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System. Tests of these conclusions can be made by Cassini.
 1996 Academic Press, Inc.The albedo asymmetry of Iapetus is unique in the Solar

System. Many models have been proposed to explain why the
leading hemisphere has a reflectance 10–20 times lower than

INTRODUCTIONthe trailing hemisphere and the poles. Compositional and obser-
vational constraints appear to rule out many of these models.

The albedo asymmetry of Iapetus has been known sinceLittle attempt has been made to explain why, of all the moons
shortly after its discovery (Cassini 1676). The Voyagerin the Solar System, only Iapetus displays such properties. The

photometric differences between Phoebe and the dark material missions revealed a surface with a visible reflectance of
on Iapetus, and the expectation that accreted dust from Phoebe 2–3% at the apex of motion, p30% at the antapex, and
would darken the poles more than the antapex of orbital motion p50% at the poles (Squyres et al. 1984). This is the greatest
on Iapetus, make the Phoebe dust model inconsistent with albedo range known of any object in the Solar System
observations. Other models that instead have Iapetus accreting (Squyres et al. 1984). The unique nature of Iapetus has
circumsaturnian material coming from either Hyperion or Ia-

been a major mystery to astronomers for over 300 years.petus itself are also beset by an inability to explain the bright
Several models have been proffered to explain the al-poles. The endogenous extrusion of dark organics, by itself, is

bedo asymmetry, listed here in chronological order: (a)ruled out, since it is extremely unlikely that this model would
preferential impact erosion by cometary debris of a thinproduce elliptical albedo contours centered on the apex of or-
veneer of ice on the leading hemisphere, revealing underly-bital motion. The modern impact flux does not deliver enough

kinetic energy to Iapetus’s surface to vaporize significant quan- ing dark silicates (Cook and Franklin 1970); (b) coating of
tities of water ice and produce a lag deposit. Also, impact the leading hemisphere by dark matter impact-ejected
vaporization is expected to form a similar lag deposit on the from nearby Phoebe (Soter 1974); (c) preferential endoge-
trailing hemisphere. Our most optimistic estimate of the nous extrusion of organic matter onto the leading hemi-
amount of organic material that accumulates on the surface sphere (Smith et al. 1982); (d) production of a lag deposit
from in situ radiation synthesis of solid organics from methane

of an indigenous dark surface component by impactingclathrate is more than sufficient to explain the albedo and
dust preferentially vaporizing the ice in the leading hemi-spectrum. This process, however, is more effective on the trail-
sphere (Cruikshank et al. 1983); (e) synthesis of organicing than leading hemisphere, so the reverse asymmetry is ex-
solids by ultraviolet irradiation of methane-rich ice andpected.
the subsequent ballistic redistribution of surface materialIapetus’s asymmetry is best explained by a thick primordial

low-albedo subsurface layer of organics exhumed by impact in response to the impact flux gradient (Squyres and Sagan
erosion. The layer may be the consequence of ancient thermo- 1983); (f) the reaccretion of ejecta following a large com-
chemistry in Iapetus’s interior, processing methane and/or etary impact (Tabak and Young 1989); and (g) the accre-
HCN into dark organic matter which was then extruded over tion of material coming from the disruption of Hyperion
the entire surface. The model requires a thin layer of nearly by a large comet impact (Matthews 1992). Processes (a),
pure water ice, either exogenous or endogenous, deposited over

(d), and (e) all involve impact by interplanetary debris,the dark organics. Subsequent impacts would have preferen-
and all predict (cf. Cook and Franklin 1970) similar photo-tially eroded the ice on the leading hemisphere, revealing the
metric contours of the Iapetus dark material. The predictedunderlying dark material. The uniqueness of Iapetus’s albedo
contours are similar to those observed (Squyres and Saganasymmetry can be understood by its impact-induced erosion
1983). It seems fair to say that none of these mechanismsrate, size, and formation distance from the Sun and Saturn—a

combination of parameters duplicated nowhere else in the Solar has gained widespread acceptance. Some analyses propose
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TABLE Ia mix of endogenous and exogenous sources (e.g., Smith
Inferences Made from Observations of Iapetuset al. 1982).

In the following section we review what is known of
Observation Inference

the composition of Iapetus’s surface. We then outline the
major characteristics of the albedo pattern and draw infer- 1. Albedo contours centered on 1. Impacts are important

apex of motionences about the physical and chemical processes at work
on Iapetus. Finally, we confront each model for the albedo 2. Elliptical contours aligned on 2. Impactors are mainly from out-
asymmetry with the derived constraints. equator and bright poles side the Saturn system

3. Smooth albedo gradient and 3. A large number of impacts are
contours required to hide fluctuationsCOMPOSITION MODELS

(root-N noise)

The bright material is very nearly pure water ice (Clark 4. Absence of bright spots deep 4a. Darkening occurs much
et al. 1984). From Voyager photometry it has an orange within Cassini Regio faster than the rate at which

craters with diameters just be-to violet ratio (OR/VI) of 1.25 (Squyres et al. 1984), requir-
low the limit of Voyager reso-ing a red contaminant also to be present. Since the dark
lution form, ormaterial on the leading hemisphere has an OR/VI of 1.45

4b. The dark material is more
(Squyres et al. 1984), the contaminant is likely to be identi- than several kilometers thick.
cal to the dark material but diluted by higher concentra-

5. Some bright spots at the west- 5a. Large impacts somehow in-
tions of water ice. In going from bright region to dark ern edge of Cassini Regio hibit the darkening process, or
region, both the albedo and the color change in a remark- 5b. The dark material is less than

several kilometers thick here,ably smooth and continuous manner (Buratti and Mosher
or1995), indicating a similar smooth gradient in the concen-

5c. The impact flux comes onlytrations of water ice and dark material. The albedo ex-
from the forward direction,

tremes occur at the apex and near the poles, at which allowing backfacing slopes and
points the water ice concentration is, respectively, at its depressions to be shielded
lowest and highest. The red contaminant may be emplaced

6. Putative presence of dark- 6a. Large impacts can produce,
(or exposed) either by the same mechanism which pro- floored craters on trailing directly or indirectly, the neces-
duced the dark apex, but with an efficiency that follows hemisphere sary conditions for darkening

on the trailing hemisphere, orthe albedo/color contours, or by secondary means such as
6b. A global dark layer exists butthe deposition of impact ejecta from an already darkened

is covered by ice on the trail-leading hemisphere.
ing hemisphere

Bell et al. (1985) have taken visible and near-infrared
spectra of the leading and trailing hemispheres of Iapetus
and derived a spectrum of pure dark material. They model
this spectrum with a 10% organic and 90% hydrated silicate best combination and is fully acceptable within the com-
mixture. For the organics, they attempted to simulate bined errors of measurement. Particle and areal mixtures
Murchison organic residue but produced a material that of HTI and HTM also provide very good fits. Although
was brighter than real Murchison at 0.7–1.3 em. It is at Titan tholin is produced in an atmosphere and normally
these wavelengths that their model is a poor match to the would not be expected on Iapetus, Titan tholin (or some-
spectrum, but it is a good fit at the other wavelengths in thing similar) is a necessary component in our modeling
the range 0.5–2.4 em. of 5145 Pholus, an object much smaller than Iapetus (Wil-

We have applied Hapke reflectance theory to the Bell son et al. 1994). In all cases, poly-HCN or some material
et al. derived spectrum of the Iapetus dark material, using with very similar properties is a necessary component
water ice and five types of organic solids as candidate for Iapetus.
surface materials (Wilson and Sagan 1995). Out of 18 mil-
lion models searched, an intraparticle mixture of poly- OBSERVATIONAL CONSTRAINTS
HCN, Murchison organic residue, and water ice (hence-
forth abbreviated H, M, and W) produces a very good In Table I we bring together the main characteristics of

the dark material on Iapetus and draw inferences as tomatch to the derived spectrum (Wilson and Sagan 1995).
The other organic materials considered were kerogen, ice their cause. Having the dark material so well centered on

the leading hemisphere provides a strong indication thattholin (from irradiated hydrocarbon/water ice mixtures),
and Titan tholin (henceforth abbreviated K, I, and T). impacts, which will preferentially occur on the leading

hemisphere, are key. The elliptical albedo contours alignedParticle and areal mixtures were also considered. Ice tholin
replacing water ice in the HMW model provides the second with the equator, making the poles the brightest regions
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on Iapetus, suggest an interplanetary (and not circumsatur- face covered in craters larger than D in 108 years is f P
5.5 3 1024 (D/1 km)20.2. Because the power-law distribu-nian) origin of the impactors. If dust from Phoebe domi-

nated the flux, the contours would extend closer to the tion breaks down at Earth for meteoroids with m ,
100 g (Kyte and Wasson 1986), the minimum D one canpoles (S. Soter, personal communication, 1994; Burns et

al. 1994), and the antapex would be the brightest region use in this expression is p3 m, giving f 5 0.002. Therefore,
this population of debris is incapable of churning the sur-(see Phoebe Dust section below). The smoothness of the

contours and the albedo gradient further suggest that a face with sufficient frequency and coverage to impose a
lower limit on the dark material thickness. In addition,large number of impacts had to occur within each resolu-

tion cell of the best Voyager images. If very few impacts since it does not saturate the surface with impacts, macro-
scopic debris arriving after the heavy bombardment erawere present, then root-N fluctuations would be apparent

in the images. And because more than a few percent of cannot be responsible for the dark surface. The important
impactor, then, must be interplanetary dust particles withexposed bright ice would raise the albedo above what is

observed, the dark material is likely to cover .95% of masses !100 g. The mass concentration of dust at 10 AU
is p2 3 10223 g cm23 divided almost equally between twoCassini Regio. Therefore, the surface must be nearly satu-

rated with craters. The impactor size capable of saturation populations with distribution peaks at 1028–1026 g and
1024–1022 g (Divine 1993). We estimate an average flux ofcratering the Iapetus surface can be estimated once a time

scale for the cratering/darkening is found. 1.6 3 10210 g cm22 year21 impacting Iapetus at 10 km sec21.
Iapetus’s orbital motion will increase (decrease) the impactDepending on the true nature of the dark layer, the

distribution of bright- and dark-floored craters on Iapetus velocity of these particles by p3 km sec21 at the apex
(antapex), resulting in a factor p2 variation in the impactwill reveal its thickness and/or age. Within most of Cassini

Regio, away from its edges where some bright patches flux. If it is assumed that the mass is equally divided be-
tween 1027 g and 1023 g particles, the surface will be resur-are present, there is no clear indication of bright-floored

craters. Recent reprocessing of Voyager images, however, faced to depths of 1–10 mm on time scales of 3000–
1.3 3 105 years, respectively. This implies a minimum darkdo reveal several large low-contrast circular features (Denk

et al. 1994). It is not yet clear whether these features are material thickness p1 cm.
At the western edge of Cassini Regio p20 small brightdue to craters exposing small amounts of bright ice under-

lying the dark layer, to a difference in surface texture and spots are present (cf. Burns and Matthews 1986, pp. 908–
909, Denk et al. 1994). If these features are assumed to beslope usually associated with fresh craters, or to some other

process, so they do not yet provide much insight into the bright-floored craters (smallest diameter p10 km), they
would have had to have formed in the heavy bombardmentdark layer.

The apparent absence of bright spots then means either era. This would appear to rule out the possibility that the
darkening process simply occurs so much more slowly at(1) the darkening process occurs faster than the rate at

which large impacts occur, or (2) the dark material is thick the edges than at the apex that large bright craters survive,
since more time has elapsed following the impacts thanenough that large impacts fail to expose underlying bright

material. In conjunction with the constraint that more than had preceded them. Instead, the impacts are either (1)
inhibiting the darkening process or (2) exposing underlyinga few percent of exposed clean ice would be noticeable

in the images, limits can be placed on the dark material ice. Since impacts also occurred nearer the apex, it is un-
likely the impacts inhibited the darkening process, or elsethickness, darkening time, and impactor size relevant to

darkening. The modern formation rate of craters with bright spots would be seen all over. Given the higher im-
pact flux at the apex, though, regions of inhibited darkeningD . 10 km on Iapetus is G.10 km 5 4 3 10215 km22 year21

(Smith et al. 1982, Shoemaker and Shoemaker 1990). The may have managed to darken anyway. For case (2), the
dark layer must be less than a few kilometers thick andbest currently available resolution of images of Iapetus is

p20 km/line pair (Smith et al. 1982), so a crater 10 km thinner at the edges of Cassini Regio than at the apex.
Alternatively, (3) these bright patches could be backfacingacross, exposing bright ice, would be readily apparent

against the surrounding dark terrain. The estimated time slopes and depressions shielded from an impact-flux com-
ing almost exclusively from the direction of Iapetus’s mo-between 10-km craters forming on the leading hemisphere

is p108 years. Unless the dark layer is more than a few tion (Bell et al. 1985).
Just beyond the western edge of Cassini Regio on thekilometers thick, the darkening of the surface—whatever

process is responsible—must occur on a time scale faster trailing hemisphere of Iapetus there appear to be numerous
dark-floored craters. Because of limited phase coverage ofthan this.

Assuming G Y D22.2 (Shoemaker and Wolfe 1982), we this region by Voyager, there exists ambiguity in differenti-
ating dark-floored craters and craters in shadow (Bell etfind that the largest crater expected within each 10-km

square pixel in 108 years is p0.1 km, which would not be al. 1985). If some of these craters are truly dark-floored,
this suggests either (4) the darkening process requires largedetectable if it exposed clean ice. The fraction of the sur-



ORGANIC MATTER ON IAPETUS: ASYMMETRY 95

impacts, as opposed to dust impacts, on the trailing hemi- ORIGIN OF DARK MATERIAL AND
ALBEDO ASYMMETRYsphere before darkening can occur or (5) the dark layer

extends further into the trailing hemisphere but is covered
In light of these possible constraints and the composi-by a layer of bright ice. Case (4) is incompatible with the

tions reported above, we now consider each of the sevenidea that large impacts inhibit the darkening process only
models proposed for the albedo asymmetry.p300 km away in Cassini Regio (see previous paragraph).

The sizes of the dark craters (p20–200 km) indicate, for
Endogenous Extrusioncase (5), that the dark layer extends to greater depth and

is thicker than in the region with the bright spots. The principal, and apparently fatal, objection to this
From the preceding discussion, a strong case can be hypothesis is the unlikelihood that primordial organics,

made for a thick, old, global dark layer of varying thickness or organics generated by thermodynamic processes in the
that is covered on the trailing hemisphere and at the poles interior of Iapetus, should be extruded symmetrically
by bright ice. One possible surface profile of this layer is around the apex of orbital motion—much less with photo-
shown in Fig. 1. Due to the uncertain identification of dark- metric contours typical of the impact flux of interplanetary
floored craters, the figure does not reflect the case of a debris. But nothing in the spectrophotometric analysis fa-
thicker and deeper dark layer on the trailing hemisphere. voring a composition of HMW (Wilson and Sagan 1995)
Instead, the thickness and depth of the dark layer follow excludes such an origin. In fact, the analysis may partially
the impact flux contours—a seemingly more reasonable support an endogenous origin. It has been proposed that
pattern. outbursts on comets are driven by the explosive polymer-

ization of hydrogen cyanide, HCN (Rettig et al. 1992).
If primordial Iapetus were somehow rich in HCN, the
exothermic polymerization reaction would have both pro-
duced poly-HCN and driven the extrusion process. Murchi-
son organic residue may also be typical of a wide variety
of organic solids processed over long periods of time under
high temperatures and pressures, as in the Iapetus interior.
Indeed, a combined exogenous/endogenous hypothesis
may be satisfactory (see below).

Phoebe Dust

There are two major obstacles to the otherwise attractive
hypothesis that the Iapetus dark material is impact-ejected
from Phoebe, spirals in toward Saturn, and is then collected
preferentially on the leading hemisphere of Iapetus. One
obstacle is the photometric dissimilarity of the two satel-
lites. Phoebe has an albedo of 0.046–0.060 (Thomas et al.
1983) while the darkest region of Iapetus has an albedo
p0.024 (Squyres et al. 1984). And from Voyager photome-
try Phoebe has an OR/VI color of 1.05 while the Iapetus
dark material has a color of 1.45 (Squyres et al. 1984).
Phoebe also has an absorption feature at p1 em which is
not seen on Iapetus (Tholen and Zellner 1983). Albedo
and color, however, vary with particle size and scattering
properties, so these arguments are not particularly persua-

FIG. 1. Schematic surface profiles of ice and organics producing a sive. Furthermore, the dust may also change composition
dark leading hemisphere, a few bright-floored craters at the edges of

during ejection from Phoebe (e.g., by vaporization of theCassini Regio, and a few dark-floored craters on the bright trailing hemi-
ice) and impact on Iapetus (e.g., by mixing with surfacesphere. The profiles run from the apex to the antapex of motion along

(a) the equator and (b) the apex–antapex meridian, passing through the material). In fact, some mixing with the water ice on Ia-
pole. The ice and dark layer thicknesses crudely follow the impact flux petus must occur in order to explain the albedo gradient.
contours for interplanetary material. Bright-floored craters within Cassini It has been suggested that the outermost 0.1–0.5 mm of
Regio are produced by impacts that excavate brighter material below

Phoebe’s surface has been heavily processed by cosmicthe dark layer, and dark-floored craters on the trailing hemisphere are
rays while deeper ice remains unaltered (Strazzulla 1986).produced when an impact penetrates the surface layer of ice and excavates

underlying dark material. The bulk of the material transported to Iapetus, then,
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would not share the observed spectral properties of Phoebe with velocity greater than v scales as v2b, where Tabak and
Young take b 5 1.7. Of the ejecta that can escape Iapetus(Strazzulla 1986). The higher processing of Phoebe’s sur-

face, however, would make it darker than the underlying the fraction with velocity greater than v is (v/ve)21.7, where
ve 5 0.6 km sec21 is Iapetus’s escape velocity. After escap-ice. But if this underlying ice is the source of the dark

material on Iapetus, Phoebe’s surface should be darker ing Iapetus’s gravity well, one-half of the escaping mass
will have a velocity relative to Iapetus in the range 0.1vIthan Iapetus’s. This is not the case.

A second and more formidable obstacle to the Phoebe to 0.4vI, with the median mass at 0.2vI, where vI 5 3.3 km
sec21 is Iapetus’s orbital velocity. Given the direction oftransfer hypothesis is the photometric contours on Iapetus.

Phoebe dust, spiraling in on retrograde orbits, should im- ejection, the orbit of each particle is uniquely determined.
In Fig. 2 we follow the evolution of particles ejected frompact Iapetus’s leading hemisphere with some spillover onto

the edge of the trailing hemisphere by particles with non- three points on Iapetus: (a) apex; (b) anti-Saturn point;
and (c) antapex. Each set of particles is ejected with veloci-zero eccentricities (S. Soter, personal communication,

1994; Burns et al. 1994). The antapex, meanwhile, will be ties of 0.1vI and 0.4vI and a directional scatter of 6458
from the surface normal. After just a couple of orbitalcompletely shielded from Phoebe particles. Grazing im-

pacts from particles on retrograde orbits requires an eccen- periods, the debris trains encircle Saturn and quickly add
loops to their spiral. Although early on only a part oftricity of 1 or an inclination p908. The poles, however, can

be hit by any orbit. In fact, because Iapetus has an orbital Iapetus’s orbit intersects the cloud, averaged over the
whole orbit the number of particles encountered will beinclination p158, Phoebe dust will be able to reach beyond

the poles by approximately this amount. The flux of Phoebe roughly the same as later when the particles have diffused
to intersect the entire orbit at all times. Within a few years,dust at Iapetus’s antapex, therefore, should be minuscule

compared to the flux near the poles. Whether the low then, the ejected debris effectively diffuses to the point
albedo is caused by erosion, deposition, or vaporization,
the antapex should clearly be the brightest spot on Iapetus.
Instead, Squyres et al. find the brightest spot to be near
808 latitude on the trailing hemisphere exactly as predicted
by the Cook and Franklin model of the flux of interplane-
tary particles onto Iapetus. For this reason and, to a lesser
degree, because of the difficulties emerging from spectro-
scopic comparisons, we rule out the Phoebe dust hy-
pothesis.

Reaccreted Ejecta

Similar to the Phoebe dust model, the Tabak and Young
(1989) model has Iapetus accreting circumsaturnian mate-
rial subjected to Poynting–Robertson (P-R) drag. Rather
than being particles from Phoebe on retrograde orbits, the
dust is Iapetus material put into prograde orbits following
a high-velocity comet impact. The heat of the impact vapor-
izes much of the ice, which would then rapidly dissipate.
The material preferentially left in ballistic orbits is the dark
involatile component from Iapetus’s surface and, to some
degree, from the comet.

Tabak and Young (1989) found that material ejected in
the direction of Iapetus’s motion with a velocity 1.1 times
Iapetus’s orbital velocity will accrete on the trailing hemi-

FIG. 2. Evolution of coplanar particles ejected from Iapetus at the
sphere for the first 55% of the time during which it crosses apex, anti-Saturn point, and antapex, as seen in Iapetus’s corotating
Iapetus’s orbit. Tabak and Young claim that most of the frame. The plotted curve connects the set of particles ejected with velocity

0.1vI and 0.4vI and in a direction 6458 from the surface normal. Iapetus’saccretion occurs in the last 45%, during which time it ac-
orbit (dotted circle) and location (small solid circle) are shown. Regardlesscretes onto the leading hemisphere, because the debris
of ejection direction, after just a few orbits the spread in ejection velocitycloud is more diffuse later in its evolution and will encoun-
and direction produces a debris train that encircles Saturn and intersects

ter Iapetus more efficiently. Assuming a reasonable spread a significant fraction of Iapetus’s orbit. After a few years, the debris train
in ejection velocity and direction, though, this is unlikely will become so tightly spiraled as to be indistinguishable from a continuous

debris cloud.to be the case. Following an impact, the fraction of ejecta
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that it can be treated as a continuous cloud. The gravity
of Iapetus and the other satellites, Saturn’s oblateness, and
radiation pressure will further perturb the particles into
ever more-scattered orbits. We, therefore, conclude that
reaccretion of ejecta will occur throughout the available
time, with accretion decreasing over time as the available
material in Iapetus-crossing orbits decreases.

Since the orbits are prograde and may strike anywhere
on the satellite given the right semimajor axis, eccentricity,
and inclination [all of which vary due to radiation pressure
(Burns et al. 1979)], it is no simple matter to predict the
reaccretion flux contours for the dark material. Initially,
though, since all the orbits must pass through the point of
ejection, any ejecta from Iapetus will reencounter Iapetus
from a direction 1808 from the ejection direction. Material
can strike anywhere within the hemisphere whose surface
normal points in this direction, but for now we care only
about the central longitude and latitude. (In fact because of
the low encounter velocities, debris captured by Iapetus’s
gravity will be able to reach a short distance beyond the
hemisphere’s horizon.) If the orbit is coplanar with Iapetus,
material will also accrete at the mirror point about the

FIG. 3. Evolution of the reaccretion longitude for debris ejectedapex. An impact on the leading hemisphere thus results
from Iapetus with velocity 0.2vI and affected by Poynting–Robertsonin an early deposit on the trailing hemisphere, and vice
(P-R) drag. The ejection direction is measured relative to Iapetus’s motionversa. As the Poynting–Robertson effect decreases the and is parallel to Iapetus’s orbital plane. Initially, debris reencounters

semimajor axis of the particles, the particles encounter Iapetus from a direction 1808 away from its ejection direction and a
Iapetus at lower velocities, so accretion occurs closer to mirror point about the apex. As P-R drag decreases the semimajor axes

of the orbits, particles encounter Iapetus at slower velocities and thethe apex. Only when a particle’s apoapse passes through
longitude moves toward the apex. Very little time is spent accretingIapetus will accretion occur directly at the apex. Figure 3
material at the apex, but once the longitude moves to within 608 of itshows the evolution of the encounter longitude for copla- the maximum impact flux will be at the apex because of the overlapping

nar particles ejected in 4 directions with velocity 0.2vI rela- flux from the two mirror points of accretion.
tive to Iapetus. The time for this evolution is given in terms
of the orbital decay time due to Poynting–Robertson drag,
tP-R, which depends on the size and optical properties of of Iapetus and debris—including debris initially copla-

nar—on time scales shorter than the decay time of thethe dust; particles with radii p0.1–0.5 em evolve fastest
with tP-R * 5 3 104 years (Burns et al. 1979). Although orbits.

Because coplanar debris from any given direction willfor p1/2 of the time during which it is Iapetus-crossing,
forward-ejected debris will accrete on the leading hemi- have circular accretion flux contours centered at the en-

counter longitude on the equator, Iapetus’s elliptical al-sphere (as indicated by Tabak and Young), it does not
accrete near the apex except for a very short period towards bedo contours are the result of debris coming from a range

of directions. Tabak and Young assumed that the debristhe end. For p3/4 of the time, the debris accretes near the
limbs, 608 to 1208 from the apex. Backward-ejected debris accreted only near the apex (or antapex) so they postulated

a libration of Iapetus following the impact. Since Fig. 3always accretes on the leading hemisphere, but very little
time is available before the orbits decay outside the reach shows debris striking away from the apex, librations are not

necessary. Indeed because so much time is spent accretingof Iapetus.
Debris ejected away from Iapetus’s orbital plane will debris at the limbs instead of at the apex, librations are

detrimental in many cases; they result in excessive materialhave a relative inclination of p108. Initially this material
will accrete according to its ejection direction, but unlike striking the trailing hemisphere. Because Cassini Regio

extends to only p608 north and south, the impact fluxdebris with coplanar orbits, once the orbit decays a few
thousand kilometers it no longer intersects Iapetus’s orbit. cannot effectively darken a surface more than 608 away

from the maximum flux. Accretion of debris then needs toTherefore, debris in coplanar orbits will dominate the im-
pact flux. Noncoplanar debris is not necessarily unavailable be restricted to longitudes 308–1508, or else Cassini Regio

would be wider than observed. This implies an impact onfor accretion, though, because solar radiation and orbital
precession will continuously alter the relative inclinations the trailing hemisphere. If an opening angle of 458 for the
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escaping ejecta is assumed, the impact needs to occur tours even nearer the poles. One could postulate another
recent, but much smaller, impact on the leading hemi-within 158 of the antapex. Because it will be accreting

debris from both the eastern and the western directions, sphere which would deposit some material on the trailing
hemisphere, thereby partially darkening it. Or possibly, wethe apex will have the highest impact flux on the satellite

despite very little debris coming directly from the zenith. could be seeing the last remnants of a previous large impact
on the leading hemisphere *109 yrs ago being erased byThe volume of debris required to produce a layer p1

cm thick over 50% of the surface of Iapetus is p1016 cm3. impact erosion. Either of these would make it even more
improbable that this series of events would occur and pro-The total volume of ejecta the impact must produce is

(1016 cm3)/b«c, where b is the fraction of the ejecta that duce an albedo gradient so smooth and continuous. Dark-
floored craters on the trailing hemisphere also cannot beescapes from Iapetus, « is the fraction of the debris that

is dark material (the rest is assumed to be vaporized ice explained with this model, but because of the difficulty in
distinguishing between dark-floored craters and shadowedwhich is lost), and c is the fraction of the debris reaccreted.

Tabak and Young found b P 0.1 for high-velocity impacts. crater floors (cf. Bell et al. 1985) this failing need not be
the model’s fatal flaw.If an initially bright surface is assumed, the dark material

fraction needs to be very small: « & 0.01. The comet will
contribute some dark material but it will be reduced to its

Hyperion Debris
atomic components by the extreme shock temperatures
during impact (cf. Chyba et al. 1990). It is impossible to Tholen and Zellner (1983) note that Hyperion is a much

better spectroscopic match to Iapetus’s leading hemisphereobtain a reliable estimate of c without a detailed simulation
which includes all the perturbation sources, but given the than is Phoebe. This has led to a new model which proposes

that Iapetus accreted material ejected from the progenitorshort time available for reaccretion, the fraction of material
reaccreted is likely to be small: c ! 1. The ejecta volume of Hyperion when a large, p100–1000 km, comet struck

and disrupted the satellite (Matthews 1992). The similaritythen needs to be @ 1019 cm3. Therefore, the minimum
crater size is 100 km, which has a volume p1020 cm3. Voy- between Hyperion and Iapetus is overstated by Matthews

(1992) for two reasons, neither of which are serious obsta-ager coverage of the trailing hemisphere, especially south
of the equator, is too poor to rule out the presence of a cles for the model, though. First, Hyperion is p3 times

brighter than Iapetus’s leading hemisphere (Tholen andfresh crater this large. North of the equator there are sev-
eral craters 50–100 km in diameter, but they are closely Zellner 1983). Second, the Iapetus spectrum showing the

strong similarity is contaminated by bright ice at its poles,surrounded by smaller craters, suggesting too great an age.
The formation rate for craters .100 km is 1 every so the dark material by itself will be both much redder

and darker than the Hyperion surface. Both of these prob-p6 3 109 years. To prevent a .10-km crater from penetrat-
ing the thin dark deposit, the impact would need to have lems can be explained by simply claiming a water ice con-

tent on Hyperion’s surface that is higher than that onoccurred in the last p108 years. The probability of such a
recent impact is small, but as there are p10 icy satellites Iapetus’s leading hemisphere, including the contribution

from the poles.that could have been hit, the probability approaches about
1 in 6. That the impact must occur on the trailing hemi- The smallest orbit that is both Hyperion and Iapetus

crossing has a semimajor axis 0.7 times Iapetus’s and ansphere is another improbability. The cratering rate for
long-period comets varies only by a factor p3 from apex eccentricity of 0.43. This orbit is only slightly different from

the case examined previously for backward-ejected debristo antapex (Tabak and Young 1989), so it is not unreason-
able for this unique event to occur on the trailing hemi- from Iapetus. If it is assumed that sufficient material gets

put into Iapetus-crossing orbits, then the albedo patternsphere. Dust impacts will quickly churn the dark material
into the top 1 cm but will not be able to erode away the created will be very similar to that expected from the reac-

creted ejecta model. The longitude range over which mostdark layer for p5 3 108 years. At any instant, then, there
would be roughly a 1 in 3 chance of finding an Iapetus- of the debris accretes on Iapetus will depend on the velocity

distribution of the Hyperion debris, but we expect thelike asymmetry somewhere in the Solar System.
Since accretion is being restricted to a narrow range of range to be similar to the 308–1208 range found earlier.

Like the previous two models, the poles will be darkenedlongitude, the bright patches near the limb can be ex-
plained as shadowed slopes (cf. Bell et al. 1985). For the more than the antapex and there should not be dark-

floored craters on the trailing hemisphere.same reason, though, it suffers from the same flaws as the
Phoebe dust model: it cannot darken the antapex more The spectral similarity between Iapetus and Hyperion

seems more likely to be due to ejecta from Iapetus accret-than the poles. Although the accretion flux is dominated
by coplanar debris, some material also will be accreting ing onto Hyperion rather than vice versa. Although the

transport of dust from Phoebe to Iapetus is apparentlyfrom low inclination orbits which could encounter Iapetus
308 above and below the equator, extending the flux con- insufficient to influence Iapetus’s surface albedo, several
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factors make the transport of dust from Iapetus to Hyper- sphere than on the trailing, the mass loss will be greatest
on the leading hemisphere. If a bright surface covers a darkion more efficient. Most importantly, the ratio of surface

areas is much better. Instead of each square cm of Phoebe subsurface to a globally uniform depth, the dark subsurface
will be exposed first at the apex and then grow as areasbeing spread over 45 cm2 on Iapetus, the ratio is 25 : 1 for

Iapetus to Hyperion, an improvement of a factor of 1000. of lower flux erode to sufficient depth. The prototypical
such hypothesis is that of Cook and Franklin (1970), butSecond, because Iapetus is nearer Saturn, it will experience

a higher impact flux with a higher average impact velocity, Iapetus’s low mean density, 1.2 g cm23, rules out their
original suggestion of a silicate mantle being exposed. Athereby producing more ejecta. And third, because of the

much lower encounter velocity for dust impacting Hyper- generic model in which the dark subsurface is a thin layer
(compared to Iapetus’s radius) of unspecified origin canion, the dust is more likely to remain on the satellite instead

of being reejected into space. Iapetus’s higher surface grav- explain the observations without requiring a high mean
density. Several of the other asymmetry hypotheses canity will reduce the flux somewhat but not enough to counter

the other three effects. Since Hyperion will be accreting be invoked to produce the dark layer. For example, the
organics exposed to view might be a lag deposit or materialmaterial from both the leading and the trailing hemispheres

of Iapetus, Hyperion will have a higher albedo and a color produced in situ (see below). It is also possible that organics
uniformly extruded (or accreted) over the entire surface ofthat indicates a mixture of dark material and bright ice,

as is seen. Iapetus, covered with a thin ice deposit, and preferentially
eroded on the leading hemisphere might explain the data.Having found fault with the previous three models for

darkening the poles more than the antapex, we now pro- Using Eq. (3) of Cook and Franklin (1970), we estimate
an average erosion rate of 20 em Myr21 for Iapetus. Be-pose a possible solution to this problem. As discussed in

the previous sections, impacts on Iapetus will eject material cause of Iapetus’s orbital motion, the leading hemisphere
has both a higher impact flux and higher impact velocitiesinto orbit about Saturn. From our calculations for the reac-

cretion ejecta model, impacts on the leading hemisphere than the trailing hemisphere, giving an erosion rate that
varies from 7 em Myr21 at the antapex to 36 em Myr21 atproduce reaccretion deposits on the trailing hemisphere.

Once any of the preceding (or following) models produce the apex. Therefore, the ice cover would need to be p10
cm thick to allow, over 3.5 Gyr, erosion on the leadinga dark deposit on the leading hemisphere, that surface will

slowly be eroded by dust impacts. Of the small fraction hemisphere to uncover the underlying dark layer while the
lower erosion rate on the trailing hemisphere does not. Ifthat reaccretes, most of that will impact near 08 and 1808

longitude (see Fig. 3). Very little material will accrete at the ice layer was deposited during the heavy bombardment
era, the layer originally could have been as thick as 10 m,the antapex, but it does not take much dark material to

reduce the albedo of a surface from p0.5 to p0.3, perhaps assuming a lunar-like time evolution of the dust impact flux
(Chyba and Sagan 1992). Even thicker layers are probableas little as p1% of that eroded from the apex. A detailed

numerical treatment of the ejection and reaccretion of since large cometary debris will contribute to the erosion
rate in this era.debris from Iapetus, including all the perturbation sources,

is required before we know if this process is efficient
enough to exceed the flux of debris expected at the poles.

Lag Deposit
Until that time, we consider the reacreted ejecta and
Hyperion debris models to be only tentatively rejected; In hypervelocity impacts, some of the kinetic energy will

be converted into heat. If the process is efficient, the higherthe Phoebe dust model has additional photometric prob-
lems and remains untenable. vapor pressure surface materials will preferentially subli-

mate, leaving behind the more refractory materials (cf.This leaves a class of hypotheses in which photometric
contours are expected to follow the flux contours of inter- Hartmann 1980). If it is assumed that the amount of ice

lost through vaporization is equal to the amount of waterplanetary material which are elliptical around the apex,
avoid the poles, and have a saddlepoint at the antapex, ice that can be sublimated by the total conversion of kinetic

energy to heat, an upper limit of 15–60 em Myr21 is found.as observed by Voyager (Squyres and Sagan 1983) and
predicted a decade earlier by Cook and Franklin (1970)— Combined with the estimate for the physical erosion rate

given above, the steady-state concentration of dark mate-because Iapetus is moving through a swarm of interplane-
tary debris which is on average stationary in Saturn’s iner- rial in the deposit can be calculated: Take the top 1 cm of

the surface as having a uniform composition of « darktial frame but concentrated along the ecliptic:
material and 1 2 « ice overlying material of composition
«0 dark material and 1 2 «0 ice. At time zero « 5 «0. The

Impact Erosion
surface is being physically eroded at a rate de (in em/Myr),
and ice is being vaporized at a rate dv. The surface willHigh-velocity impacts will result in some ejecta escaping

Iapetus. Because more impacts occur on the leading hemi- thus be lost at a combined rate de 1 dv. In steady state the
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rate of dark material loss will equal the rate at which the atmosphere of nearby Titan), then irradiation by UV
photons and high-energy charged particles will convert thedark material is added to the top 1 cm from below: «de 5

«0(de 1 dv). For dv 5 30 and de 5 20 this gives mixture to higher hydrocarbons and CHO compounds (cf.
Squyres and Sagan 1983, Thompson et al. 1987, Khare et
al. 1989, 1993). Andronico et al. (1987) match both Iapetus«

«0
5 1 1

dv

de
5 2.5. and Phoebe with pure CH4 ice irradiated by high-energy

ions. At saturnian system temperatures, however, pure
methane ice is highly volatile. The vapor pressure at 80 K

Since the calculation of dv assumed that all of the im-
of methane ice is 20 mbar, which exceeds the hydrostatic

pactors’ kinetic energy goes into vaporizing the ice, this is
pressure &15 m below Iapetus’s surface. Therefore, pure

the maximum enhancement possible. Even then an en-
methane should be unavailable within the range of any

hancement of a factor of 2.5 in the concentration of dark
energy sources except decaying radionuclides and very

material is insufficient to convert a bright surface to very
high-energy cosmic rays—which would, however, require

low albedo. The erosion rate needs to decrease by a factor
.1012 years to darken the ice significantly (see below).

p6 to cause this enhancement factor to increase to p10,
Moreover, we have compelling observational evidence for

a value closer to that needed for producing a low albedo
abundant water ice on Iapetus (Fink et al. 1976, Clark et

lag deposit. Since some of the impactors’ kinetic energy
al. 1984), which is expected in any case on cosmic abun-

must go into the ejecta and forming craters in addition to
dance and vapor pressure grounds.

vaporizing ice, an even lower erosion rate than calculated
Methane clathrate is stable at these temperatures and

is required. And because the vaporization and erosion rates
the Squyres and Sagan (1983) model for the asymmetry

vary over Iapetus’s surface in roughly the same way, the
would predict ice tholin—the organic residue from the

entire surface will be similarly darkened, although the lead-
irradiation of hydrocarbon/water ices—as a major compo-

ing hemisphere will darken first. (Having the impacting
nent of the dark material. Although the best model for

particles come from Phoebe restricts the darkening to the
the dark material does not contain ice tholin, several mix-

leading hemisphere but would fail to explain the bright
tures with x2 , 2 do. Figure 4 plots the best mixtures

poles and slightly darkened antapex as described in the
containing ice tholin for each mixture type. As noted

Phoebe Dust section.) As a currently active process, then,
above, poly-HCN and Murchison residue are not unex-

the lag deposit model appears totally inadequate. How-
pected materials, so the HMI intraparticle mixture has

ever, in the early Solar System, when impact rates were
nearly as much reason to be expected as HMW—except

much higher and larger impactors saturated the surface
that the albedo gradient would require us to appeal to a

with craters, a thick global lag deposit may have formed
four-component mixture of HMI with water ice. As the

at the surface, later to be covered by ice. The ice would
absence of water ice allows a better fit at 2.0 em but a

then have been eroded on the leading hemisphere as in
worse fit at 0.4 em and 1.7 em, the best four-component

the Cook-Franklin hypothesis.
Compositionally, a lag deposit is consistent with our

model. Our best-fit mixtures contain Murchison residue
and poly-HCN. The former is of extraterrestrial origin, is
expected on C-type and other asteroids, and may well be
present on many other bodies in the Solar System. The
latter has not been positively identified on any Solar Sys-
tem object, although HCN is present in the Neptunian and
Titanian atmospheres (Marten et al. 1993; Hanel et al. 1981)
and is abundant in interstellar clouds (Irvine et al. 1987).
Also, as mentioned, in modeling 5145 Pholus we find some
component with properties similar to poly-HCN to be nec-
essary in all viable models (Wilson et al. 1994). The water
ice still present can be explained by incomplete devolatil-
ization of the surface, the churning of the surface by the
larger impacts, or outgassing and low-temperature deposi-
tion at the surface. FIG. 4. Comparison of the best Iapetus models containing ice tholin

with the dark material spectrum (cf. Fig. 1a of Wilson and Sagan 1995).
The mixture containing Murchison residue (HMI) provides a slightlyIn Situ Organic Production
better fit than the Titan tholin mixtures (HTI). In addition, because Titan

If methane ice or methane clathrate exists on Iapetus’s tholin is produced in an atmosphere while Murchison residue is found
in meteorites, the HMI mixture is more reasonable.surface (CH4 is the second most abundant constituent in
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energy events are active only p1% of the time (McGuire
et al. 1986). If it is assumed that the average solar flare
particle flux drops with heliocentric distance as r22, at Ia-
petus’s surface it is p2 3 1026 erg cm22 sec21. If distributed
uniformly through the object, the decay of extinct radionu-
clides delivers, after 4.5 Gyr, a total dose p1011 erg cm23,
the majority of which is deposited in the first few million
years by the decay of 26Al (Draganić et al. 1984).

A static surface with a hydrocarbon-to-water ratio p1 : 6
gets converted to complex organic material at the rate
ṁ p 2 3 10215 g erg21 (Khare et al. 1993). The mass fraction
of ice converted to organics at an irradiation level, f, is
f 5 1 2 exp(2ṁf). Ten percent of the irradiated layer
will be processed and the surface will be significantly dark-

FIG. 5. Comparison of the best intraparticle HMWI mixture with
ened when f P 5 3 1013 erg g21. The upper 0.1 em reachesthe best HMW and HMI mixtures. The particle size, D, and the reduced
this point in 500 years from the UV and solar wind fluxchi-squared, x 2, of each model fit are shown. The Squyres and Sagan

(1983) model for the asymmetry predicts ice tholin as a major component while deeper layers require .1011 years of either cosmic
in the dark material, but the best three-component composition model ray irradiation or solar flare activity. And unless there
(HMW) lacks ice tholin (Wilson and Sagan 1995). However, going to a are very large inhomogeneities in the concentration of
four-component model that adds ice tholin to the HMW mixture provides

radionuclides, processing by radionuclides is negligible. So,an equally consistent fit.
without a process capable of strongly concentrating deeper
organics into a lag deposit, only a very thin outer layer
exposed to UV photons and the solar wind experiencescomposite model of HMWI is graphed in Fig. 5 and com-

pared to the best HMW and HMI models. HMWI mixtures much in situ organic production. That this layer is only
p0.1 em thick will limit its ability to produce a dark surfacewith up to 15% ice tholin are as consistent with the observa-

tions as the HMW model. The Titan tholin in the particle at wavelengths l @ 0.1 em, since these photons will be
predominantly scattered by deeper, brighter ice.and areal HTI mixtures is less expected than Murchison

residue, since it is produced in an atmosphere, although, Now let us consider the effects of impact gardening. The
layer irradiated by UV photons and the solar wind getsagain, Titan tholin (or something similar) is required in

our modeling of 5145 Pholus (Wilson et al. 1994). In addi- mixed into the upper 1 mm on a 3000-year time scale, and
into the upper 1 cm on a 1.3 3 105 year time scale. In 500tion, the particle and areal mixtures have ice tholin only

in small (p10%) quantities instead of being the major spe- Myr the upper 1 cm is eroded away. During this time, the
top 1 cm will be exposed to on average p5 3 1014 erg g21cies as predicted by Squyres and Sagan.

This model has been criticized by Bell et al. (1985) on of irradiation, which will process 60% of the ice to ice
tholin. For a tholin density p2 g cm23 and an ice densitythe grounds that it fails to explain the presence of silicates

which make up 90% of the Bell et al. composition model p1 g cm23, tholin will make up p40% of the surface layer
by volume. The impact flux, erosion rate, and ice tholinof the dark material. Because we have shown it is possible

to explain Iapetus’s spectrum without silicates, this criti- production efficiency are all probably accurate only to a
factor of a few, so the predicted ice tholin concentrationcism no longer applies.

On Iapetus, the possible sources of irradiation are UV could easily be anywhere in the range 10–100 vol%. This
range encompasses the 35 vol% total organic concentrationphotons (l , 0.15 em), the solar wind, intermittent solar

flares, solar and galactic cosmic rays, and the decay of in the best model of the dark material as well as the 10
vol% ice tholin content in the best HMWI intraparticleextinct radionuclides. UV photons and the solar wind both

penetrate only to p0.1 em; solar flares produce energetic mixture and the particle and areal mixtures. Since the
irradiation dose is almost double that at which ice tholinparticles with energies of 0.1–100 MeV (Lin 1980) which

penetrate several centimeters; cosmic rays with energies was produced (Khare et al. 1993), conceivably some of
the ice tholin initially produced is further processed intoof many GeV can reach tens of meters beneath the surface;

and if distributed uniformly radionuclides will irradiate the something spectrally similar to poly-HCN and, especially,
Murchison residue (both of which are much more ab-entire object. The surface average fluxes of UV, solar wind,

and cosmic rays are 0.02 (Chyba and Sagan 1992), 0.01, sorbing in the visible than ice tholin).
However, there are several problems with this otherwiseand p0.01 erg cm22 sec21 (Thompson et al. 1987), respec-

tively. At 1 AU, energetic particles from solar flares reach promising model. First and foremost, the albedo contours
and asymmetry are not directly explained by the impactdifferential fluxes p1023 (cm2 sec sr MeV)21 for 2-MeV

particles and scale approximately as E 22, but these high- flux gradient, since the mixing-to-erosion rate should be
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approximately constant over the entire surface. If the System)—shows such a striking albedo asymmetry. There
are mild interhemispheric asymmetries elsewhere in themethane concentration is constant over Iapetus’s surface,

the lower impact flux on the trailing hemisphere means Solar System, but often in the opposite direction, with
brighter leading and darker trailing hemispheres (Veverkathat the ice there should be exposed to higher irradiation

levels before being eroded away; the leading hemisphere, 1977). Also the demarcation is not nearly so sharp as on
Iapetus. Both Rhea and Dione have orbits interior to Ia-conversely, would experience lower irradiation levels than

calculated above. An asymmetry opposite to what is ob- petus and should have larger impact fluxes and flux gradi-
ents (Shoemaker and Wolfe 1982), but they have brighterserved should, therefore, be seen. A compositional gradi-

ent in hydrocarbons and CHO compounds that follows the leading hemispheres. Dione’s asymmetry is larger, with a
factor p1.6 difference between the two hemispheres (Vev-impact flux gradient—the higher the flux, the higher the

organic content—is therefore needed. Deposition of meth- erka et al. 1986) compared to Iapetus’s p5 (Cruikshank et
al. 1984). Were all other conditions equal, these satellitesane-depleted ice on the trailing hemisphere by ballistic

diffusion due to the impact gradient has been suggested might be expected to display an albedo asymmetry even
more striking than Iapetus’s. If the source of the Iapetus(Squyres and Sagan 1983). If lateral diffusion of material

over large distances were important, though, it should also dark material were carbonaceous chondritic organics, or
something like poly-HCN of interplanetary origin, thenoccur on other airless satellites of similar size and remove

all regional albedo contrasts, but this is not the case (e.g., many of the objects in the Solar System should have such
surface coatings. Likewise, if the hypothetical extrudedthe wispy terrain on Rhea and Dione). And since the

amount of ejecta deposited would decrease with distance organic material were common in the deep interiors of
many satellites, we would expect to see albedo asymmetriesfrom the crater, most of the methane-depleted ice would be

deposited near the crater, thereby preventing any further elsewhere, particularly in satellites more massive than Ia-
petus. On the other hand, if the organic material is pro-darkening. Finally, once the steady-state concentration of

organics is reached all of the ejecta should be as dark as duced in a very thin surface layer, bodies with impact fluxes
significantly higher and/or irradiation fluxes significantlythe surface.

The second problem with UV/solar wind darkening is lower than those of Iapetus may not have enough time to
darken before the layer is eroded away or mixed to depth.that the above estimate of the steady-state organic concen-

tration assumed the maximum hydrocarbon content of Or, if a thin ice layer is being eroded, bodies with different
impact fluxes and/or ice thicknesses may either havemethane clathrate (CH4 : H2O p 1 : 6) remaining constant.

It is, instead, probable that the top 1 mm will lose some eroded the ice layer globally or not have penetrated the
ice layer on the leading hemisphere yet. Alternatively, ifof its volatiles before the surface reaches steady state. Since

only p0.05 em of ice is converted to dark organics in each a large comet impact resulted in a recent thin deposit of
dark debris, the rarity of the event would preclude more1-mm turnover time, by the 1-cm turnover time this layer

will have experienced p40 impacts, but only have a 0.2 than one instance of the asymmetry in the Solar System.
The solution to the mystery of Iapetus’s uniquenesswt% organic concentration. Each impact will shock the

layer and fracture the ice particles, releasing some methane seems to involve some compositional anomaly about Ia-
petus. In fact, Iapetus is near the boundary indicated bygas from its clathrate cage. By the time a 60-wt% organic

concentration is reached, the ice will have experienced, thermochemical models of the origin of the Saturn system
at which methane clathrate is expected to have condensedassuming the range of fracturing is limited to the physical

size of the crater, p20000 1-mm impacts and p4000 1-cm out of the circumsaturnian nebula (cf. Pollack et al. 1976).
Because of the muted spectral signature of CH4 in low-impacts. It is unreasonable to assume that this amount of

shocking will not affect the methane concentration at the occupancy methane clathrate (Smythe 1975) and the ‘‘self-
hiding’’ aspect of CH4 in mixed ices (Thompson et al. 1987),surface. The 10–100 vol% organic concentration is, there-

fore, only an upper limit for a surface with an initial hydro- no contradiction is implied by the apparent absence of
CH4 spectral features on Iapetus. Clearly CH4 has con-carbon-to-water ratio p1 : 6. In addition, lower initial ratios

will have proportionately lower final organic concentra- densed out at Titan, which is interior to Iapetus. Hyperion,
located between Titan and Iapetus, has a nonsynchronoustions.

A comparison of the models with the observations is and chaotic rotation (Thomas et al. 1984, Wisdom et al.
1984), preventing any hemispheric asymmetry from form-presented in Table II.
ing. Phoebe shows no significant albedo asymmetry, but
because of its retrograde motion, it is thought to be anTHE UNIQUENESS OF IAPETUS
object captured by Saturn subsequent to the formation of
the Saturn system; if it formed in the circumsolar disk itOne further discriminant among models may be pro-

vided by the question of why Iapetus—alone among satel- would be CH4-poor (Prinn 1993). Thus, models which posit
processing of methane may be preferred.lites of the Saturn system (or indeed, anywhere in the Solar
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TABLE II
Truth Table

Smooth and Bright spots Dark spots
Low Apex Poles elliptical only near on trailing

Model albedo darkest brightest contours edges hemispherea Major weaknesses

Endogenous ex- Y N N N ? Y Unlikely for material to be concentrated at
trusion apex with proper contours

Phoebe dust ? Y N Y Y N Antapex should be higher than poles

Reaccreted Y Y N Y Y N Unlikely for a suitably large impact to occur
ejecta near the antapex in the past 108 years

Hyperion debris Y Y N Y Y N Requires p1 km worth of debris accreted
on leading hemisphere but none at pole
or antapex

Impact erosion ? Y Y Y Yb Yc The origin of the dark layer not explained:
primordial?

Lag deposit N N N N ? ? Insufficient energy in impacts to vaporize
enough ice; no asymmetry expected

In situ organics Y N N N Y ? Reverse asymmetry expected

Hybrid: extru- Y Y Y Y Yb Yc Requires two periods of global resurfacing:
sion and im- the first produces a thick dark organic
pact erosion layer, and the second a thin overlying ice

layer

a Many of these may in fact be shadows (Bell et al. 1985).
b The dark layer must be more than several kilometers thick at apex and less than this at the western edge of Cassini Regio.
c The dark layer must be global and thin enough (or vary in thickness enough) for some craters to completely penetrate the layer on the trailing

hemisphere and produce bright-floored craters (see Fig. 1).

The model most capable of producing the observed no impact asymmetry in the Jupiter satellite system nor
interior to Titan in the Saturn system because the forma-hemispheric asymmetry is one that proposes a thick layer

of organics—be it a lag deposit, extruded material, ac- tion temperatures there were too high for significant quan-
tities of methane to be condensed. In the Neptune system,creted debris from Iapetus or Hyperion, or irradiated hy-

drocarbon ices—to be produced no later than shortly after Triton’s atmosphere (Stone and Miner 1989) prevents an
impact-induced asymmetry from forming because of (1)Iapetus’s formation, covered by a thin ice deposit, and then

excavated on the leading hemisphere by impact erosion. seasonal ablation and deposition of ice and (2) the
shielding of the surface from impactors with m , 1022 gThe necessary thickness—a few kilometers—of the dark

layer, however, precludes the organics from having formed (cf. Bell 1984). Nereid’s highly eccentric orbit makes it
unlikely to have synchronous rotation (Stone and Minerin situ from irradiated methane clathrate and concentrated

into a lag deposit, since there does not exist an intense 1989). In addition, Nereid and the small satellites interior
to Triton may be too small to have produced and extrudedenough radiation source to produce sufficient organic ma-

terial to avoid requiring the vaporization of hundreds of as much dark material and/or water ice as Iapetus.
The large satellites of Uranus, in contrast to the satelliteskilometers of ice. Instead the organic material would need

to have been accreted; but then other satellites, regardless already dismissed, share most of Iapetus’s physical charac-
teristics. They are airless, are similar in size to Iapetus,of size and composition, should also have accreted organics

and formed thick lag deposits, either directly or by reaccre- have synchronous orbits (Smith et al. 1986), and should
have similar methane contents (Prinn 1993). Thus the ab-tion of ejecta. Since these deposits are not seen, the dark

material is unlikely to be of primordial origin. If, instead, sence of an Iapetus-like asymmetry elsewhere in the Solar
System seems to follow naturally for models with thermo-the dark material is produced in the interior through ther-

mochemistry and then extruded, the satellite’s methane dynamic processing of methane—except for the Uranian
satellites.content and, possibly, size will be important in determining

how much dark material and ice is deposited on the surface. The reason the Uranian satellites do not share Iapetus’s
albedo asymmetry, despite the many physical similarities,It would follow from these ideas that there should be
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is explicable because of either higher erosion rates or, ing hemisphere (or enrich the leading hemisphere) of
methane. The failure of the lag deposit model appearsdespite the expectation to the contrary, lower methane

contents in the Uranian system. If the dust flux scales with insurmountable while the various circumsaturnian accre-
tion models seem improbable and/or incapable of produc-cometary impacts, the surface of the Uranian satellites will

be resurfaced and eroded 2–20 times faster than the surface ing the proper albedo contours.
Finding a definitive answer will likely depend on a suc-of Iapetus (cf. Smith et al. 1982, 1986; Shoemaker and

Shoemaker 1990). Therefore, if a similar amount of ice cessful Cassini mission. Scheduled to arrive at Saturn in
2004 and remain in orbit for four years, Cassini will carrywas deposited on all these satellites, the higher erosion

rates in the Uranian system would have completely re- instruments with much higher spatial and spectral resolu-
tion than Voyager’s (Sandford 1992). Because it will orbitmoved the ice layers on these satellites. And if the circum-

planetary nebula from which the satellites formed was in Saturn, Cassini will be able to map all of Iapetus at 1-km
resolution (Murray 1992). During close fly-bys, resolutionsdisequilibrium, thereby reducing the quantity of methane

collected (Smith et al. 1986), the Uranian satellites may better than 100 m are possible (Murray 1992). The best
Voyager images of Iapetus have resolutions of only p10have experienced less internal thermochemistry and not

have extruded very thick layers of material. km (Smith et al. 1982). This increase in resolution will have
several important implications for the study of the darkA hybrid model of endogenous extrusion and impact

erosion is included in Table II and satisfies all of the obser- material: First, the surface cratering record will be ex-
tended to smaller and more abundant impactors, allowingvational constraints. Its major weakness is the need to

hypothesize two separate periods of global resurfacing. a better characterization of the impact history and regolith
turnover rates. Also, as noted above, if the dark layer isThe first produces a thick global layer of dark material on

which a thin layer of bright ice is, in a later period, de- relatively thin, large impacts will expose underlying bright
material. The Voyager images do not reveal bright spotsposited.
within most of Cassini Regio, so an upper limit of 108 years
is set for the darkening time, assuming a thin dark layer.CONCLUSIONS AND CONTRIBUTIONS FROM THE
A factor of 10 increase in resolution will decrease this timeCASSINI MISSION
by over a factor of 100 if no bright craters are seen. If
bright craters are seen, the thickness of the dark layer andGiven the many uncertainties, it is impossible to consider

our results as anything approaching conclusive. Neverthe- the rate at which it forms will be directly measurable.
Finally, the morphology of the transition region betweenless, an impact erosion model wherein the underlying dark

layer is extruded organics conforms best to the range of bright and dark material at all latitudes, as well as the
dark-floored craters (if they are real) on the trailing hemi-observational constraints on Iapetus and to the fact that

Iapetus is unique in the Solar System. Organic ices and sphere and the bright spots at the western edge of Cassini
Regio, can be probed. This may indicate independentlyliquids such as methane and ethane have very low densities

(p0.5 g cm23) and should be present in Iapetus’s interior. whether a subsurface dark layer is being exhumed or a
once bright surface is being darkened.Radiogenic heat and/or exothermic reactions (e.g., HCN

polymerization) will process some of the ices into dark The Cassini Visual–Infrared Mapping Spectrometer
(VIMS) can observe the wavelength range 0.35–5.1 em atorganic materials. With sufficient heating, a mixture of low-

density ices, liquids, and gases and denser organic solids spectral resolutions of 0.003–0.02 em with spatial resolu-
tion p1/16 that of the narrow-angle CCD camera (Baines(r P 2 g cm23) can be extruded from the interior of Iapetus.

Indeed, the best organic solid/water ice composition found et al. 1992, Murray 1992). Since Voyager lacked a near-
infrared spectrometer and the infrared spectrum of thefor the dark material (Wilson and Sagan 1995) has a density

r P 1.3 g cm23, which is only slightly higher than Iapetus’s dark material used here is only a model calculated from
ground-based hemispheric observations, Cassini will pro-bulk density of 1.2 g cm23. Near the surface, vaporization

of the ices and liquids is likely to produce geysers and vide the first true near-IR spectrum of the dark material.
It is conceivable that such high spatial and spectral resolu-explosive outbursts, spreading the dark organic/ice mix-

ture over the surface. The source of the overlying ice layer tion will usefully constrain the range of possible organic
constituents. While it should be difficult to find, as de-is unclear, but due to its thinness, global extent, and purity,

it could be the result of outgassing. After the thermochem- scribed above, explicit searches for local deposits of meth-
ane ice and clathrate are important to attempt. Becauseistry ceased to be energetic enough to force organics to

the surface, the remnant heat would produce water vapor of the spatial resolution it will be possible to study how the
spectrum changes in going from the apex to the boundarywhich could escape through fissures and partially condense

on the cold surface. region to the antapex. Spectra of the dark-floored craters
can also be isolated and compared to the dark material onRegarding the other models, in situ organic production

may work if some mechanism is found to deplete the trail- the leading hemisphere. Large differences would indicate
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that different processes produced the two features. Finally, DIVINE, N. 1993. Five populations of interplanetary meteoroids. J. Geo-
phys. Res. Planets 98, 17029–17048.a search for localized darkening processes on Dione and

DRAGANIĆ, I. G., Z. D. DRAGANIĆ, AND S. VUJOŠEVIĆ 1984. Some radia-Rhea—which may have retained some CH4 ice—might
tion–chemical aspects of chemistry in cometary nuclei. Icarus 60,be productive.
464–475.

FINK, U., H. P. LARSON, T. N. GAUTIER III, AND R. R. TREFFERS 1976.
ACKNOWLEDGMENTS Infrared spectra of the satellites of Saturn: Identification of water ice

on Iapetus, Rhea, Dione, and Tethys. Astrophys. J. 207, L63–L67.
This research was supported by NASA Grants NAGW 1870 and

HANEL, R., B. CONRATH, F. M. FLASER, V. KUNDE, W. MAGUIRE, J.NAGW 1896. P.W. was supported by the NASA Space Grant program,
PEARL, J. PIRRAGLIA, R. SAMUELSON, L. HERATH, M. ALLISON, D.the NASA Graduate Student Researchers Program, and the Z. Cartter
CRUIKSHANK, D. GAUTIER, P. GIERASCH, L. HORN, R. KOPPANY, ANDPatten Fellowship at Cornell University. We thank S. Soter, J. Burns,
C. PONNAMPERUMA 1981. Infrared observations of the Saturnian systemand D. Hamilton for helpful discussions, and J. F. Bell, T. Denk, and an
from Voyager 1. Science 212, 192–200.anonymous reviewer for useful comments on this manuscript.

HARTMANN, W. K. 1980. Surface evolution of two-component stone/ice
bodies in the Jupiter region. Icarus 44, 441–453.

REFERENCES
IRVINE, W. M., P. F. GOLDSMITH, AND A. HJALMARSON 1987. Chemical

abundances in molecular clouds. In Interstellar Processes (D. J. Hollen-ANDRONICO, G., G. A. BARATTA, F. SPINELLA, AND G. STRAZZULLA 1987.
bach and H. A. Thronson, Jr., Eds.), pp. 561–609. Reidel, Dordrecht.Optical evolution of laboratory-produced organics: Applications to

KHARE, B. N., W. R. THOMPSON, L. CHENG, C. F. CHYBA, C. SAGAN,Phoebe, Iapetus, outer belt asteroids and cometary nuclei. Astron.
E. T. ARAKAWA, C. MEISSE, AND P. S. TUMINELLO 1993. ProductionAstrophys. 184, 333–336.
and optical constants of ice tholin from charged particle irradiation ofBAINES, K. H., R. H. BROWN, D. L. MATSON, R. M. NELSON, B. J. BURATTI,
(1 : 6) C2H6/H2O at 77 K. Icarus 103, 290–300.J. P. BIBRING, Y. LANGEVIN, C. SOTIN, A. CARUSI, A. CORADINI,

KHARE, B. N., W. R. THOMPSON, B. G. J. P. T. MURRAY, C. F. CHYBA,R. N. CLARK, M. COMBES, P. DROSSART, B. SICARDY, D. P. CRUIK-

C. SAGAN, AND E. T. ARAKAWA 1989. Solid organic residues producedSHANK, V. FORMISANO, AND R. JAUMANN 1992. VIMS/Cassini at Titan:
by irradiation of hydrocarbon-containing H2O and H2O/NH3 ices: In-Scientific objectives and observational scenarios. In Proceedings, Sym-
frared spectroscopy and astronomical implications. Icarus 79, 350–361.posium on Titan (B. Kaldeich, Ed.), ESA SP-338, pp. 215–219.

KYTE, F. T., AND J. T. WASSON 1986. Accretion rate of extraterrestrialBELL, J. F. 1984. Callisto: Jupiter’s Iapetus? Lunar Planet. Sci. XV, 44–45.
matter: Iridium deposited 33 to 67 million years ago. Science 232, 1225–BELL, J. F., D. P. CRUIKSHANK, AND M. J. GAFFEY 1985. The composition
1229.and origin of the Iapetus dark material. Icarus 61, 192–207.

LIN, R. P. 1980. Energetic particles in space. Solar Phys. 67, 393–399.BURATTI, B. J., AND J. A. MOSHER 1995. The dark side of Iapetus: Addi-
MARTEN, A., D. GAUTIER, T. OWEN, D. B. SANDERS, H. E. MATTHEWS,tional evidence for an exogenous origin. Icarus 115, 219–227.

S. K. ATREYA, R. P. J. TILANUS, AND J. R. DEANE 1993. First observa-BURNS, J. A., D. P. HAMILTON, AND F. MIGNARD 1994. The contamination
tions of CO and HCN on Neptune and Uranus at millimeter wave-of Iapetus by Phoebe dust. Bull. Am. Astron. Soc. 26, 1160–1161.
lengths and the implications for atmospheric chemistry. Astrophys. J.

BURNS, J. A., P. L. LAMY, AND S. SOTER 1979. Radiation forces on small
406, 285–297.particles in the Solar System. Icarus 40, 1–48.

MATTHEWS, R. A. J. 1992. The darkening of Iapetus and the origin ofBURNS, J. A., AND M. S. MATTHEWS (eds.) 1986. Satellites. Univ. of Arizona
Hyperion. Q. J. R. Astron. Soc. 33, 253–258.Press, Tucson.

MCGUIRE, R. E., T. T. VON ROSENVINGE, AND F. B. MCDONALD 1986.CASSINI, J. D. 1676. The third satellite of Saturn discovered. Phil. Trans.
The composition of solar energetic particles. Astrophys. J. 301, 938–961.R. Soc. 12, 831.

MELOSH, H. J. 1989. Impact Cratering: A Geologic Process. Oxford Univ.CHYBA, C. F., AND C. SAGAN 1992. Endogenous production, exogenous
Press, New York.delivery and impact-shock synthesis of organic molecules: An inventory

MURRAY, C. D. 1992. The Cassini imaging science experiment. J. Br.for the origins of life. Nature 355, 125–132.
Interplanet. Soc. 45, 359–364.CHYBA, C. F., P. J. THOMAS, L. BROOKSHAW, AND C. SAGAN 1990. Com-

POLLACK, J. B., A. S. GROSSMAN, R. MOORE, AND H. C. GRABOSKE, JR.,etary delivery of organic molecules to the early Earth. Science 249,
1976. The formation of Saturn’s satellites and rings, as influenced by366–373.
Saturn’s contraction history. Icarus 29, 35–48.CLARK, R. N., R. H. BROWN, P. D. OWENSBY, AND A. STEELE 1984.

PRINN, R. G. 1993. Chemistry and evolution of gaseous circumstellarSaturn’s satellites: Near-infrared spectrophotometry (0.65–2.5 em) of
discs. In Protostars and Protoplanets III (E. H. Levy and J. I. Lunine,the leading and trailing sides and compositional implications. Icarus
Eds.), pp. 1005–1028. Univ. of Arizona Press, Tucson.58, 265–281.

RETTIG, T. W., S. C. TEGLER, D. J. PASTO, AND M. J. MUMMA 1992.COOK, A. F., AND F. A. FRANKLIN 1970. An explanation of the light curve
Comet outbursts and polymers of HCN. Astrophys. J. 398, 293–298.of Iapetus. Icarus 13, 282–291.

SANDFORD, M. C. W. 1992. The Cassini/Huygens mission and the scientificCRUIKSHANK, D. P., J. F. BELL, M. J. GAFFEY, R. H. BROWN, R. HOWELL,
involvement of the United Kingdom. J. Br. Interplanet. Soc. 45,C. BEERMAN, AND M. ROGNSTAD 1983. The dark side of Iapetus. Icarus
355–358.53, 90–104.

SHOEMAKER, E. M., AND C. S. SHOEMAKER 1990. The collision of solidCRUIKSHANK, D. P., J. VEVERKA, AND L. A. LEBOFSKY 1984. Satellites
bodies. In The New Solar System (J. K. Beaty and A. Chaikin, Eds.),of Saturn: Optical properties. In Saturn (T. Gehrels and M. S. Matthews,
3rd ed., pp. 259–274. Cambridge Univ. Press, Cambridge.Eds.), pp. 640–667. Univ. of Arizona Press, Tucson.

SHOEMAKER, E. M., AND R. F. Wolfe 1982. Cratering time scales forDENK, T., R. JAUMANN, AND G. NEUKUM 1994. A new search for surface
the Galilean satellites. In Satellites of Jupiter (D. Morrison and M. S.features on the dark leading side of Iapetus. Bull. Am. Astron. Soc.

26, 1163. Matthews, Eds.), pp. 277–339. Univ. of Arizona Press, Tucson.



106 WILSON AND SAGAN

SMITH, B. A., L. SODERBLOM, R. BATSON, P. RIDGES, J. INGE, H. MA- TABAK, R. G., AND W. M. YOUNG 1989. Cometary collisions and the
SURSKY, E. SHOEMAKER, R. BEEBE, J. BOYCE, G. BRIGGS, A. BUNKER, dark material on Iapetus. Earth Moon Planets 44, 251–264.
S. A. COLLINS, C. J. HANSEN, T. V. JOHNSON, J. L. MITCHELL, THOLEN, D. J., AND B. ZELLNER 1983. Eight-color photometry of Hyper-
R. J. TERRILE, A. F. COOK III, J. CUZZI, J. B. POLLACK, G. E. DAN- ion, Iapetus, and Phoebe. Icarus 53, 341–347.
IELSON, A. P. INGERSOLL, M. E. DAVIS, G. E. HUNT, D. MORRISON, T.

THOMAS, P., J. VEVERKA, M. DAVIES, D. MORRISON, AND T. V. JOHNSON
OWEN, C. SAGAN, J. VEVERKA, R. STROM, AND V. E SUOMI 1982.

1983. Phoebe: Voyager 2 observations. J. Geophys. Res. 88, 8736–
A new look at the Saturn system: The Voyager 2 images. Science

8742.215, 504–537.
THOMAS, P., J. VEVERKA, D. WENKERT, G. E. DANIELSON, AND M. E.SMITH, B. A., L. A. SODERBLOM, R. BEEBE, D. BLISS, J. M. BOYCE, A.

DAVIS 1984. Hyperion: 13-Day rotation from Voyager data. NatureBRAHIC, G. A. BRIGGS, R. H. BROWN, S. A. COLLINS, A. F. COOK II,
307, 716–717.S. K. CROFT, J. N. CUZZI, G. E. DANIELSON, M. E. DAVIES, T. E.

THOMPSON, W. R., B. G. J. P. T. MURRAY, B. N. KHARE, AND C. SAGANDOWLING, D. GODFREY, C. J. HANSEN, C. HARRIS, G. E. HUNT, A. P.
1987. Coloration and darkening of methane clathrate and other icesINGERSOLL, T. V. JOHNSON, R. J. KRAUSS, H. MASURSKY, D. MORRISON,
by charged particle irradiation: Applications to the outer Solar System.T. OWEN, J. B. PLESCIA, J. B. POLLACK, C. C. PORCO, K. RAGES, C.
J. Geophys. Res. 92, 14933–14947.SAGAN, E. M. SHOEMAKER, L. A. SROMOVSKY, C. STOKER, R. G. STROM,

V. E. SUOMI, S. P. SYNNOTT, R. J. TERRILE, P. THOMAS, W. R. THOMP- VEVERKA, J. 1977. Photometry of satellite surfaces. In Planetary
SON, AND J. VEVERKA 1986. Voyager 2 in the Uranian system: Imaging Satellites (J. A. Burns, Ed.), pp. 171–209. Univ. of Arizona Press,
science results. Science 233, 43–64. Tucson.

SMYTHE, W. D. 1975. Spectra of hydrate frosts: Their application to the VEVERKA, J., P. THOMAS, T. V. JOHNSON, D. MATSON, AND K. HOUSEN

outer Solar System. Icarus 24, 421–427. 1986. The physical characteristics of satellite surfaces. In Satellites
(J. A. Burns and M. S. Matthews, Eds.), pp. 342–402. Univ. of ArizonaSOTER, S. 1974. Brightness of Iapetus. Presented at IAU Colloq. 28,

Cornell University. Press, Tucson.

SQUYRES, S. W., B. BURATTI, J. VEVERKA, AND C. SAGAN 1984. Voyager WILSON, P. D., AND C. SAGAN 1995. Spectrophotometry and organic
photometry of Iapetus. Icarus 59, 426–435. matter on Iapetus. 1. Composition models. J. Geophys. Res. Planets

100, 7531–7537.SQUYRES, S. W., AND C. SAGAN 1983. Albedo asymmetry of Iapetus.
Nature 303, 782–785. WILSON, P. D., C. SAGAN, AND W. R. THOMPSON 1994. The organic

surface of 5145 Pholus: Constraints set by scattering theory. IcarusSTONE, E. C., AND E. D. MINER 1989. The Voyager 2 encounter with the
107, 288–303.neptunian system. Science 246, 1417–1421.

WISDOM, J., S. J. PEALE, AND F. MIGNARD 1984. The chaotic rotation ofSTRAZZULLA, G. 1986. Organic material from Phoebe to Iapetus. Icarus
66, 397–400. Hyperion. Icarus 58, 137–152.


