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Hyperion's sponge-like appearance
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Turtle!® & J. Veverka!

Hyperion is Saturn’s largest known irregularly shaped satellite and
the only moon observed to undergo chaotic rotation'~. Previous
work has identified Hyperion’s surface as distinct from other small
icy objects*® but left the causes unsettled. Here we report high-
resolution images that reveal a unique sponge-like appearance at
scales of a few kilometres. Mapping shows a high surface density of
relatively well-preserved craters two to ten kilometres across. We
have also determined Hyperion’s size and mass, and calculated
the mean density as 544 + 50 kgm >, which indicates a porosity
of >40 per cent. The high porosity may enhance preservation
of craters by minimizing the amount of ejecta produced or
retained®’, and accordingly may be the crucial factor in crafting
this unusual surface.

Hyperion orbits Saturn every 21.3 days with a semi-major axis of
24.55 Saturn radii. The Cassini spacecraft flew by Hyperion four
times in 2005 and 2006 at ranges less than 300,000 km. A close fly-
by in September 2005 was specifically targeted® to obtain high-
resolution remote-sensing data and to track directly changes in the
spacecraft trajectory caused by the mass of Hyperion.

Imaging during 2005 confirmed the expectations'™>>'° of chaotic
rotation, and showed that the object remains in an average spin state
similar to that observed by Voyager: rotating nearly about the long
axis, at ~72°-75° per day (see Supplementary Information). Cassini
observations demonstrate that the spin vector moves through the
body and across the sky; the subsolar latitude varied by 70° over
the year of observations. The movement of the spin vector through
the body meant that a global shape model (Fig. 1) could be con-
structed only by merging several partial models determined for each
of the different encounters. The resulting model has a mean radius of
135 = 4km, with radii from the centre of figure between 95 and
182km (Table 1). The uncertainty in the mean radius, hence of the
volume, derives largely from errors in combining the partial shape
models.

Hyperion’s mass was obtained from measurements of the space-
craft velocity during the close encounter on 25 September 2006.
Measurements entailed the transmission from the ground of a highly
stable, almost monochromatic signal at 7.2 GHz and its coherent
retransmission to Earth at 8.4 GHz and 32.5 GHz. Significant mea-
surement noise, about 8—10 times larger than in previous Cassini
radio science experiments'' was due to the small solar elongation
angle (55°) and the lack of a Ka-band uplink carrier.

The spacecraft fly-by took place at a closest approach distance of
618 km, and a relative velocity of 5.6 km s~ '. The resultant change in
the spacecraft velocity was about 0.1 ms~ ', much larger than the
measurement noise. The observed Doppler data were fitted with a

dynamical model that included the gravitational acceleration from all
Saturn system bodies and the non-gravitational accelerations.
Thirteen parameters were fitted, namely the components of Cassini
and Hyperion state vectors at a reference epoch, and the satellite’s
GM value, where G is the gravitational constant and M the mass.

A stable orbital solution was obtained resulting in a GM of
0.375 = 0.003 km’ s~ % The corresponding mass M, assuming G =
6.6742 X 10" "' m’ kg™ 's 7% is therefore 5.619 = 0.050 X 10'® kg.
This value is in agreement with an independent estimate derived
by the Cassini navigation team using a different method of orbit
determination®.

Hyperion has a mean density of 544 + 50 kg m ™~ ?; the uncertainty
derives largely from the volume measurement. The mean density
indicates a porosity of 42 = 6% if Hyperion is primarily water ice".
Any significant contributions from higher density components
increase the porosity. Hyperion’s density is similar to that obtained
for smaller satellites orbiting near the rings (360-690kgm>; 15—
89km mean radii’’), but only one-third that of Phoebe™
(1,630 kg m ), the one other small object imaged by Cassini at sim-
ilar resolutions and phase angles.

The most striking visual aspect of Hyperion is its sponge-like
appearance (Fig. 1a, h) which is unlike that of any other object
imaged to date and was not suggested*’ in the low-resolution
Voyager images, although Hyperion had an intermediate albedo,
spotted colour distribution, and topography that differed from those
of other small icy satellites*. We measured the sizes of impact fea-
tures: depressions that have distinct rim morphology, cut other
forms and are approximately circular. After tabulating the obvious
craters, few depressions remained, and we conclude that the sponge-
like appearance is primarily manifested in the density of well-
preserved craters 2-10km in diameter. The area density of
Hyperion craters exceeding 10km in size, near ‘empirical satura-
tion’", is similar to that on Phoebe (Fig. 2a). On both objects the
crater density decreases for craters between 10km and 1km in dia-
meter, which is probably a reflection of a production function' with
‘cookie cutter’ removal of small craters by larger ones. For craters
with diameters between 2 km and 11 km, Hyperion has a cumulative
number of craters per unit area twice that on Phoebe; at similar
resolution these objects are strikingly different (Fig. 1g, h).

Enhanced preservation of craters in this size range on Hyperion is
probably the key to Hyperion’s appearance. Craters may be eroded or
otherwise rendered uncountable either through covering by ejecta,
direct erasure by other craters, erosion by very small craters, or other
effects such as sublimation. Hyperion displays little evidence of
ejecta, and there is positive evidence that the retained ejecta volume
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Figure 1| Surface features of Hyperion. a, Full disk view, 300 km top to
bottom, showing the sponge-like appearance and distribution of darker
material in craters. The image includes the largest probable impact feature.
Image N15506383386, range = 62145 km, solar phase angle o = 51.5°.

b, Colour composite showing side opposite to that shown in a from images
N1530199676, N1530199776 and N1530199809. ¢, Image N1497114664,
showing partial profile of 120-km crater (left side). From 212000 km,

o =12.9°. d, Orthogonal views of the shape model of Hyperion. The
latitude—longitude grid is relative to the early Revolution 15 spin vector,
UTC 2005, 268/04:29:06 to 268/17:20:16 (see Supplementary Information).
e, Dark floor of old crater, showing large number of sub-kilometre craters.
Contrast has been greatly enhanced by both high-pass filtering and
stretching; brighter rims are dark compared to average Hyperion. Portion of
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Table 1| Properties of Hyperion

Property Value

Mean radius 135+ 4km

Range of radii 95-182km

Mass (5.619 = 0.050) X 108 kg
Mean density 544 +50kgm >
Range of gravitational heights 0-43.8km

Range of surface acceleration 1.7-21cms 2

Gravitational heights are heights above an equipotential surface.

is small. Old crater floors are themselves heavily cratered (Fig. le), as
shown by slightly brighter rims visible with strong contrast enhance-
ment. The survival of these short rims (likely to have been less than
15 m in height'®'”) shows that the large craters have experienced less
than ~20 m of deposition or erosion. The distinct visibility of narrow
rim zones on craters, even ones cut by younger impacts, suggests the
presence of structural rims unaffected by superposed ejecta. Ejecta
blocks are scarce compared to Phoebe'.

High porosity may contribute to the apparent minimal effects of
ejecta either by suppressing production and dispersal outside the
crater® or by enhanced velocity of material, such that most escapes
the body’. Experiments and scaling theory predict that impacts into
high-porosity targets produce less ejecta mass if the craters are prim-
arily produced by compression rather than excavation®. A crucial
part of these predictions is the role of gravity, parameterized by gD,
where g is the local acceleration due to gravity, and D is the crater
diameter. For a target of given porosity, the larger gD is, the smaller is
the ratio of ejecta to crater volume. For a particular gD, at higher
porosities the ejecta ratio is predicted to decrease partly by increased
compression and partly by lower ejection velocities that allow more
material to fall within the crater. Porosities below 30% have little
effect on ejecta production, those over 40% can reduce ejecta by
factors of more than four. Assuming the modelling results®, Fig. 2b
predicts that among observed targets Hyperion should have the most
significant porosity effects on ejecta volumes. A different role for
porosity has been suggested” wherein enhanced ejecta velocities cause
escape from the target body. The only empirical information on
cratering on a highly porous object comes from the Deep Impact
experiment'® on an object of radius 3 km with a porosity of probably
>50%. Although it is unclear how large a fraction exceeded the
escape velocity of ~1.3 ms ™, it is likely that at least a modest fraction
was retained'®'”, Hyperion’s escape velocity ranges from 45ms™ ' to
99ms ' depending upon location, and thus it may be difficult for
large fractions of any ejecta produced to escape.

It is unlikely that unusual crater depths significantly enhance the
sponge-like appearance. Crater depth-to-diameter ratios for the 13
examples that can be measured reliably using shadow lengths average
0.21 = 0.05 (s.d.). These ratios are similar to values for fresh lunar
craters'®, and are slightly greater than for some small rocky objects®.
They are slightly larger than that for craters on large icy satellites, 0.14
(ref. 21).

Adding to the unusual appearance of Hyperion are dark surfaces in
the floors of degraded craters (Fig. 1). These have broadband-visible
(0.56 pm) albedos a factor of ~4 less than the average value of ~0.5
for Hyperion. The dark materials are slightly redder than brighter
areas: UV/GRN (0.338 um/0.568 pm) = 0.61 for dark areas and 0.65
for bright slopes. IR3/GRN (0.930 pm/0.568 pum) ratios are ~1.3 for
bright areas; 1.6 for dark ones. These colours suggest mixing of
brighter and darker materials broadly similar to that seen on some
other dark Saturnian satellites*. Dark floors are largely absent from
fresher craters and avoid regional slopes of >15°. Margins of the low-
albedo areas are gradational; there are no exposed dark layers, no

image N1506393614. f, Slopes of the 240-km diameter crater, showing
smaller crater (left side) elongated upslope, partial burial of other craters,
and rugged upper rim. Portion of image N1506391600. g, Phoebe, image
N1465669953, 0.195 km per pixel, « = 83.7°. h, Hyperion, image
N1506388580, 0.197 km per pixel, o = 51.1°.
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Figure 2 | Impact crater characteristics and conditions on Hyperion. a, Area
density of craters on Hyperion and Phoebe. Solid symbols are Hyperion
data; open symbols are for Phoebe. Data are restricted to diameters >1 km;
resolution of data extending to 1 km is approximately 100 m per pixel. Error
bars are from |n scaling, where n is the number of craters in each size bin.
R = [(D,Dy,)3/2]*[N,/(Dy — D,)] where D, and Dy, are crater diameter
ranges, D, > D, and N, is the number of craters per unit area. b, Porosity and
gravity parameter for well-imaged objects. gD is local gravity times crater
diameter of one-third the object mean radius (cm s> km). Porosity below
30% is predicted to have little effect on ejecta volume®. Comparison objects
are labelled with the first letters of Phoebe, Janus, Epimetheus, Mathilde, and
Tempel-1; others include Phobos, Deimos, Ida, Pan, Atlas, Prometheus and
Pandora. Porosities and gD calculated from information in refs 13, 14,
28-30. gD for Hyperion is 3,000 times that for Tempel-1. Error bars reflect
uncertainties in mean density apart from uncertainties in composition. For
Phoebe, the lower bound of 0% reflects uncertainty in composition.

morphologically distinct mounds of dark material, and no collec-
tions of dark material at the base of the large slopes in the largest
crater (Fig. 1f). The distribution and gradational margins of the dark
material are consistent with downslope motion of surficial materials.
Macroscopic compositional layering or other segregation of different
components in the ‘bedrock’ is not seen on Hyperion. There are no
bright-rayed craters, nor are there exposures of distinct brighter or
darker layers in Hyperion’s crater walls as on Phoebe'*. Downslope
movement of material other than that in the dark-floored depres-
sions is shown by a few crater-wall streamers, crater-filling on long
slopes, and some slumping inside craters. The lack of any clear
segregation of different materials suggests that if the dark material
is intrinsic to Hyperion it is mixed nearly uniformly at a small
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scale. Any exogenous dark material, such as debris from Phoebe or
other outer satellites™® would be evenly distributed initially and
subsequently concentrated even by small amounts of downslope
transport.

Could sublimation, enhanced by the dark material, contribute to
deepening and widening the craters® to give Hyperion’s distinctive
appearance? Our measurements show that craters 2-10 km in dia-
meter have depths of >400 m. Deepening by sublimation would have
to be over 100 m, and widening would have to be several hundreds of
metres to make a visible morphological difference. Approximate
scaling from modelling of Ceres®, Callisto®® and comets® suggests
that at Saturn’s distance from the Sun, dark water ice will sublimate
much less than 10 m over the period of existence of the Solar System
so far, even allowing for some concentration of incident radiation at
the bottom of depressions. CO, is far more volatile’®”’, and has been
detected on Hyperion®. However, the restriction of erosional effects
to <20 m may limit the amount of CO, available to sublimate. Thus,
although sublimation and downslope motion may affect the distri-
bution of dark material, primary crater morphology rather than sub-
limation dictates the unusual appearance of Hyperion.
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SUPPLEMENTARY INFORMATION

Supplementary Table S1: Instantaneous spin solutions:

UTC range RA Dec Rate SS lat
2005,160/18:10:05 - 161/09:58:38 208.4 353 75 -14.1
2005,161/16:43:20 - 162/15:22:01 210.8 39.3 75 -13.3
2005,228/01:46:59 - 228/20:16:46 2713 35.6 72 27.0
2005,228/22:16:13 - 229/12:15:23 266.7 391 72 221
2005,268/04:29:06 - 268/17:20:16 3151 56.6 72 133
2005,268/17:20:16 - 269/02:18:20 299.8 587 72 n3
2006,179/02:24:03 - 180/04:15:09 184.5 34.8 72 -437

UTC: year, day, hour, minute, second

Rotation rate is in degrees per day.

SSlat: Sub solar latitude, in degrees.

Spin solutions obtained by location of control points, mostly crater rims, and interactively solving for spin orientation, and body-centered coordinates of the control
points. Uncertainties in these instantaneous vectors are approximately 2 degrees.
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