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Usually known

for its rings,

the Saturn system
is also home

to some of our
solar system’s most
intriguing moons.
by Francis Reddy
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ye candy is not in short supply at Saturn.
For visitors who tire of watching the plan-
et’s stormy atmosphere or gazing into the
solar system’s most beautiful and complex
ring system, there's always the giant satel-
lite Titan to explore. This colossal moon
is bigger than Mercury and sports a hazy
orange atmosphere denser than Earth’s,
producing methane rains that flow across
Titan’s icy landscape and pool into vast lakes.

But look again. Even Saturn’s small moons
display some unusual dynamic relationships. For
instance, Pan and Daphnis dwell in the Encke
and Keeler ring gaps, respectively, where their
gravity rumples the ring’s boundary and sweeps
away particles to keep the gap clear. There’s
Janus and Epimetheus, whose orbital differences
are smaller than their diameters, so they should
collide, but don’t. Instead, these “co-orbiting”
moons effectively play leapfrog, swapping orbits
over a four-year cycle.

Other small satellites orbit in the gravitational
safe zones — called Lagrangian points — of the
midsized moons Dione and Tethys. Lagrangian
points are locations 60° in front of and behind a
larger object’s orbit where a less-massive body
can move in an identical stable orbit. Dione trav-
els with Helene and Polydeuces, while Telesto

and Calypso orbit along with Tethys — an
arrangement thus far unseen among any other
moons in the solar system.

And this is just for starters. “The Saturn sys-
tem is full of surprises,” says Paul Schenk, a plan-
etary geologist at the Lunar and Planetary
Institute in Houston. There’s a satellite that likely
originated in the Kuiper Belt, the storehouse of
icy bodies beyond Neptune’s orbit; a piebald
moon nearly encircled by an equatorial ridge
containing some of the tallest mountains in the
solar system; a spongy-looking tumbling satellite;
and a moon that vents its subsurface sea into
space, providing scientists with an unexpected
potential niche for extraterrestrial life.

The moon that came in from the cold

Phoebe was discovered in 1899 and is the first
satellite found photographically. NASA’s Cassini
spacecraft made its only close flyby of the dis-
tant moon June 11, 2004, about three weeks
before slowing to enter orbit around the planet.
At only about 130 miles (210 kilometers) across,
Phoebe is about one-sixteenth the size of our
Moon. Its heavily cratered surface is mostly
dark as soot with no signs of resurfacing due

to geological activity. But bright cliffs on the
rims of the largest craters, as well as bright rays
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Above: NASA’s Cassini

mission took images as
the spacecraft approached
(left) and departed (right)
Saturn’s moon Phoebe
during its only close flyby
of the satellite. Cassini
passed just 1,285 miles
(2,068 km) above the
surface on June 11, 2004.
Phoebe is thought to be

a centaur that might have
become a Jupiter-family
comet, had Saturn not
captured it. nasaspL-cALTECH

Opposite: Cassini took
this Saturn mosaic
October 21, 2013. nasaspL/ssi

WWW.ASTRONOMY.COM

29



Ring king

Saturn

Saturn’s Phoebe ring is the solar system’s largest. The bulk of the material starts 3.7 million miles

(5.9 million km) from the planet and extends outward to 10 million miles (16 million km), and
possibly farther. The ring is also about 20 times as thick as the planet’s diameter. nasaspi-caitech

extending from smaller ones, reveal
ice beneath a layer of dark material up
to about 1,600 feet (490 meters) deep.
Ground-based telescopes have detected
the presence of frozen water, and
Cassini’s instruments showed the pres-
ence of frozen carbon dioxide (dry ice)
and organic material as well.

Phoebe orbits in the opposite direction
of Saturn’s spin, on a path that is both
more eccentric and more highly inclined
than the planet’s inner moons. On the
basis of these orbital characteristics,
astronomers have long suspected Phoebe
of being an interloper ensnared by the
planet’s gravity, rather than a native to
the Saturn system. Phoebe’s chemical
makeup resembles C-type asteroids com-
monly found in the farthest regions of the
main asteroid belt, while its density sug-
gests an ice-rock mixture similar to
Neptune’s moon Triton (itself thought to
be a captured object) and Pluto.

Phoebe could have been a centaur.
Centaurs are comet-like bodies that
follow planet-crossing orbits between
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Jupiter and Neptune. Gravitational inter-
actions with the giant planets will even-
tually destabilize their orbits. It’s thought
centaurs originated in the Kuiper Belt
and were perturbed into their current
orbits by Neptune. Once they start cross-
ing the orbits of giant planets, centaurs
may collide with or be captured by them,
be flung out of the solar system, or be
rerouted by Jupiter into orbits bringing
them much closer to the Sun, where they
become Jupiter-family comets. The idea
that Phoebe may have been a centaur
before being captured by Saturn is con-
sistent with its surface composition, but
it’s difficult to say more with the avail-
able observations.

In 2009, infrared observations by
NASA’s Spitzer Space Telescope showed
that Phoebe resides within a supersized,
tenuous ring of ice and dust particles that
had been previously undetected. “If you
could see the ring, it would span the
width of two Full Moons’ worth of sky,
one on either side of Saturn,” says Anne
Verbiscer, an astronomer at the University

lapetus

Phoebe

of Virginia, Charlottesville, who led the
research. A 2015 study using data from
NASA’s Wide-Field Infrared Survey
Explorer found this king of rings extends
even farther, starting 3.7 million miles
(5.9 million km) from the planet and
reaching at least 10 million miles

(16 million km). Continual small impacts
on Phoebe regularly eject dust that main-
tains the ring, while particles smaller
than a few inches gradually migrate
inward, likely the source for dark material
found on the surfaces of other satellites,
especially Iapetus.

A walnut and a tumbler

In 1671, Italian astronomer Giovanni
Domenico Cassini discovered Iapetus,
the next moon of Saturn as we move
inward from Phoebe. He noticed that
when lapetus was on one side of Saturn,
it was very bright, but on the opposite
side, it nearly disappeared from view. He
correctly proposed that Iapetus is tidally
locked — meaning it always turns the
same face to Saturn — just as our Moon



As it approached lapetus on September 10, 2007, Cassini captured this
view, shown in enhanced color. The prominent equatorial ridge is at

center left. Inset: This view along the ridge system shows mountains with
elevations reaching 6 miles (10 km). In places, the peaks of lapetus extend
twice as high. A fresh impact crater on the distant slope has exposed bright
Subsurface ice. NASA/JPL-CALTECH/SPACE SCIENCE INSTITUTE

Global color mosaics of lapetus were assembled from images taken by Cassini during its first decade at Saturn. The colors are enhanced
relative to human vision, extending from the ultraviolet into the infrared. Left: The bright trailing hemisphere. Right: The dark leading

hemisphere. NASA/JPL-CALTECH/SPACE SCIENCE INSTITUTE/LUNAR AND PLANETARY INSTITUTE

WWW.ASTRONOM




Daphnis

6 miles
(10 kilometers)

is to Earth, and that the hemisphere
centered on the direction of motion is
covered with a dark material. Planetary
scientists later named this dark feature
Cassini Regio in his honor, as well as the
Cassini mission.

At 927 miles (1,492 km) across, lapetus
is the third-largest moon of Saturn, and
the planet’s only large satellite in a highly
inclined orbit, which carries the moon in
the same direction Saturn rotates, unlike
Phoebe. Among the moons in the solar
system that exhibit tidally locked rota-
tion, lapetus is by far the most distant
from its planet. The moon’s density is
only slightly greater than frozen water,
indicating that rock makes up perhaps
only one-fourth of its composition.

As Tapetus circles Saturn, dust migrat-
ing in the opposite direction from the
Phoebe ring smacks into Cassini Regio
like bugs on a windshield, but the shape
of the dark patch can’t be fully explained
by this simple accumulation of material.
For one, the dark side of Iapetus is much
redder than Phoebe.

In 2010, John Spencer at the Southwest
Research Institute in Boulder, Colorado,
and Tilmann Denk at the Free University
of Berlin proposed that the dark deposits,
which reflect as little sunlight as fresh
asphalt, warm the leading hemisphere
just enough that water ice molecules can
sublimate, turning directly to a gas. These
molecules migrate from the warmer lead-
ing hemisphere to the colder trailing
hemisphere, where they freeze onto the
surface again. The slow, tidally locked
spin of Iapetus produces unusually high
daytime temperatures and water ice subli-
mation rates for a given reflectance, so
once this thermal migration begins
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(thanks to the initial deposits from
Phoebe), it can be sustained. As the sur-
face ice departs from Cassini Regio,
what’s left behind is a residue native to
Tapetus mixed in with material from the
Phoebe ring.

On New Year’s Eve, 2004, the Cassini
spacecraft approached Iapetus for the
first time, and planetary scientists were
enthralled with the images it returned.

The heavily cratered body showed
numerous large impact basins — the
largest in the Saturn system — but its
standout feature was a conspicuous
ridge running almost exactly along the
equator, giving the icy moon the look of a
walnut. The ridge extends over 800 miles
(1,300 km) and cuts completely across
Cassini Regio. In places, it breaks into
isolated mountain peaks that may reach
12 miles (19 km) high, rivaling the giant
martian volcano Olympus Mons but
located on a world five times smaller.

There is nothing like it anywhere else
in the solar system, and a completely sat-
isfactory explanation of its origin eludes

Blue streaks on the moon Rhea, enhanced here to highlight color differences, reveal fresh ice

Ring moons Atlas, Daphnis, and Pan are shown
here in color-enhanced Cassini images at the
same scale. Atlas orbits just outside the Aring,
the outermost of Saturn’s main rings. Pan orbits
in the ring’s Encke Gap, clearing it of particles
except for a single ringlet, which the moon
maintains. Both Atlas and Pan have equatorial
ridges of accreted ring material, making

them look like ravioli. Smaller Daphnis orbits
within the Aring’s narrow Keeler gap, where its
gravitational pull generates ripples along the
edges. The combined gravitational influence
of Atlas and the moons Pan, Prometheus,
Pandora, Epimetheus, Mimas, and Janus help
corral particles within the A ring and sculpt its
outer edge. NASA/JPL-CALTECH/SPACE SCIENCE INSTITUTE

scientists. Did it erupt or grow from the
inside, when Iapetus was young and its
interior was still warm? Or is it the
accreted remains of a ring either kicked
up by an impact or formed when a small
satellite passed too close and was crushed
in the tides of Iapetus?

A 2014 study led by Erica Lopez
Garcia at Brown University examined the
topography of the ridge and found pre-
dominantly triangular slopes, much like
what you’d get by slowly pouring sugar
into a pile, suggesting an external source.
But new models exploring possible inter-
nal formation mechanisms continue to
appear. “I think more people favor the
ring explanation, but the debate is still
ongoing,” says Francis Nimmo, a plan-
etary scientist at the University of
California, Santa Cruz.

Supporting the ring interpretation are
equatorial bulges on other moons in the
system, especially Atlas, Pan, and
Daphnis, which accumulate particles
while orbiting in and near Saturn’s A
ring. And then there’s Rhea, Saturn’s

re-exposed when material in Rhea’s ring struck the surface. The streaks form a very narrow

band only about 6 miles (10 km) wide, straddling Rhea’s equator, that can be traced over at least

75 percent of the moon’s circumference. These views were created using stereo topography from
Cassiniimaging data returned in 2008. It remains unclear whether the moon retains a tenuous ring

today. PAUL SCHENK, LUNAR AND PLANETARY INSTITUTE



second-largest moon, which may or
may not retain a tenuous ring today.
“On Rhea, we found very unusual
bluish spots along its equator, which

are now interpreted as evidence for the
re-accretion of a very thin ring of debris
surrounding that moon in the not-so-
distant past,” says Schenk.

Inward of Iapetus lies Hyperion,
Saturn’s largest irregularly shaped moon,
measuring 224 miles by 165 miles (360 km
by 266 km). A 2005 Cassini flyby revealed
a bizarre spongelike appearance, a single
giant crater surrounded by a profusion of
smaller ones, and about half the mean
density of pure, solid water ice — one of
the lowest-density materials in the outer
solar system. This means Hyperion truly
must be spongelike, full of tiny holes that
greatly reduce its overall mass and surface
gravity. Hyperion’s high fraction of pores
helps it preserve older craters because
more recent impacts eject less debris to
cover them up.

But the moon’s most unusual charac-
teristic is its rotation. Hyperion’s irregular
shape, eccentric orbit, and proximity to
Saturn’s big moon Titan create conditions
that wrench it out of any kind of stable
spin and even prevent it from tidally lock-
ing to Saturn. Its rotational period and
the direction of its spin axis can change
unpredictably over days or weeks as
Hyperion tumbles along its orbit. Once
believed unique, we now know Hyperion’s
chaotic spin is shared by at least two of
Pluto’s moons, Nix and Hydra, thanks to
large torques generated by Pluto and its
largest moon, Charon.

This color-enhanced view of Saturn’s moon Hyperion, imaged by Cassini in 2005, reveals crisp
details across the strange, tumbling moon’s surface. Hyperion’s naturally reddish tint was reduced
and other colors emphasized to better show subtle color variations across the surface. Hyperion’s
low density and low gravity combine to preserve the original shapes of its craters. Impacts tend

to compress the porous surface rather than blast it out, and what little ejecta is produced is more
likely to leave the moon than cover up older craters. nasa/pL-CALTECH/SPACE SCIENCE INSTITUTE

Snow white

In 1981, Voyager 2 imaged parts of
Enceladus, a midsized moon, at high res-
olution, revealing troughs, scarps, groups
of ridges, and craterless plains — all types
of terrain indicating internal forces had
altered the surface comparatively recently

Long, wispy fingers of icy particles extend from the geysers on Enceladus (black dot, center)
and into Saturn’s E ring. nasa/ipL/sPACE SCIENCE INSTITUTE

in geological terms. “We knew there

was something special about Enceladus
because it reflects almost all the sunlight
striking it. It had markings indicating it
had an active geologic life,” says Ed Stone,
project scientist for the Voyager mis-
sions. Such diversity was surprising for a
satellite only 313 miles (504 km) across,
leading some to suggest that Enceladus
needed an unexpectedly large internal
heat source to power these changes.

Soon after the flyby, researchers
noticed that Enceladus orbits within
Saturn’s broad, diffuse E ring, which
extends from about 131,000 miles to
298,000 miles (211,000 km to 480,000 km)
and thickens away from the moon. Ice
grains in the E ring have limited survival
times because of collisions with high-
energy ions trapped in Saturn’s rotating
magnetic field. This process, called sput-
tering, whittles away micrometer-sized ice
grains in decades and breaks down
smaller particles in just a few years. So for
the E ring to exist, a regular supply of
new grains must be ejected from
Enceladus. In the early 1980s, several sci-
entists suggested meteorite impacts,
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This enhanced-color mosaic of Enceladus’ southern hemisphere was produced from images taken during Cassini’s first decade at Saturn. The famous
tiger stripe fractures, which vent water vapor and ice crystals into space, appear bluish due to large-grained ice exposed on the surface. rauL screnk,

LUNAR AND PLANETARY INSTITUTE

Dramatic plumes spray water ice and vapor from locations along the tiger stripes. Alexandria
Sulcus, the least active, is on the left; Baghdad and Damascus, the most active, are on the right

NASA/JPL/SPACE SCIENCE INSTITUTE

geysers, or volcanic eruptions as possible
ejection mechanisms, but the matter
remained speculative.

“Prior to Cassini, nobody would have
anticipated that there was an ocean
beneath the surface of Enceladus,” says
Nimmo. “I think seeing actual geysers
erupting was one of the biggest surprises
in planetary science in recent memory.”

Cassini observations in 2005 revealed
Enceladus as one of the most extraordi-
nary bodies in the solar system. Four
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warm, roughly parallel trenches at the
moon’s south pole, nicknamed “tiger
stripes,” erupt plumes of water vapor,
hydrogen, and hydrocarbons that regu-
larly strengthen and weaken as Enceladus
orbits Saturn. “The eruption mechanism
is understood, at least in outline,” Nimmo
explains. “The tiger stripes appear to be
water-filled cracks, connected to an ocean
beneath, which open and close every orbit
under the influence of tides.” The water
exposed to the vacuum simultaneously

boils and freezes, creating the vapor and
ice crystals we see, some of which fall
back to paint the landscape as white as
freshly fallen snow.

Due to mutual gravitational interac-
tions, Enceladus orbits Saturn twice for
every orbit of its more distant neighbor
Dione. This orbital resonance forces
Enceladus into a slightly eccentric orbit
where tides heat the moon’s interior.
“Tidal heating is slightly stronger at the
poles anyway, so you might get a feedback
loop: The polar region warms up, it
becomes more deformable, giving rise to
more tidal heating and so on,” Nimmo
notes. “But why this only happened at the
south pole is a mystery.”

There is certainly evidence that other
parts of the surface were warmer in the
past. Some impact craters look like they
have flowed, indicating warm ice near the
surface, and it seems fairly clear that dif-
ferent parts of Enceladus were heated at
different times. “There are even features
that look a bit like ancient tiger stripes,
though this is controversial,” Nimmo
explains. “It’s hard to tell from observa-
tions whether the activity was episodic,
but the fact that you see heavily cratered
and very lightly cratered areas, but not
moderately cratered areas, suggests that
activity was not continuous.”




.,

Unusual reddish arcs cut across the surface of Saturn’s ice-rich moon Tethys in this enhanced-color mosaic. The arcs are only a few miles wide

PR ZF

but extend over several hundred miles. Among the most oddly colored features on any moons seen by Cassini, their origin remains a mystery.
NASA/JPL-CALTECH/SPACE SCIENCE INSTITUTE/PAUL SCHENK, LUNAR AND PLANETARY INSTITUTE

Cassini flew through the plumes and
sampled their composition, showing that
nearly 98 percent of the gas in the plumes
is water vapor, about 1 percent is hydro-
gen, and the rest is a mixture of other
molecules, including carbon dioxide,
methane, and ammonia. Phosphorus
remains the only element essential to life
on Earth that has yet to be found in the
Enceladus plumes, but it’s likely present.
With the necessary ingredients — a warm
subsurface sea, plentiful hydrogen that
organisms could potentially harness as a
chemical energy source, and geysers con-
veniently delivering samples into space
— Enceladus is arguably the most likely
and exciting target for the search for life.

Puzzling moons

While it’s hard to top Enceladus, the
neighboring midsized moons Dione and
Tethys tantalize planetary scientists with
as-yet-unexplained features. “On Dione, a
magnificent set of tectonic fractures was

observed, some in a very pristine state

of preservation,” says Schenk. A pair of
unusual walled depressions in the moon’s
smooth terrain might be volcanic vents;
half of Dione’s surface is covered by what
is likely ancient volcanic ice deposits; and
some propose that Dione may possess a
subsurface sea.

On Tethys, a huge rift zone named
Ithaca Chasma runs nearly three-quarters
of the moon’s circumference, and
Cassini’s cameras detected a set of myste-
rious red arcs that appear to have formed
very recently. “So while Enceladus has
been stealing our attention, these moons
have shown intermittent signs of activity,
too,” Schenk adds.

On September 15, 2017, Cassini
plunged into Saturn’s atmosphere, ending
its mission. Scientists will be mining the
data Cassini returned on these diverse
worlds for decades to come. Even from
the perspective of its smaller satellites,
Saturn beckons. When will we return? »

Dione’s trailing hemisphere displays a network
of long, deep, steep-sided fractures flanked

by bright, icy cliffs. The pattern may be related
to Dione’s orbital evolution and tidal stresses
over time. Cassini imaged the moon in visible
light in 2015. NAsA/JPL-CALTECH/SPACE SCIENCE INSTITUTE

Francis Reddy is the senior science writer for
the Astrophysics Science Division at NASA’s
Goddard Space Flight Center in Maryland.
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