
lower signal-to-noise ratios. The data 
were filtered to obtain the power (or 

Reports intensity) in the coherent or "direct" 
component of the wave passing through 
the rings, excluding near-forward scat- 
tering by ring particles, which was also 
observed in the power spectra of the 
received signal as a Doppler-broadened 

Microwave Edge Diffraction by Features in Saturn's Rings: feature surrounding the coherent wave 
(3). Because the time of the Voyager 1 

Observations with Voyager 1 encounter was only slightly past the 
equinox for Saturn, the rings were only 

Abstract. Classical edge diffraction patterns are formed at centimeter wavelengths partially open, with an angle between the 
by several features of Saturn's rings. These patterns were discovered in 3.6- and 13- radio path and the ring plane of 5 = 5.9". 
centimeter radio signals from Voyager 1 during occultation by the rings. The Thus the length of the radio path through 
observed shapes are in agreement with theoretical patterns computed for screens of  the rings was 9.7 times its value at right 
perfectly abrupt edges having large but j ini te  opacity. Comparison with models in angles to the rings for both the physical 
which the opacity at the edge tapers t o  zero from ajinite value sets a new bound of  and optical distances (4). This high obliq- 
less than about 200 meters on the microwave edge thickness. Certain features of  the uity of the rings also affected the diffrac- 
data suggest a smaller upper bound of  about 130 meters o n  the edge thickness. tion geometry. At h = 3.6 cm the Fres- 

nel zone size was = 1.97 km 
Approximately 3% hours after its clos- Voyager 1 about 250 km interior to the measured at the rings in a plane perpen- 

est approach to Saturn, Voyager 1 edge of ring A (- 2.26 Rs; Fig. 2). dicular to the radio path. When correct- 
passed behind the rings (as seen from the Comparison of the observed diffraction ed for projective effects, the effective 
earth) for the purpose of radio occulta- with patterns calculated from models of Fresnel zone in the neighborhood of the 
tion studies of the ring structure and the edge leads to new limits on the edge of ring A was 15.2 km measured 
particle characteristics (1 ,  2). Strong mi- microwave thickness of the edge. along the radial direction from Saturn in 
crowave diffraction effects were ob- At the time of these observations Voy- the ring plane. 
served from the edges of a large number 
of ring features. This was surprising be- 
cause diffraction implies sharp transi- 
tions of material concentration on the 
scale of at most a few kilometers in a ring 
system that spans 280,000 km. We know 
of no a priori suggestions that such sharp 
transitions would be present. However, 
such features were observed to be com- 
mon throughout the ring system. We 

ager 1 was at a distance D = 2 15,000 km 
behind the rings and moving 21.3 kmlsec 
with respect to Saturn; its component of 
velocity in the plane of the sky perpen- 
dicular to the projection of the rings at 
the points of interest was 8.8 kmisec. 
The data consisted of high-rate samples 
of spacecraft transmissions at wave- 
lengths (A) 3.6 and 13 cm received by the 
NASA Deep Space Network 64-m-diam- 

The results shown give one example of 
edge diffraction (Fig. 2b, outer edge of 
ring A), one distinct example of slit dif- 
fraction (Fig. 2a, narrow gap inside ring 
A), and one example of an intermediate 
result (Fig. 1, Encke gap), where the 
effects of two edges of a slit are well 
separated. 

Measurements of coherent signal in- 
tensity passing through the rings interior 

report here results on diffraction for the eter antenna facility near Madrid, Spain. and exterior to the Encke gap yielded 
Encke gap [- 2.21 Saturn radii (Rs); Only the 3.6-cm observations are dis- finite values for the oblique 3.6-cm mi- 
Fig. l ]  and the outer edge of ring A, cussed here; similar results were ob- crowave opacity of the rings of approxi- 
including the small gap discovered by tained at the longer wavelength but at mately ~ ( 3 . 6  cm) = 6.5 and 7.5 at-these 
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Fig. 1 (left). Diffraction by the Encke gap at h = 3.6 cm observed as variations in coherent signal intensity (3) received on the earth as Voyager 1 
passed 215,000 km behind the gap. Oscillations about the estimated free-space signal level result from edge diffraction at the inner and outer 
boundaries of the gap, which are inferred to be - 21.1 Fresnel zones (320 km) apart. The break in the horizontal line labeled "Free space" 
corresponds to the estimated width and location of the gap. Weak signal levels near the baseline correspond to transmission through adjacent 
regions of ring A. Data points were computed each 600-111 radial distance in ring plane but are shown smoothed over a 2.4-km interval. Fig. 2 
(right). Diffraction at 3.6 cm by outer ring A. (a) Sharp narrow feature corresponding to small gap discovered by Voyager 1 .  Its width is - 2.45 
Fresnel zones (37 km). (b) Outer edge of ring A. Breaks in the horizontal line labeled "Free space" indicate the estimated widths and location of 
the gap and the location of the edge of ring A. 
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Fig. 3. Comparison of theory with observation for the inner edge of the Encke gap. Smooth curve is theoretical diffraction from an abrupt edge of 
a gray screen with opacity 6.5; fluctuating curve corresponds to the left-hand portion of the curve from Fig. I ,  but plotted here at each 600 m of ra- 
dial distance in the ring plane. Horizontal scale of theoretical curve is based on experimental geometry; vertical scale and right-left position are 
obtained by least-mean-squares fitting to the data. Patterns match for about 30 oscillations, although an intermediate discontinuity can be seen 
after about 20 oscillations. The last few oscillations may be due to the outer edge of the gap. 

locations, respectively, where the trans- 
mitted intensity varied a s  exp[-~(3.6 
cm)]. The value for T exterior to  Encke 
gap is also appropriate to  the region of 
the smaller gap and the edge of ring A. 
We interpret the associated diffraction 
patterns given in Figs. 1 and 2 as  result- 
ing from a sharp change in the opacity, 
from the values just given to T = 0. 

In the vicinity of these edges the rings 
appear to first order to act as  opaque 
screens, although they are more properly 
described as  "gray" screens, which 
transmit about 0.00055 to 0.0015 of the 
incident intensity, rather than the totally 
absorbing "black" screen usually em- 
ployed in physical optics theories. 

The curve of Fig. 1 for the Encke gap 
corresponds in considerable detail to  the 
theoretical diffraction pattern of a slit in 
an opaque screen 21.1 Fresnel zones 
(= 320 km) in width. The principal devi- 
ations from the theoretical pattern occur 
near the center, where interference ef- 
fects from the two edges are most impor- 
tant and small deviations from the theo- 
retical edge would be expected to  be of 
greatest significance. In addition, Voy- 
ager 2 images of the rings at  high emis- 
sion angles showed the Encke gap to 
contain narrow, irregular ringlets, which 
may have affected the results in the 
central portion of the gap (5). 

The outer ring A gap (Fig. 2a) shows 
another aspect of slit diffraction. In this 
case the intensity reaches a peak value 
1.98 times the free-space level, while the 
base of the pattern shows clear shoul- 
ders. These features are well matched by 
diffraction from a slit in an opaque 
screen 2.45 Fresnel zones (-- 37 km) in 
width. However, there are significant 

differences between the theoretical 
curve for this case and the ring observa- 
tion. For  example, the theoretical curve 
that best matches the shoulders falls 
below the peak by 9 percent. Also note 
the slight asymmetry of the observation- 
al result. 

fiigul-e 2b shows the result for the 
outer edge of ring A. Here, about nine 
oscillations of the curve are clearly visi- 
ble. 

Comparison of the patterns for these 
and other locations with theoretical mod- 
els for the variations in opacity near the 
edge yields variable results, but the 
agreement between the observations and 
simple models can be quite good. Figure 
3 shows, as  one example, a comparison 
of the signal from the interior edge of the 
Encke gap with diffraction from the edge 
of a screen of opacity ~ ( 3 . 6  cm) = 6.5. 
The shave of the theoretical curve is 
based entirely on the geometry of the 
Voyager experiment and physical optics 
theory, while the vertical scale and right- 
left position have been adjusted for best 
mean-squares fit. Notice the agreement 
for the approximately 30 oscillations 
shown. The small oscillations near the 
left end of the observations are charac- 
teristic of the finite opacity of the screen 
and are not present in diffraction by 
completely opaque screens. 

Comuarisons with theoretical models 
in whidh the opacity at  the edge of the 
screen varies linearly from 6.5 to 0.0 
over finite widths indicate that the obser- 
vations cannot be matched for transition 
distances greater than about 0.1 Fresnel 
zone, or about 1.5 km in the radial di- 
mension in the ring plane. Thus 1.5 km is 
an upper bound for the radial distance of 

transition in microwave opacity for this 
feature. If one considers a slab model of 
finite thickness for the rings, in which 
the edge is blunt in the radial dimension, 
then the limits above can be combined 
with the highly oblique angle of the ray 
to the ring plane to obtain a bound on the 
physical thickness of the edge (6). The 
result is that the thickness at  the edge is 
less than about 200 m, as  a strong upper 
bound. 

A different line of argument leads to 
lower values for the bound on edge 
thickness, however. We commonly ob- 
serve a fine structure in the intensity 
curves on spatial scales corresponding to 
about 1 km in radial distance. This can 
be seen in Fig. 3 as  short-period oscilla- 
tions superimposed on the first few cy- 
cles of the diffraction pattern. If these 
oscillations are due to  the diffraction tails 
of other edges, then as  a consequence of 
the behavior of the higher order Fresnel 
zone pattern, such edges must be sharp 
on about the same spatial scale as  the 
period of the observed oscillations. A 1- 
km edge taper distance translates to a 
bound on edge thickness of approximate- 
ly 130 m. However, high-frequency fluc- 
tuations on the above scale could also be 
caused by interference effects from dis- 
tant gaps that are narrow on the scale of 
the Fresnel zone. 

Diffraction effects in the rings are not 
limited to the examples given in Figs. 1 
and 2, but occur in perhaps a dozen 
locations within rings A and C and the 
Cassini division (7). They are usually, 
but not always, associated with a transi- 
tion from large but finite opacity to near- 
ly zero opacity. Prominent examples of 
diffraction occur at the outer edges of 
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rings A (Fig. 2) and B, at  the edges of the 
eccentric ring (-- 1.446 Rs), near all gaps 
within the Cassini division and ring A, 
and even at  ring F .  N o  diffraction is 
observed at the interface between rings 
B and C or between the interior of ring A 
and the bright outer band of the Cassini 
division discovered by Pioneer 11 at  - 2.01 Rs. This variation in the charac- 
ter of the edges may reflect variations in 
the underlying mechanisms responsible 
for their formation. However, the fact 
that features exhibiting edge diffraction 
occur over the inner and outer parts of 
the rings suggests a common causal 
process throughout the ring system. 

On the basis of the wavelength em- 
ployed, these results apply to  particles in 
the rings with diameters greater than 
about 1 cm. Particles substantially small- 
er than 1 cm are in the Rayleigh scatter- 
ing regime at  X = 3.6 cm and are proba- 
bly of little importance in the intensity 
measurements considered here (8). 

Estimates of the edge thickness based 
on ring occultation of the star 6-Scorpii 
were reported by the Voyager photopo- 
larimeter experiment team (9). The char- 
acteristic bound obtained was about 125 
m, which is consistent with the bounds 
reported here. These results complement 
one another in that they apply to differ- 
en1 ranges in the particle size distribu- 
tion. Optical extinction measurements 
apply to the collection of particles larger 
than about 2 x lo-' m, whereas the ra- 
dio results apply to the collection of 
particles larger than about 1 x m. 
Since the stellar and radio occultations 
were obtained at different times and dif- 
ferent geometries, they do not necessari- 
ly refer to  the same characteristic of the 
edge. For example, a thin sheet of small 
particles could extend beyond the edge 
defined by the radio occultation, yielding 
the same thickness results for the two 
experiments, but without coincidence 
between the location of the discontinuity 
at optical and microwave wavelengths. 

The radio occultation data also contain 
information on the variations of the 
phase of the complex coherent signal 
whose intensity was used to compute the 
diffraction patterns presented above. In 
effect, the coherent data correspond to a 
one-dimensional sampling of the micro- 
wave hologram formed behind the rings. 
By use of an inverse Fresnel transform it 
may be possible to  obtain a more precise 
measure of edge characteristics than can 
be inferred by modeling. 

ESSAM A. MAROUF 
G. LEONARD TYLER 

Center for Radar Astronomy, 
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Advection of Pore Fluids Through Sediments in the 

Equatorial East Pacific 

Abstract. Measurements of the ratio of helium-4 to helium-3 and of calcium ion in 
the pore waters of sediments at two locations in the eastern equatorial Pac$c 
indicate that solution advection is occurring through the sediments. Both the helium 
ratio and the calcium ion profile yield velocity values for advect ivejow of about 20 
centimeters per year. Mass balance constraints are also consistent with the 
interpretation presented. Flow appears to be occurring through relatively thick 
sediments, on the order of 300 meters. 

The subject of slow advective flow of 
solutions through marine sediments has 
received considerable attention over the 
past several years. Most discussions pre- 
sented so far have been based upon 
interpretations of temperature profiles, 
with flow being determined from nonlin- 
ear temperature gradients in the absence 
of corresponding changes in thermal 
conductivity ( 1 , 2 ) .  Advection consistent 
with thermal measurements also has 
been inferred from pore water Ca2+ pro- 
files in relatively thin sediments (3). The 
case for advection in thick (> 100 m) 
sediments is, however, controversial, 
with chemical corroboration of flow 
based upon temperature profiles lacking. 
In the one case where chemical and 
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thermal data were collected simulta- 
neously, discordant results were ob- 
tained, the chemical data   SO^^-) indi- 
cating little if any flow (4). In addition, 
velocities estimated from thermal data 
often are inconsistent with reasonable 
values of permeability, the hydrostatic 
head required to  produce the estimated 
velocity being sufficient to  "lift" the 
sediment overburden. 

Characterization of the occurrence 
and nature of fluid flow through sedi- 
ments is important from both a geochem- 
ical and a geophysical point of view. 
Such flow could provide a hitherto ig- 
nored conduit between the crust and the 
overlying ocean water, influencing heat 
transfer and the geochemical budgets of 
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