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Abstract

As was the case for Jgpiter, Saturn formed either as a result of a
gas instability within the solar nebula or the accretion of a solid core
that induced an instability within the surrounding solar nebula. In either
case, the proto-planet's history can be divided into three major stages:
early, quasi-hydrostatic evolution (stage 1); hydrodynamical collapse
(stage 2); and late, quasi-hydrostatic contraction (stage 3). During
stage 1, Saturn had a radius of several hundred times that of its present
radius, RS, while stage 3 began when Saturn had a radius of ~3.5 Rs'

Stages 1 and 2 lasted ~108-107 years and ~1 year, respectively, while
stage 3 is continuing through the present epoch.

Saturn's current excess luminosity is due, in'part, to the 1os§ of
thermal energy built up by a faster contraction that marked the earliest
phases of stage 3. But, in contrast to the situation for Jupiter, this
internal energy source fails by a factor of several in producing the
observed excess luminosity. The remainder is most likely due to the gravi-
tational separation of helium from hydrogen due to its partial immiscibility
in the outer region of the metallic hydrogen zone.

The>irregular satellite Phoebe was most likely.céptured by gas drag
experienced in its passage through a bloated Saturn, just prior to the
onset of stage 2. During stage 2, a nebular disk formed from the outermost
portions of Sa;urn, due to a progressive increase in their rotational
velocity as the planet contracted. This increase may have been enhanced
significantly by a transfer of angular momentum from the inner to the outer
regions of the planet. The nebular disk served as thé birtﬁplace of
Saturn's regular satellites and probably the ring material. Viscous dis-

sipation within the nebula caused an inward transfer of mass, and thus



may have determined the nebula's lifetime, and an outward transfer of
angular momentum. It is not clear what the relative roles of Saturn's
luminosity and viscous dissipation were in determining the nebula's
radial temperature structure and its evolution with time.

As Saturn's excess luminosity deciined or less viscous dissipation in
the nebula occurred during the early portion of stage'3, water was able to
condense at progressively closer distances to the center of the system and
water clathrates and hydrates were able to form throughout much of the
nebula, especially in its outer regilons. It is the likely presence of ices
other than pure water ice in at least some of the regular moons of Saturn
that make them chemically distinct from the large icy moons of Jupiter.

If Saturn's nebula had a high enough pressure (greater than several

tens of bars) in its immer region, a liquid solution of water and

ammonia, rather than water ice, would have been the first "icy" condensate
to form.

Despite the comparafively small size (hundreds to about a thousand
kilometers) of the immer moons of Saturn, a number, especially Dione and
Rhea, may have experienced significant expansion and ﬁelting during the
first ~1 x 10° years due to the presence of substantial quantities of
ammonia monchydrate (410-20% by weight). The occurrence of the youngest
known surfaces in the Saturn syétem on the comparatively small sized
Enceladus is most readily attributed to strong tidal heating created by its
forced orbital eccentricity. But a significantly larger eccentricity is
required at some time in its past for tidal heating to be quantitatively
capable of initiating melting, with the current eccentricity being perhaps

large enough to maintain a molten interior.
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During Ehe early history of the Saturn system, giant impact events
may have catastrophically disrupted most of the original satellites of
Saturn. Such disruption, followed by reaccretion, may be responsible, in
part, for the occurrence of "Trojans" and "co-orbital' moons in the Saturn
system, the apparent presence of a stochastic component in the trend of
satellite density with radial distance, and the present population of ring
particles.

Titan's afmosphere formed from the hydrates and clathrates — especially
ammonia monohydrate and/or nitrogen clathrate and methane clathrate — that
constituted the satellite. Over the age of the solar éystem, a nontrivial
amount of atmospheric nitrogen (about several tens of percent of the
current atmospheric inventory) and much more methane than is presently in
the atmosphere have bgen lost, through a combination of N and H escape to
space and the irreversible formation of organic compounds. These consid-
erations imply quasi-real time buffering of atmospheric methane by a near-
surface methane reservoir and the existence of a layer of 0.1-1 km thickness

of organic compounds close to or on Titan's surface.
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I. Introduction

The Saturn system resembles the Jupiter system in a number of Qays.
The planet Saturn is massive (~95 Earth masses) b& tpe standards of the
inner solar system and‘is composed chiefly of hydrogen.and helium. 1H0Wb
ever, like Jupiter, it has a central core of "rock" (silicate and irén com-—
pounds) and perhaps "ice."? The planet has an internal heat source that
causes it to radiate to space about twice as much energy as the amount of
sunlight it absorbs. Surrounding Saturn is a miniature solar system com-
posedvof at least 16 "regular" satellites, one captured satellite (Phoebe),
and, of‘course, its magnificent set of fings.

In all the above regards, the Saturn system differs markedly from the
planets of the inner solar system. The terrestrial ﬁlanets are much less
massive; they are made almost entirely of "rock"; their internal heat source
is orders of magnitude smaller than the amount of sunlight they absorb; and
there are only three satellites, with perhaps all of them (or at least
Phobos and Deimos) being captured objects.

ﬁpon closer examination, however, the Saturn system differs in a
number of important ways from the Jupiter system. First, Séturn's central
core represents.a larger fraction of the planet's mass, altho;gh the twb
core masses are quite similar in absolute value. Second (as discussed
below) precipitation of helium may provide the chief energy source for

Saturn's internal heat flux, whereas thermal cooling may act as the chief

aBy "ice," we mean compounds derived from low temperature condensates,
such as water ice, ammonia hydrate, and methane clathrate. Naturally, at
the conditions of Jupiter's interior, an "ice" component would be a super-

critical fluid.



energy source for Jupiter. Watér ice appears to be a major constituent of
all of Saturn's regular satellites, wher;as it is at best a minor component
of Jupiter's innermost satellites. The Jupiter system has two families of
irregular satellites, but the Saturn system has only one known irregular
satellite. Finally, Saturn's rings are‘much more prominent and much more
massive than that of Jupiter. )

In this chapter, we review our current understanding of the origin and
evolution of the Saturn system and its'individual components. We will seek
noﬁ only to view Saturn in isolation, but also to compare theories of its
history with thosg for Jupiter, the other giant planets, and the terrestrial
planets. In so doing, ﬁe will attempt to understand the similarities and

differences among these objects, as noted above, and to test the internal

self-consistency of alternative theories.

II. Critical Constraints

Certain key observational data on the Saturn system are relevant to
understanding its history. Some of these constraints were derived from
Earth-based observations. However, measurements conducted from the
Pioneer 11 and Voyager 1 and 2 spacecraft have greatly supplemented these
results.

Models qf Saturn's interior, constrained to match the planet's mass,
radius, and J, and J, gravitational moments, suggest that it comnsists of
two major, compositionally distinct zones: a central core with a mass of

20 *5 Mg (earth masses) made of an unknown mixture of '"rock" and "ice'"; and

an outer fluid envelope with a mass of 75 +5 M, made of an approximately
solar mixture of elements (Slattery, 1977; Podolak, 1978; Hubbard and

MacFarlane, 1979; Grossman et al., 1980; Stevenson, 1982). This value




for the core mass lies within a factor of two of the core masses of Jupiter,
Uranus, and Neptune, despite a factor of 20 variance in their total masses.

The hydrogen-helium dominated envelopg consists of two major regions
that are distinguished by the phase of hydrogen in them. ‘At pressures less
than a few megabars, hydrogen is present as molecular hydrogen, H,, a good
electrical insulator, while at higher pressures it occurs as metallic
hydrogen, a good conductor. Saturn's metallic H zone constitutes about 20%
of its envelope's mass, in contrast to a value of about 70% for Jupiter.

There are several tentative deviations of the composition of Saturn's
observable atmosphere from that expected for a solar mixture of eleménts.
First, the helium mass fraction, Y, in Saturn's atmosphere appears to be
significantly smaller than the corresponding value for Jupiter — 0.11 +0.03
Versus 0.19 #0.05 (Hanel et al., 1981). The lattér value is close to the
solar value. If true, this difference could be due to a preferential segre-~
gation of He toward the bottom of Saturn's envelope, driven by the partial
immiscibility of He in metallic H at low temperatures (Salpeter, 1973;
Stevenson- and Salpeter, 1977). Note, however, that the calculation of the
~ conditions under which immiscibility commences is very difficult and one
recent calculation would rule out such an effect for the temperature and
pressure conditions characteristic of Saturn's metallic H zone (MacFarlane
and Hubbard, 1983). Other deviations from solar elemental ratios may
include an approximately twofold enhancement of the C/H ratio in Saturn's
atmosphere.

Saturn radiates to space about 1.79 *0.10 times as much energy as the
amount of sunlight it absorbs (Hanel et al., 1982). The implied excess
luminosity, due to an internal heat source, is about four times smaller

than Jupiter's excess luminosity, is about 1 1/2 orders of magnitude



greater than Neptune's, and is at least 1 1/2 orders of magnitude greater
than Uranus' as yet undetected excess (Stevenson, 1982).

The rings of Saturn are compoéed of a myriad of particles in indepen-
dent orbits‘about the planet. The principal rings — A, B, and ¢ — are
located between 1.21 and 2.26 Rs from the center of Saturn, where . Rs is the
planet's equatorial radius. Thus, these rings lie within the classical
Roche tidal radius, as do the rings of Jupiter and Uranus. However, fainter
rings of the Saturn system are located both closer to the planet and farther
away, including distances outside the Roche limit (see Table 3 of Stone and
Miner, 1981).

Most of the particles in the main rings have radii that lie bétween
0.1 cm and a few meters (Pollack et al., 1973; Cuzzi and Pollack, 1978;
Cuzzi et al., 1980; Tyler et al., 1981). Much smaller, micron sized par-
ticles are present in some portions of the rings, such as the F ring and
the spokes of the B ring (Pollack, 1981; Smith et al., 1981). The latter
particles have lifetimes th#t are probably much less than the age of the
solar system, due to catastrophic impacts with micrometeoroids, and are thus
most likely the products of the continued erosion of the larger ring par-
ticles by micrometeoroid impact (Pollack, 1981). Water ice is the dominant
material that makes up both the surfaces and interiors of the centimeter to
meter sized ring particles (Pilcher et al., 1970; Pollack, 1973; Cuzzi
et al., 1980). Although "rock'" may be present as a minor coloring agent
(Lebofsky et al., 1970), an upper limit on its bulk abundance appears to
lie far below that éxpected from solar abundance considerations (Pollack
et al., 1973; Cuzzi'et al., 1980). Finally, the rings have a mass of about
6.4 x 1078 saturn masses, a value comparable to that of the satellite Mimas

(Holberg et al., 1982).



The Saturn system contains 17 known satellites, whose locations range
from just outside the A ring (1980 S28) at 2.28 RS to 215 Rs (Phoebe) and
whose sizes range from a diameter of 30 km (1980 S28) to 5150 km (Titan)
(see Table 1). ‘All the satellites but Phoebe travel in prograde orbits
having low eccentricities and lowvinclinatiﬁns to Saturn's equatérial plane
(Lapetus' inclination of 15° may be due to the Sun's Cidal torque on
Saturn's protosatellite nebula (Ward, 1981). Such a torque significantly
warped the plane of the nebula toward the LaPlacian plane at great distances
froﬁ the planet). Thus all the "regular" satellites were presumably formed
coevally and from the same cloud that gave birth to Saturn, while Phoebe is
most likely a captured object.

As summarized in Table 1 and Figure 1, all the regular satellites whose
mean densitieé have been measured have densities below 2 g/cma. The corre-
sponding uncompressed mean densities fall well below those of the inner
Galilean satellites of Jupiter and well below those characterizing unhydrated
(>3 g/cm®) and hydrated (22.3 g/cm®) rock. Thus, "ice" (mostly water) repre-
sents a major component of their interiors, in addition to "rock." On the
average, the uncompressed mean density of the Saturnian satellites is com-
parable to that expected for a solar abundance of ice and rock (about equal
masses) and similar to those of the outer Galilean satellites. There is no

‘obviousbtrend in the mean densities as a function of distance from Saturn,
in contrast to the situation for the Galilean satellites. Furthermore,
there may be significant, but stochastic, departures of individﬁal values
from their mean value.

Wétervice is also a major constituent‘of the surfaces of the regular
satellites. This conclusion is based on thé presence of water ice absorp-

tion features in the near infrared reflectivity spectra of the larger
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In the case of the smaller and presumably undifferentiated

"ter rich surface implies a water rich interior.

w albedé of Phoebe and the shape of its visible and near
ivity spectrum imply that it is made of carbonaceous
material (Degewij et al., 1980). Its reflectivity spectrum
those of Jupiter's irregular satellites, all studied Trojan
C" type objects in the main asteroid belt.

cal histories of all the Saturnian satellites have been

ced by meteoroid impact events, while tectonism and resur-
ve also played important roles for the larger satellites
981 and 1982). The high crater density on parts or all of

almost all the Saturnian satellites has commonly been
lunar analogy, as reflecting an early period (first

of heavy meteoroid bombardment. Furthermore, there is

ence implying that some of the original satellites were
disrupted during this period: Several objects have almost
, including the small co-orbital satellites 1980 S1 and S3,

rojans (1980 Sl3'and S$25), and Dione and its Trojan

ts as big as Hyperion have distinctly nonspherical shapes;

n of the crater density on Iapetus to the inner parts of

m, with an allowance for gravitational focusing, results

robability of catastrophic disruption of the smaller, inner-



Several of the larger satellites, including Tethys, Dione, and Rhea,
have global scale fractures of their surfaces, indicative of extensional
tectonism. The relatively low crater densities on this portion of their
surfaces imply that tectonism extended to the end of or beyond the epoch of
heavy bombardment. There are also surface morphologies on these bodies
indicative of resurfacing events in the late or post heavy bombardment
epoch. Perhaps most surprisingly of all, éhe comparatively small satellite
Enceladus has a very low crater density over much of its surface, exhibits
grooves somewhat reminiscent of those on Ganymede, and has experienced
extensive resurfacing. On the basis of crater densities, these exténsional
tectonic and resurfacing events have extended up until relatively recent
times (within the last ~1 x 109 years). Finally, there is the classical
puzzle of at least an order of magnitude variation in the b;ightness of
Iapetus from the dark leading hemisphere to the bright trailing hemisphere.
Titan is the only satellite known to have a substantial atmosphere.
Measurements made from the Voyager 1 spacecraft yielded a surface pressure
of 1.6 bars (Tyler et al., 1981), with molecular nitrogen being the dominant
gas (Tyler et al., 1981; Samuelson et al., 1981). The volume mixing ratio
of N, lies betweeﬁ 80% and 95%. Other major constituents include methane
(few percent) and molecular hydrogen (0.2%). There is also indirect evi-
dence for the possible‘ﬁresence of substantial quantities of Ar (~10%) based
on the value of the mean molecular weight, derived from comparing rédio
ocqultation and IRIS temperature profiles (Samuelson et al., 1981). Trace
gases that are present at the ppm level include low order hydrocarbons,

such as C,H, and C,H;, and nitrogen containing organics such as HCN (Hanel
et al., 1981). One very recent surprise has been the detection of oxidized

gases at the ppb (CO,) and ppm (CO) levels (Samuelson et al., 19833 Lutz




et al., 1983). Finally, a pervasive smog layer is present throughout the
lowest several hundred kilometers of the atmosphere (Smith et al., 1981
and 1982). The smog particles are probably made of complex organic polymers

tﬁat are end products of the photochemistry occurring in Titan's atmosphere.

III. TFormation and Evolution of Saturn

a. Origin

As discussed in Section II, Saturn consists of a 20 Mg core made of
rock and ice and a 75 Mg envelope containing approximately é solar mixture
of elements. Such a structure suggests two alternative theories for the
origin of the Saturn system: either a gaseous condensation first formed
within the soiar nebula and it later acquired core material (gas instability
theory) or solid body accretion occurred first, with the core mass eventually
becoming large enough to effectively concentrate an even greater mass of
solar nebula gas about itself (core instability theory). During the last
10 years, both theories have been studied in some detail.

According to the gas instability theory, the solar nebula was suffi-
ciently massive (20.1 Mg) that it was unstable to global, azimuthal pertur-
bations (Cameron, 1978) (see Fig. 2). As a result of this gra&itational
instability, rings of elevated density formed and grew progressively
narrower. Eventually, the gas density within the ring became high enough
for local gravitational instabilities to occur. The resultant giant gas
balls within a given ring may have either merged with one another or gravi-
tationally deflected one another to different orbits. The resultant giant
gaseous protoplanets subsequently gravitationally contracted to forﬁ the
outer planets.

The above scenario, according to which giant géseous protoplanets form

from a series of instabilities in a massive solar nebula, is far from proven.




For example, spiral density waves rather than ring instabilities may be the
fastest growing mode in an unstabie massive nebula (P. Cassen, private
communication).

There are two ways in which the giant gaseous protoplanets may have
acquired their cores. First, as they contracted and grew hotter, pressure
and temperature conditions within their deep interior may have permitted
solid grains to become liquid grains, and subsequently coalesce efficiently
into large sized particles. Such particles would have large terminal veloci-
ties and tend to precipitate to the protoplanet's center to form a core
(Slattery et al., 1980). This mechanism is important for Saturn's éore only
if there is a large exchange of material between the solar nebula and the
protoplanet: .Saturn's core represents about 20% of the planet's mass,
whereas heavy elements constitute only about 1% of the mass in a solar mix-
ture of elements. Furthermore, standard interior models require an excess
of heavy elements in the core rather than a mere redistribufion of elements.
Thus, one must postulate a continual replenishment of refractory materials
from the nearby solar nebula so that a 20 Mg core can be constructed.

Only the more refractory materials become liquid inside protoplanets
and so contribute to the cores, according to the calculations of Slattery
et al. (1980). But solids can also coagulate, although somewhat less effi-
clently than liquids, so that it is not clear that the grains need to gé
through a liquid phase to sink to the protoplanet's center. In any case,
it seems unlikely that cores containing ices could be formed through this
mechanism in view of the high temperatures in the deep interior of the
protoplanets during almost all of their lifetime.

A second mechanism by which giant gaseous protoplanets could acqﬁire

cores is through gas drag capture of solid planetesimals that formed nearby



in the solar nebula (Pollack et al., 1977). In the next section, it will

be argued that this mechanism is the most likely means by which Phoebe was
capturedf However, an irregular satellite rather than core material is the
end product of gas drag capture only for a very short time interval

(~10 years) in the history of the protoplanet and only for bodies lying
within a restricted mass range. Thus, if Phoebe was captured by gas drag,
many orders of magnitude more mass would have been contributed to the core
by other captured planetesimals. Whether as much as a 20 Mg core could have
been acquired in this manner is open to question. To the degree that Phoebe
is representative of the planetesimals present near Saturn during its very
early history, we would expeét that core material resulting from gas drag
capture would be lacking significant amounts of nitrogen compounds and would
have an excess of rock over water and carbon compounds. Thus, neither core
formation mechanism is expected to lead to significant quantities of nitro-
gen compounds in the core and only limited amounts of water and carbon com-
pounds at best.

According to the alternative 'core instability" model (Perri and
Cameron, 1974; Hayashi et al., 1977; Mizuno, 1980), accretional processes
involving solid planetesimals led to the growth of planet-sized objects in
the outer solar system as well as in the inner solar system. As the solid
cores grew larger, they concentrated solar nebula gas more and more effec-
tively within their tidal sphere of influence. Eventually, the envelopes
became sufficiently massive that they became gravitationally unstable and
underwent a hydrodynamical collapse onto the central core. Such a collapse
insures the ultimate survival of the envelope against tidal disruption by
the forming Sun; leads to a compact object; and can result in a further

significant increase in the mass of the envelope as additional material

10




from the solar nebula enters within the object's gravitational sphere of
influence.

Estimates of the core mass .at which instability first occurs have been
obtained by constructing static equilibrium models of core/envelope config-
urations and determining the largest core mass for which such a model can
be constructed. The first models of this type were constructed by Cameron
and Perri (1974), who assumed that the temperature structure was adiabatic
throughout the envelope. They obtained "critical" core masses of about
70 Mé for Saturn, with the value of the critical core mass being somewhat
sensitive to the boundary conditions and thus position within the solar
nebula. Both the large value of the critical mass and its sensitivity to
position resulted in a poor match with the inferred core masses of Saturn
and the other giant planets.

Both problems have been overcome in more recent models, in which the

~temperature structure has been calculated rather than assumed. The occur-
rence-of a zone of radiative equilibrium in the outer portion of the
envelope results in both a lower critical core mass and an insensitivity of
this mass to boundary conditions (Mizuno, 1980). Throughout all but the hot
inner parts of the envelope, the radiative opacity is dominated by graims,
whose properties therefore determine the temperature structure of the
envelope. Figure 3 illustrates the relationship between core mass and
total mass, where the parameter £ denotes the ratio of the actual grain
opacity to that expected from grains in a cool solar nebula. For each
choice of f, there is a maximum value of core mass ("critical value"). It
is not pbssiblé to find a static equilibrium configuration for core masses

exceeding this critical value. As can be seen, this value does not depend
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sensitively on f. Critical core masses comparable to that of Saturn are
obtained for models having £ ~ 1.

Unfortunately, these models of Mizuno and more generally the earlier
ones as well suffer from several potentially serious problems. First, the
inability to construct a hydrostatic model for large core masses is not
equivalent to such models undergoing hydrodynamic collapse. These models
could, in principle, undergo a slow contraction or expansion and indeed
such behavior would be expected in general for accretionary objects radiat-
ing to space. In a similar vein, no fundamental physical change in the
interior of these models is cited to suggest that hydrodynamic collapse
should occur for the large core models. Second, it is not clear that the
tidal radius is the appropriate outer boundary of these primordial planets,
as assumed in all the above calculations. An alternative choice is the
accretionary radius, where the thermal energy of the gas balances in
absolute magnitude its gravitational energy. Certainly for small enough
core masses, the accretionary radius is smaller than the tidal radius and
is, therefore, the more appropriate choice. Consequently, there may be
more sensitivity to bopndary conditions than when only the tidal radius is
considered.

Very recently, Bodenheimer and Pollack (1983) have carried out a series
of calculations of the accretionary growth of core models that overcome the
above problems. They find that when the core mass grows sufficiently large
a hydrodynamic collapse does in fact occur, due to the occurrence of high
enough temperatures for molecular hydrogen to dissociate in a significant
portion of the deep interior of the envelope. Critical core masses of about
10 M, characterize their models at the point of collapse, but with this

mass varying by factors of several depending on the assumed nebular boundary
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condiﬁions and core accretion rate. Much larger variances were found for

the envelope mass at the point of collapse, with the envelope mass varying
from a small to a large fraction of the core mass. In contrast, Mizuno's

(1980) calculations indicated that the envelope mass was always a signifi-
cant fraétion (~0.7) of the critical core mass.

Once hydrodynamic collapse occurs, gases may be added much more rapidly
to the protoplanet than planetesimals to the core. Thus, the envelope mass
may grow much more rapidlf after collapse than does the core mass. Pre-—
liminary studies of this and the earlier phases have been conducted by
Safronov and Ruskol (1982). They distinguish six stages of formation and
growth. Stage 1 is equivalent to the accretional growth of the core and
ends with it reaching the critical core mass. Since the core as well as
the envelope can grow somewhat during the subsequent stages, the critical
core mass is assumed to be a few Mg rather than 20 Mo During stage 2,
accretion of gas from the solar nebula is limited by the time requifed to
radiate away part of the gravitational energy of accretion so that thermal
préssure does not prevent the added mass from lying within the protoplanet's
sphere of influence. During stage 3, an unrestricted rapid growth occurs.
During stage 4, accretion.is limited by the size of the sphere of influence.
During stages 5 and 6 accretion is further limited by the need to résupply
gas from distant parts of the solar nebula to parts lying close to the pro-
toplanet's orbit and by the dissipation of the solar nebula, respectively.
Estimates of the duration and amount of mass added to Jupiter and Saturn
during each stage are summarized in Table 2. According to these estimates,
several times 10° years are required before Saturn's growth is completed.

A slightly smaller time scale is found for Jupiter.

13



Both of the above models — core and gas instability — have their
strong and weak points. If only the outer planets formed as a result of
gas instabilities in the solar nebula, it seems likely that Jupiter might
have formed before much accretional growth of solid bodies took place in
the inner solar system. In this event, Jupiter could have interfered with
the accretional growth of solid bodies within the asteroid belt and in the
vicinity of Mars' orbit, by gravitationally perturbing orbits of nearby
planetesimals into ones that crossed those of the more distant asteroidal
and Martian planetesimals at high relative velocities. In this way, the
absence of a single planet-sized body in the asteroid belt and the rela-
tively small size of Mars could be accounted for. However, if gaseous
protoplanets formed throughout the solar nebula, as has been proposed by
Cameron (1978), then the ability of this theory to explain the size of Mars
and the multiplicity of asteroids is less clear. If the terrestrial planets
initially had massive gaseous envelopes, their envelopes could have been
eliminated by the tidal action of the forming Sun (Cameron, 1978) or thermal
evaporation as the solar nebula heated up (Cameron et al., 1982). Because
of their greater distance from the Sun, the outer planets were less suscep-
tiBle to tidal stripping and thermal evaporation.

The gas instability model has a number of serioué problems. First, it
does not provide an obvious explanation for the similarity of the core
masses of the four giant planets. Second, if the inner planets also formed
as a resﬁlt of gas instabilities and if they acquired their cores by pre-
cipitation of liquids or solids in their envelopes, then it is not clear why
the uncompressed densities of the terrestrial planets tend to decrease from
Mercury to Mars or’why the abundance of primordial rare gases systematically

increases by orders of magnitude from Mars to Venus. Finally, it remains
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to be demonstrated that the large enrichment of heavy elements in the giant
planets can be achieved through a combination of precipitation and gas drag
capture. This problem may be especially serious for Uranus and Neptune,
whoée cores constitute 80-90% of the planets' total mass.

We next assess the viability of thé core instability model. As
explained above, the critical core mass required to induce an instability
in the surrounding solar nebula is somewhat insensitive to the boundary
conditions at the tidal radius and hencé to pressure and temperature condi-
tions within the solar nebula. In this sense, it provides a natural explana-
- tion for the similarity of the core masses of the giant planets. Second, a
much larger variance is expected in the masses of the envelopes, as in fact
is observed, due to the large variance in these masses at the point of
collapse and the subsequent preferential accretionary growth of the envelope
after collapsé. Also note that the calculations of Bodenheimer and Pollack
(1983), unlike those of Mizuno (1980), permit the masses of the envelopes
of Uranus and Neptune to be a minor fraction (10-207%) of the planets' total
mass. Third, it seems likely that the smaller bodies of the solar system —
asteroids, comets, and satellites — formed by accretional growth. On
aesthetic g}ounds, it might seem preferable for this same process to account
for the mean density (Lewis, 1972) and for the rare gas content of the ter-
restrial planets (Wetherill, 1981; Pollack and Black, 1979 and 1982) as well
as the formation of the giant planets.

However, the core instability theory aiso has problems. 1In particular,
there are problems comnected with time scales. Because Jupiter's core probably
formed in a region of the solar nebula of lower density than did Mars or the
asteroid belt, and because its core mass is much greater than even the mass of
the Earth, Jupiter should have formed after Mars and the asteroid parent bodies
did. In this event, Jupiter could not have interfered with their growth.
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Also, the time scales for core growth progressively increase with distance
from the center of the solar nebula due to a combination of the lower volume
densities and longer orbital periods of planetesimals at greater distances.
This time scale approaches the age of the solar system for Uraﬁus and
Neptune and therefore apparently exceeds the lifetime of the solar nebula
for these planets (Safronov and Ruskol, 1982). ﬁowever, this esfimate of
the time scale for core growth is based on a theory of planetesimal assembly
in a gas~free environment, surely an invalid assumption for the giant planet
models under discussion. Gas drag might significantly éxpedite core growth.
Finally, to some extent, the two origin theories can be distinguished
on the basis of the mass of’the solar nebula they imply. A nebular mass in

excess of about 0.1 M, is required for gas instabilities to occur with a

®
1 solar mass sun at the nebula's center, whereas nebular masses ranging
from 0.01 Mg to 0.1 My are typically invoked in models having solid accre-
tional growth. The expected mass of the solar nebula is related to the
angular momentum of the cloud from which the solar system formed (Cameron,
1978). While Cameron (1978) advances astrophysical arguments in favor of

a large angular momentum and hence a large nebula mass, almost all of the
angular momentum must be lost to match the current angular momentum of the
solar system. It seems difficult to discriminate between these two theories

on the basis of the implied nebular mass or cloud angular momentum in view

of the poor independent constraints on either of these quantities.

b. Evolution

According to both theories of its formation, Saturn underwent three
major phases in its evolution during and following formation: early quasi-
hydrostatic contraction‘or expansion (stage 1), hydrodynamical collapse

(stage 2), and late, quasi-hydrostatic contraction (stage 3). During
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stage 1,‘the envelope was in hydrostatic equilibrium to a very good first
approximation. In the case of the gas instability model, the envelope
slowly contracted from about 1600 RS to about 60 RS on a time scale of

4.6 x 10° years (Bodenﬁeimer et al., 1980). The initial radius is set by
Saturn's mass and the minimum density aﬁ which a local instability occurs
for a solar nebula in which most of the Sun's mass was not yet concentrated
near the center of the nebula. The initial radius would be a factor of 8
smaller if the Sun had already fully formed prior to the gas instability.

The time scale for this stage is set by the rate at which the proto-~
planet radiates to space part of the gravitational energy released by con-~
traction, i.e., it is a Kelvin-Helmholtz time scale. This time scale can
be altered by a factor of several by the outer boundary conditions imposed
by the solar nebula and by the growth of the Sun at the center of the
nebula (Cameron et al., 1981). On the one hand, a non-zero pressure at the
boundary results in a faster contraction, while avnon—zero temperature has
the opposite effect. Since the time scale for stage 1 is comparable to the
time scale over which the solar nebula evolves significantly, there is
even the possibility that the protoplanet may be tidally disrupted by the
forming Sun before it contracts to a small enough radius.

In the case of the core instability model, both the core mass and the
envelope mass increase with time during stage 1 (see Fig. 3). The outer
boundary of the‘envelope is a tidal disruption limit, determined by the
combined gravitational effects of the solar nebula and the Sun. As the
mass of Saturn M increases during stage 1, the outer boundary expands as
M'/3, The duration of stage 1, in this case, is the accretional time scale
required for the core mass to reach its critical value. According to

Safronov and Ruskol (1982), stage 1 lasts about 108 years for Saturn.
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At the end of stage 1, it is no longer possible for pressure gradient
forces within the envelope to balance gravitational forces and a hydro-
dynamical collapse is initiated marking the start of stage 2. From this
point on, the planet follows essentially the same evolutionary pathway for
both models. The collapse is initiated when the temperatures near the base
of the envelope become high enough (~2500 K) for molecular hydrogen to
dissociate (Bodenheimer et al., 1980). Stage 2 lasts for only about
0.1 year for Saturn, with this duration being comparable to a free fall
time., Collapse first ceases near the center of Saturn due to an increasing
stiffness (incomp;essibility) of the equation of state. Soon, the infalling,
outer 1ying material attains supersonic velocities at the boundary with the
static central material, and a shock wave develops (Bodenheimer et al.,
1980). Infalling continues until hydrostatic equilibrium has been attained
again throughout the entire planet. According to Bodenheimer et al. (1980),
Saturn's radius was about 3.4 RS at the end of stage 2, or almost 20 times
smaller than the value at the start of this stage, and the density at the
base of envelope increased by almost four orders of magnitude to a value of
~1/3 g/cm®.

Figure 4 summarizes the time history of Saturn during stages 1 and 2,
according to Bodenheimer et al. (1980). For stage 1, these results pertain
to a gas instability origin. Also, zero pressure at the exterior boundary
and spherical symmetry are assumed. A somewhat different equatorial radius
at the start of stage 2 characterizes models in which the rotation and
angular momentum of the protoplanet are taken into account (Bodenheimer
et al., 1977).

A nebula disk within which the regular satellites and perhaps the

rings formed may have come into existence during stage 2, on the basis of
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the current dimensions of the ring/satellite system. This disk remained
attached to the planet, but continued to extend into the region later
occupied by satellites due to its initially large specific angular momentum
and the outward transfer of angular momentum by viscous dissipation.
Because Titan's specific angular momentﬁm is about two orders of magnitude
larger than that of Saturn, enough angular momentum redistribution within
the protoplanet had to occur during stage 1 and during stage 3 to concen-
trate the angular momentum in the outermost parts of the system. (Note:
Titan dominates the mass of the Saturn ring-satellite system.) Such a
redistribution could have occurred by viscous processes, since much of the
protoplanet was in convective equilibrium during stage 1, which, in turn,
was caused by the high infrared opacity of grains mixed with the gas of the
envelope (Bodenheimer et al., 1980). Essentially no angular momentum
transport occurred during the very short duration of stage 2, but creation
of the nebula disk during this stage was fostered by the decreasing radius
of the protoplanet and hence the increasing angular velocity demanded by
conservation of angular momentum. Further outward transfer of angular
momentum is expected during stage 3 as long as the nebula persisted, as
discussed in more detail in Section V.

After the attainment of complete hydrostatic equilibrium that marks
the beginning of stage 3, Saturn continued to contract, but at a very slow
rate. This contraction occurred because the planet was radiating to space
and because its interior was not totally incompressible. During the
earliest portion of stage 3 (~10° years), contraction took place suffi-
ciently rapidly that the released gravitational energy caused a continued
warming of Saturn's interior, despite the planet radiating to space at an

intrinsic luminosity of 10~° Lo, where Ly 1is the Sun's present luminosity.
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However, the interior became increasingly incompressible so that throughout
almost all of stage 3 (~4.6 X 10° years), the interior underwent a pro-
gressive cooling (Pollack et al., 1977; Bodenheimer et al., 1980; Grossman
et al., 1980). At the end of the interior warming phase, the central tem-
perature was about 20,000 K, whereas at present it is about 10,000 K.

During the entirety of stage 3, the radius and intrinsic luminosity steadily .
declined, achieving values that are 3 1/2 times and 4.1/2 orders of magni-

tude smaller at the present epoch than their corresponding values at the

commencement of stage 3.

c. Present Internal Heat Source

As noted in Section II, Saturn radiates to space at present about
1.8 times as much energy as the amount of sunlight it absorbs. Here, we
examine our current understanding of the source of the excess luminosity.
Even when allowance is made for the presence of a heavy element core, the
intrinsic luminosity that can be realized from the decay of long-lived
radioactive isotopes of K, U, and Th falls short of the observed value by
about two orders of magnitude (Flasar, 1973). Only gravitational energy
release is capable of supplying the required intrinsic luminosity (ibid).
The major question concerns the nature of the gravitational energy release.
In particular, what are the relative roles of present gravitational con-
traction, present cooling of the interior that was warmed during earlier,
more rapid contraction phases, and gravitational segregation, especially
of He from H?

Detailed evolutionary calculations of Saturn during stage 3 have pro-
vided a partial answer to the above question. Figure 5 compares the

observed intrinsic luminosities of Jupiter and Saturn with predicted
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values at a time of 4.6 x 10° years after the start of stage 3 (Pollack
et al., 1977). These results are insensiti&e to the choice of initial
conditions. They were obtained for homogeneous compositional models that
lacked central heavy element cores. However, the predicted excess does
not change significantly when a central core is included (Grossman et al.,
1980) . According to this figure, the observed intrinsic luminosity of
Jupiter can be closely replicated, but the predicted value for Saturn falls
short by about a factor of 3. About 1/3 of the predicted luminosity for
both planets resulted from their present contraction rates, while the
remaining 2/3 was derived from cooling of their interiors (Pollack et al;,
1977).

In view of the success of the homogeneous model for Jupiter, it
appears that its lack of success for Saturn is most likely due to gravi-~
tational segretation. Only He is sufficiently abundant for its separation
from H to supply the needed deficit. As early as 1967, the importance of
gravitational layering for generatiﬁg internal energy in the outer planets
was realized (Kieffer, 1967). Exploration of the physical processes by
which this layering could occur were begun in 1973 by Salpeter and studied
further by Salpeter and Stevenson (1977). According to Salpeter (1973),

He could be expected to first become partially immiscible in H in the
metallic H zone. While diffusion of He atoms occur too slowly, even over
the age of the solar system, to release significant amounts of gravitational
energy, rapid segregation could be realized through the nucleation of He
droplets and their continued growth to droplet sizes characterized by large
terminal velocities.

An explicit calculation of the temperature and pressure conditions

required for He immiscibility to occur were made by Stevenson and Salpeter

21



(1977), who found that it would first begin in the outermost part of the
metallic H zone when the temperature fell to ~10,000 K and that it would
spread to progressively deeper regions of the metallic H zone with time.

A major theoretical uncertainty at that time, and even today, is the nature
of the phase transition from molecular to metallic H.. If it is a first
".order transition, a density discontinuity oécurs at the boundary between

the two phases. As a result, He might not be exchanged effectively between
the molecular and metallic zones, or some of the He removed from the upper
part of the metallic H zone might be transferred to the molecular H region.
An even more basic problem is the considerable uncertainty in the conditions
under which He becomes immiscible in metallic H. According to MacFarlane and
Hubbard (1983), the critical temperature, below which He becomes partially
immiscible in metallic hydrogen, is a factor of about ten smaller than that
found by Stevenson and Salpeter (1977). If so, no He separation would be
expected in Saturn's interior and, thus, the source of its excess energy
would not be understood.

The large discrepancy between the two estimates of the critical tem—
perature for helium immiscibility stems from the need to know the Gibbs
free energy of hydrogen-helium mixtures to an accuracy of much better than
a percent. Unfortunately, such accuracy is very difficult to achieve.
Stevenson and Salpeter (1977) used quantum mechanical perturbation theory
to determine the Gibbs free energy, while MacFarlane and Hubbard relied on
the Thomas-Fermi-Dirac (TFD) theory of high pressure materials. Because
atoms are more strongly screened in the TFD theory than in the theory used
by Stevenson and Salpeter, the critical temperature occurs at a lower value
in the TFD theory. More accurate calculations are required to resolve this

crucial discrepancy.
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Salpeter (1973) proposed that the gravitational energy released by
He immiscibility was the source of Jupiter's excess luminosity. Pollack
et al. (1977) first pointed out that graVitational segregation was probably
not operative for Jupiter, but was probably operative for Saturn. They
based this conclusion on two points. First, their homogeneous contraction
models were capable of reproducing Jupiter's observed excess luminosity,
but not Saturn's, as pointed out above. Second, the temperatures in
Jupiter's metallic H zone at present lie about a factor of 2 above the temper-
ature at which immiscibility is first reached, according to Stevenson and
Salpeter (1977), while this point is reached in their Saturn models after only
about 1 x 10° years of evolution (cf. Fig. 6). They also pointed out that
planet-wide segregation of He was required to produce.the observed intrinsic
luminosity. Hence, He had to be efficiently exchanged and uniformly mixed
between the molecular H zone and the top of the metallic zone. They pre-
dicted that He is depleted in the observable atmosphere of Saturn by several
tens of percent. Somewhat more refined estimates of this depletion factor
of ~407% were obtained by Stevenson (1980) and Hanel et al. (1981). These
values compare favorably with the apparent deficiency of He in Saturn's
atmosphere deduced from the IRIS observations of Hanel et al. (1981),
although the He mixing ratio in Saturn's atmosphere differs from that in
Jupiter's atmosphere at only the 1+ standard deviation level.

There is a strongly coupled servo loop connecting He segregation,
internal temperatures, and excess 1uminosity. The amount of He segregation
occurring over any given time interval is determined by the drop in tempera-
tureithat takes place in the metallic H zone. But this decrease is deter—
mined by the amount of excess luminosity radiated to space during this

interval, which in turn is determined chiefly by the amount of gravitational
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"energy released by He segregation. Thus, only as much He segregation
occurs as is needed to self-consistently match the luminosity needs.

In summary, homogeneous contraction and thermal cooling appear to be
inadequate sources of Saturn's excess luminosity, although they can fully
account for Jupiter's excess luminosity. A plausible additional energy
source is the gravitational energy'released.by the partial immiscibility
of He in metallic H at low temperatures. The apparently observed depletion
of He in Saturn's observable atmosphere, in comparison to solar elemental
ratios and the He abundance in Jupiter's atmosphere, offers some evidence
in support of this hypothesis., But the theoretical foundation for He
immiscibility has been called into question by the thermodynamic calcula-

tions of MacFarlane and Hubbard (1982).

IV. Origin of Phoebe

There are several characteristics of Phoebe that suggest that this
outermost satellite of Saturn is a captured object, rather than one that
formed within the Saturn system during its early history. First, it has a
retrograde orbit of high inclination and eccentricity, in contrast to all
the other satellites. Second, as discussed in Section II, its low visible
albedo and spectral reflectivify properties stand in marked contrast to the
corresponding properties of the other satellites of Saturn, but are similar
to those of carbonaceous chondrites, the irregular satellites of Jupiter,
Jupiter's Trojan asteroids, and C type objects in the asteroid belt.
Indeed, if Phoebe formed within the Saturn system, we would expect it to
be at least as rich in ices as the other satellites, given its greater dis-

tance, rather than essentially ice free.
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There are three major classes of capture theories: Lagrange point
capture, collision between a stray body and a natural satellite, and gas
drag capture. According to the first of these, a body initially in orbit
about the Sun can transfer to an orbit about a planet by passing at very
low velocity relative to the planet through its interior Lagrange point
(Heppenheimer, 1975). Howéver, as can be seen from the symmetry of the
equation of motion with respect to the sign of time, such capture is only
temporary, withlthe body returning to a solar orbit through the Lagrange
point after only a few or at most about a hundred orbits about the planet
(Heppenheimer and Porco, 1977). Permanent capture could occur if Saturn's
mass increased by several tens of percent or if the Sun's mass decreased
by a comparable percentage during the time of temporary capture (1-100 years)
(ibid). However, no such rapid change in either body's mass is predicted by
current theories of the formation of the solar system. For example, the
calculations of Safronov and Ruskol (1982) for the core instability model
have time scales of 26 x 10* years during which Saturn's mass increases by
several tens of percent (cf. Table 2). Until plausible mechanisms for
effecting permanent capture are proposed, the Lagrange point mechanism
cannot be viewed as an entirely satisfactory theory for the capture of
Phoebe.

Colombo and Franklin (1971) suggested that the two families of
irregular satellites of Jupiter originated from the collision of a stray
body with a regular satellite of this planet, with the prograde irregular
satellites being fragments of the original satellite and the retrograde
moons being fragments of the stray body. One potentially serious problem
with applying this theory to Phoebe is the absence of a larger irregular

satellite of Saturn having a prograde orbit (recall that Phoebe has a
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retrograde orbit). Also, no other satellite of Saturn is made of the same
material as Phoebe.

Early theories for gas drag capture of satellites were advanced by
See (1910) and Kuiper (1951). Pollack et al. (1979) presented a modern
version of this theory that took into consideration the evolutionary phases
of the outer planets discussed in Section III. According to this latter
model, Phoebe formed independently in the outer solar system by accretional
processes and was captured at the very end of stage 1 (early hydrostatic)
when it passed through the outer portion of proto-Saturn and had its rela-
tive velocity reduced by gas drag. Under most circumstances, gas drag
would continue to act on the captured body and it would soon spiral into
the center of the protoplanet to be incorporated into its core. This may,
in fact, have been the fate of many other stray bodies that were captured
at less opportune times. However, the onset of the hydrodynamical collapse
shortly after Phoebe's putative capture quickly removed gas from the
body's orbit, thus allowing it to remain a satellite and permitting its
orbit to retain a significant eccentricity and inclination. Capture within
about 10 years prior to the start of stage 2 is required to achieve this
end state.

Several predictions of the gas drag theory can be compared with the
observed properties of Phoebe. First, its semimajor axis should be com-
parable to or somewhat less than the radius of proto—Satﬁrn at the onset of
the hydrodynamical collapse. For the gas instability model, stage 2 begins
at a radius of ~60 R for a spherically symmetric protoplanet (Bodenheimer
et al., 1980). A somewhat different value may characterize a protoplanet
having a non-zero angular velocity. For the core instability model, the

corresponding radius is equal to the tidal radius or 2125 Rs’ where the
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equality holds if the Sun had already formed. Also, in accord with
Mizuno's (1980) calculation, we might assume that the protoplanet had a
mass of ~35 Mg at this time. If so, subsequent growth to the planet's
present mass would have caused the captured satellite's orbit to decrease
by a factor of ~3. The above estimates of the outer boundary of proto-
Saturn at the commencement of stage 2 do not appear to be inconsistent with
Phoebe's semimajor axis, 215 Rs' In the case of the core instability model,
it may be necessary for the Sun not to have fully formed at the time of
stage 2 in order for Phoebe to achieve, ultimately, its present orbital
distance.

Phoebe's radius of 110 km (Smith et al., 1982) may be compared with
the range of sizes for which gas drag capture would be effective. A stray
body has to pass through an amount of nebular mass that is at least ~10% of
ité own mass in order to be significantly slowed down (Pollack et al.,
1979). Also, the captured object cannot be too small or else it would be
carried along by gas drag during the collapse phase. Using Bodenheimer's
(1977) model of proto-~Jupiter near the end of stage 1 and scaling this to
proto-Saturn, Pollack et al. (1979) predicted that bodies having radii
Between 0.1 and several hundred kilometers could be captured by proto-
Saturn and survive as satellites. The observed size of Phoebe is consistent
with this rather broad range of sizes.

The above discussion indicates that Phoebe was most\likely captured by
gas drag, although this theory is far from proven. Let us for the moment
accept this theory as being correct and consider its consequences. First,
asteroid sized bodies were present in the outer solar system close
(~10%-5 x 10° years) to the times at which Jupiter and Saturn originated.

Presumably, these bodies formed through accretional processes. This
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deduction lends credence to, but does not prove, the core instability model
for the origin of the giant planets. Second, the number density of planetesi-
mals near‘Jupiter and Saturn's orbits at these early times may have been simi~
lar, since each planet captured one, several hundred kilometer-sized, stray
body (in Jupiter's case, this was the parent body of the prograde satellites,
which fragmented into these satellites, due to dynamid gas pressure (cf.
Pollack et al., 1979)). Third, temperatures within the solar nebula at

these times may have favored the formation of carbonaceous chondrite-like
matérial near Jupiter's and Saturn's locations. While as much as several
meters of water ice could have been ablated off the leading side of Phoebe
during the capture process, ice located at greater depths would have been
excavated by cratering events at subsequent times and brought to the surface
to significantly brighten it. This expectation is inconsistent with

Voyager 2 pictures of Phoebe, which show its surface to be very dark (Smith
et al., 1982). Therefore, the presently observed surface composition of

Phoebe was not significantly altered by the capture process.

V. Origin of the Satellite System

As discussed in Section III, gravitational energy released by contrac-
tion during the first 10° years of the late, quasi-hydrostatic stage pro-
vided Saturn with a luminosity of 10™° Ly. This planetary luminosity
together with viscous dissipation in the nebula preferentially heated the
inner portions of the satellite nebula, which formed during the short-lived
(~1 year) hydrodynamic stage. One can construct models of the evolution of
this nebula; by seeing which classes of models produce satellites consistent
with their observed properties (e.g., composition, size), one can derive
constraints on the nature of the nebula (e.g., temperature structure,

lifetime).
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Such modeling must examine three phases in the history of the satel-
lites: the equilibration of solids with the gas, to determine the chemical
composition of the material from which the satellites were formed; the
accretion of these solids into satellites; and the thermal and geological
evolution of these satellites after their accretion. This last‘phase, which
is treated in Section VI, is not only interesting in its own right, but also
necessary if we wish to use characteristics of the satellites as observed
today to constrain the conditions in the regions where they were formed
4.6 billion years earlier.

Lewis (1972) examined in detail the chemical species which would exist
in local thermodynamic equilibrium in a gas of solar elemental composition
at low temperatures and a variety of pressures. In cbntrast to the higher
temperature conditions prevailing in the inner part of the solar nebula,
ices as well as "rocks" could have condensed in the outer portion of the
solar nebula and in portions of the nebulae of the outer planets. An
examination of how these phases could be assembled into icy bodies was
presented in Consolmagno aﬁd Lewis (1977). Figure 7 shows the results of
Lewis' chemical equilibrium model, outlining the regions of stability of
various ices in pressure-temperature space. In general, water ice is the
highest temperature ice condensate and is the most abundant ice species, since
oxygen 1s more abundant than carbon or nitrogen in a gas of solar elemental
coﬁposition. At sufficiently high pressures or low temperatures, water occurs
instead in solution with ammonia monohydrate, either as a liquid (high pres-
sure) or solid solution (low temperature). In the presence of condensed water
and at temperatures significantly below those at which water first condenses,
gaseous methane forms a clathrate, effectively exhausting the available water;

the reméining methane freezes out at very low temperatures.
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The above results are significantly altered if nonequilibrium species,
formed at higher temperatures or conceiﬁably in regions of nonsolar chemical
abundances, survive at these low temperatures. Lewis and Prinn (1980)
showed that CO and N,, the stable carbon- and nitrogen-bearing species in
the warmer parts of the solar nebula, could be kinetically stable for times
comparable to the age of the solar nebula against reactions that convert
them to methane and ammonia in the outer solar nebula. If there were large‘
scale convection throughout the nebula, gas carried into the warm regions
and converted into CO and N, would not have time to change back into CH,
and NH, when it was carried back into the colder, outer regions. Thus, in
the outer solar system, out to the regions where comets reside today, omne
would expect, for example, CO ice rather than methane ice.

However, in circumplanetary nebulae, the situation may be different.

If the gas pressure is sufficiently high, methane and ammonia may be stable
at temperatures sufficiently high to allow reactions forming these species
from CO and N, to go to completion on time scales much less than the life-
time of the nebula (10°~107 years), especially in the presence of dust
grains which could act as catalysts. Prinn and Fegley (1981) examined this
question with regard to the circum~Jovian nebula, and concluded thaf methane
and ammonia gas could well be formed there; pressures were sufficiently high
so that kinetic inhibition would not have been a problem, although N, and

CO may have also been present there in nontrivial amounts.

An important question to be addressed, then, is the pressure and tem~—
perature structure of the Saturnian nebula. This will ‘tell us what chemical
constituents were present within the nebula, and whether or not kinetic

inhibition of certain species might have been important.
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The satellites themselves put limits on the mass of the nebula. An
obvious minimum mass is the mass of the satellites, plus sufficient
gas to bring the condensed material into cosmic elemental abundance,
with hydrogen and helium being the most abundant gas species. To obtain
an upper liﬁit we will assume that the nebula was not more massive than
Saturn itself. Given cosmic abundances (e.g., Cameron, 1973), the mass of
condensibles in a low temperature (~50-250 K), solar composition nebula is
about 17 of the total mass; thus, multiplying the mass of the satellites

028 g, while

by 100, we find the minimum nebula mass is of the order of 1
the maximum mass is of the order of 10%° g. Spread uniformly in a disk as
thick as Saturn and extending to the orbit of Iapetus, the density of the
nebular gas lies between 10~° and 107° g/cm®. These densities imply pres-
sures of the order of 0.1 to 10 bars, for a temperature of 200 K. (Consid-
ering a smaller minimum mass nebula extending only out tO'Rhea,zusing the
masses of the inner five regular satellites and neglecting Titan, one finds
a similar nebular density.) Even the minimum mass nebula would have been
much more dense than the solar nebula in the region of the outer planets.

Qf course, one would expect density, pressure, and temperature to be
higher near Saturn, and lower farther out in the circum-Saturnian nebula.
Exactly how these quantities vary with position is model dependent, however.

The dependence of nebular pressure P, density p, and temperature T
on radial distance r, vertical distance above the midplane 2z, and time ¢t
is determined by force balances and energy transport in the ¥ and z direc-
tions. To a very good approximaﬁion, hydrostatic equilibrium determines the
variation of p with 2z, with the vertical component of gravity balancing

the vertical component of the pressure gradient. Note, however, that the

latter might include a nonnegligible compbnent due to turbulence having a
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characteristic velocity not much smaller than the speed of sound. Thus,
the pressure scale height, H, is proportional to ra/“Tl/2 (Lin, 1981;
Lunine and Stevenson, 1982). For typical values of T, H 2 0.lr. 1In the
radial direction, the key forces are gravity (mostly Saturn's), centrifﬁgal
force, the radial component of the pressure gradient, and Reynolds stresses
due to viscosity. In many caées, the first two forces are the dominant
ones, although, as indicated below, viscoué dissipation may play a key role
in the evolution of the nebula. |

There are two major sources of heating for the nebula: the heat
emitted by Saturn and that produced by viscous dissipation. When Saturn's
luminosity controls the temperature structure of its nebula, the dependence
of T onn r and z 1is determined by the opacity of the nebula. If the

~1/2 and is approximately independent of =z

opacity is small, T ~ r
(Polléck et al., 1977). 1In this case, individual particles are in radia-
tive balance with Saturn's luminosity and help to heat the surrounding gas.
When the nebular opacity is large in both the r and z directions, the
radiative equilibrium temperature gradient is likely to be convectively

! and similarly T decreases steeply with

unstable, leading to T ~ r~
increasing z. Naturally, at large enough ﬁalues of r and z, the opacity
becomes small and hence subadiabatic temperature gradients are achieved,

with the temperature asymptotically approaching that of the surrounding

solar nebula. When small grains of ice and silicate are present in the
Saturnian nebula, as they would be during most of its lifetime, they serve

as the dominant source of opacity and insure that the inner portions of the
nebula near its midplane are optically thick in both the r and z directions.

Even in their absence, the nebula is optically thick in the radial direction

and perhaps even in the =z direction due to the pressure induced transitions
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of hydrogen that are effective at the high pressures of the nebula (Lunine
and Stevenson, 1982).. |

During the last several years, it has become fashionable to apply the
concepts of viscoﬁs accretion disks around stars (Lynden-Bell and Pringle,
1974) to models of the solar nebula (e.g., Cameron, 1978; Lin and
Papaloizou, 1980; Lin, 1981). Conceivably, these concepts are also rele-
vant to nebulae around the outer planets, although to date only Lunine and
Stevenson (1982) have used them for the Jovian nebula. In such models,
viscous dissipation within the nebula plays a central role in heating the
nebula and in causing it to evolve with time. Unfortunately, the source
of the viscous dissipation and the relationship between the kinematic coef-
ficient of viscosity and other state variables have been key problems for
these models. But Lin and Papaloizou (1980) and Lin (1981) have suggested
that thermal convection in the vertical direction is the dominant source of
the turbulence that leads to viscous dissipation and have used mixing length
theory to explicitly determine it. According to these calculations,
T ~ r"s/2 in the inner, opaque portions of viscous accretion disks. Since
the implied temperature gradient in the radial direction is superadiabatic
for the solar nebula and nebulae of the outer planets, it is possible that
thermal convection in the radial direction may result, in which case a
T ~ r~! relationship would be established. But the rotation of the accre-
tion disk may hinder the occurrence of thermal convection in the radial
direction, in which case the T ~ r~*/? relationship may be maintained.

Due to viscous dissipation, the mass distribution of the nebula varies
secularly with time. In particular, there is an inward directed mass flux
and an outward direction flux of angular momentum. Thus, the mass of the

nebula decreases with time as the central object (e.g., the Sun or Saturn)
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accretes inflowing material. Also, the outer parts of the nebulae expand
due to the outflux of angular momentum. A typiqal lifetime for a viscous
accretion disk model of the solar nebula is about 10° years (Lin, 1981).
Analogous lifetimes for nebulae of the outer planets could well be much
shorter, on the basis of a simple scaling of formulae given by Lin (1981).
If so, it is not clear that satellites could be assembled in so short a
time scale.

In summary, viscous accretion disks differ in their properties in the
following ways from optically thick disks, whose temperature structure is
controlled by the central object's luminosity: a superadiabatic temperature
gradient (vs an adiabatic one) may be present in the inner parts of the
nebula. The temperature of the disk may be semidiscontinuous (vs continuous)
near the central object's photosphere; the total mass and mass distribution
in the nebula continuously vary with time (vs are nearly constant); and the
lifetime of the nebula may be very short, <<10% years (vs 108 years) .

In all published papers to date concerning the Saturnian nebula, only
models for which the planet's luminosity is the dominant heat source have
been investigated. Thus, of necessity, the detailed discussion given below
reviews nebula models based on this type of heat source.

The first explicit calculation of the temperature structure of a
Saturnian nebula and the history of condensation products in it was made
by Pollack et al. (1977). They considered two limiting cases in evaluating
the variation of temperature with radial distance in the nebula: optically

1 in the former case

thick and thin nebulae. As discussed above, T ~ r~
and T ~ r"l/2 in the latter case.

Figure 8 illustrates how temperature varies with time and distance in

the high-opacity case (the more likely situation during the early phases of
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the nebula, before grains underwent successive aggregation). Because
Saturn's luminosity decreased with time during the late, quasi-hydrostatic
stage, a given ice species first condensed at progressively later times at
closer distances to Saturn. Thus, satellite and ring formation need not be
coeval throughout the nebula. For the.sake of simplicity, we will assume
below that condensation of satellite-forming material occurred at some dis-
crete time, which can be characterized by a single radial temperature pro-
file. This time may be the last, coldest epoch of condensation, juét prior‘
to the dissipation of the nebula. But the possibility that satellites
formed at different times should be kept in mind.

A lower limit for the lifetime of a nebula heated by Saturn's luminosity
can be derived from Figure 8 by finding the time at which ices first condensed
at a given location. Water ice first condensed in the region of the B ring
at 107 years from the end of the hydrodynamic collapse phase and methane
clathrate first formed at Titan's distance at 10° years.

Prentice (1980, 1981) developed an elaborate theory of the physics of
the Saturnian nebula, from which temperatures and pressures in satellite-
forming gas rings could be determined. Of necessity, however, his theory
was- based on many assumptions concerning initial conditions and the behavior
of the gas-dust mixture as the nebula evolved. Some parts of his formalism,
most notably supersonic turbulence within the nebula, are quite controver-
sial and, indeed, appear to be implausible.

Weidenschilling (1982) developed a model for the temperature and pres-
sure structure of the nebula by assuming that the mass distribution in the
nebula was in some way reflected by the distribution of mass in the satel-

lites today. Given a distribution of nebular density, one can then find a
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pressure profile either by solving for a hydrostatic, rotating gas disk or
by assuming the nebula was convecting and adiabatic.

Weidenschilling (1982) used the formalism of SafranoQ (1972) for
evolving nebulae for which rotational and gravitational energies wefe in
balance, and applied the resulting relationship between temperature and
~ distance from the nebula center to a nebula massive enough to produce the
Saturnian satellites. The Safranov relationships neglect disk self-gravity,
and lead to a temperature gradient iﬁ the nebula which is subadiabatic, and
hence stable against convection. Such a shallow temperature gradient seems
unlikely in view of the large grain and gas opacities in the radial direc-
tion, as discussed above.

Alternatively, one can follow the work of Prinn and Fegley (1981) for
Jupiter, and Pollack et al. (1976) for Saturn and assume that the nebula
was convecting and adiabatic. The density of the nebula can be assumed, or
taken from the surface density, whose variation in space can be defined by
the 1/r2*% trend seen for Tethys, Dione, and Rhea in Figure 9. If one
assumes that the position of Mimas coincided with the condensation of water
ice, the temperature and pressure at that position can be determined, and
an adiabatic gradient followed out to the position of Rhea (cf. Table 3).
Beyond Rhea, such an adiabat would predict temperatures lower than the
ambient temperature at Saturn's distance from the Sun; the nebula thus
might be presumed to be isothermal beyond that point.

In general, one can postulate a wide variety of.Saturnian nebula
models. There still does not exist any generally accepted theory describ-
‘ing the evolution of such disks of gas, nor 1s there even agreement as to the
proper set of starting conditions. But in nearly all of the above models of

the nebula a similar condensation sequence results. Rocky material plus
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water ice are assumed to be stable at the positions of Mimas and Enceladus;
ammonia monohydrate is also present at the distances of Tethys and Dione,
with methane clathrate possible at Rhea's location and likely at Titan's
and Iapetus'. Such a pattern is illustrated in Figure 7, where the left-
hand curve marks an adiabat of a minimum-mass nebula as described above.
The right-hand curve signifies a maximum-~mass adiabat, which represents a
éignificantly different condensation scheme. There, ammonia monohydrate is
present even at Mimas' and Enceladus' distance.

Once solid material has condensed in a circum-Saturnian nebula, it
settles into the midplane of the nebula, collects itself into rings, and
eventually accretes into planetesimals, from which the satellites, in turn,
are accreted. Analytical and numerical models of this process have been
developed, most recently by Weidenschilling (1981) and Coradini et al. (1981),
looking specifically at the case of accretion in nebulae‘of the outer planets.

As we saw above, the gas densities in such nebulae are much higher than
in the solar nebula; thus, gas-dust dynamics are likely to be quite impor-
tant. Gas drag, which causes an inward spiraling of particles, leads
to very rapid evolution times for accretion of dust to planetesimals. Con-
sequently, one expects rapid and efficient accumulation of satellites in the
nebula. In this situation, satellite formation is bounded by the time scale
over which Saturn's luminosity decreased significantly or the viscous dissi-
pation lifetime of the nebula. Satellites could have formed with a zoned
structure if the accretion time scale is much less than the latter time
scales, with the lower temperature condensates being located closer to their
surfaces (cf. Consolmagno gnd Lewis, 1977).

In such a straightforward nebula, satellite masses might be expected

to reflect the mass of material available in the nebula, and the bulk
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chemical properties of each satellite to be fixed by the local pressure

and temperature conditions. The distribution of mass within the Saturnian
satellite system is quite irregular, however, especially in contrast to

the Galilean satellites of Jupiter, as noted by Weidenschilling (1982).

He took the masses of each satellite, augmented them by sufficient material
to include the mass of uncondensed gas, spread these masses into annuli
centered on the orbits of each satellite, and thusvdetermined nebular sur-
face density as a function of distance from Saturn. This is iilustratedr
in Figure 9.

Figure 9 also includes the results of the exercise for the Galilean
satellites. In that case, a monotonic and basically linear decrease in den-
sity is seen. Such a decrease is also seen for Tethys, Dione, and Rhea, but
Mimas and Enceladus are much too low in mass, and Titan much too massive,
for this simple gradatién of densities.

Weidenschilling (1982) suggested that aerodynamic effects separating
the first-condensed materials in the dense proto-Saturnian nebula may be
responsible for the reduced masses of the inner two satellites, similar to
his explanation (Weidenschilling, 1978) for the small mass and high density
of Mercury compared with the other terrestrial planets. Alternatively,
Pollack et al. (1976) pointed out that the commencement of satellite forma=-
tion in the innermost region of the nebula may have been delayed, due to
the high initial temperatures there and the large initial size (3-5 RS) of
Saturn. Moons that began accreting early (e.g., Tethys, Dione, and Rhea)
may have accreted more efficiently due to their larger sizes than ones that
began later (e.g., Mimas and Enceladus). Finally, these satellites may
simply be fragments of initially larger bodies, broken up by cataclysmic

collisions (cf. Smith et al., 1981).

38



The case of Titan presents the opposite problem. Prentice (1981)
suggested that Titan was a planetesimal from the solar nebula which was
captured by Saturn. No mechanism has yet been worked out, however, which
could bring such a massive body from a solar orbit into a. regular, circular,
noninclined, prograde orbit about Saturn (cf. the discussion in Section IV
concerning the possible capture of Phoebe).

Alternatively, one might speculate that Titan is the only survivor of
an accreting satellite system which underwent intense bombardment and dis-
ruption of accreting planetesimals. A 10 km radius comet impacting at a
relative velocity of 10 km/sec (a typical orbital speed for inner Saturnian
satellites) would have sufficient energy to shatter a 2500 km radius icy
moon (cf. Greenberg et al., 1977). Such impacts would have to be much
more common at Saturn's distance from the Sun than at Jupiter's during the
period of satellite formation to account for the survival of the four
Galilean satellites. However, the Valhalla basin of Callisto shows that
large impacts did occur in that system, and such impacts would be less
likeiy to shatter Ganymede if they occurred when that moon was significantly
melted. Another difficulty with the above catastrophic disruption hypothesis
is that the moons other than Titan represent collectively only about 10% of
the mass-of Titan. If they are survivors of a family of Titan-~class objects,
a significant amount of their original mass must have been broken into very
small fragments that were lost from the system via plasma drag, gas drag, or
sublimation, perhaps to be captured eventually by Saturn or by Titan itself.

Giﬁen the chemical trends predicted by the work described above, one
would expect to see a regular and predictable trend in satellite bulk densi-
ties, just as occurs for the Galilean satellites of Jupiter. But there is

no pattern to the densities of the Saturnian satellites (cf. Fig. 1). In
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part, this difference between the two satellite éystems,may reflect the

more numerous types of ices possible in the Saturnian sysfem than near
Jupiter and the occurrence of a major ice component throughout the Saturnian
system. There is much less of a &ensity contrast among various ice species,
as may occur for the Saturnian system, fhan for varying mixtures of rock and
water ice, as occurs for the Jovian system. In addition, the large uncer-
tainties in the densities of Mimas and Enceladus make it difficult to draw
hard and fast conclusions about trends in density. But it is clear that
Tethys is less dense, and Dione more dense, than a theory of simple conden-
sation and accretion would predict.

This lack of regularity has led to suggestions that the satellites we
see today may be reaccreted fragments of protosatellites which were broken
up during én early period of heavy bombardment. Smith et al. (1980) noted
that the cratering flux implied by the densely cratered plains on Iapetus
and Rhea should have led to at least some impact events, deeper in
Saturn's gravity well (i.e., in the inner satellite system) violent enough
to completely disrupt these moons; and, indeed, both Mimas and Tethys have
an enormous crater on their surface whose impact energy must have been very
nearly sufficient to accomplish such a disruption. Note, however, that this
argument depends on an extrapolation to larger sizes of the population of
impacting bodies responsible for the craters on Iapetus and Rhea.

What if the first moons formed were disrupted into a few large chunks?
Random reaccretion of such chunks could account for the deviations of satel-
lite density from a regular pattern. It can be shown that treating the den-
sities of Tethys and Dione as one-sigma deviations from a mean density would

imply that they would have been assembled from only 30 or so planetesimals of

40



pure rock or ice. Indeed, fragmentation experiments on ice (though clearly
nbt of planetary size) show that the largest fragments are on the order of
1/30 of the original mass. Thus, superimposed on a radial variation of the
proportion of 1ow temperature ices, there may be a random component of vary-

ing amount of rock and ice.

VI. Evolution of the Regular Satellites

a. Interior Evolution

Given the composition of the satellites, as implied by the models of
the previous section, one can construct evolutionary models of them and
test their behavior against the observed surface features of the satellites.
Such models attempt to predict the temporal and radial variation of tem-
perature, composition, and size of the satellites' interior, which are
determined by the strength of heat sources, bulk composition, size, and
initial conditions. Key heat sources for the Saturnian satellites, as for
the Jovian ones, include gravitational energy released during satellite
formationary (accretional heat), radioactive decay of long-lived radio-
nuclides (U, K, and Th) contained in the "rock" or "silicate" component,
and tidal friction. The buildup or loss of heat from the satellites'
interiors is controlled by liquid and solid state convection as well as
ordinary solid state conduction. Thus, the smaller satellites evolve more
quickly than the larger ones, in cases where tidal heating is unimportant,
to thick crusts and cool interiors and hence "geologically dead" surfaces.
Tidal heating can be important for satellites that are situated close to
their primaries and have large, forced eccentricities. In such cases, even

small satellites can remain geologically active over much of their lifetime.
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Constraints on thermal history models and hence on properties of the
satellites' interior are placed by the observed morphology of their surfaces.
Tectonic features provide markers of epochs of increases or decreases in
the size of sateliites due to phase changes and/or compositional segregation
occurring'in their interiors, while resurfacing eVents denote times when
near surface liquids have been able to reach the surface. Cru@e time
markers for these features are provided by the density of craters on them.
All of the large satellites of Saturn, whose surfaces have been photographed
at good spatial resolution (i.e., Mimas, Enceladus, Tethys, Dione, and
Rhea), have experienced both extensional tectonism and resurfacing, although
the timing and extent of these processes have varied greatly among these
inner five satellites. The occurrence of a thick atmosphere, which obscures
its surface, and its large size imply a geologically rich history for Titan.
Iapetus' surface has not been photographed at an adequate resolution to
define its surface geology, although its comparatively large size would, by
analogy to Dione and Rhea, suggest that its surface has undergone some
tectonism and resurfacing.

The first evolutionary models for the Saturnian satellites were
- developed by Consolmagno (1975), who computed the time-dependent flow of
heat from small icy moons with a cosmic composition of rock, water, and
ammonia. - Heating was due to the decay of radioactive nuclides in the rocky
material; heat transport was by conduction within the ice, and convection
within melted ammonia-water regions. This work was further deﬁeloped in
Consolmagno and Lewis (1978), who noted that the small icy moons of Saturn
would probably not be stable against solid state convection.

The first thermal model to explicitly include solid state convection

in outlining the evolution of Saturn's satellites was that of Ellsworth and

42



Schubert (1982). Ellsworth and Schubert (1983) constructed models for
bodies of water ice and silicates but with no ammonia or methane and hence
no eutectic melting. They proposed that the presence or absence of solid
state convection could be the deciding factor in determining whether tectonic
features appear on the surfaces of these satellites. According to their
models, only Dione and Rhea would have experienced substantial convection;
these are the two moons with the most widespread extensional feafures
(neglecting Enceladus, which presumably was subjected to tidal heating and
is not, therefore, included in these models). But it is not clear why solid
state convection would produce only extensional, but not compressional,
tectonic features nor whether the occurrence of a limited amount of exten-
sional tectonic features on Tethys and Mimas is consistent with the
behavior of these models.

One major issue suggested by their work is the need for a quantitative
estimate of the surface stresses which would result from the predicted
internal convection. The first step, an estimation of the velocities in
convecting icy satellites, has been taken by Golitzyn (1979) but connecting
these velocities with surface features remains to be carried out.

A different approach to the problem of the origin of surface tectonic
features is to examine the stresses produced as these moons expand and
contract upon heating and cooling. Such stresses would be greatest where
phase changes occur inside these bodies.

As a first step in such modeling, Consolmagno and Huang (1982) con-
structed thermal models of five of the large regular Saturnian moons; they
used Voyager II masses to define the moons' mean densities and explicitly
examined the density changes of the ?arious components upon heating and

cooling. Enceladus, which clearly has been resurfaced in the recent past,
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presumably has a special heating source, such as tidal heating (see below),
and so it is excluded from this thermal model; Titan, which is massiﬁe
enough to contain mostly high pressure phases, represents a separate problem .
as well. In the first case considered, the satellites were assumed to be
made of water and rocky material only (no ammonia), whose relative abun-
dances Wefe determined from the observed mean densities. Two sets of

models were investigated: one in which these bodies formed 'slowly enough

so that they were initially a cold (~80 K), homogeneous mixture of water ice
and rock; and one in which they accreted quickly enough so as to start their
histories fully differentiated, with liquid water mantles overlying rocky -
cores.

These two sets of models fail to provide expansion after the first
100 million years, and fail to provide interior temperatures warm enough to
melt ice or to keep water liquid for #ery long (cf. Table 4). But Dione
and Rhea are obserVed to have lightly cratered extensional features, which
are, presumably, at least a billion years younger than the oldest surfaces
of these satellites; some evidence of resurfacing by liquid material also
exists in this time frame. Thus, these models are inconsistent with the
satellites' surface morphology.

The most severe shortcoming of these models, as well as that of
Ellsworth and Schubert (1983), is that they neglect the presence of ammonia
monohydrate, which is expected in many or all of these satellites (depending
on conditions in the nebula, as described in Section V). A more complex
model has been constructed by Consolmagno (1983), based on the model of
Consolmagno (1975) which did include ammonia eutectic melting, but which
was limited at the time by a lack of information on the masses and sizes

of the satellites in question. This model was expanded to include changes
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in radius due to changes in density as ice melted and as the composition
of the melt changed (with the addition or freezing out of water). The
mean density of each satellite was matched with a composition including

rocky material of density 3.0 g cm™°

, ammonia monohydrate, and water ice,
with the latter two having jointly cosmic proportions of N to 0. The
initial conditions for this model corresponded to those appropriate for
slow accretion: a temperature everywhere of 80 K and a uniform distribu-~
tion of rocky material.

The above model succeeded in matching some of the surface morphology
inferred for these bodies from the Voyager images (cf. Table 4 and Fig. 10):
The model of Tethys showed a small degree of tectonism, while the models of
Dione and Rhea showed evidence for extensional stresses and the possibility
of flows on their surfaces. The presence of a low density, eutectic melt
having a low freezing point (~170 K) and the passagesbopened by large-scale
expansional stresses combine to favor the formation of surface flows. Surface
extensional stresses of 25 bars for Dione and 60 bars for Rhea were obtained;
the critical stress for extensional failure of ice at 80 K is not well known,
but is probably on the order of 20 bars.

Another satisfying match of this model to observation is the time scale
of such activity: well past the period of early heavy bombardment, but‘early
enough to allow cratering by a later population of impactors. In this sense
the evolution is comparable in time scale to that of the emplacement of mare
material on the Earth's Moon. However, this model does not explain all the
observed features on these satellites, including the large Ithaca Chasma on
Tethys (which may be of impact origin (McKinnon, 1982; Moore and Ahern,

1981)), and areas that appear to be resurfaced on Tethys and Mimas (Plescia
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and Boyce, 1982). Also, the model predicts a greater resurfacing for Rhea
than for Dione; in fact, the opposite is observed.

Variations on this model do not yield markedly better results. If the
initial temperatures inside the bodies are raised, melting may occur sbme-
what earlier, but neither the degree nor the duration of the melting is
substantially differeﬁt from the models that start at 80 K everywhere.

This is not surprising, since these moons are small enough to reach thermal ~
equilibrium very rapidly. There is not a significantly long time lag
between the production of heat in their interiors and its transport to the
surface, and, hence, any thermal spike introduced into these bodies is soon
conducted away.

Satellites that were initially differentiated into rocky cores and icy
mantles could result from rapid accretion, due either to their being com-
pletely melted by accretional heat or being assembled in an "onion layer"
fashion (Consolmagno and Lewis, 1977). Models run with such starting con-
ditions predict roughly twice the contraction and ekpansion of Rhea as
occurs for the model with homogeneous starting conditions; the times when
these stresses appear remain the same. A model of an initially differen-
tiated Dione shows a surface evolution very similar to the homogeneous case.
However, an initially differentiated Tethys model is virtually the same as
the corresponding Dione model. Given that such a starting condition would
imply a Rhea that expands much more than Dione, and a Tethys indistin~
guishable from Dione, both in contradiction with observations, we conclude
that such models seem less satisfactory than models starting with a homoge~
neous mixture of rock and ice.

Conceiﬁably, models that lie between the extremes of being initially

fully differentiated and fully undifferentiated might yield a better match
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to the observations. For example, such models might display sufficient
expansion‘and near surface melting for Tethys to be compatible with its
surface morphology, while at the same time implying a more active geology
for Dione during its first ~10° years than for Tethys.

Coradini et al. (1982) also modeled the time-dependent melting of
these satellites. They included the effects of ammonium monohydrate in
producing a eutectic ﬁelt, as did Consolmagn§ (1983), but in addition
incorporated the heating implied by their accretion models. As of this
writing, this work remains in progress.

Models of Enceladus and Titan need separate, special treatment. As
discussed in Section II, portions of the surface of Enceladus have been
subjected to extensional tectonism and resurfacing over much of its'history,
with its youngest surfaces being less than about 1 X 10° years old. Squyres
et al. (1983) proposed that the tectonism was the result of the freezing of
liquid water (recall ice I is less dense than liquid water), and that the
resurfacing was due to the eruption of a liquid NH;/H,0 mixture onto the
surface from a hot interior. Their suggestion that the resurfacing agent
was a mixture of NH; and H,0 rather than pure water was motivated by the
lower melting point of the mixture (as much as 100°C) and by the density of a
eutectic mixture being less than that of solid water ice, thus facilitating
the ability of the eutectic mixture to reach the surface. In contrast,
liquid water is denser than solid water ice.

It is quite possible that resurfacing events on Enceladus are occurring
even at the present epoch: The peak density of the E ring is located very
close to the orbit of Enceladus (Brown et al., 1981), implying that Enceladus
is the source of the particles in the E ring. 1In addition, the lifetime of

the micron-sized particles of this ring is quite short (~10° yvears; Cheng
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et al., 1982). Hence this material must be constantly reﬁlenished, unless
the E ring is a transitory feature.

The above discussion implies that the interior of Enceladus has con~-
tained liquid zones in its recent paét, including perhaps the present, as
well as at other times in its lifetime. But significant fluctuations in
the size of these zones over its lifetime are implied by the presence of
extensional tectonism, if solidification of liquid water is responsible for
the satellite's expansion. As a result of Enceladus' small size and high
bulk ice content, radiogenic heating fails by at least two orders of magni-
tude to provide the heating necessary to>keep ices molten over much of the
satellite's lifetime (Squyres et al., 1983). Indeed, if radiogenic heating
was capable of meeting this requirement, it would even more easily cause
extensiﬁe interior melting of fhe interiors of the larger satellites
Tethys, Dione, and Rhea, contrary to observation.

The most likely source of the required heating of Enceladus is tidal
dissipation engendered by the satellite's forced eccentricity (Yoder, 1979),
just as tidal heating is suspected to be responsible for the active vol-
canism on Io. But there are quantitative problems with this mechanism for
the current epoch. At present, Enceladus has a forced eccentricity of only
0.0044 due to a gravitational orbital resonance with Dione. Using this
eccentricity and as low a tidal Q as seems likely (Q = 20), Squyres et al.
(1983) obtained a tidal heating rate for a homogeneous, so0lid Enceladus
that was comparable to the radiogenic heating rate and thus incapable of
melting the satellite. Furthermore, for the same material properties, Mimas
was found to have a tidal heating rate that was 30 times that of Enceladus,
contrary to the strong differences in the ages of the surfaces on the two

satellites.
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Squyres et ai. (1983) ovefcame the above diffigulties faced by the
tidal heating mechanism by proposing that Enceladus was initially melted
by tidal friction at a time. when the satellite's forced eccéntricity was a
factor of 7 to 20 higher than its current value and hence tidal heating was
a factor of 50 to 400 times larger-thanvat present. Furthermore, they point
out that a much smaller tidal heating rate is needed to maintain a molten
interior once it is established, since tidal dissipation for a thin, rigid
shelled object is generally much larger than for a totally solid object.
Minimum eccentricities ranging from the current value to seven times this
value are adequate for maintaining a moiten zone, depending on the composi-
tibn of the melt (H,0 vs NHS/HZO) and on the thermal conductivity of the
outer rigid shell. If the thermal conductivity of pure solid water ice is
used, minimum eccentricities of five to seven times the present value are
required. But if the thermal conductivity is about an order of magnitude
émaller, due to the presence of hydrates and clathrates, and/or a frost
insulating layer on the surface, minimum eccentricities close to the pres-—
ent value may be adequate. The failure ofvtidal heating to keep the
interior of Mimas molten over most of its history can be attributed to a
combination of different material properties (e.g., a higher thermal con-
ductivity) and the absence of'an earlier, higher forced eccentricity.

An intriguing mechanism for generating a higher forced eccentricity
in the recent past for Enceladus has been suggested by Lissauer et al.
(1983). They point out that Janus is quite close to a 2/1 orbital resonance
with Enceladus. Furthermore, Janus' orbit should be evolving rapidly out-
ward due to angular momentum it is exchanging with the main rings by means
of spiral density waves. Hence, only 107-10°8 years ago Janus may have been

temporally locked in a 2/1 resonance with Enceladus. 1In this case, the
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exchange of angular momentum between the rings and Janus would have
resulted in a pumping up of Enceladus’ eccentricity to a high enough Qalue
to have caused a melting of its interior. This resonance lock may haﬁe
been broken either by a catastrophic collision or by‘thé establishment of
the resonance between Enceladus and Dione. In summary, tidal heating
appears to be responsible for the occurrence of molten zones inside
Enceladus over much of its lifetime, including perhaps the present epoch.

A larger forced eccentricity than the present value is required to initiate
melting. This may have occurred due to the transfer of angular momentum |
from the rings to Janus to Enceladus. Smaller eccentricities, perhaps even
encompassing the present value, suffice to maintain a molten interior.

Few detailed models of Titan's internal structure haﬁe been attempted.
The major stumbling blocks involve the atmosphere, whose origin and age are
unclear but which must clearly have affected its thermal evolution, and the
unknown behavior of ammonia monohydrate and methane clathrate at high pres-~
sures. The presence of a nitrogen-methane atmosphere implies that both
kinds of ice could be present, now or in the past.

The occurrence of polymorphs of water ice (especially ices VII and
VIII, which are in effect self-clathrate forms of water ice) would seem to
preclude the existence of other clathrates. One might speculate that the
growth of internal lithospheric pressures as Titan accreted led to the
destruction of clathrates and the formation of an atmospheric coincident
with accretion. But preliminary work by D. Stevenson (private communica-
tion) indicates that ammonia monohydrate may inhibit the formation of the
high-pressure polymorphs of ice.

A thermal model of a Titan-sized body of ammonia hydrate, water ice,

and rock in cosmic proportions was attempted by Consolmagno (1975), who
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concluded that large scale internal melting and differentiation would
occur within lOQ million years after a cold formation, and that a thin
(less than 100 km) crust could be maintained to the present day. In the
absence of more experimental work on the high-pressure behaﬁior of the
appropriate ices, and lacking any knbwlédge of the geology of Titan's sur-

face, such models must remain quite speculative.

b. Surface Evolution

The surfaces of the Saturnian satellites are altered not only by the
internal forces discussed above, but also by forces acting from outside
these bodies. The most prominent of these forces is, of course, impact
cratering; this topic has been'examined.extensively by several authors in
this book and will not be discussed here. .Other effects include the subli-
mation of.ices and their destruction or alteration by solar UV radiation
and high energy particles of Saturn's magnetosphere and the solar wind.

These latter effects on satellite surfaces were examined by Consolmagno
and Lewis (1978). Briefly, any methane containing ice is unstable against
sublimation, at Saturn's distance from the Sun; water ice, on the other
hand, is clearly stable. The situation for ammonia ice is not clear cut,
given the uncertainty in the vapor préssﬁre data found by Lebofsky (1975);
but, in any case, solar UV radiation is efficient enough at breaking N-H
bonds (with the subsequent loss of the hot H atoms so produced) so as to
eliminate ammonia from the visible top 100 um of the surface in the space
of 100 years. Thus, the observed absence of these ices in the spectra of
the Saturnian satellites (Cruikshank, 1979) is not surprising.

The effect of high energy particles on the sate%lite suffaces has not

been directly addressed, although such work is currently being undertaken
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for the moons of’Jupiter (cf. Sieveka and Johnson, 1982). Given the lower
magnetospheric fluxes around Saturn's satellites,’howeﬁer, it is clear that
they will be less important here than near Jupiter.

An interesting comparison can be made between the reflectivity of the
surfaces of the Joﬁian and Saturnian icy moons. Jupiter's ice-rich moons
have old surfaces which are consistently darker than the younger surfaces.
Almost all the icy moons of Saturn ha#e bright surfaces, irrespective of
their ages. The source of the darkening component on Ganymede and Callistob
has been unclear; it may be external dust which has accumulated on their
surfaces, or it may be indigenous material which was left on the surfaces
while water ice was preferentially‘removed by sputtering and sublimation.
The Saturnian and Jovian satellites have been subjected to similar fluxes
of darkening material from outside these systems, but the inner satellites
of Saturn have been largely isolated from the flux of impact ejecta emanating
from Phoebe due to an effective sweeping up of this material by Iapetus and
Titan, while the outer Galilean moons of Jupiter have experienced the full
flux of impact ejecta from the irregular moons of Jupiter. Furthermore, the
ejecta originating from the prograde, irregular satellites of Jupiter impact
the surfaces of the larger moons of Jupiter at a much smaller velocity
(approximaﬁely the escape velocity of the moons) than the ejecta from
retrograde Phoebe impacts the surfaces of the Saturnian moons. Hence,
the regolith of the former moons can be expected to contain a larger frac-
tion of exogenous ejecta. We conclude that the difference in the brightness
of the surfaces of the icy satellites of Jupiter and Saturn cannot be
attributed to a flux of darkening material from outside these systems,
but could be due to a flux of darkening material from the irregular

satellites.
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Alternatively, one could Attribute this difference to a preferential
removal of water ice from the older surfaces of the icy Jovian moons due to
enhanced rates of sputtering and/or sublimation. Certainly, the Jovian
moons are exposed to a higher flux of magnetospheric high energy particles
and are hotter — because of their closer distance to the Sun — than are the
ﬁoons of Saturn. But the older surfaces on Ganymede are brighter than
similarly aged surfaces of Callisto, although Ganymede experiences a larger
flux.of magnetospheric particles. If sublimation is the controlling factor;
it is not clear why the old surfaces of Callisto are much darker than the
old surfaces of Ganymede.

In speaking of the reflectivity of the surfaces of the Saturnian
moons, some comment must, of course, be made about the famous two-faced
moon, lapetus. While g number of satellites exhibit modest (approximately-
seﬁeral tens of percent) differences in the brightnessvof their leading and
trailing hemispheres, Iapetus is unique in having a trailing hemisphere
that is about an order of magnitude brighter than its leading hemisphere
(Smith et al., 1982) (fact 1). Additional constraints on the nature and-
source of this extreme brightness asymmetry include: At least one dark
floored crater is present on the bright trailing hemisphere but no bright
floored craters are obvious on the dark leading hemisPhere (Smith et al.,
1982) (fact 2); albedo contours in both hemispheres closely match impact
flux contours (Squyres and Sagan, 1983) (fact 3); the visible and near
infrared spectral reflectivity of the dark hemisphere is significantly
different from that of Phoebe (Cruikshank et al., 1982) (fact 4); and the
mean density of Iapetus is 1.16 *0.09 g/cm's, indicative of an ice rich
object (Smith et al., 1982). Furthermore, the discussion of Section V

implied that methane, ammonia, and perhaps nitrogen and carbon monoxide
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may be present in these ices, besides the dominant water component
(fact 5). Below, we compare the predictions of a number of theories for
the brightness asymmetry with the above "facts."

Even prior to the establishment of fact 3, a number of theories were
advanced in which impacting meteoroids played a prominent role in generating
the brightness asymmetry.r They differed in the composition of the meteoroids
(icy vs carbonaceous) and in whether the key effect of the postulated
impacts was erosion of native surface material or deposition of meteoroid
material.

Peterson (1975) suggested that impacting icy meteoroids stuck to the
trailing hemisphere of an initially dark Iapetus, but were ﬁaporized on the
leading side since their kinetic energy of impact was much greater on the
leading side. This hypothesis requires an initially dark surface on
TIapetus and is thus in apparent contradiction with fact 5 and the related
fact that the surfaces of the inner regular satellites are bright. It is
also inconsistent with fact 2.

Cook and Franklin (1970) suggested that the preferential erosion of a
superficial layer of ice on the leading hemisphere exposed an underlying
dark surface. This hypothesis is also inconsistent with fact 5 and, in a
subtle sense, with fact 2: Most of the biggest craters on the bright side
have bright interiors.

Soter (1974) proposed that dark material from Phoebe was ejected into
circum~Saturnian orbits by impact e#ents, spiralled inward under Poynting-
Robertson drag, and preferentially coated the leading hemisphere of Iapetus,
the first moon between Phoebe and Saturn. But in this form, Soter's

hypothesis is inconsistent with fact 4.
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Other hypotheses have involved purely internal origins for the dark
material. TFor example, Smith et al. (1982) suggested that dark carbonaceous
material may have been preferentially extruded on the leading hemisphere.
While motivated by fact 2, such hypotheses, in their pure form, are incon-
sistent with fact 3.

The above discussion suggests that some type of hybrid hypothesis —
involving both impacting bodies and a 'native" source of the dark matérial-—
may best explain all the facts. In particular, such a hybrid hypothesis
might explain both facts 2 and 3. The probable occurrence of carbon con-
taining ices — methane and/or carbon monoxide — and the role of carbon in
making dark carbonaceous‘chondrites and the highly absorbing aerosols in
Titan's atmosphere imply that these ices are a key source for the dark
material on Iapetus' surface. Squyfes and Sagan (1983) proposed that this
dark‘material contains organic chromophores produced in situ by UV irradia-
tion of methane-containing ices. However, laboratory simulations need to
be performed to determine whether such organic synthesis can occur under
environmental conditions relevant for Iapetus and, if so, the efficiency of
the production of compounds that strongly absorb visible radiation.

An alternative mechanism for generating dark organic material may be
provided by impacting events. Gaffney and Mattson (1979) pointed out that
impacts into icy satellites could provide pressures sufficient to create high
density polymorphs of ice. Such impacts into a methane-clathrate surface
might thus liberate methane, and possibly subject that methane to pressures
and temperatures sufficient to form more complex organic materials. Such
synthesis is known to occur in mixtures of gaseous methane, ammonia, and

water vapor that are subjected to shock waves (Bar-Nun et al., 1970), but
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the nature and efficiency of the production of dark organic matter under
conditions of high velocity impact into CH,/NH,/H,0 ice mixtures are unknown.

Squyres and Sagan (1983) proposed that the albedo contrasts across
Iapetus' surface arise from variations in impact flux with distance from
the apex of the leading hemisphere. Variations in this flux from apex to
antapex range from a factor of two for meteoroids from oufside the Saturn
system to almost infinity for ejecta from Phoebe. The flux variation due to
a combination of both sources may be as little as a factor of two or as large
as a faqtor of 100. According to Squyres and Sagan (1983), the net transport
of material from regions of higher impact fluxes leads to a net erosion of
these surfaces and hence a continual exposure of fresh methane containing
ices and an easier ability of subsurface methane to diffuse to the surface.
UV photolysis of the methane ice~containing surfaces results in the produc-
tion of visible light absorbing organics. Conversely, surfaces of lower
impact flux experience a net deposition of ejecta. Squyres and Sagan (1983)
postulate that this ejecta deposit is devoid of methane ice because methane
ice is readily vaporized and could thus be lost to space during repeated
impact events involved in the net ballistic transport down the flux gradient.
If so, regions of lower impact flux would be bright due to a nonmethane ice
ejecta cover. The occurrence of a dark floored crater on the bright side
could be attributed to the impact eﬁent being of recent origin. Thus, it
exposed fresh methane ice and there has not been enough time yet for it to
be buried by ballistic ejecta from elsewhere.

While the above hypothesis is certainly a step in the right direction,
its assumptions need to be carefully scrutinized, tested, and perhaps
altered. For example, might the brightness gradient be equally well produced

by a combination of the generation of light absorbing chromophores by impacts
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rather than by UV photolysis and the net ballistic transport down the flux
gradient? Do either of these mechanisms produce light absorbing chromophores
in a sufficient yield? Finally, will repeated impacts lead to the volatiza-
tion and loss of ices other than methane and, if so, will they perhaps

cause a concentration of light absorbing chromophores in the deposited
ejecta?

The central role that carbon containiné ices appear to play in creating
dark Places on lapetus has some interesting implications. First, the inter-
mediate value of Hyperion's albedo might bé due to a combination of pro-
cesses analogous to those postulated for Iapetus and Hyperion's nonsynchrbnous
rotation (Squyres and Sagan, 1983). Second, the high albedo of the surfaces .
of the satellites interior to Titan may imply that they lack carbon containing

ices.

VII. Origin and Evolution of Titan's Atmosphere

There are three potential sources of Titan's atmosphere: direct reten=
tion of the gases of Saturn's primordial nebula disk by Titan's gravity
("primitive atmosphere" hypothesis), impact with volatile-rich stray bodies,
especially comets ("stray body' hypothesis), and outgassing of volatiles
contained in the solid material that formed the satellite ("secondary atmo-
sphere" hypothesis). The first two of these hypotheses, with a minor excep-
tion or two, can be readily dismissed. According to solar elemental
abundances {(Cameron, 1973), Ne/N ~ 1 in the Saturn nebula. Furthermore,
much of the N may have been in condensed form at the temperatures likely at
Titan's distance (Pollack et al., 1976) and much of the N may have occurred
as NH, rather than N, in Saturn's nebula (Prinn and Fegley, 1981). There-
foré; the Ne/N, ratio in nebula gas captured by Titan would probably have

been much greater than unity and, in any event, not less than 2. Since Ne
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is too heavy to readily escape from Titan's atmosphere, the mean molecular
weight of ité présent atmosphere would be expected to be significantly less
than 28, iq contrast to an observed value of 28.6 (Samuelson et al., 1981).
Hence, nebular gases are not a major source of Titan's atmosphere (Owen,
1982).

Because comets probably formed in very cold regions of the solar
nebula, they may contain ice hydrétes and clathrates. Upon impact with
Titan, compounds contained in these ices could be released into the atmo-
sphere. Because of kinetic inhibitions for the low pressures of the solar
nebula, CO and N, are expected to be the dominant C and N contéining
Species throughout the solar nebula (Lewis and Prinn, 1980). Thus, cometary
impact with Titan would be expected to produce an atmosphere containing
substantial quantities of CO and N,. While this prediction is consistent
with the occurrence of substantial amounts of N, in Titan's present atmo-
sphere, it is inconsistent with CH, and not CO being the observed dominant
C containing gas species. Howe?er, cometary impacts may be the source of
the small amount of CO (~50 ppm) recently detected in Titan's atmosphere.

In this case, the atmospheric CO is derived directly from CO containing ices
and from chemical reactions between cometary H,0 and atmospheric éHu and its
derivatives.

As discussed in Section V, the temperature may have been low enough in
Saturn's primordial nebula disk at Titan's distance to permit the condensa-
tion of ices less‘VOlatile than water ice. Such volatiles were the major
sources of Titan's atmosphere, being released when these ices were decomposed,
either upon impact during accretion or in hot portions of the interior,
followed by migration to the surface. Because the pressures in Saturn's

nebula probably were much higher than in the solar nebula, for a fixed
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temperature, NH; and CH“‘were proﬁably the domiﬁant N and C containing
gases in Saturn's nebula (Prinn and Fegley, 198l1). For plausible nebﬁla
temperatures at Titan's distance — ~60 K (Pollack et al., 1976) — the follow~
ing ices, hydrates, and clathrates may have occurred: H,0, NH,, CH;°7 H,0,
NHg-1l H,0, N,+7 Hy0, CO-7 H,0, Ar-7 sz (Lewis, 1972;vPollack et al., 1976;
Owen, 1982; Strobel, 1982). As detailed below, these compounds may‘have
served as the primary sources of atmospheric Ar, N,, CH,, and perhaﬁs co.

Ar: As discussed in Section II, Ar may be a major constituent‘of the
atmosphere, although the evidence for its presence is indirect and subject
to some uncertainty. If this inference is correct, very little could be due
to l'°>A1:' resulting from the decay of *9% in the interior. Using a K.abundanég
characteristic of carbonaceous chondrites (~400 ppm) for the "rock"
component of Titan and assuming complete degassing of this radiogenic Ar,
we obtain a mixing ratio of only 3 x 10™%, in contrast to a value of ~107%!
obtained by Samuelson et al. (1981) for putative atmospheric Ar. Almost all
of the inferred Ar would haﬁe had to have been derived from the decomposi-
tion Qf Ar clathrate (Owen; 1982). In this case, S°Ar and %%Ar would be the
dominant Ar isotopes; in an approximate ratio of 5/1.

ggz Atmospheric N, may have been derived, alternatively, from the
decomposition of N, clathrate (Pollack, 1981; Owen,~1982; Strobel, 1982) or
from the decoﬁposition and volatization of NH,; containing ices, followed by
photolysis of NH,; to N, (Atreya et al., 1978). Both hypotheses face poten-
tial quantitative difficultieé. The amount of atmospheric N, derived frbm
N, clathrates is limited by the following factors: NH; and not N, was
probably the dominant N containing gas in Saturn's nebula; only a.fracﬁion,
f, of the aﬁailable nebula N, may have been incorporated as N, clathrate

due to the limited amount of H,0 ice exposed to nebular gases and the
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formation of higher temperature clathrates from some of the expose& H,0;
and incomplete outgassing. In order for N, clathrates to be the dominant
source of Titan's atmospﬁere, fegeh = 6 x 10‘3, where f 1is defined above,
g is the ratio of N,/(NH; + N,) in the nebula, and h is the fractional
degree of outgassing. According to Prinn and Fegley (1981), g ~ 5 x 10™*
to 10~!. Thus, N, clathrates are the chief source of Titan's atmospheric
N, only if g 4dis close to its upper bound and £ and h are not much
smaller than unity.

‘An alternative source of Titan's atmospheric N, is the photolysis of
NH, vapor, resulting from the volatization of NH, containing ices (Atreya
et al., 1978). Ammonia is irreversibly converted to N, by a series of
photochemical reactions initiated by UV radiation at wavelengths shortward
of 2300 &. Even at Titan's distance from the Sun, there is a large enough
flux of UV photons in this wavelength domain to generate several tens of

bars of N, over the age of the solar system, provided that enough NH3; vapor

exists in Titan's atmosphere (ibid). However, temperature conditions in

Titan's atmosphere may drastically diminish the production of N, from NH,,
perhaps to a level of insignificance: First, a negligible conversion takes
place in the present day stratosphere, since the temperature minimum at the
tropopause limits the NH, mixing ratio at higher altitudes to values <101
'Secénd, insignificant production occurs in the troposphere due to a large
attenuation of UV radiation by the highly absorbing photochemical smog
layer and to the condensation of N,H,, an intermediate product in the
photolysis cyéle, at the temperatures of the troposphere.

While present day conditions in Titan's atmosphere appear to breclude
significant production of N, from NH;, this may not have always been the

case. Of particular interest is the possibility that the atmosphere may
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have been much hotter during the period of Titan's formation, due to accre-
tional heating of the surface'(Lﬁnine.énd/Steﬁenson, 1982). Furthermore,
the solar UV output may have been much higher at these early times (Canuto
et al., 1982). But if the Saturn nebula and/or the solar nebula were pres-—
ent at these times, as assumed by Lunine and Stevenson (1982), grain opacity
in these nebulge may have totally attenuated the solar UV radiation. In the
post—aécretional epoch, it may have been extremely difficult to significantly
elevate the temperature at the tropopause above its present value and thus
permit'significant quantities of NH, to enter the stratosphere: The tropo-
pause temperature is essentially a "skin" temperature, determined by the
amount of sunlight Titan absorbs. Titan already has a very low albedo
(~0.2; Smith et al., 1982) and the wavelength-integrated solar luminosity
was probébly somewhat smaller in the past (Pollack and Yung, 1980).
Nénthermal escape processes may have led to the loss of a significant
fraction of Titan's N, to space over the age of the solar gystem (Strobel,
1982).’ Near the level of the exobase, N, is dissociated to N atoms at a
substantial rate through impacts with energetic magnetospheric electromns.
About 407 of these atoms have enough energy and are traveling in the right
direction to escépe from Titan's low gravitational field. Using Voyager
UVS data to estimate fhe flux of magnetospheric electréns, Strobel (1982)
estiméﬁed that Titan lost an amount of N equal to approximately 207 of the
present atmospheric content due to the operation of this process over the
age of the solar system. Additional loss of N to space, perhaps as much as
the electron dissociation source, could have resulted from the ionization
of N, near the éxobase by magnetosphéric electrons, followed By the dissocia-

‘ . . + . .
tive recombination of N,. Some further loss of atmospheric N, occurred due
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to the irreversible conversion of N, to HCN containing polymers; which
sedimented out of the atmosphere (ibid).

CHy: Atmpspheric methane was probably derived froﬁ ;he.decomposition
of methane clathrates. In this case, nebular temperatures below ~100 K at
Titan's distance are required (Pollackvet al., 1976). Absorption of solar UV
radiation by methane initiates a sequence of photochemical reacfions that
result in a significant rate of destruction of methane. This occurs because
one of the photolysis products H, (and its derivative H) escapes readily to
space and because unsaturated hydrocarbons formed in this low H, mixing ratio
atmosphere ultimatély produce aerosols, which sediment out of the atmosphere.
Photochemical calculations suggest that ~6-40 kg/cm2 of atmospheric CH, has
been so lost over the age of the solar system (Strobel, 1982). But the
present atmosphere contains only ~0.6 kg/cm® of CH, (Samuelson et al., 1981).
A comparison of these two sets of numbers implies that atmospheric CH, is
being replenished on a quasi-continual basis, either as a result of outgassing
or buffering by near-surface liquid methane.

C0: As discussed earlier, plausible sources of atmospheric CO (and its
derivative CO,) include cometary CO and H,0 and volatized native CO clath-
rate. Because such aﬁ oxidized gas would be quickly eliminated in the
reduced atmosphere of Titan, it must be quasi-continually resupplied from
either or both these sources.

The occurrence of a substantial atmosphere on Titan, as contrasted to
the situation for all the other satellites of the solar system, is due to
the concurrent operation of the following factors (Pollack, 1981): a low
enough nebular temperature to permit the occurrence of C and N containing
ices (in contrast to the comparable sized Galilean satellites of Jupiter);

a close enough distance to the Sun to avoid the freezing out of some major
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volatiles (in contrast to Triton); and a large enough mass to permit the
gravitational retention of all but the lightest gases and a substantial

devolatization of ices (in contrast to the other satellites of Saturn).

VIII. Origin of the Rings

Three principal theories for the origin of the fings involve formation
of the present ring particle population through, alternatively, tidal dis-
ruption of a large body, condensation of material in Saturn's primordial
nebula, and collisional disruption of one or several large bodies by high
velocity stray bodies. The tidal disruption theory was first advanéed by
Roche (1847), who showed that no stable equilibrium configuration existed
for a liquid satellite (i.e., one having zero tensile strength) at distances
less than a critical value from its primary. This critical distance.— the
"Roche limit" — depends weakly on the ratio of the densities of the primary
and satellite. If this r#tio is not very different from unity, the Roche
limit lies close to the outer boundary of the A ring. Roche proposed that
a satellite evolved inward and was tidally disrupted when it érossed this
limit, thereby generating Saturn's ring system. Alternatively, a stray body
from outside the Saturn system could have been disrupted within the Roche
limit wheﬁ it passed close to Saturn.

There are, however, some very serious problems connected witﬁ a tidsal
origin for the rings (Pollack and Cuzzi, 1981). First, suppose that the ring
material formed from a satellite of a low mass Saturn nebula or from an exter-
nal object. If so, the parent body would have been a solid body; not a liquid
one. Oberbeck and Aggarwal (1974) showed that the tidal disruption 1imiﬁ
of a solid body lies much closer to the pfimary than that for a liquid body
as a result of the finite strength of the solid body. 1In particular, it is

not possible to tidally disrupt a solid body smaller than about 100 km at

63



aﬁy positive altifude above Saturn's atmosphere. In the case of a larger
body, the tidal limit moves out only as far as 1.4 RS from the center of
Saturn. It seems likely that if the parent body was a,setellite of Saturnm,
it would initially have had a nearly circular orbit and its orbit would
have continued to have had a low eecentricity as it eﬁolved inward. Thus,
tidal disruption of a large solid satellite would be expected to produce a
ring system that was situated well inside the A and B rings, the priﬁcipal
rings of the Saturn system. The inner boundary of the B ring is located

at 1.53 Rs' w

If the parent body was a large stray body, its orbit and that of its
tidally produced fragments would cross the region of the main rings. Thus,
its tidal disruption could occur at closer distances without causing the
problem encountered with a satellite as the parent body. However, tidal
disruption can be expected to induce only very small relative velocities
among the fragments. Thus, the fragments, like their parent body, would
have kinetic energies in excess of the absolute values of their gravita-
tional energies and they would escape from the Saturn system. Collisions
among the fragments would cause their velocities to approach thet of their
parent and sovnotlobviate the above problem.

While the above geometrical arguments offer the most severe challenge
to the tidal disruption theory for solid parent bodies, it may also experi-
ence some difficulties in accounting for the size distribution of the ring
particles. Harris (1975) pointed out that solid fragments of a tidally
disrupted body would experience further breakup due to collisions among
themselves. The kinetic energy of the colliding fragments is supplied
chiefly by the gravitational potential of their partners. Greenberg et al.

(1977) made several significant improvements to the calculations of Harris
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(1975) and deduced that coliiéionai evolution would result in a broad
spectrum of particle sizes ranging from 1 mm to ~100 km. They suggested
that the size distribution would be roughly a powef law of -3.3 coveriné
this entire range, but with most of the cross section in the centimete;e
scale particles and an excess of the larger size particles, relative to
the power law. Although there is evidence for the occurrence of a few :
"moonlets" of ~10 km size within the rings, the measured size distribufion
of the particles shows an abrupt change in slope from -3 for particles
below ~10 m to a much steeper slope at larger sizes (Esposito et al., 1983).
Such a size distribution does not appear to be in accord with the predic-
tions of Greenberg.et al. (1977).

Next, suppose that the ring material originated from condensed mate-
rial in a high mass Saturn nebula. In this case, the condensates may\have
been composed of a liquid solution of ammonia and water, rather than solid
water (cf. Fig. 7). Hence, the classical Roche theory is directly appli-
cable: droplets forming inside the Roche limit would have been unable to

gravitationally aggregate and a liquid satellite that formed outside the

Roche limit and evolved through it would have been tidally disrupted. How-
ever, the total mass of the present-day rings is comparable to that of Mimas
(Holberg et al., 1982). Thus, the invocation of é high mass nebula has.

the potential problem of requiring the elimination of almost all the con-
densates that formed near the region of the rings. An even more fundamental
objection to this hypothesis involves the mechanism by which the satellite
evolved inward to be tidally disrupted. The most obvious mechanism for
radial migration is secular acceleration due to tidal interactions between
the postulated éatellite and Saturn. But such tidal forces cause an inwafd'

migration of the satellite only if it is situated closer to the planet than
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the "synchronous" distance at which an object's orbital period equals the
planet's rotational period. At present, the synchronous distance is located
within the Roche limit (in the outer part of the B ring). Thus, unless
Saturn rotated less rapidly in its early history, any hypothetical liquid.
satellite forming outside the classical Roche limit would evolve outward
‘due to tidal forces and so would not be tidally disrupted.

According to the '"condensation' theory (e.g., Pollack, 1975; Pollack
et al., 1977), the ring particles formed within Saturn's nebula by the same
initial condensation and agg;egation processes that eventually led to the
formation of the regular satellites. However, only incomplete accretion
occurred within the region of the rings due to tidal disruption and, hence,
many small sized particles resulted rather than a single large body. The
formation of water ice particles within the region of the current rings did
not begin until the latter part of the satellite formation period for two
reasons. First, the planet's radius extended beyond the outer boundary of
the main rings at the start of stage 3. It took about 5 x 10° years of
further evolution for the planet's radius to reach the inner edge of the
B ring (Pollack et al., 1977). Second, the planet's luminosity had to
decrease enough so that temperatures within the region of the rings fell
below the condensation temperature of water vapor (~240 K). According to
Figure 8, such a temperature was not reached until ~5 x 108 years after the
start of stage 3. If the condensation model for the rings is correct and
if the nebular temperature in the region of the rings was determined pri-
marily by Saturn's luminosity and not viscous dissipation, the above times
represent a lower bound on the lifetime of Saturn's nebula. Whether the
nebula could have lasted this long, in light of viscous dissipation and

the accompanying inward transfer of mass, is problematical.
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Once temperatures fell below the condensation point, water ice
particles began to form throughout the rather extensive thickness (~10%
of the radial dimension) of the nebﬁla. Due to a combination of the
vertical component of the gravitational force and gas drag, they gradu-
ally sank toward its central plane. Dﬁring the settling, they continued
to grow by vapor bhase depositioﬁ as the nebula cooled still further and
by coagulation and coalescence. Very crude c#lculations suggest that
they could have achieved a size on the order of centimeters by the time
they reached the central plane of the nebula (Pollack, 1975), in approximate
accord with their observed values of O;l to 103 em. A limited amount of
further growth may have been possible as ice particles gently collided with
one another and remained attached to one another by chemical "sticking"
forces. However, it may have been more difficult for them to remain attached
by their mutual gravity because of tidal disruption: If two particles have
the same dimension, then the tidal disrupting force exceeds their mutual
gravitational attraction at precisely the classical Roche limit (Pollack,
1975; Smoluchowski, 1980). But if they differ greatly in their dimensions,
‘the tidal disruption limit lies at a much closer distance to the planet,
near the inner edge of the C ring (Smoluchowski, 1980). Thus, it is not
exactly clear why the ring particles have undergoné as limited an amount of
growth as they evidently have, although disruption by micrometeoroid impacts
and ofher erosional agents might act to counter accretional growth.

Although moonlets having a size of ~10 km do not appear to be abundant
in the rings, there is good, indirect evidence for the occurrence of at
least a few moonlets of this dimension within Saturn's rings, e.g., in
Encke's division in the A ring (Esposito et al., 1983). At first glance

the occurrence of any such large sized objects would appear to be inconsistent
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with the "condensation" theory. However, it is conceivable that aggrega-
tion of centimeter to meter sized ring particles to much larger sized
objects, although inhibited in most places, can occur in a few select
places within the rings. For example, higher randoﬁ velocities of ring
partiqles are expected near resonance ﬁositions, such as Encke's gap.
Higher velocities may promote the efficient growth of '"spongy snowballs."

Because Saturn initialiy ex£ended beyond the region of the rings,
silicate-containing grains and/or planetesimals may have been underabun-
dant in this region by the time it became part of the nebula: silicate-
containing grains initially present there, but within Saturn's envelope,
would have tended to remain with the planet. Also, silicate grains ini-
tially located at somewhat greater distances in the innermost parts of the
nebula may have aggregated into planetesimals that were large enough not
to be carried inward with the nebula gas as Saturn contracted. This expec-
tation of a depletion of "rocky'" material in the rings is consistent with
analyses of microwave data discussed in Section II.

The condensation theory places emphasis on constructional events in
the formation of the ring particles. However, they are also susceptible
to disaggregation processes, particularly collisions with high velocity,
stray bodies. The high crater density on the surface of Iapetus and an
enhancement of the stray body flux at closer distances to Saturn due to
gravitational "focusing" by Saturn imply that small satellites in the
inner part of Saturn's system have a high probability of being completely
fragmented over the age of the solar system (Smith et al., 1981; Shoemaker,
1982). As discussed in Section II, evidence for such catastrophic disrup-
tions is provided by the occurrence of co-orbital satellites and the shapes

of some of the satellites.
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The significance of such destructive collisions for the ringé is not
entirely clear. Shoemaker (1982).suggests that one or several large satel-
lites were originally present in the region ¢f the rings and that they and
their-ffagments suffered catastrophic collisions, resulting eventually in
the present, very much smaller ring particles. This hypothesis neglects
reaccretion of the fragmented material in the long intervals between
destructive collisions. If tidal forces somehow prevent reaccretion, it
isbnot cleér how the original parent bodies formed in the first place.
Nevertheless, collisional processes, in perhaps a much less dramatic sense
than envisioned in Shoemaker's scenario, may have ﬂad an important influ-

ence on the present size distribution of ring particles.

IX. Conclusions
Here, we summarize our opinions concerning the major issues discussed

in this paper and cite principal areas of uncertainty.

Formation and Evolution of Saturn

It is not yet possible to make a definitive distinction between the
gas and core instability models for the origin of the giant planets in
general and Saturn in particular. However, we tend té favor the core
instability model for several reasons: First, it provides a natural
explanation for the similar values'of the core masses of all four giant
planefs. Second, the occurrence of irregular satellites for Jupiter and
Saturn implies that accretion of asteroid-sized bodies was occurring in
the outer solar system close to the time of formation of the outer planets.
On aesthetic grounds, we prefer the idea of one major formation mechanism

for all the bodies of the solar system, rather than two major mechanisms.
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But, as detailed above, the "co;e" instability model has potentially very
serious problems; for example, the formation times for the cores of Ufanus
and Neptune appear to exceed the lifetime of the solar nebula.

Numerical models, fashioned after stellar evolution models, have pro-
vided a good definition of the evolution of proto-Saturn subsequent to its
formation. Major steps of evolution include an early, quasi-hydrostatic
stage (stage 1), a hydrodynamical collapse stage (stage 2), and a later,
quasi-hydrostatic contraction stage (stage 3). A major problem, that has-
hardly been addressed so far, has to do with the transfer of angular
momentum between different regions of éroto-Saturn from near the end of
stage 1 to the beginning of stage 3. This transfer played a crucial role
in the formatioﬁ and nature of the Saturnian nebula within which the
regular satellites formed. |

Thermal cooling and contraction of a chemically homogeneous Saturn at
the present epoch produce a factor of 3 less internal luminosity than is
observed. The reality of this difference is strengthened by the approxi-
mate agreement of theory and observation for Jupiter. The most likely
additional source of internal luminosity for Saturn is the gravitational
energy released by helium sinking toward the center of Saturn in thg outer
part of the metallic hydrogen zone due to its partial immiscibility there.
However, the thermodynamic basis for this immiscibility has been called

into question.

Origin of Phoebe

Phoebe was most likely captured by gas drag when it passed through
proto-Saturn just prior to the onset of stage 2. However, more refined

modeis of the Saturn nebula at this epoch need to be developed to provide
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more definitive ?redictions of the orbital distance and object mass for
which such a capture would operate. Conceivably, such models might pro-
vide a test of the two formation_mechanisms, as our cursory study indicates
thaf they may yield significantly different predictions —-especiaily‘regard—

ing the orbital distance of capture.

-

Origin and Evolution of the Regular Satellite System

As mentioned above, the regular satellites formed within a nebular disk
that developed from proto-Saturn during the time of stage 2.. In contrast
to the situation for Jupiter's nebula and regular satellites, temperatures
within Saturn's nebula became cool enough so that water was able to condense
in all regions of satellite formation and ices containing ammonia and
methane were able to form at progressively greater distances from the
center of the nebula. An intriguing possibility, which is discussed at
length below, is the formation of a liquid ammonia/water solution as the
highest temperature condensate, rather than water ice. Such condensation
ﬁay occur for the highest pressure (approximately or greatér than tens of
bars) and most massive (about'Saturn's mass) nebular models that appear
to be plausible.

The temperature of Saturn's nebula may have been controlled by Saturn's
internal luminosity, which was about 5 orders of magnitude larger at the
start of stage 3 than its present value. The steady decline of Satﬁrn's
internal luminosity with time led to progressively cooler nebular tempera-
tures. Alternatively, the nebula's temperature structure may have been
determined largely by internal viscous dissipation; in this case, tempera-
tures at a given location would have also declined with time, although on

a much shorter time scale. If accretion was sufficiently rapid, as perhaps
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suggested by recent calculations tﬁat include nebular drag, chemically zoned
moons could have resulted, especially in the outer parts of the nebula.

Unfortunately, it is much more difficult to obtain estimates of
Saturn's nebular density from the masses of its regular satellites than
for Jupiter's nebula. A much less ordered pattern emerges (cf. Fig. 9).
This difficulty might reflect the role that catastrophic collisions played
..in the early history of the Saturn system. All the present regular satel-
lites, except Titan and possibly Iapetus, may be the reaccretion products
of fragments of earlier, possibly larger sized moons. Clearly, a central
problem of today is to further assess the role of catastrophic bombardment
in shaping the Satu;n system.

A minimum mass nebula is constructed by using the "systematic" nebular
densities derived from the masses of Tethys, Dione, and Rhea; A maximum
mass nebula is generated by assuming its mass is the same as Saturn's.
Nebulae having masses toward the high mass limit have several attractive
features. They allow for enough mass to produce Titan along with the other
regular satellites. At the high pressures of the inner portions of these
nebulae, liquid droplets of ammonia/water may condense. Satellites made in
part of these droplets would start out already differentiated into rocky
cores and rock-~free mantles. If such satellites were broken up, the frag-
ments would form the two populations of rocky and icy planetesimals whose
random reaccretion could‘lead to the observed, apparently random variation
in satellite densities.

One problem with massive nebulae is getting rid of the large gas mass
and the extra condensed mass not currently residing in the satellites.of
today. .In principle, most of the gas can be expected to be added to Saturn

due to viscous processes within the nebula, while the remainder could be
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lost to space, due to angular momentum transfer. Getfing-rid of an amount
of condensed mass in excess of that currently within the Saturn system is
a moré formidable problem.

In discussing the mass of Saturn's nebula, as above, it should be
borne)in mind that all the nebula's proﬁerties, including its mass,
continually changed with time over its entire lifetimé due to viscous
dissipation. Thus, the above estimates are merely meant to be some crude,
time—averaged values that are useful for very approximate nebular models.

Despite their comparatively small sizes, satellites such as Tethys,
‘Dione, aﬁd Rhea experienced major tectoﬁism (principally expansion) and
resurfacing events during their first ~1 X 10° years of hiséory due to the
presence of substantial quantities of ammonia in their interior makeup.
Enceladus has undergone tectonism and resurfacing within the last
~1 x 10° yearé, despite its still smaller size, probably as a result of
tidal heating. If so, a significantly larger, forced orbital eccentricity
than its present value appears to be required at some time in its past to
initiate melting. A smaller, forced eccenFricity, perhaps including the

present value, suffices to maintain a molten interior.

Origin of Titan's Atmosphere

Titan's atmosphere was derived from C, N, and possibly AR containing
clathrates and hydrates that helped to form the satellite. While atmo-
spheric methane can readily be ascribed to the dissociation of methane
clathrates that occurred during accretion and in the high temperature
and/or high pressure environment of the satellite's interior, the sourcé
of atmospheric nitrogen is less clear. The latter gas was derived either
from the direct thermal and pressure dissociation of nitrogen clathrate

and/or the dissociation of ammonia hydrate, followed by UV photolysis of
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ammonila vapor. The first of these sources has the potential problem of
being quantitatively inadequate because of the low NZ/NH3 ratio in the
Saturnian nebula, the only partial incorporation of nebular N, into clath-
rates, and the incomplete outgassing of the satellite. The second source
is totally inadequate under current atﬁospheric conditions due to a very
effective tropopause cold'trap and the opacity of the aerosol la};er, but
it could be important for past, especially very early, atmospheres. ‘The
occurrence of a significant quantity of atmospheric Ar has not been firmly
established, but, if so, this Ar was most likely derived from the disso-
ciation of Ar clathrate. Finally, the source of the surprisingly large -
amount of atmospheric CO and its derivative, CO,, remains a puzzle, although
cometary and/or clathrate sources are possible.

Over tﬁe age of the solar system, large amounts of atmospheric N,
(approximaﬁely a few tens of percent of the current abundance) and CH,
(many times the current abundance) have been permanently eliminated from
the atmosphere, through a combination of escape of selected atoms (H, N) to
space and the irreversible conversion of these gases to aerosol-forming,
complex organic molecules. Despite its heavy loss, atmospheric methane is
maintained by the vapor pressure buffering of near-surface reservoir of
methane. While this reservoir need not be in continual contact with the
atmosphere, it cammot be isolated for long periods of time. Contact may
occur as a result of the presence of surface oceans of methane, vapor dif-
fusion through a regolith, or intermittent~outgassing. The huge deposit of
complex organic molecules residing near the surface (equivalent depth of
~0.1-1 km) represents a resource of enormous potential value to future

generations.
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Origin of the Rihgs

It seems very likely that the ring material formed within the Saturn
nebula toward the end of the satellite formation period, when températures
permitted the condensaﬁion of water in the region near the rings. An
intriguing possibility, suggested by Figure 9, is that the condensate was
not water ice, but a liquid water/ammonia solution. The latter forms in
" the high mass nebulae discussed above. If so, the classical Roche theory
would be strictly applicable. In this case, the generation of a multitude
of small ring particles could be attributed to the inability of liquid
particles to accrete within the Roche limit or the tidal disruption of a
liquid satellite, which formed outside the limit and migrate& inside it.
However, such a hypothesis still does not explain why satellite accretion
did not occur after the particles solidified. Another open question con-
cerns the role of early catastrophic bombardment in generating the present

population of ring particles.
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Table 1. Observed and Inferred Properties of Saturn's Satellites

(From Smith et al., 1982 and Consolmagno, 1983b)

orbit Orbit Radius Mass Density p/p Central = Percent
Name (km) (Rs) (km) (1023 2) (g em—?) at g° Ppressure ice by
' (kbars) mass
1980528 137,670 2.282 10 x 20 0.4
198027 139,350 2.310 70 x 50 x 40 0.6
1980526 141,700 2.349 55 x 45 x 35 0.6
1980s3 151,422 2.510 70 x 60 x 50 0.4
1980S1 151,472 2.511 110 x 100 x 80 0.4
Mimas 185,540 3.075 196 * 3 0.375 $0.008% 1,19 +0.05 0.7 0.1 45-60
| (0.455 0.054)% (1.44 +0.18)
Enceladus 238,040 3.946 250 *10 0.74 %0.30 1.2 0.4 1.0 0.1 50-100
Tethys 294,670 4.884 530 %10 7.55 +0.90 1.21 %0.16 0.8 0.6 60-90
1980813 294,670  4.884 17 x 14 x 13 0.6
1980525 294,670  4.884 17 x 11 x 11 0.8 |
Dione 377,420 6.256 560 5 10.5 $0.3 1.43 %0.06 0.7 0.9 50~60
198086 378,060 6.267 18 x 16 x 15 | 0.5
Rhea 527,100 8.737 765 £5 24.9 £1.5 1.33 %0.09 0.6 1.4 55-70
Titan 1,221,860 20.253 2575 *2 1345.7 +0.3 1.88 +0.01 0.2 32.7 ~40
Hyperion 1,481,000 24.55 205 x 130 x 110 0.2
Iapetus 3,560,800 59.022 730 *10 18.8 *1.2 1.16 *0.09 0.5 1.0 70-90
' 0.05
Phoebe 12,954,000 214.7 110 *10

- 0.06

9These masses are based on analyses of ground-based measurements of the positions of the Saturn moons and
on using the ratio of Mimas' and Tethys' masses derived from these data and the Voyager value of Tethys'

" mass, respectively (see Smith et al., 1982).



Table 2. Duration of Different Stages of Accretion for

Jupiter and Saturn, According to Safronon and Ruskol

(1982)
Duration, Change in mass,
Stagea. yr units of Earth masses
Jupiter Saturn Jupiter Saturn
1 3 x 107-1 x 10® 2 x 10° 1-3 2-3
2 105-108 108 10 8
3 2 x 10 P 40 P
4 10" 6 x 10" 85 20
5 10%-107 108-107 120 35

6 10° 3 x10° 60 30

aSﬁages 1, 2, 3, 4, 5, and 6 are characterized by the
accretional growth of a solid core; the occurrence of
an instability in the surrounding envelope, followed
by a slow accretion from the surrounding solar nebuia;
an epoch of rapid accfetion; continued accretion, but
from a restricted space inside the Hill sphere; a
still slower accretion limited by diffusion of the
solar nebula into the now depleted feeding zone for
the giant planets; and the final accretion during the
dissipation of the solar nebula.

bSaturn does not pass through stage 3.
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Table 3a.

Mass Distribution in

a Minimum Mass

Gy, py T, and P are the nebular

Nebulaa

Satellite ¢ obs, ¢ cale, pc, gem™® T, K logpP

g em™? g oem™?
Mimas 5,500 240,000 2.8 x 10™* 250 0.46
Enceladus 13,000 123,000 1.2 x 107* 175 -0.08
Tethys 69,000 70,000 5.3 x 10~° 125 -0.55
Dione 36,500 37,000 2.2 x 10~° 90 -~1.1
Rhea 15,000 15,000 6.6 x 10™%° 60 -1.8
Titan 86,0007 4,600
Hyperion 20 2,800
Iapetus 400 290
a

column mass density,

volume mass density, temperature, and pressure (in

bars) at the central plane, respectively.

bAssumes Titan's feeding zone extends to Iapetus.

cp is derived from ¢ : p =

is the scale height and r

o/H, where H = 0.12r

is radial distance from

the center of the nebula (Prinn and Fegley, 1981).
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Table 3b. Maximum Mass Nebulaa

Satellite p, g em™> T, K log P

Mimas 8.6 x 1072 340 3.1
Enceladus 3.5 x 10™% 240 2.6
Tethys 1.6 x 1072 175 2.1

10" 120 1.6

X

Dione 6.7

Rhea 2.0 x 1073 75 0.8

%pssumes o = 1035 =28 g cm™2,
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Table 4.

Thermal'Models

Water ice and rock

Water ice, ammonium monohydrate, rock

MIMAS (present surface: old, heav

Never melts, never convects;
if starts molten, then

refreezes by 0.1 by.

ily cratered, unaltered)

Never melts, never convects.

ENCELADUS (present surface: very young, resurfaced, relaxed craters,

grooves)

With tidal heating 5-7 times
current rate, molten interior
possible; crust 10-30 thick?
(20X current tidal heat needed
to melt from ice originally.)

--With tidal heating, thinner crust
likely than pure water case; needs
sevenfold enhancement of current tidal
heating to melt initially. The pres-
ent tidal heating may suffice to keep

its interior molten thereafter.

TETHYS (present surface: old, cratered; one large extensional groove)

No interior melting, little
interior convection, no
significant expansion. If
started molten, refreezes
within 0.1 by.

33% rock, 20% NH H,0. At 0.6 by,
small melting at core, 1/3 km expan-
sion; maximum melt to 130 km radius;

30 km rocky core; refreezing by 1.2 by.

DIONE (present surface: complex older cratered sections, and younger

resurfaced areas; evidence for considerable

expansion)

May start with ice II core;
heating changes to ice I with
expansion within 0.1 by; if
starts molten, refreezes by
then to ice I; convection
occurs, but no further
melting. Later cooling may
produce ice II core and

contraction.

50% rock, 15% NH,H,0. At 0.3 by melts,
contracts 0.5 km; maximum melting at
1 by to within 200 km of surface, with
150 km rocky core; expansion by 0.4 km
until refrozen at 3 by; slow contrac—

tion to present.
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Table 4. Concluded

Water ice and rock Water ice, ammonium monohydrate, rock

RHEA (present surface: complex regions of differing crater histories;
resurfaced plains, evidence of considerable

expansion)

Large ice II core early (unless Expands 1 km until melt at 0.3 by;
starts molten) changing to contracts 1.5 km until maximﬁm melt at
ice I by 0.1 by; at 4.0 by, 1.7 by; slow 1 km expansion to pfesent
change back to ice II leads to day. If ice II forms, get recent

15 km contraction. Convection  significant contraction.

but no internal melting.
TITAN (present surface: obscured by atmosphere)

Evolution similar to Ganymede; Melts within 0.15 by; substantially
early convection and melting differentiated by 0.5’by. Thin crust,

possible, but likely refrozen molten convecting interior to present.

by present.
IAPETUS (present surface: 1light and dark hemispheres; heavily cratered)

Smaller ice II core than Rhea; Expands by 0.8 km, melting at 0.5 by;

less rock so less heating and 0.5 km contraction until refrozen at

convection. No melting. 1.2 by, with 300 km crust and 100 km
rocky core. Slow half-kilometer

contraction to present.
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Figure Captions

Figure 1. Comparison of the sizes and densities of the satellites of
Saturn (S), satellites of Jupiter (J), and other solar system objects with
theoretical curves for objects made of 100% water ice (lower solid curve)

and a solar elemental mixture of "rock" and "ice." TFrom Smith et al. (1982).

Figure 2. Variation of a global (axisymmetric) instability criterion with
time for different planetary formation regions. The vertical scale is the
mass ratio of the protoplanet to that of the forming Sun. For values of

this mass ratio above the horizontal line labeled "approximate instability
threshold," the solar nebula is unstable to ring formation. After Cameron

(1978).

Figure 3. Core mass as a function of total mass (core plus envelope) for
conditions of hydrostatic equilibrium. The parameter £ denotes the ratio
of assumed grain opacity to that expected in a cold region of the solar
nebula. Note that no equilibrium solutions exist for core masses exceeding

certain critical values. After Mizuno (1980).

Figure 4. Evolutionary history of Saturn during the early quasi-hydrostatic
and hydrodynamical collapse phases for a gas instability model. Tc’ Teff’

R L, and e refer to the central temperature, effective radiating tem-

surf’
perature, surface radius, internal luminosity, and central density, respec-
tively. Note the scale change on the time axis between the right and left

sides of the figure that correspond to the two different phases of evolu-

tion. After Bodenheimer et al. (1980).
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Figure 5. Excess luminosity of Jupiter (J) and Saturn (S), in units of
solar luminosity, as a fqnction of time during the late quasi-hydrostatic
stage of evolution. Observed values at the 4.5 x 10%-yr ﬁime point are
indicated by the square and circle for Jupiter and Saturn, respectively.

Adopted from Pollack (1978).

Figure 6. Phase boundaries for the ﬁolecular and metallic phases of hydro-
gen and for the separation of helium from hydrogen. For points lying below
the separation line, helium becomes partially immiscible in hydrogeﬁ,
according to the calculations of Stevenson and Salpeter (1977). Also

shown ié‘the evolutionary track of the center and molecular/metallic
boundary of a homégeneous, solar mix Saturn model of Pollack et al. (1977).
Numbers next to the crosses indicate time from the start of the late,

quasi-~hydrostatic stage.

Figure 7. The mass distribution of the satellites of Jupiter and Saturn;
To create this figuré, the mass of each satellite (supplemented with suffi-
cient gas and ice to match cosmic abundances) was spread into an annulus
centered on that satellite's orbital radius and extending to the midpoints
between the satellite orbits. Thus satellite mass, divided by the area of
that annulus, represents the minimum surface density of material in the
protoplanetary nebula. In this log-log plot, the slope of the Jovian
satellites' line is -1.9 and that of the Tethys-Dione-Rhea line is -2.6,

indicating that the mass distribution is controlled by a simple power law.
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Figure 8. Temperature of a condensing ice grain as a function of time from
the start of the late, quasi-hydrostatic stage. Each curve refers to a
fixed distance from the center of the planet and is labeled by the first
letter of the name of the satellite or ring segment, which is currently at
that distance. The right hand, vertical scale denotes the temperature at
which various ice species condense under equilibrium (E) or disequilibrium
(D) condifions between the gas and solid phases. The Saturnian nebula has
been assumed to be highly opaque due to grain opacity. From Pollack et al.

(1976).

Figure 9. The adiabatic profiles of a minimuﬁ mass (short dashes) and
maximum mass (long dashes) nebula are shown against the regions of étabilitﬁ
of various ices in pressﬁre-temperature space, based on the work of Lewis
(1972) . The minimum mass nebula has just sufficient material to make the
inner regular satellites; the maximum mass nebula has one Saturn mass

of material in the region of satellite formation. Note the possibilify of
liquid condensates in the latter case. Beyond Rhea, the nebula is likely

to be isothermal since temperatures cannot drop below the ambient tempera-

ture at Saturn's distance from the Sun.

Figure 10a. The radius of Tethys (in km) as a function of time (in
10° years) as predicted by the thermal model of Consolmagno (1983a). The
initial expansion is due to the warming of the ice; after a small degree

of melting and refreezing, the planet slowly cools off and contracts.

94




Figure 10b. The radius of Dione (in km) as a function of time. Because
Dione is denser,_it presumably has more radionuclide-~bearing silicates and
so heats up faster than Té;hyg. Once it starts to melt (0.5 GYr) it con-
tracts rapidly, then expands slowly upon refreezing until the entire body

is refrozen, at 3 GYr. After that time, it slowly cools down and contracts.

Figure 10c. The radius of Rhea as a function of time. Rhea is the largest
of the satellites modeled by Consolmagno (1983b) and melts the most. As
with Dione, the period of melting is one when the moon contracts, and
refreezing makes the moon expand again. Since refreezing may not be com-

plete yet, it is possible that Rhea is still expanding at the present time.

Figure 10d. The radius of Iapetus as a function of time. Iapetus 1s large
but not very dense, hence poor in radionuclides, and so it does not melt as
much as.Rhea. The contraction and expansion upon melting and cooling of
interior sections is maskedlby the general cooling and contraction of the
outer portions of the moon, which contain the bulk of the volume of the

body.
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