
- 10 km to the south from slope diffusion 
modeling (16). This age agrees within uncer- 
tainty with our age of 2.6 ka. 

Our results indicate that most of the slip 
occurred at -24 to 20 ka and 7 to 0 ka. These 
times of increased activity were separated by 
a period of relative seisrnic quiescence. A 
similar time iilterval separates the period of 
activity at 20 to 24 ka frorn the next older 
36Cl age of -37 ka, suggesting that earth- 
quake activity on the Hebgen Lake fault is 
periodic. This temporal clusterirlg of paleo- 
earthquakes is sirnilar to that described else- 
where for the Great Basin (1 7, IS) and sug- 
gested for other intraplate faults (19). 
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Detection of Centimeter-Sized 
Meteoroid Impact Events in 

Saturn's F Ring 
Mark R. Showalter 

Voyager images reveal that three prominent clumps in Saturn's F ring were 
short-lived, appearing rapidly and then spreading and decaying in brightness 
over periods of -2 weeks. These features arise from hypervelocity impacts by 
-10-centimeter meteoroids into F ring bodies. Future ring observations of 
these impact events could constrain the centimeter-sized component of the 
meteoroid population, which is otherwise unmeasurable but plays an important 
role in the evolution of rings and surfaces in the outer solar system. The F ring's 
numerous other clumps are much longer lived and appear to be unrelated to 
impacts. 

The faint and ilarvow F ring orbits 3000 km 
beyorld the outer edge of Sah~ill's rnain ring 
system. It was discovered durirlg the Pioneer 
11 encounter in 1979 (1) but was imaged 
more clearly arld extensively by Voyager's 
cameras in 1980 and 1981 (2, 3). The Voy- 
ager images revealed a variety of peculiar 
stmctures within the ring, variously described 
as strands, kinks. clumps, and "braids." Many 
of these stmctures are now believed to be 
related to gravitational perturbations by the 
nearby "shepherding" moons Prometheus and 
Pandora (4-6). but details of the interactions 
remain mysterious. 

The F ring appears much brighter in for- 
ward-scattered than backscattered light, sug- 
gesting diffraction by a population of fine 
dust. Photometric rnodels reveal the dust to 
be predominantly <1 k m  in size (7). Such 
fine dust has a brief lifetime of lo3 to lo6 
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years against various drag forces and loss 
mechanisms (8 ) ,  so it rnust be replenished by 
an unseen population of larger parent bodies. 

After Voyager, the F ring was not seen 
again until 1995, during the crossings of 
Earth and sun through Saturn's ring plane. 
Obseivers reported a number of new moons 
near the F ring (9-11); however, with implied 
radii of - 10 km, these bodies were too large 
to have escaped detection by Voyager. They 
have lutegrated brightnesses comparable to 
that of the brightest clumps observed by Voy- 
ager (10). so clumps provide a much more 
plausible explanation for these "moons." The 
rlurnbers and locations of the clumps changed 
between observations in May, August, and 
November of 1995 (9-ll), suggesting that 
they are transient, with lifetimes <3 months. 

The 1995 images provided a firmer con- 
straint than the Voyager data set, which mere- 
ly showed that no rnajor clumps survived for 
the -9 months between encounters (12). 
However. the Voyager data set is much more 
extensive than any obtairlable from the 
ground, with reasonable resolution and nearly 
cornplete longitudinal coverage for periods of 
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-50 days surround~ng each encouater. Using and 2C' that were relatively stable for the 
analysis techniques introduced by Kolvoord 
et al. (6), I derived longitudinal profiles of 
the F ring's radially integrated intensity from 
each of 1500 images. By working in a frame 
rotating at the F ring's mean motion (13), 
features stay essentially fixed in location. 
Most images contain only a sulall segment of 
the ring. and signal-to-noise ratios are often 
very low. so profiles were grouped by time 
intencals and combined to improve loagitudi- 
nal coverage and quality (14). The result is a 
sequence of profiles showing how individual 
clumps evolve during each encounter (15). 

inten~ening week. but a foulth, labeled 2A. 
appears to be new. A time series of profiles 
(Fig. 2A) shows that clump 2A appeared 
suddenly in 5 4  days and then spread longi- 
tudinally while decreasing in brightness over 
the next 5 days that it could be observed. Of 
58 clumps, large and small, tracked in the 
ring profiles from both encounters, most 
show only ve1-y minor changes in shape and 
brightness over periods of 1 to 2 months (15). 
Only two other clumps, identified as 1C and 
1 J, show rapid changes like 2A (Fig. 2, B and 
C). The three clumps arise quickly (in periods 

A pair of profiles from just before and just of less than a few days). persist for - 15 days, 
after Voyager 2's closest approach (Fig. 1) and spread in full width by -0.3" per day. 
shows three major clumps labeled 2B. 2C, When they first appear, they are among the 

Fig. 1. Two complete longitudinal profiles of 
Saturn's F r ing f rom the Voyager 2 encounter. i? 1 - 
Each panel shows the ring's radially integrated 5 1 
intensity or "equivalent width"  as a function of 
longitude 0 in  a frame that  corotates w i t h  the 
ring, w i th  the mean mot ion derived by (13). 
The longitude reference is the ring plane's as- 
cending node on  Earth's equator of 81950; the 
t imereferenceisVoyager~sclosestapproachto 
the planet, 3:24:08 UT on 26 August 1981. 
Intensity I is specified by the dimensionless 90 180 270 360 

Corotating longitude 0 (') 
rat io I/F, where TF is the incident solar flux 
density. The top  panel was derived f rom 28  images 4.8 days before the closest approach; the 
bo t tom panel is f rom eight images 3.0 t o  4.5 days after the closest approach. The slight difference 
in overall amplitude of the profiles arises f rom the difference in  phase angle. In general, most  
structures are unchanged between the t w o  profiles, such as major clumps 2B, 2C, and 2C'. The one 
exception is an apparently new feature labeled 2A. 

brightest ring features. I dub these "burst 
eveats." Given that events occurring within 
-15 days of Voyager's closest approach are 
most likely to be observable. the frequeilcy of 
burst events is estimated to be one evei-gr -20 
days. 

The observed spreading rate of these fea- 
tures implies that the individual particles 
have raildo~n velocities of -4 m/s. Assuming 
that the random velocities are distributed iso- 
tropically, the corresponding range of semi- 
major axes should be - 100 krn. This value is 
several times the radial width of the brightest 
ring strand. Such an enhancement in radial 
width is in fact observed in clump 2A (Fig. 3, 
inset), the only one of these three events 
imaged at suitable resolution. The F ring's 
more cornmon and stable clumps show no 
such enhancement in width. 

The 4 m/s random velocity in these three 
events is typical of the ejecta from hypeive- 
locity impacts (8) .  Such high random speeds 
cannot arise from mutual collisions between 
F riug bodies because the ring's core is only 
a few kilometers wide. so relative velocities 
are much lower. For comparison, the other 
more numerous clulnps in the F ring (15) 
have longer lifetimes that are consistent with 
mutual collisions; these clurnps most liltely 
appear whenever two bodies collide and shed 
their loosely held coverings of dust (1 6, 17).  

To release the high-speed ejecta observed 
in bursts. a source of impactors from outside 

295 300 305 130 135 140 145 55 60 6 5 

Corotating longitude 0 (") Corotating longitude 0 (") Corotating longitude 6 (") 
Fig. 2. A t ime series of profiles for three time-variable clumps, designated the curve f rom the panel above is repeated as a dashed line t o  facilitate 
(A) 2A, (B) I C ,  and ( C )  1J. 2A is f rom the  Voyager 2 encounter and 1C comparisons. When the vertical scale of a panel is unlabeled, it is 
and 1J are f rom Voyager 1. Times relative t o  closest approach are given identical t o  that  of the panel above; the  scale changes between the first 
in units o f  days (d) at the top  right corner of each panel. In each panel, t w o  t ime steps o f  clump 2A t o  compensate for a change in phase angle. 
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the F ring is required. The amount of dust 
released in a hypervelocity impact is related 
to the size of the impactor. Observations of 
1C and 2A permit accurate photometry; both 
reflect light equivalent to that from a perfect- 
ly diffusing "Lambert" surface of area -2 
km2. The phase angle is 14" for 1C and 95" 
for 2A. Converting this brightness to a vol- 
ume of dust requires a model for the dust's 
size distribution, shape, and composition, 
which are not well known. I modeled the 
differential size distribution n(r) as a power 
law proportional to rPq, for particle radii r 
between cutoffs of r, and r, (7). I considered 
2.5 5 q 5 4.5, 0.001 pm 5 r, 5 1 pm, and 
1 pm 5 r2 5 100 pm (18). Shapes are 
modeled as spheres (with Mie theory) and as 
irregular, cubelike particles with a semi- 
empirical model (19). The refractive index 
usedis 1.31 forpure ice or 1.31 - 0.001ifor 
ice with a small dissipative component add- 
ed. In spite of this large variety of assump- 
tions, the implied volume of dust in a burst 
generally falls in the range 4 to 200 m3, 
corresponding to a sphere 1 to 4 m in radius. 

Studies of hypervelocity impacts show a 
linear relation between the mass of an impactor 
and the mass of the ejected dust, with typical 
yield factors of lo4?' (20). Assuming a com- 
parable density for the impactor and the ejecta, 
the impactors must therefore have radii of 2 to 
40 cm. The only plausible source of impac- 
tors in this size range is meteoroids falling 
in from outside the Saturn system. 

The flux of centimeter-sized meteoroids at 
Saturn is not well known. Current observa- 
tional constraints come from interpolations 
between Pioneer 101 1 1 meteoroid detector 
data applying to the 10-p,m range (21), from 
known populations of Centaur (Saturn-cross- 
ing) asteroids in the 10- to 100-km range, and 
also from extrapolations outward of better 
data on meteoroid impacts acquired in the 
vicinity of Earth. Recent modeling pegs this 
flux at 10-18'1.5 m-2 s - ~  (22), depending 

on the meteoroid radius chosen, as a one- 
sided flux that neglects the focusing caused 
by Saturn's gravity. This focusing factor is 
also poorly known. Tiny dust near Saturn is 
predominantly on cometary orbits that are 
focused by factors of 2 to 3, whereas larger 
bodies follow more circular, Centaur-type or- 
bits that are focused by factors of -50. 
Adopting a focusing factor of 3 to 30, the 
flux at the F ring is 10-L7'2 mP2 S-I. 

To predict the rate of impacts, we also need 
the ring's cross section in bodies large enough 
to produce a visible burst. For this purpose, the 
Voyager radio science (RSS) occultation data 
are most useful because they observed the ring 
with the longest wavelength A; in general, an 
occultation experiment is sensitive to particles 
with r 5 Al2~.  The RSS experiment reveals the 
ring's radially integrated optical depth Was 140 
and 75 m for A = 3.6 and 13 cm, respectively 

(7). Extrapolating to A .= 6 m (appropriate for 
detecting only meter-sized ring particles) im- 
plies W - 20 m, for a total two-sided ring area 
of 2 X 101° m2. Given the flux and the ring's 
cross section, one ring impact of the necessary 
size should take place every 60 days, with an 
uncertainty of a factor of - 100 in either direc- 
tion. The observed rate of once every 20 days 
falls well within this predicted range. 

The above calculations reveal that mete- 
oroid impacts are a plausible explanation for 
the burst events observed, although the num- 
bers are uncertain. The cratering record on 
planets and moons attests to the frequency of 
impacts, but the witnessing of such events is 
rare on Earth and almost unknown elsewhere 
in the solar system. 

It has long been recognized that meteoroid 
impacts can play a role in Saturn's ring sys- 
tem. The influx of meteoritic material drives 
the compositional (22, 23) and orbital (24) 
evolution of the rings. Impact ionization and 
vaporization are probably also responsible for 
the rings' thin "atmosphere" (25, 26). How- 
ever, the most marked and visible manifesta- 
tions of meteoroid impacts are probably the 
so-called "spokes" in Saturn's B ring (2, 3, 
20,27). In most models, spokes are triggered 
by a meteoroid impact, after which the eject- 
ed dust becomes electrically charged and then 
propagates by interactions with the local plas- 
ma and magnetosphere (28-30); however, the 
details of these interactions remain unsettled, 
and at least one alternative model does not 
require any impactor (31). Reports of spoke 
patterns recurring at Saturn's rotation rate 
(27) also suggest that impacts might not be 
required. Because the physics of burst events 
is so much simpler, the F ring provides less 
an~biguous evidence for ongoing impact pro- 
cesses in Saturn's rings. 

The cross section of the B ring is -2 X 

lo6 times larger than that cited above for the 
F ring. If a 10-cm meteoroid strikes a body in 
the F ring every 20 days, then a similar 
meteoroid should strike the B ring every sec- 
ond. For comparison, spokes have been ob- 
served to form at the rate of one every -600 
s (32). This difference is understandable if the 
impactor needed to produce a spoke is larger, 
perhaps - 1 m based on estimates of the slope 
of the meteoroid size distribution (22) and on 
the amount of plasma needed to form a spoke 
(20, 28). However, many spokes straddle 
synchronous orbit R,,,, where ring particles 
corotate with Saturn's magnetic field, and 
some models (28) suggest that only impacts 
occurring close to R,, can form such two- 
sided spokes. In this case, the observed rate 
of two-sided spoke formation would imply 
that smaller (and therefore more frequent) 
impactors are required. 

Over the long term, one might expect 
impacts to steadily erode away the F ring. 
However, this scenario depends on the ulti- 
mate destiny of the dust ejected. As noted 
above, dynamical models suggest that mate- 
rial spreads radially by - 100 km, a distance 
that encompasses the entire F ring but no 
other bodies except (rarely) Prometheus. 
Thus, the majority of the ejecta eventually 
recollides with the ring, and little material is 
permanently lost. Dust ejected from an F ring 
particle will continue to pass through the ring 
plane twice on each orbit, with one of those 
passages close to the ring. If an ejected grain 
sticks to the first ring particle it strikes and 
the ring has a mean optical depth of 0.05 to 
0.1 (7), then the typical survival lifetime of 
ejected dust is 10 to 20 orbits or 7 to 14 days. 
This result compares favorably with the -2- 
week burst lifetimes observed (Fig. 2). 
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With an observed detection every 20 days, 
the F ring appears to be the solar system's most 
sensitive detector of meteoroids in the 10-cm 
size range. Give11 the number of rings known: 
this may seem surp~ising. Several ling proper- 
ties work together to make this so. First, the F 
ling is both narrow and optically thin, so an 
injection of a few cubic meters of dust is an 
observable event. A similar amount of material 
injected into a broader but faint ring such as the 
C ring or Cassini division would pass uimo- 
ticed. Second, with typical optical depths of 
-0.1, the ling is optically thick enough to 
represent a substa~ltial target for inlpactors; 
most analogous lings: such as Saturn's E and G 
rings. are fainter by many orders of magnitude. 
Third, because the ring is narrow, an ejected 
dust grain is less likely to recollide with a large 
particle during each passage through the ling 
plane: as a result, the lifetime of a burst event is 
enhanced. In reality, nalrow ringlets embedded 
in the Maxwell and Titan gaps of the C ring 
may senTe as comparable detectors but were not 
as well obsemed by Voyager. 

The flux of meteoroids has importance for 
the fo~mation of the ring systems and the 
lifetimes of satellites. Results for the F ring 
raise the possibility that, by better calibrating 
our "detector." we could place new and im- 
portant constraints on the flux of meteoroids 
in this inte~mediate'size range. Fu~ther obser- 
vations by the Hubble Space Telescope or the 
Cassi~li Orbiter should malte this possible. 
Furthermore, a closer look at the F ring 
should reveal the Inore frequent, smaller 
bursts that were presu~nably overlooked in 
this analysis, possibly yielding the slope of 
meteoroid influx throughout the 1- to 100-cm 
range. It may also be possible to detect an 
asymmetry in the longitudes where bursts 
originate, as would be predicted by some 
models of ~neteoroid bo~nbard~nent (20): this 
asymmetry, in t u n ,  could shed light on 
whether the projectiles are approaching Sat- 
urn on cometary 01: Centaur-like orbits. with 
i~nplications for their dynamical origin. 
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Neptune's Partial Rings: Action 
of Galatea on Self-Gravitating 

Arc Particles 
Heikki Salo* and Jyrki Hanninen 

Numerical simulations of Neptune's arcs show that self-gravity between mac- 
roscopic arc particles can prevent interparticle impacts and thereby stabilize 
their resonant confinement by Galatea, a satellite of Neptune. Stable subki- 
lometer arc particles provide a source for replenishing the observed dust and 
explain the clumpy substructure seen in arcs. A few confining kilometer-sized 
particles between the major arc components can account for the observed arc 
widths spanning several resonance sites. The modeled distribution of dust is 
consistent with observations and helps to explain how embedded satellites may 
affect the structure and evolution of planetary ring systems. 

Voyager 2 detected partial rings (arcs) around 
Septune in August 1989 (1).  confirmi~lg ear- 
lier Earth-based stellar occultation observa- 
tions (2). The obse~ved dusty material is con- 
centrated in four 4'- to lo0-wide arcs (3). 
with a total azimuthal spa11 of 40". The arcs. 
with optical depths of about .i.a - 0.1 are 
embedded in a diffuse Adams ring (7, - 
0.003) at a mean distance a = 62,932 km 
from Septune. Arcs contain unresolved 
clumps of bright objects, containing dust (ra- 
dius 1. < 100 p,m) and larger (1. > 100 p,m) 
particles (4). The dust contributes 50 to 95% 
of the total 7 of the arcs (5) .  The radial width 
of the arcs is PVa = 15 lun, and they show 
radial distortio~l with amplitudes of about 30 
lun, while for the diff~lse ring, TTrcl - 50 lun. 

The geometry and kinematic behavior of 
the arcs was explained by the resonant forc- 
ing due to the satellite Galatea. which orbits 
about 980 lun inside the arcs (6). Its 42:43 
corotation-inclination resonance (CIR) gener- 
ates 2mc = 86 evenly spaced corotation s~ tes  
around the ring (7) The guid~ng centers 
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(mean positions) of particles librate around 
these sites: which correspond to local maxi- 
ma in the gravitatio~lal potential (8) .  The 
nearby (- 1.5 km inward of CIR) 42: 43 outer 
Lindblad resonance (OLR) forces particles to 
have closed orbits in the reference frame of 
Galatea and is responsible for the obse~ved 
radial distortions of the arcs. 

Strictly speaking, the resonance model is 
only valid for ~nacroscopic particles. Besides 
Galatea's perturbations dust grains are affect- 
ed by radiation forces. The grains with i. < 
100 pm are removed from CIR sites and 
possibly also from the diffuse ring in less 
than 100 years, because of solar radiation 
pressure (9). However. larger grains in CIR 
sites are shielded from the secular effects of 
Poynting-Robertson (PR) drag, whereas out- 
side the sites: PR drag will drive them toward 
OLR which will increase their eccentricities 
(9). For example. icy grains will reach e - 
PVc,ja, coresponding to the width of Adams 
ring. on time scales T - 3 X lo3 (d l00  
pm) years. These short time scales suggest 
that the dust observed in CIR sites: and in the 
diffuse ring. is continuously replenished by 
impacts between ~nacroscopic arc pa~ticles. 
which are u~laffected by radiation forces. This 
scenario does not stabilize the arcs, however, 
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