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Enceladus: Implications of Its Unusual Photometric Properties
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We have investigated the photometric properties of Enceladus up to phase angles of
43°, using Voyager 1 and 2 images. Among the satellite’s unusual photometric character-
istics are its very high geometric albedo (1.0 = 0.1 near 0.47 u), which extends down to at
least 0.34 u, and the uniformity of albedos, colors, and scattering properties over the
geologically varied surface. Although some albedo variations of up to 15% occur in low
resolution Voyager 1images, the albedos of the four major geological units imaged in the
Voyager 2 near-encounter sequence differ by 1-2% or less, even though the ages of these
units probably differ by at least a factor of 10 (3.8 billion years to a few hundred million
years). The lack of correlation of spectrophotometric properties with terrain type sug-
gests that the optical characteristics of Enceladus are determined by a recently deposited
ubiquitous surface layer, possibly originating in Saturn’s E-ring. The high geometric
albedo implies that the surface layer is remarkably free of opaque material and is much
more backscattering than is common for natural or laboratory frost layers on Earth. The
unique phase and photometric functions of Enceladus can be explained by the high
degree of multiple scattering in its surface. The existing observations suggest that the
textural characteristics of Enceladus’ regolith are similar to those of other icy Saturnian

satellites. © 1988 Academic Press, Inc.

1. INTRODUCTION

The Saturnian satellite Enceladus is a re-
markable object. With a visual geometric
albedo close to unity, it is by far the most
reflective known solid body in the Solar
System (Franz and Millis 1975, Cruikshank
1979, Smith et al. 1982, Buratti and
Veverka 1984). High resolution Voyager
images depict geologic activity which oc-
curred less than 1 billion years ago on about
half of its surface (Smith ef al. 1982). Based
on assumptions concerning the flux of im-
pacting bodies, Plescia and Boyce (1983)
have suggested that heavily cratered por-
tions of the remaining area are more than
3.8 billion years old. Because the orbital po-
sition of Enceladus coincides with the posi-
tion of maximum density of the tenuous,
extended E-ring (Baum et al. 1981), active
geologic processing on Enceladus has been
invoked as the source mechanism for E-

ring particles. The flatness of the satellite’s
spectrum into the ultraviolet (Buratti 1984)
further points toward the existence of fresh
ice on its surface.

A final element of the puzzling aspects of
this satellite is that substantial surficial al-
bedo variations were detected as early as
1914 by Lowell and Slipher (see Franz and
Miilis 1975). They found that the satellite
was 0.3 mag brighter at western elongation
than eastern elongation. Franz and Millis
(1975) measured a total amplitude of 0.4
mag and confirmed a maximum in bright-
ness at the same position, which corre-
sponds to the trailing side of Enceladus.
The other inner icy Saturnian satellites,
Dione, Rhea, and Tethys, all have brighter
leading sides; Mimas does not have a well-
defined orbital light curve (Noland et al.
1974, Franz and Millis 1975, Buratti and
Veverka 1984).

In this paper, we investigate the color
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TABLE 1

LisT oF IMAGES

Image Filter Effective Bandpass Range Resolution Sub- Solar
FDS No. wavelength (FWHM) (km) (km/pixel) spacecraft phase
angle
Long Lat
44004.20 Clear 0.48 1 0.20 u 115,338 1 336°  39° 41°
44004.24 Violet 0.41 u 0.07 u 113,571 1 338° 38° 41°
44004.28 Green 0.55 n 0.08 111,827 1 308° 38° 41°

and albedo variations which are visible on
the high resolution Voyager images of En-
celadus. These images are well suited for
this purpose because they represent multi-
spectral information with better than 2-km
resolution, and they were obtained at a rep-
resentative range of geographical longi-
tudes. We investigate whether a connection
between the evolution of the optically ac-
tive upper surface layer and underlying
geologic processes exists by drawing a
correlation between the ages of mapped
geologic units (Smith e al. 1982) and surfi-
cial albedo and color. The absence of such
a correlation lends credence to a model
which seeks to explain the optical proper-
ties of the surface in terms of an exogenic
process, such as an interaction of the satel-
lite’s surface with the E-ring, an idea which
has been discussed by Buratti ez al. (1982)
and McKinnon (1983).

II. DATA SET

We searched the Voyager 2 high resolu-
tion images for sequences which fulfilled
the following two requirements: good reso-
lution of the four major mapped geologic
terrains, and the availability of observa-
tions in at least the clear, violet, and orange
(or green) filters. The one sequence of im-
ages which meets our criteria is listed in
Table I. These images, all of which were
obtained by the Voyager 2 narrow angle
camera, also represent the best resolution
available for Enceladus. The ideal data set
for studying the scattering properties of a
planet or satellite would include a represen-

tative range of solar phase angles, particu-
larly at small angles where the body is fully
illuminated. The trajectory of the Voyager
spacecraft limited the images of Enceladus
obtained at high resolution to solar phase
angles within a few degrees of 40°.

The numerical data file for each image is
an 800 x 800 array of pixels (picture ele-
ments) which contains the values of I/F for
each pixel. I is the intensity of scattered
sunlight and 7 F is the incident solar flux.
For a perfect Lambert surface illuminated
and viewed normally, I/F would equal
unity.

Several authors (Johnson et al. 1983,
Buratti 1984) have noted that additional
color calibrations to the Voyager filters be-
yond those published by Danielson e? al.
(1981) are required. In general, the spectra
derived from Voyager color photometry are
redder than equivalent ground-based obser-
vations. Using the preliminary calibrations
computed by Buratti (1984) normalized to
the clear filter, we apply an additional cor-
rection factor of 0.85 to the green and
orange filters. This factor brings the Voy-
ager observation into better agreement with
Earth-based measurements.

1II. ALBEDO VARIATIONS

High resolution Voyager images of the
surface of Enceladus suggest that its four
major mapped geologic units are uniform in
albedo even though they differ in age by an
order of magnitude. The disk-integrated or-
bital light curve constructed from Voyager
images has a total amplitude of less than 0.2
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mag, which implies that albedo differences
on the surface are less than 20% (Buratti
and Veverka 1984). According to a histo-
gram of reflectances for the surface of En-
celadus, 80—90% of the surface has a reflec-
tance at 0.48 u between 0.90 and 1.00, with
the remainder between 0.80 and (.90
(Buratti 1984). These results contrast mark-
edly to those of Franz and Millis (1975,
1982), who found a lightcurve amplitude of
at least 0.4 mag. This discrepancy, which is
discussed in more detail in Section V, is
most likely due to the different geographi-
cal latitudes of the Voyager and ground-
based observations.

The most prominent albedo features visi-
ble on the Voyager images are in the south-
ern hemisphere of the trailing side, particu-
larly in the region centered near 235°
geographical long and —45° lat. These
markings are barely evident on the limb of
the high resolution sequences obtained by
Voyager 2. They appear somewhat more
clearly in the last several low resolution
Voyager 1 sequences, where their morphol-
ogy is reminiscent of the bright wispy
streaks on the trailing sides of Rhea and
Dione (see Fig. 1a). A scan of I/F values
extracted along the line in Fig. 1a shows a
maximum albedo change of 15% (Fig. 1b).

Of particular interest is the question of
whether there exist systematic albedo and
color differences among the geologic ter-
rains. A number of quantitative tests can be
performed with the Voyager images to
search for systematic trends. The four ac-
complished in this paper are:

(1) A search for discontinuities in scans
of intensity at the geologic boundaries. For
the case of Ganymede, such discontinuities
are distinct (Squyres and Veverka 1981).
This test is a first order one and is limited
by the fact that no corrections to the ex-
tracted scans are made for the lighting ge-
ometry.

(2) The fit of a scattering model to each
terrain. Although this test overcomes the
limitation mentioned for the first test be-
cause it corrects to an ‘‘intrinsic’’ albedo, it
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is limited by the range in incidence and
emission angles obtained during the Voy-
ager flybys of Enceladus.

(3) The comparison of points or lines
which are photometrically analogous, i.e.,
related by Helmholtz’s reciprocity princi-
ple (Minnaert 1941). If indeed the disk of
Enceladus is uniform in color and albedo,
any such pairs of points or lines will be
identical (within the instrumental errors
and other errors caused by the inexact
placement of lines on the disk or shadowing
by craters).

These three tests can be performed in
any of the three Voyager filters (clear, vio-
let, or green) for which the high resolution
sequence was obtained in order to search
for possible color differences among the
terrains. A more definitive indication of
such differences can be supplied by a fourth
test:

(4) The construction of color ratios. In
this paper two types of ratios are created;
one is a green/violet line traversing all four
geologic units, and the other is a green/vio-
let map of Enceladus.

Figure 2a is the geological map prepared
by the Voyager imaging team (Smith et al.
1982). Figure 2b shows the image obtained
in the clear filter on which the map is
largely based. According to crater counting
statistics prepared by Plescia and Boyce
(1983), the age of the oldest portions of the
cratered terrain is 3.8 billion years, while
the upper age limit for the smooth and
ridged plains is a few hundred million
years. Figure 3, a scan of I/F values along
the photometric equator of the image in
Fig. 2b with the interfaces between the geo-
logic units marked, represents the results of
the first test. No albedo changes are per-
ceptible at the boundaries of the units.

The second test is a more quantitative
indication of photometric differences
among the terrain units and is obtained by
fitting the I/ F values for pixels within each
geologic unit to a scattering law. Scattering
models developed during the past 6 years
(Hapke 1981, Lumme and Bowell 1981,
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FiG. 1. (a) An enhanced version of the Voyager 1 clear filter image showing the most prominent
albedo feature visible on Enceladus (FDS No. 34929.56: resolution, 13 km/pixel; phase angle, 14°;
subspacecraft longitude, 252°; subspacecraft latitude, —5°). (b) A scan of I/F values extracted along
the white line from (a). Albedo variations of 10-15% are evident.

Goguen 1981) are not well enough con-
strained to be fit over the very limited
viewing geometry of the high resolution
Voyager images of Enceladus. Minnaert’s
equation (Minnaert 1961), a simple, empiri-
cal function which depends on only two pa-
rameters, can be fit to individual terrains
for the purpose of understanding their de-

gree of uniformity. Scans of 3 X 3 pixel-
averaged points were extracted from each
terrain and fit to the equation

1 = FBoubp*", 4y

where & is the limb darkening parameter, g
and u are the cosines of the incidence and
emission angles, and By is proportional to
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Fi1G. 2. The geologic map of Enceladus prepared by the Voyager imaging team (Smith et al. 1982,
copyright 1982, American Association for the Advancement of Science). (b} The mosaic on which the
map is based. It is constructed from high resolution images obtained in the clear filter. (The white line

refers to Fig. 8.)

the albedo of the surface (for a phase angle
of 0°, By equals the normal reflectance). The
nonlinear least-squares fits for By and & are
listed for each scan in Table II (A and f(«)
are discussed later). Within the errors of
measurements, there is no difference in the
fits for each terrain. The values for k are
higher than what is typical for icy satellites

(Buratti and Veverka 1984) but lower than
unity, the value for a perfectly diffuse
(Lambert) surface dominated by multiply
scattered radiation.

Goguen (1981) pointed out that a fit to
Minnaert’s equation for a nonzero phase
angle yields different results depending on
how far from the photometric equator the
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F1G. 2—Continued.

TABLE II

PHOTOMETRIC FUNCTION PARAMETERS (CLEAR FILTER)

Terrain B, k fla) A

Smooth plains 0.82 0.0 0.76 = 0.01 1.41 £ 0.01 0.6] = 0.02
Cratered terrain =~ 0.84 = 0.02  0.74 = 0.03 1.50 £ 0.03  0.67 = 0.07
Ridged plains 0.84 £ 0.01 077 £0.02 1.40=*0.02 0.52=0.04
Cratered plains 0.84 x 0.01 0.74 = 0.02 1.48 £ 0.02 0.63 + 0.04
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Fi1G. 3. A scan of I/F values extracted along the
photometric equator of Fig. 2b (« is the phase angle
and w is the photometric longitude). The right arrow
marks the interface between the smooth plains and
ridged plains, and the left arrow marks the interface
between the ridged plains and cratered terrain. No sys-
tematic albedo differences among the three terrains
are evident.

measurements are obtained. He measured
Minnaert’s parameters for a barium sulfate
sample at a phase angle of 45° and found
that k changed from a value of 1.07 along
the photometric equator to 1.02 at the mir-
ror meridian, while By changed from 1.03 to
0.99. For another sample with a normal re-
flectance of 0.69, k£ changed from 0.75 to
0.95 over the same range. To test whether
this effect might bias our results in some
way, we systematically extracted lines
from the center of the satellite to the limb in
10° increments from the equator to the pole
and fit the lines to Eq. (1). By changed less
than 3% and not consistently up or down.
Except for the two lines closest to the pho-
tometric equator, £ was similarly constant.
Because none of the scans extracted for the
fits in Table II are near the photometric
equator or at photometric latitudes greater
than 45°, we conclude that this effect does
not bias our results beyond 1-2%.
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The scans representing the four terrains
can also be fit to a simple photometric func-
tion of the form (Buratti 1984)

I = F{[f()Apo/(p + po)]l + (1 — Ao},
2)

where f(a) is the surface phase function
and A is a parameter such that A = lis a
lunar law (pure single scattering) and A = 0
is Lambert’s law (diffuse scattering), The
similarity in the best-fit values for A and
f(a) (see Table 1I) for each of the four ter-
rains further confirms the finding that the
optical properties of the upper surface layer
are uniform across the terrains.

It should be noted that the limited geo-
graphical range of the four terrains, coupled
with the lack of high resolution data ob-
tained over a range of lighting geometries,
constrains our study—or any study based
on Voyager images—to be based on less
than a full range of radiance incidence and
emission angles. Table III lists the ranges of
w and o fit for each terrain. Although there
is overlap among all four terrains, the full
ranges for each terrain do differ and in
some cases are quite restricted. This factor
may contribute to biases in the fits that are
not expressed in the formal errors (see es-
pecially Table II).

A further check on the similarity in al-
bedo between the terrain types can be dem-
onstrated by test 3: a comparison of points
which are equivalent according to the reci-
procity principle (Minnaert 1941). If the
surface of Enceladus is indeed uniform in
albedo and scattering behavior, the I/ F val-
ues of pairs of lines with photometric coor-
dinates which are reciprocal points of each

TABLE III

RANGES IN VIEWING GEOMETRY

Terrain Range in u Range in u,
Smooth plains 0-1.0 0.66-0.84
Cratered terrain 0.71-0.99 0.07 - 0.85
Ridged plains 0.79-0.97 0.36-0.87
Cratered plains 0.51-0.99 0-0.75
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F16. 4. Three examples of pairs of photometrically
analogous lines: 1 and 2; 3 and 4; and the lines at
photometric latitudes of 35° and —35°.

other should be identical. Three such pairs
of lines are shown schematically in Fig. 4.
Figure 5 shows the superposition of the two
analogous lines for all three pairs. Except
for scatter from shadows cast by large cra-
ters, the agreement between pairs of lines is
very good.

BURATTI

There are in fact albedo markings visible
over small areas on the high resolution im-
ages, particularly near geographical longi-
tude and latitude of (315°, —20°) and (195°,
15°). It is difficult to quantify them because
the shadowing by grooves and ridges
causes additional albedo changes at non-
zero phase angles. They may be as high as
10% and extend over 200 km?. In any case,
these changes are not correlated with the
boundaries of the geological units.

In conclusion, the four major mapped
geologic terrains of Enceladus, which dif-
fer in crater density and presumably age by
at least an order of magnitude, have simi-
lar albedos and scattering properties over
the range of viewing geometries sampled
during the near encounter of the satellite.

IV. COLOR VARIATIONS

A further indication of differences in the
optical properties of a planet’s upper sur-
face layer is given by color variations as a
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F1G. 5. I/ F values of the three pairs of photometr

ically analogous lines depicted in Fig. 4 for image

44004.20 (which is essentially identical to Fig. 2b). Although there is a large amount of scatter in the
data due to shadowing by craters, the average values are the same to within 2-3% (our major source of
error is in positioning and registering the pairs of lines).
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F1G. 6. The available disk-integrated orange to violet
ratios as a function of subspacecraft geographical lon-
gitude. To within the error bars, there are no color
changes.

function of geographic position. A rudimen-
tary analysis of such changes is represented
by an orbital lightcurve constructed from
disk-integrated color ratios. The available
orange/violet ratios for Enceladus are
shown in Fig. 6. Within the error bars, the
color ratio is approximately constant.
Another test for disk-resolved color
changes involves extending the fits of a
photometric scattering law (test 2) for each
terrain to additional Voyager filters. The
high resolution imaging sequence listed in
Table I includes observations obtained with
the violet and green filters (no ultraviolet or
orange images were taken in this se-
quence). Table IV lists the results of fitting
scans transversing the geologic units to
Minnaert’s equation using data from these
two filters (we used the same scans as those
for the fits listed in Table 1I). The unifor-
mity in albedo is again remarkable, and
there are no measurable differences in the
limb darkening parameters of the four ter-
rains in either filter. Tables Il and 1V also
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show that there is little if any color depen-
dence to the limb darkening parameter.

The third test consists of comparing the
photometrically reciprocal lines (Fig. 3) in
the green and violet filters. Our results are
the same as those for the clear filter: none
of the pairs of lines show a difference in
albedo or shape. An example of one pair of
lines for the violet filter is shown in Fig. 7.

The uniformity in albedo for the geologic
units in all three filters implies that there are
no color changes as a function of position
on the portion of the disk imaged by Voy-
ager. This result can be further studied by
test 4, which is to compute a ratio of identi-
cal scans, extracted from the violet and
green filters, which traverse all four geo-
logic units. The resulting ratio, which was
constructed from scans extracted along the
white line in Fig. 2b, is shown in Fig. 8.
Even though there is still a noise level of
approximately 5% (due primarily to shad-
owing by topography and inexact registra-
tion between the two images), the average
value of the ratio is constant for all four
terrains.

The final test for color changes across the
disk of Enceladus consists of constructing a
global ratio of two color images of the satel-
lite. We stored the I/ F values for the green
and violet images in two different channels
of a Grinnell image display device and
wrote the ratio of the two images into a
third channel. We then ran a contour rou-
tine on the resulting image to see if any dis-
tinct contours, which would indicate sys-

TABLE IV

MINNAERT PARAMETERS FOR GREEN AND VIOLET FILTERS

Terrain Green Violet
By k B, k
Smooth plains 0.85 = 0.01 0.73 = 0.01 0.80 = 0.01 0.75 £ 0.02
Cratered terrain 0.86 = 0.02 0.73 £ 0.01 0.82 = 0.01 0.71 = 0.03
Ridged plains 0.85 = 0.01 0.72 = 0.01 0.81 = 0.01 0.74 £ 0.02
Cratered plains 0.88 x0.02 0.72 = 0.02 0.80 = 0.01 0.73 = 0.02
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F1G. 7. An example of a pair of photometrically analogous lines (lines 3 and 4 from Fig. 4) for the

violet filter (FDS image No. 44004.24).

tematic color changes, appeared. No
contours appeared down to the level of 25
equally spaced bins of the ratioed I/F val-
ues, which corresponds to a 5% change in
the color ratio.

V. CONCLUSIONS AND DISCUSSIONS

Although albedo variations of 10-15% do
occur over areas of the surface of Encela-
dus observed by the two Voyager space-
craft, the high resolution images acquired

by Voyager 2 show uniform albedos and
colors for the four major mapped geological
terrains. In the clear, green, and violet fil-
ters, the terrains follow similar scattering
laws over the range of lighting geometries
listed in Table 111, and average albedos for
each color differ by only 1-2%. No color
changes above the noise level were de-
tected in either disk-integrated or disk-re-
solved measurements.

Both ground-based (Franz and Millis
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Fic. 8. A line representing the ratio of green and violet I/ F values extracted along the white line in
Fig. 2b. The interfaces between the terrains are marked by arrows. Although there is ~5% scatter in
the data (caused mainly by imperfect registration between crater shadows), the average ratio for the

three terrains is the same to within 2-3%.
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1975) and Voyager lightcurves (Buratti and
Veverka 1984) show that the trailing side of
Enceladus is brighter than the leading side.
The separately computed phase coefficients
between 13° and 43° in the Voyager clear
filter are 0.015 + 0.002 (trailing side) and
0.021 = 0.002 (leading side) mag/degree.
The lower phase coefficient is expected for
the brighter trailing hemisphere because the
increased importance of multiple scattering
reduces the effect of mutual shadowing
among regolith particles. One might expect
that the higher albedo of the trailing side is
due to the concentration of geologically
more recent terrain there. In the absence of
high resolution imaging observations for
the leading side, we cannot preclude this
possibility. However, since geologic units
differing in age by more than an order of
magnitude on the trailing side have nearly
identical albedos, we believe it is unlikely
that the explanation is this simple. Perhaps
the very bright markings barely seen in the
images cover extensive portions of the
Southern hemisphere of the trailing side not
included in the high resolution coverage.
Another piece of supporting evidence for
this latter idea is that accurate ground-
based photometric observations of Encela-
dus obtained by Franz and Millis from 1973
to 1980 (Franz and Millis 1982) show an am-
plitude in the rotational lightcurve of 0.4
mag (i.e., at least twice the Voyager ampli-
tude), with the maximum at 270°. Whereas
the high resolution Voyager images (Table
I) were obtained at high northern subspace-
craft latitudes and include no information
south of —30° lat, Earth-based observations
include the entire Southern hemisphere.
The discrepancy between the Voyager and
telescopic observations could possibly be
reconciled by having virtually the entire
Southern hemisphere covered by a material
20% brighter than the northern hemisphere.
The bright albedo features visible in the low
resolution Voyager 1 images (Fig. 1) are in
fact located at the edge of the southern re-
gion.

Two other speculative possibilities are
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that the brightness variations on Enceladus
are transient or that optical effects in the E-
ring such as a larger optical depth at elon-
gation cause Enceladus to be brighter at
eastern elongation. The latter is unlkely
because of the tenuousness of the ring.

Enceladus’ unusually high geometric al-
bedo implies that there is less opaque mate-
rial in the surface layer than on other icy
bodies in the Solar System. Measurements
by Clark (1981) showed that a fractional
coverage of montmorillonite grains on frost
of only 0.002 = 0.001 caused a drop from
0.98 to 0.90 in the reflection spectrum at
0.65 . Since 0.90 is already less than the
reflectivity of Enceladus at 0.59 u, the frac-
tion of opaques is probably even less than
this amount. However, a recent rediscus-
sion of Clark’s results by Spencer (1987)
suggests a higher opaque content is possi-
ble.

Another supporting observation for the
extremely low fraction of opaque material
on the surface of Enceladus is the flatness
of its spectrum into the UV (Buratti 1984).
For the icy Saturnian and Galilean satel-
lites, there is an inverse correlation of the
slope of the spectrum between 0.34 and
0.60 u and the geometric albedo (Millis
and Thompson 1973, Johnson ez al. 1983,
Buratti 1984). A simple explanation for this
phenomenon is provided by modeling the
surfaces of these icy satellites as mixtures
of bright, spectrally flat ice and darker, red
contaminants. Because Enceladus has both
the highest geometric albedo and the small-
est slope, it follows that it has the lowest
fraction of opaque contaminants of these
satellites.

It is unlikely that the photometric uni-
formity of Enceladus is due to a primordial,
intrinsic compositional homogeneity. The
bulk density of Enceladus is 1.2. 1t is diffi-
cult to imagine a mechanism which could
have so perfectly fractionated the heavier,
lower albedo siliceous material below the
optically active regolith. In addition, the 4-
billion-year-old cratered terrain would have
been subjected to the usual darkening by
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micrometeoritic bombardment and, possi-
bly, radiation.

The lack of correlation of spectrophoto-
metric properties with the local geologic
age (as determined by crater counts) and
the high geometric albedo of Enceladus
suggest that its optical properties are not
determined by underlying geologic pro-
cesses, but by a relatively recent ubiquitous
surface layer. Infall of material from the E-
ring is the most likely source of this layer.

The E-ring itself is probably the result of
active surface processes on Enceladus. The
four basic models that have been proposed
for its origin are

(1) micrometeorite impact and subse-
quent escape of surface particles (Smolu-
chowski and Torbett 1982);

(2) a single impact and ejection of parti-
cles by a larger, 20-km-sized body (McKin-
non 1983);

(3) volcanic ejection of particles from
Enceladus (Terrile and Cook 1981, which is
actually a combination of impact and vol-
canism; Pang et al. 1984); and

(4) emplacement of water—ammonia vol-
canic flows on Enceladus (Herkenhoff and
Stevenson 1984). In the latter case, tidal
heating is necessary; it has been shown to
be marginally possible (Squyres et al. 1983,
Lissauer et al. 1984).

We believe the high reflectivity of the
particles that are accreted onto Enceladus
is strong evidence for placing their source
originally on Enceladus; visual single parti-
cle albedos for the other rings in the Satur-
nian System range from 0.20 to 0.60 (Espo-
sito et al. 1984). (Of course, the other piece
of compelling evidence is that the maxi-
mum thickness of the E-ring coincides with
the orbit of Enceladus (Baum et al. 1981).)
More specifically, the high albedo suggests
they are the result of a geologic process that
produces fresh ice; the products of impacts
would not be expected to have an albedo
which is 25% higher than any other object
in the Saturnian system. Because the de-
struction mechanisms of sputtering and
plasma drag determine a lifetime of about
10,000 years for typical particles in the E-
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ring (Morfill ez al. 1983), there is probably
an active influx of material into the E-ring if
it is more than a short-lived phenomenon.

Hartmann (1980) noticed an inverse cor-
relation between crater density (and pre-
sumably age) and albedo for the Galilean
satellites. He attributed the cause of this
correlation to a mechanism in which im-
pacts darken the surface by vaporizing the
icy component. The lack of a similar corre-
lation for the surface of Enceladus may in-
dicate that infall from the E-ring dominates
any gardening caused by meteoritic im-
pacts.

There is photometric evidence that the
structure of the regolith resulting from the
reaccretion of E-ring particles is similar to
that produced by micrometeoritic garden-
ing. The solar phase curves and disk-re-
solved scattering properties of icy satellites
look more Lambertian as their geometric
albedo increases. This observation can be
explained by the increased importance of
multiple scattering, which provides a dif-
fuse Lambert-like component to the scat-
tering function. Fits of photometric obser-
vations to a radiative transfer model which
depends on the regolith porosity, single
particle phase function, single scattering
albedo, and macroscopic roughness show
that both the disk-integrated and disk-re-
solved scattering properties of Enceladus
are best reproduced by a high single scatter-
ing albedo (0.99) and more¢ lunar-like values
for the parameters which define the struc-
ture of the regolith (Buratti 1985).

Using our disk-resolved observations
only (Buratti and Veverka 1984), Pang et al.
(1985) have invoked the existence of ‘‘mi-
cron-size ice spheres’ on Enceladus’ sur-
face. Specifically, they note that our finding
that the linear coefficient of a second order
polynomial fit to Enceladus’ phase curve is
negative gives evidence for their claim. We
find no justification for drawing this con-
nection; the negative coefficient in the lin-
ear term is simply a result of the larger
Lambert component in Enceladus’ scatter-
ing function, which in turn is due to its high
single scattering albedo and concomitant
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high degree of muitiple scattering (Buratti
1985). In any case, more telescopic obser-
vations at solar phase angles below 6° are
required to understand the surface of En-
celadus. It is at these low phase angles that
the phase curve is most diagnostic of the
porosity of the regolith (Irvine 1966, Hapke
1981).

It can be legitimately asked why Encela-
dus is not a pure Lambert scatterer, since
laboratory measurements of surfaces with a
geometric albedo of unity are nearly Lam-
bertian (Oetking 1966, Goguen 1981). Re-
cent experiments have shown that excavat-
ing a crater into a Lambert surface causes
the scattering to become markedly non-
Lambertian (Buratti and Veverka 1985).
For Enceladus, other contributing factors
are mutual shadowing among regolith parti-
cles and a nonisotropic single particle phase
function. With the only measurements of
the photometric and phase functions of ice
and snow being terrestrial field measure-
ments obtained in the 1950s (see Veverka
1973), we cannot quantify the latter two
factors.

Similarly, it is difficult to quantify by
photometric analysis the degree of macro-
scopic roughness on Enceladus, since there
is an absence of Voyager coverage at phase
angles larger than 43°, where the photomet-
ric effects of roughness become significant
(Hapke 1984, Buratti and Veverka 19895).
The observations at 41° are consistent with
a mean slope angle for rough features of 30°
(Buratti 1985), which is similar to values for
the Moon and Mimas, but larger than those
for Europa and Mercury (Buratti 1985,
Hapke 1977).
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