIMS mapping should
also shed light on compositional and grain-size variations across
the surfaces. Mapping of geologic features on different hemispheres
could also address the issue of determining the relative rates of sur-
face alteration due to these processes.

Note added in proof

Since our initial submission, the Cassini CIRS has discovered a
thermal anomaly on Mimas’ leading hemisphere geographically

coincident with the lens-shaped color anomaly reported here
(Howett, C., Spencer, J.R., Pearl, ].C., Hurford, T., Segura, M., Schenk,
P., Paranicas, C., 2010, Unexplained surface temperature anomalies
on Mimas, AGU Meeting of the Americas, Abs. #P34A-06). If our
electron bombardment explanation is correct, we expect a similar
thermal anomaly on Tethys.
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