
In addition to theoretical problems in- 
volved with the generation of an ozone hole 
in October 1958, there is the additional 
problem of explaining the low Dumont 
plate measurements in April and May 1958. 
Heterogeneous reactions on the surfaces of 
PSCs are necessary for massive losses of 
ozone, and PSCs form at temperatures be- 
low -78°C (7, 31). April 1958 tempera- 
tures of -60°C are too warm to form PSCs 
(19). It is also possible that chlorine acti- 
vation mav have occurred from the hvdrol- 
ysis of chlorine nitrate on the sulfate layer. 
This process requires temperatures below 
-63°C and a large burden of stratospheric 
chlorine. Antarctic observations during 
1992 indicated elevated levels of OClO 
beginning in mid-April 1992 as a result of 
the Pinatubo sulfate layer (32). However, 
although OClO levels were high, ozone 
levels were near normal. Therefore. even in 
the presence of both high levels of chlorine 
and high levels of volcanic aerosols, low 
ozone at Dumont in April and May 1958 
would have been unlikely. 
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Strontium Isotopic Composition of 
Mid-Cretaceous Seawater 

B. Lynn I ngram, Rodolfo Coccioni, Alessandro Montanari, 
Frank M. Richter 

The 87Sr/86Sr ratio in fish teeth separated from mid-Cretaceous marl and black shale from 
the northeastern Apennines and Venetian Alps (Italy) define three periods of low 87Sr/86Sr 
ratio at 121 to 124 million years ago (Ma), 1 10 to 11 5 Ma, and 89 to 91 Ma. The 87Sr/86Sr 
excursions correspond to oceanic anoxic events represented by the Livello Selli, Livello 
113, Livello Urbino, and Livello Bonarelli black shale marker beds and probably reflect an 
increase in the l o ~ - ~ ~ S r / ~ ~ S r  hydrothermal strontium flux associated with the emplacement 
of the Ontong-Java and Kerguelen plateaus (1 20 to 1 10 Ma) and the Caribbean Plateau 
(89 to 91 Ma). The modeled flux is consistent with the volumes and eruption rates of the 
oceanic plateaus but is far smaller than expected from the proposed Cretaceous crustal 
production rates of 50 to 1 Orpercent greater than modern. 

T h e  strontium isotopic composition of sea- 
water exhibits both large and small fluctu- 
ations throughout the Phanerozoic; these 
are attributed to changes in the riverine Sr 
flux controlled by orogenic uplifting and 
major glaciations, increased submarine vol- 
canism and sea-floor spreading rates, and 
overall changes in rock exposures and 

B. L. Ingram, Department of Geology and Geophyslcs. 
Unlverslty of Callfornla, Berkeley, CA 94720, USA 
R. Coccionl, lnstituto dl Geologla, Vla Santa Ch~ara 27, 
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A Montanarl, Osservatorlo Geologlco di Coldigioco, 
62020 Frontale dl Apiro (MC), Italy. 
F M. Richter, Department of Geophysical Sciences, 
University of Chicago, Chicago, IL 60637, USA 

eustatic sea level (1 -5). Modeling indicates 
that major fluctuations are closely tied to 
continental deformation rates for most of 
the Phanerozoic except for the period from 
300 to 90 Ma ( 5 ) .  During part of this 
period, between 125 and 90 Ma (the mid- 
Cretaceous). submarine volcanic activitv , , 

was greater, sea level was higher, thermo- 
haline circulation was markedlv different 
(61, and ocean temperatures were warmer 
than present (7). Sedimentary rocks with 
high amounts of organic carbon, represent- 
ing so-called "oceanic anoxic events," were 
deposited during discrete intervals of the 
mid-Cretaceous (8-1 1 ) . 
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Because the 87Sr/86Sr ratio in seawater 
reflects a balance of Sr from continental 
weathering and hydrothermal sources, 
knowledge of Sr isotopic variations in sea- 
water during the mid-Cretaceous may help 
constrain the causes for this exceptional 
preservation of organic carbon. For exam- 
ple, increased continental weathering rates 
would increase the flux of dissolved Sr with 
a high 87Sr/s6Sr ratio (modern average = 
0.711) and of nutrients to the oceans, 

Claystone, Clayey marl, Calcareous 
Marly claystone Marl marl 

Marly limestone, Black Chert 
Limestone shale 

Fig. 1. Generalized stratigraphy of the mid- 
Cretaceous pelagic sequence in the Umbria- 
Marche Apennines with the locations of major 
anoxic events (L.B., Livello Bonarelli, L.M.N., 
Livello Monte Nerone; L.S., Livello Selli; L.U., 
Livello Urbino; and L.113, Livello 113). T~ck 
marks on right side indicate stratigraphic level 
of samples. Tur, Turonian: M, Maiolica Forma- 
tion; SR, Scaglia Rossa Formation. 

causing an increase in oceanic primary pro- 
ductivity (1 0). Alternatively, an increase 
in sea-floor spreading, submarine volca- 
nism, and hydrothermal activity would in- 
crease the flux of Sr with a low 87Sr/86Sr 
ratio (modern average = 0.703), as well as 
the flux of reducing sulfide, thereby decreas- 
ing the oxygen content in bottom water 

Table 1. Stratigraphic information and isotopic 
(30). 

(12, 13). Earlier Sr isotopic data from 
mid-Cretaceous marine sedimentary rocks 
are too scattered to determine the relation 
between seawater Sr isotopic fluctuations 
and paleoceanographic and volcanogenic 
events (1 4, 15). In this study, we refine the 
mid-Cretaceous Sr isotopic curve using Sr 
separated from fish tooth apatite and evalu- 

results of analyses for samples used in this study 

Age 
Planktonic 

(Ma) 
foraminifera1 

zone? 

87Sr/86Sr 
average 

SE-2 
SE-3 
SE-4 
SA-3 
80-5 
BO-6 
PLG-112 
PLG-126 
SSA-66 
SSA-73 
SA-2 
PLG-177 
SA-7 
PLG-197 
SA-40 
PLG-252 
CA-23 
CA-25A 
CA-26B 
CA-27 
SL-3 
FB-6 
SL-4 
SL-17 
80-42 
BO-60 
80-79 
80-86 
BO-86B 
BO- 1 03 
80-427 
FU-2.71 

BO-BON 1 
SG-3 
VF-2 
VF-4 90.69 W.a. 2.1 5406 0.707475 
ME-63 90.68 W.a. - - 0.70751 1 
SG-11 90.68 W.a. 31.1 3908 0.70751 9 
BAC-BON 2 90.66 W.a. 3.3 5835 0.70751 0 
SG-16 90.63 W.a. 15.7 6864 0.707485 
FU-17.07 90.56 W.a. 2.1 5840 0.707527 
FO-6 89.35 H.h. 1.2 2051 0.707607 
FO-7 89.28 H.h. 0.4 2269 0.707524 

*Section abbreviations for samples located In the Umbrla-Marche Apenn~nes SA, Santa Anna; SE and SSA, 
"Apechlese" Road, BO, Bottacclone, PLG, Poggio le Guaine, CA, Castracclonl SL, Santo Lazzaro; FB, Fiume 
Bosso: FU, Furlo; BON, Bonarelll; ME, Megg~ano, BAC, Bacciardi, for those located In the Venetlan Alps VF, 
C~smon; SG, Segusino-Vas, FO, flrst occurrence TAbbrevlations G.m.-G.b , Globigerinelloides maridalen- 
sis-G blowi, G.f., G ferreolensis, G a,, G algerianus; T.b., Ticinella bejaouaensis, H.p., Hedbergella planispira: 
H.r -T p , H risch-T primula; R.a.-P b., Rotaliporal appennin~ca-Planomalina buxtofi, R.c., R. cushmani, W a,, 
Whiteinella archaeocretacea; H h., H helvetica. The planktonic foramlniferal blozonation is from Slgal (38) using 
the time scale of Harland and others (39). The ages were determined by asslgnlng an age of 124 5 to the G 
gottisi-G. duboisi zone, 11 2 Ma to the upper part of the T bejaouaensis zone, and 97 Ma to the top of the R 
apenninica-P. buxtorfi zone and assumlng constant sedlmentation rates ~n the stratigraphic intervals between 
these boundaries Cont~nuous, cyclic sedlmentation with a Milankovitch cllmate origln was demonstrated for the 
Sclsti a Fucoldi (40) as well as In the Scaglia Bianca Formation (41) 
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ate the relation between variations in the 
seawater 87Sr/86Sr ratio and major paleo- 
ceanographic and volcanogenic events by 
modeling the Cretaceous oceanic Sr budget. 

Fish teeth were separated from upper- 
most Barremian sedimentary rocks of the 
Maiolica Formation, the Aptian to upper 
Albian Scisti a Fucoidi Formation, and the 
upper Albian to lower Turonian Scaglia 
Bianca Formation. all ex~osed in the Um- 
bria-Marche region of the northern Apen- 
nines (Italy) and in the Venetian Alps 
(16). These formations consist of rhythmi- 
cally interbedded pelagic limestone and 
marl and of carbonate-poor shale (1 7-1 9) 
(Fig. 1). The Scisti a Fucoidi contains the 
Livello Selli of early Aptian age, a 1- to 
3-m-thick, organic-rich regional marker 
bed (1 9-21) that represents a global anoxic 
event (2 1-23). Other regional black shale 
horizons in the Scisti a Fucoidi include the 
Livello 113, the Livello Monte Nerone, 
and the Livello Urbino. The top of the 
Scaglia Bianca Formation contains a re- 
gional organic-rich marker bed known as 
Livello Bonarelli, which represents a global 
anoxic event near the Cenomanian-Turo- 
nian boundarv (24-26). , ~ 

Fossil fish tooth apatite was chosen for 
Sr isotopic analyses because it may preserve 
the original 87Sr/86Sr ratio of seawater more 
reliably than carbonate, particularly in old 
(>50 Ma), carbonate-poor sedimentary 
rocks. The fish teeth consist of apatite, 
which is usually coated with a protective 
phosphate rich in rare earth elements dur- 
ing diagenesis and is less soluble in water 
than carbonate (27). It also contains a 
much higher Sr concentration than average 
marine calcite [I000 to 6000 parts per 
million (ppm) in fish tooth apatite, as 
compared with 600 to 1500 ppm in carbon- 
atesl . In recrvstallized carbonate samules 
(for example, foraminiferal tests or mollusk 
shells), the amount of variation in the 
s7Sr/86Sr ratio depends on (i) the timing 
and rate of recrystallization, (ii) the propor- 
tion, 87Sr/s6Sr ratio, and Sr content of the 
noncarbonate phases in the sediment, and 
(iii) the burial depth and temperature, in- 
cluding proximity to oceanic basement 
(28). If compaction and diagenesis occurred 
soon after deposition, as is the case in many 
deep-sea carbonate rocks, the s7Sr/86Sr ra- 
tio of the recrystallized carbonate would 
probably not be significantly different from 
the original ratio. However, if recrystalliza- 
tion is prolonged as a result of a low 
sedimentation rate, the s7Sr/s6Sr ratio of 
the recrystallized carbonate may be shifted 
significantly from the original values (29). 

We measured the 87Sr/s6Sr ratios for 47 
fish teeth samples and converted the s7Sr/ 
86Sr ratio to a AS7Sr value by normalization 
to the modern seawater standard (30) (Ta- 
ble 1). We also measured Sr, Rb (Table I ) ,  

Nd, and Sm concentrations for the larger of 
the samples by isotope dilution (30). The 
Rb concentrations were generally less than 
10 ppm, except for two samples with Rb 
concentrations of 22 and 31 ppm, and Sr 
concentrations ranged between 369 and 
8337 ppm. The average Sm and Nd con- 
centrations were 1016 and 288 ppm, re- 
spectively (30). We assume that minimal 
postdepositional recrystallization of the fos- 
sil fish teeth has occurred because of the 
high Sr concentrations (3 l ) ,  with the ex- 
ception of four samples that had less than 
1500 ppm. 

The range of AS7Sr of the fish teeth is 28 
(or 28 x lop5 of the 87Sd86Sr ratio) (Fig. 
2A), much less than earlier data from fora- 
minifers and bulk carbonates (1 5), which had 
a range of 60 AS7Sr units between 90 and 125 
Ma (14, 15). In some levels with closely 
spaced samples, such as at 98 and 107 Ma, 
fluctuations in the A87Sr occur too rapidly to 
reflect original seawater. Because the shale 
matrix that encased the fish teeth contains a 
high proportion of detrital clay minerals with 
high 87Si-/86Sr ratios, we assume that the 
lowest s7Sr/86Sr ratio measured in the fish 
teeth for any age should provide the best 
estimate of original seawater. 

The data show that the 87Sr/86Sr ratio of 
seawater decreased by 8 x to 12 x 

10-5at124to121Ma, 114to110Ma,and 
91 to 89 Ma. These three periods corre- 
spond, in the Apennines, to the deposition 
of three prominent organic-rich black shale 
units: the Livello 113 and Livello Selli of 
Aptian-Albian age (32), and the Livello 
Bonarelli of Cenomanian-Turonian age. 

To determine the possible origin of these 
excursions, we calculated the Sr isotopic 
response that might be associated with pe- 
riods of especially rapid oceanic crustal 
production or massive magmatism associat- 
ed with the emplacements of large igneous 
provinces such as the Ontong-Java Plateau. 
For example, it has been proposed that from 
125 to 80 Ma, oceanic crustal production 
rates were 50 to 100% greater than during 
subsequent periods (33, 34). Larson (34) 
estimated an increase to 30 million to 35 
million km3/vear from about 20- million 

, , 
km3/year during the Aptian-Albian time. 
The emplacement of the Ontong-Java and 
Manihiki plateaus in the Pacific Ocean, 
and the Kerguelen Plateau in the Indian 
Ocean, also occurred during the Aptian- 
Albian (23). The volume of the Ontong- 
Java Plateau has been estimated at 24 mil- 
lion to 65 million km3 (23), corresponding 
to an emplacement rate between 8 and 22 
km3Iyear over a 3-million-year period (23). 

The proposed increase in ocean crust 

Turonian Cenom. Albian Aptian Barrem. 

85 90 95 100 105 110 115 120 125 130 

L.Bonarelli L. Urbino L. 113 L. Selli . . . . ' . . . . ' . . . . ' . . . . ' n . . . ' . . . . ' . . . . ' . . . . ' . . . .  
85 90 95 100 105 110 115 120 125 130 

Fig. 2. (A) 87Sr/86Sr and Ae7Sr plotted against age for fish teeth samples from the mid-Cretaceous 
Italian pelagic sequences (squares), along with previously published data (15) from Deep-Sea 
Drilling Project (DSDP) site 167 (triangles) and foraminiferal limestones from Iran (diamonds). 
Barrem., Barremian. (B) The calculated hydrothermal flux of Sr. Oceanic plateaus and episodes of 
oceanic anoxia represented by the Livello Bonarelli, Urbino, 113, and Selli are indicated. The 
horizontal line at 1.2 x loi0 mollyear represents the average hydrothermal flux and corresponds to 
the Cretaceous background level (5). 
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~roduction. as well as the formation of the 
large oceanic plateaus, should have resulted 
in a greater rate of hydrothermal exchange 
of Sr, accompanied by a substantial de- 
crease in the 87Sr/86Sr ratio of seawater. To 
determine the maenitude of this Sr isoto~ic u 

response, we used the following equation of 
Sr isotopic evolution for seawater (5) 

where N is the total number of moles of Sr 
in the ocean; R,, R,, and Rh are the Sr 
isotopic compositions of seawater, globally 
averaged riverine inflow, and hydrothermal 
input; t is time; and J, and Jh are the riverine 
and hydrothermal Sr flux in moles per year. 
We used as a baseline the Cretaceous Sr 
budget of Richter et al. ( 3 ,  in which N = 
1.25 x 1017 mol, J, = 2.2 x 10" mollyear, 
Rr = 0.710, Jh = 1.2 X 10'' mollyear, and 
Rh = 0.703. This hydrothermal flux value 
corresponds to an assumed background rate 
of crustal production of about 20 km3/year. 
Oceanic crustal production rates and sub- 
marine volcanism in excess of this will 
increase the hydrothermal exchange of Sr 
at a rate of 6 x lo8 mollyear per cubic 
kilometer of new volcanic material. assum- 
ing the present-day Sr exchange rate for 
submarine volcanic material. 

We first calculated the hydrothermal Sr 
flux necessary to produce the observed 87Sr/ 
"Sr ratio of seawater, assuming a constant 
riverine Sr flux (Fig. 2B). The average 
hydrothermal flux ( Jh) indicated by the Sr 
data is 1.2 x 10" mol/year, which is similar 
to the expected baseline for the Cretaceous 
(5) .  There are three periods where the 
hydrothermal Sr flux increased to 1.4 x 
10" mollyear (about 15% higher than 
background): at 123 to 121 Ma, 119 to 11 1 
Ma, and 92 to 90 Ma. The area under these 
peaks corresponds to the total amount of 

hydrothermal Sr produced by the extrusive 
component of the Ontong-Java and Ker- 
guelen plateaus (Fig. 2B). However, the 
estimated time interval of the emplace- 
ments of the Ontong-Java Plateau is 4 
million years younger than the hydrother- 
mal Sr flux peak (23, 35). It is difficult to 
compare ages with confidence because of 
the paucity of radiometric dating and in- 
complete sampling of the Ontong-Java Pla- 
teau [the Ontong-Java Plateau has been 
dated in only one Ocean Drilling Program 
(ODP) hole, and the estimated volume and 
emplacement rate vary by at least a factor of 
3 (23)l. The seawater Sr isotopic composi- 
tion may help constrain the magnitude and 
duration of the ocean   la tea us. 

We consider two hydrothermal flux 
models (Fig. 3). Changes in hydrothermal 
flux in the first are large and correspond to 
a r a ~ i d  increase in crustal ~roduction rate in 
the early Aptian to about 35 km3Iyear at 
about 120 Ma, followed by a linear decline 
back to about 20 km3Iyear at 70 Ma (33, 
34). In the second, we calculate changes in 
hvdrothermal flux in the 120 to 110 Ma 
time interval, corresponding to the extru- 
sive component of Ontong-Java and Mani- 
hiki plateaus and the Kerguelen Plateau 
volcanism (35). Com~arison of the actual ~, 

data to the calculated changes in the Sr 
isotopic composition of seawater suggests 
that the crustal production rates proposed 
by Larson (33, 34) are far too large (Fig. 
3B). Similarly, the hydrothermal fluxes of 
nutrients and C 0 2  linked with ocean anox- 
ia and a greenhouse climate may also be too 
large. It is possible, although not likely, that 
an increased flux of low 87Sr/86Sr. hvdro- 

r ,  

thermal Sr was offset by a corresponding 
increase in high 87Sr/86Sr Sr by accelerated 
continental weathering. A large decrease in 
the hydrothermal exchange rate during the 

Fig. 3. (A) The two cases of varying hydrother- 9 - 2.0 
ma1 Sr flux (fractional changes from a base 5 
value of 1.2 x l o q 0  mollyear) from which we 
have calculated seawater Sr isotopic changes. 
The curve with the larger change is a simplified og 
version of the Sr flux that would accompany gg 
changes in the rate of oceanic crustal produc- 1 0.5 
tion proposed by Larson (33, 34), assuming 
that the hydrothermal exchange of Sr per cubic -160 
kilometer of new oceanic crust was the same 
during the Cretaceous as it is today. The small- -180 

er flux changes in volcanic rock, associated 5 -200 
with 10 x lo6 km3 of lavas from the Ontong- k 
Java and Manihiki plateaus followed by 8 x 1 O6 -220 

km3 (35) of lavas from the Kerguelen Plateau -240 
(35), are also shown. (6) Comparison of the 
calculated Sr isotopic evolution of seawater, -260 

50 70 90 110 130 160 
when the only change in the Sr budget of the 
ocean is the hydrothermal flux (curves), to the Age (Ma) 

actual measured values (circles). The solid curve with values far below the actual data is the result 
for the larger of the two changes in the hydrothermal flux shown in (A). The solid curve falling more 
nearly through the data is for the hydrothermal flux changing in response to only Ontong-Java, 
Manihiki, and Kerguelen volcanism. 

mid-Cretaceous would likewise explain the 
lack of response in the seawater 87Sr/86Sr, 
although there is no evidence of this. In 
either case, we would not expect to see the 
Sr isotopic response to the submarine volca- 
nogenic events seen in our Sr isotopic data. 

Although our data suggest that the pro- 
posed crustal production rates of Larson 
(34) are unlikely, there is evidence in both 
amplitude and duration of the Sr isotopic 
composition in seawater for changes in the 
hvdrothermal flux associated with the em- 
placement of the Ontong-Java and Ker- 
guelen plateaus. The data are consistent 
with emplacement rates of extrusive rocks 
(35) of about 10 km3 over 3 million years 
for the Ontong-Java Plateau and 8 km3 in 5 
million years for the Kerguelen Plateau 
(Fig. 3). The Sr data also indicate a rapid 
decrease in seawater 87Sr/86Sr (caused by an 
increase in hydrothermal Sr flux) between 
89 and 91 Ma, coincident with the initia- 
tion of the emplacement of the Caribbean 
plateau basalts (36, 37). The decrease in 
seawater Sr isotopic composition recorded 
within the black shale horizons ~rovides 
evidence for a link between mid-Cretaceous 
submarine volcanoeenic events and in- - 
creased organic carbon preservation in the 
sedimentary record. Other periods of low 
87Sr/86Sr in Phanerozoic seawater may also 
be correlated with mantle ~ l u m e  events and 
oceanic anoxia. For example, a proposed 
mantle plume event in the Permian (34) 
correlates with the lowest 87Sr/86Sr in sea- 
water for the entire Phanerozoic (14). 
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Origin of Saturn's E Ring: Self-Sustained, Naturally 

Douglas P. Hamilton* and Joseph A. Burns?$ 
Saturn's diffuse E ring spans the region between 3 and 8 saturnian radii (R,), has its peak 
brightness near the orbit of the satellite Enceladus (3.95 R,), and is thought to be com- 
posed primarily of icy particles 1.0 ? 0.3 micrometers in radius. Such particles are shown 
to move periodically along highly elliptical paths that cross the orbits of several saturnian 
satellites; the resulting energetic collisions of E ring particles with embedded satellites are 
capable of sustaining the E ring at its current optical depth. With several reasonable 
assumptions, this model naturally selects Enceladus as the primary source of ring-material 
and may also provide mechanisms that explain the generation of the unusual amount of 
submicrometer dust in the neighboring F and G rings, the excess of OH molecules 
observed within the E ring, and the orbital brightness variations of nearby satellites. 

T h e  radial distribution, radial extent, and 
three-dimensional structure of Saturn's E 
ring ( I )  are consistent with the orbital 
dynamics of micrometer-sized particles in- 
jected at Enceladus (2, 3). Such particles 
move along paths that periodically become 
highly elliptical, instead of remaining cir- 
cular as typically assumed (Fig. 1). 

All bodies orbiting Saturn are uerturbed - 
by the planet's significant equatorial bulge, 
which causes elli~tical orbits to urecess in 
space while retaining their size and shape. 
Micrometer-sized dust grains are addition- 
ally influenced by strong nongravitational 
forces, principally electromagnetism and 
solar radiation pressure. The former arises 
because objects near Saturn invariably ac- 
quire negative electric potentials by sweep- 
ing up magnetospheric electrons and ions 
(2). Movement of these charged grains 
through Saturn's rotating magnetic field (4) 
causes a Lorentz force (2, 3),-the primary 
consequence of which is orbital regression 
(that is, elliptic orbits rotate in the direc- 
tion opposite to that induced by oblateness; 
as before, the orbital size and shape are 
unaltered). Finally, small grains are measur- 
ably perturbed by solar radiation pressure, 
which is directed radiallv awav from the sun 
(5); unlike the previously mkntioned per- 
turbations. radiation nressure induces a ue- 
riodic variation in orbital eccentricity. The 
amplitude of this eccentricity oscillation is 
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inversely proportional to the orbital preces- 
sion rate (2). 

When all these nerturbations act simul- 
taneously on E ring grains 1 p,m in radius, 
urecession from oblateness nearlv cancels 
regression from the Lorentz force, allowing 
eccentricities to become appreciable (Fig. 
2). The orbits of bigger (and smaller) par- 
ticles precess (or regress) rapidly enough 
that radiation pressure cannot induce such 
large eccentricities (Fig. 2). 

Because orbits transform from circles to 
ellipses and back again in just a few years 
(Fig. 2) ,  micrometer-sized material, even if 
introduced on a nearly circular path, swiftly 
covers a broad. flattened torus (Fie. 1). The " ,  

spatial distrib"tion of grains that have un- 
dergone such orbital changes after being 

_launched from Enceladus roughly matches 
(i) the observed radial profile of the E ring, 
(ii) the density peak centered on that sat- 
ellite (2), and (iii) the observed vertical 
structure (3). This close corres~ondence 

\ ,  

between the model and reality suggests that 
Enceladus is the nrimarv source of E rine 
material; moreove'r, the'fit to the E ring's 
radial and vertical urofiles is further im- 
proved if Tethys contributes additional ma- 
terial (3). 

The E ring shares the region between 3 
and 8 R, with an ensemble of moons that 
travel along nearly circular paths (Table 1); 
consequently, whenever the orbits of E ring 
particles become moderately eccentric, 
they cross the paths of these satellites (Fig. 
2). Given a satellite of radius R,,,, on a 
low-eccentricity orbit at radial distance 
a,,,,,,, a grain on a "crossing" orbit will 
strike the moon with an e-folding colli- 
sional time scale 
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