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Abstract. Topographic models of Neptune’s small inner satellites Larissa and Proteus were derived
from the shapes of limbs and terminators in Voyager images, modified locally to accomodate large
craters and ridges. The models are presented here in tabular and graphic form, including the first
map of Larissa and the first detailed relief map of Proteus. The shape of Larissa is approximated
by a triaxial ellipsoid with axes of 208, 192 and 178 km, but is onéy weakly constrained by the
single available view. The volume is estimated to be 3.5 = 1.0 x 10° km®. The surface is heavily
cratered and may be crossed by one or two poorly seen linear ridges. Proteus is approximated by a
triaxial ellipsoid with axes of 424, 390 and 396 km (the latter being the rotation axis dimension).
The volume is estimated to be 3.4 & 0.4 x 107 km”. Its surface appears to be very heavily cratered
and extensive evidence for linear fractures is observed despite very low image quality.

1. Introduction

Larissa and Proteus, the largest of the small inner satellites of Neptune, were
observed by the cameras of Voyager 2 in 1989 (Smith er al., 1989) when they
were referred to as 1989N2 and 1989N1 respectively. Thomas and Veverka (1990,
1991) described both satellites in more detail and presented a preliminary shape
model of Proteus which they used to confirm synchronous rotation to within 5%.
Croft (1992) examined the shape and geology of Proteus and published the first
map of the satellite, showing craters and linear ‘streaks’ which he interpreted as
valleys or troughs.

Despite low signal strength and limited coverage, I have used the Voyager
images to create rough topographic models and maps of each satellite. Larissa
has approximate dimensions of 208 by 192 by 178 km. The images reveal a
number of large craters and possibly two linear ridges on one side of the satellite.
Larissa appears to be as heavily cratered as Pandora, Janus or Epimetheus in
the Saturnian system. Proteus is roughly 424 by 390 by 396 km in size and
appears to be very heavily cratered. An extensive system of grooves or valleys
is observed in the best image, and a large valley is tentatively identified in an
earlier low resolution view. No features on Larissa have been given names by the
International Astronomical Union, but the largest basin-like structure on Proteus
has been provisionally named Pharos (Croft, 1992).

This report continues a series detailing the topography of non-spherical worlds.
Previous studies, using the same techniques, include analyses of the jovian satel-
lite Amalthea (Stooke, 1992a) and Saturn’s co-orbital and F-Ring shepherd satel-
lites (Stooke, 1993a, 1993b; Stooke and Lumsdon, 1993). The methods used are
described fully in those reports and are only briefly reviewed in this paper.
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TABLE I
Voyager images of Larissa and Proteus

FDS Spacecraft Sub-solar Phase  Scale

number lat. long. lat. long. angle (km/pixel)
Larissa

1138142 24 92 —24 117 22 4.1

1138148 —24 94 =24 119 22 4.1
Proteus
A 1132057 27 275 —24 290 13 325
B 11321.03 -27 277 —24 292 13 325
C 11332.04 27 35 —24 52 15 26.0
D 1133210 -27 37 —24 54 15 26.0
E 1133624 27 65 —24 34 17 253
F 1133630 -—-27 67 —25 86 17 25.3
G 11373.17 =27 94 -24 117 21 7.9
1 11373.28 27 96 —24 119 21 7.9
H 1137339 -27 99 —24 122 21 7.9
J 1137350 -27 101 —24 125 21 7.9

11389.20 4 334 —24 289 52 1.3

Note: letters at left identify images in Figure 2a. H and I are out of
sequence because of the pairing of smeared and non-smeared images
in Figure 2a.

2. Data

The Voyager 2 images of Larissa and Proteus used for this study are listed in
Table I. A few additional disk-resolved images exist but are too small, noisy or
smeared to be useful for shape modelling or mapping. Images are identified by
FDS (Flight Data Subsystem) number. They were obtained on Planetary Data
System (PDS) CD-ROMs from NASA’s National Space Science Data Center.

Latitudes and longitudes given in this paper are planetocentric. The quoted
latitudes assume a rotation axis perpendicular to the orbit plane, and the quot-
ed longitudes assume synchronous prograde rotation. The prime meridian of
each satellite faces Neptune and longitudes increase opposite to the direction of
rotation, following planetary cartographic conventions. The Voyager images of
Larissa comprise a single view and so cannot confirm these assumptions. The axis
orientation and synchronous rotation of Proteus are confirmed in Voyager images
spanning nearly two rotations, as explained below. The available information is
insufficient to characterize any possible librations.

Voyager 2 obtained two images (FDS 11381.42 and 11381.48) which show
surface features on the disk of Larissa. They are difficult to interpret on account of
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low brightness levels and substantial noise, but they clearly show distinct craters.
An earlier image, FDS 11354.43, is badly smeared. The two useful images were
taken only a few minutes apart and show essentially the same view, so surface
coverage is limited to about 40 percent of the satellite and stereoscopic viewing
is not possible. In order to improve the signal to noise ratio, the two images were
contrast stretched, enlarged and merged (Figure 1).

Proteus was observed in one high resolution frame (11389.20) with a resolu-
tion of 1.3 km/pixel, and a multispectral sequence of four images (11373.17 to
11373.50) with a resolution of 7.9 km/pixel. Several pairs of additional images
were taken during approach with resolutions varying from 32 to 25 km/pixel,
giving about 12 pixels across the disk in the poorest views used here (FDS
11320.57 and 11321.03). All Proteus images are low in contrast and noisy as a
result of the short exposures (relative to the level of illumination) necessary to
minimize smearing of the images. The northern limb in the highest resolution
image was cut off by a data transmission error, but no more than a few lines
were lost.

3. Method

The shapes of Larissa and Proteus were modelled from limb and terminator
positions in the images listed in Table I, as described by Stooke and Keller
(1990). Limb and terminator shapes were digitized from processed and enlarged
images. Initial triaxial ellipsoid models of each satellite were created using the
axis dimensions (208 by 192 by 178 km for Larissa, 440 by 416 by 404 km for
Proteus) given by Thomas and Veverka (1991). The models were viewed and
illuminated in the orientations given in Table I, registered to the shapes derived
from the images, and modified to duplicate those outlines. Figure 3 shows the
positions of limb and terminator traces on the map grids. Areas where several
traces converge (e.g. around the south polar region of Proteus) are modelled most
reliably, whereas regions not crossed by a limb or terminator are least reliable. An
attempt was also made to model the shapes of ridges and craters which are seen
on images but do not appear on a limb or terminator. Shapes of these features
are essentially unconstrained, so contours in these regions are merely suggestive
of the local topography.

Limbs are probably located to within about one pixel in the plane of each
image, and terminators to within two or three pixels. With pixel dimensions of 20
or 30 km in some images there is room for very substantial uncertainty, caused
primarily by smearing, aliasing effects at the limb, and the very low signal levels
near terminators. When limbs are transferred to a body-fixed coordinate system
for mapping, their locations may be uncertain by up to several tens of degrees
perpendicular to the limb traces of Figure 3, reducing reliability in the model to
no better than about twice the single pixel resolution of the original image even
in the best areas.
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Fig. 1. A and B: Voyager images of Larissa, identified by FDS number. Left: original data. Right:
original data merged with a smoothed version of itself. C: two versions of a composite of the
original images. North is at top in this and all following images

Relative elevations near terminators may be more accurate since small varia-
tions in topography produce large changes in the shape of the terminator. Abso-
lute radii near terminators are reasonably reliable only near limb traces, within
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Fig. 2a.

the limits outlined above. Despite these considerable uncertainties, the models
derived by these techniques are the best yet available since the low resolution
and minimal overlap between images preclude stereoscopic imaging and control
point triangulation. The radius matrices for the two models at the 5° spacing used
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Fig. 2b.
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Fig. 2. (a) Low resolution images of Proteus. Letters identify images in Table 1. Each row
contains a pair of original images and, at right, a composite of the pair. The images in the bottom
row are slightly smeared. (b) High resolution Proteus image FDS 11389.20. Two versions, each a
composite of the original image with a smoothed version of itself to reduce the effects of noise. (c)
Composite of images 11373.17 and 11373.39, processed to emphasize the possible linear valley
(arrow).

Fig. 3a.

during modelling may be obtained from the author on diskette or by electronic
mail.

The maps presented here should be regarded as ‘maximum interpretations’.
They include features which I think necessary to account for subtle shadings in
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Fig. 3. (a) Locations on Larissa of the limb (solid line) and terminator (shaded area) used to
derive the shape model. The map projection is the same as that used in Figure 6. (b) Locations on
Proteus of the limbs (solid lines) and terminators (shaded areas) used to derive the shape model.
The map projection is the same as that used in Figures 7, 8 and 10.
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the noisy low contrast images. Other interpretations may differ in detail, but I
believe there are reasonable grounds for including all features shown in these
maps.

4. The Shape of Larissa

Since only one view of Larissa is available, the model is not unique and serves
only as a rough guide to help prepare a map (Figure 6). For that reason, the
model is not presented here in table or contour map form.

Larissa is slightly elongated, as clearly seen in Figures 1, 4 and 6. The north
polar region, which is not visible in the images, is shown in Figure 6 as smooth
and symmetrical. Hills near the pole would be visible in Voyager images, though
large craters would be undetectable.

The maximum radius in the model is 10% km at 5° S, 10° W. The minimum
radius is 81 km at 65° S, 225° W, in the depression which forms a prominent
flat area on the southern limb. The equatorial diameter of the model from 0° to
180° longitude is 201 km, and the polar diameter of the model is 176 km. The
volume of the model is 3.5 £ 1.0 x 10° km?. If a triaxial ellipsoid model of the
shape is required, the axes suggested by Thomas and Veverka (1991), namely
208, 192 and 178 km, cannot be improved upon with the limited data in hand.

5. The Shape and Rotation of Proteus

The topographic model of Proteus is presented in Table II and illustrated in
Figures 4, 5 and 7-10. Grids corresponding to five Voyager views are given in
Figure 4 and six mutually perpendicular views are presented in Figure 5. Figure
7 is a shaded relief map of the surface of Proteus on a Morphographic Conformal
projection (Stooke and Keller, 1990). The three dimensional convex hull of the
model is the basis for the projection (Stooke, 1992b). In Figure 8 the shaded relief
drawing has radius contours (measured in kilometres from the assumed centre
of mass) superimposed. The area around the large crater Pharos is reprojected to
the Simple Cylindrical map projection in Figure 9 to show the entire crater in
one view.

The shape of Proteus was described by Smith et al. (1989) as slightly elon-
gated, with topography of about 20 km on the limb. Thomas and Veverka (1991)
described it as roughly ellipsoidal with semiaxes of 220, 208 and 202 km, and
having regional variations of up to 15% (30 km) of the mean radius. Croft (1992)
described the limb as roughly hexagonal in FDS 11373.17, squarish in 11389.20,
and overall roughly ellipsoidal with semiaxes of about 215, 212 and 205 km.
He indicated that it could be “almost as accurately described as simply a rugged
spheroid 209 4-.8 km in radius” a view which is supported by the more detailed
shape model described here. Proteus is not adequately described by any triaxi-
al ellipsoid. It has several flat or slightly concave facets between 150 and 250
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TABLE I

Radii of the Proteus model (km)

Longitude
90 80 70 60 50 40 30 20 10 0
Latitude
90 2050 205.0 2050 205.0 2050 2050 2050 2050 2050 2050
80 189.0 189.6 1909 1927 1951 1979 201.2 2041 2033 200.8
70 1775 1793 1828 186.6 1909 196.1 2022 205.6 2053 2026
60 1663 170.8 1779 1845 1903 1981 2065 208.7 2084 206.7
50 1602 168.6 1804 191.3 1985 206.1 2093 2102 2069 209.2
40 163.0 173.0 1865 1993 208.3 2105 211.9 208.0 2055 206.0
30 1712 1874 2014 2063 2056 2095 2134 2134 2170 207.0
20 1924 203.6 2032 202.0 1959 1950 1983 2042 2140 2177
10 206.6 2052 2047 2035 1955 1919 1938 1994 2040 210.0
0 1997 198.8 2051 207.7 2029 1980 1960 1959 1925 1947
—10 1999 203.6 2064 211.0 2050 2049 198.9 1920 193.0 1947
—20 2049 2049 2091 211.2 2143 2080 198.0 198.6 1950 196.9
—-30 2053 207.9 2050 1935 201.1 2145 2060 2100 2055 1979
—-40 2013 2006 1994 1874 2033 2245 214.0 208.1 20377 2023
—-50 184.1 1819 188.8 197.2 205.8 213.8 218.0 2234 2234 215.7
-60 179.1 179.7 186.6 1955 201.1 2057 2093 2080 211.2 209.3
—-70 187.6 188.0 189.7 1927 196.8 2013 2033 204.0 2042 204.1
—-80 1952 1962 1973 1980 198.6 1992 1998 1998 199.7 200.1
-90 2003 2003 2003 2003 2003 2003 2003 2003 2003 2003
Longitude
180 170 160 150 140 130 120 110 100 90
Longitude
90 2050 205.0 2050 205.0 2050 2050 2050 2050 205.0 2050
80 204.6 2024 200.1 1979 1954 1931 191.2 1899 189.1 189.0
70 2034 2022 1983 1947 1913 1884 1850 181.0 178.0 1775
60 2036 2055 2026 2015 1975 1931 1851 1765 1693 166.3
50 2080 2085 2126 2119 2054 1961 185.1 1726 1616 160.2
40 2122 2152 2159 211.6 2032 1990 1878 175.0 163.1 163.0
30 2198 2241 2229 2136 2076 2020 1915 1834 171.1 1712
20 2243 2299 2298 2195 2119 2049 198.7 1989 1924 1924
10 2239 2296 229.1 2206 208.1 1972 196.1 2039 2049 206.6
0 2187 2247 2246 2159 201.7 1957 197.7 2035 203.0 199.7
—10 209.2 2100 2105 2051 1945 1943 1954 1950 2008 199.9
-20 1979 207.5 2007 1943 1913 1947 1985 2025 2044 204.9
—30 191.1 198.8 1984 191.7 1908 1948 2003 203.0 2042 2053
—40 1925 1960 194.6 189.1 190.0 1957 2008 2042 2050 201.3
—=50 199.0 200.1 1979 1953 1955 1995 2037 2048 1924 184.1
—60 2052 2042 203.0 2017 2008 203.0 2036 1962 1846 179.1
—70 200.6 200.8 2012 201.1 199.9 19877 1954 1932 1894 187.6
—80 187.3 1874 1884 190.2 1923 1929 1934 1934 1937 195.2
—90 2003 2003 2003 2003 2003 2003 2003 2003 2003 2003




THE SURFACES OF LARISSA AND PROTEUS

TABLE I1
Continued
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Longitude

270

260

250

240

230

220

210

200

190

180

Latitude

90
80
70
60
50
40
30
20
10

0
—10
—-20
-30
—40
-50
—60
-70
—80
—90

205.0
196.9
184.7
182.6
188.3
197.4
201.8
192.5
188.5
192.0
193.3
196.4
201.2
210.1
206.6
203.4
203.6
207.5
200.3

205.0
199.3
188.5
187.8
195.5
202.5
203.7
198.9
189.0
191.0
191.0
194.2
198.9
206.1
207.6
206.5
205.2
207.6
200.3

205.0
200.9
193.6
192.6
197.9
203.5
203.8
201.5
192.5
190.0
188.5
190.6
196.2
202.5
208.8
209.6
206.9
207.7
200.3

205.0
201.8
197.8
194.8
200.2
203.8
204.3
203.6
196.3
191.1
189.1
191.1
196.6
202.6
209.5
211.6
208.9
204.7
200.3

205.0
203.0
198.6
197.1
202.7
202.9
203.7
205.6
200.8
196.2
194.9
196.5
200.5
206.4
208.2
211.7
2104
201.4
2003

205.0
203.6
200.7
200.2
202.1
202.4
2034
205.4
205.8
205.1
204.5
201.1
198.4
2004
206.0
210.1
209.7
196.3
200.3

205.0
204.0
201.3
200.6
202.9
203.5
204.4
206.2
209.3
213.0
208.6
195.5
189.6
190.9
200.1
209.3
208.0
192.4
200.3

205.0
204.4
201.3
2014
205.0
206.6
208.2
210.0
211.8
214.9
204.6
190.1
183.0
185.7
196.4
208.6
206.0
189.8
200.3

205.0
204.9
201.9
202.6
206.8
210.1
212.4
215.2
216.4
214.1
202.6
190.3
183.8
186.3
196.8
207.1
202.7
188.1
2003

205.0
204.6
203.4
203.6
208.0
212.2
219.8
224.3
223.4
218.7
209.2
197.9
191.1
192.5
199.0
205.2
200.6
187.3
200.3

Longitude

360

350

340

330

320

310

300

290

280

270

Latitutde

90
80
70
60
50
40
30
20
10
0
—10
—20
-30
—40
—50
—60
—70
-80
—90

205.0
200.8
202.6
206.7
209.2
206.0
207.0
217.7
210.0
194.7
194.7
196.9
197.9
202.3
215.7
209.3
204.1
200.1
200.3

205.0
198.4
197.6
202.0
204.3
199.8
208.0
217.6
221.2
201.5
193.1
191.6
191.5
196.1
208.4
204.4
203.4
200.7
200.3

205.0
196.3
193.2
194.0
197.7
195.7
200.5
215.5
222.7
219.1
203.2
197.3
195.2
204.4
205.8
198.4
198.8
203.0
200.3

205.0
194.4
189.2
186.3
192.3
194.3
204.0
211.5
218.0
218.3
215.0
212.0
206.7
202.5
202.0
195.0
193.7
204.1
200.3

205.0
193.7
186.7
181.0
187.6
193.8
201.8
207.8
216.3
210.0
213.5
210.1
202.1
195.8
194.5
191.8
192.0
204.4
200.3

205.0
193.3
184.9
1745
180.2
190.1
200.1
205.7
2104
213.2
2114
207.7
198.5
193.7
190.2
192.2
193.0
205.5
200.3

205.0
193.0
184.0
172.5
175.4
187.3
199.5
196.5
198.6
205.3
204.5
204.8
198.0
194.8
193.2
193.6
196.4
206.5
200.3

205.0
1944
182.6
173.8
176.0
186.1
200.1
192.3
193.3
200.1
200.3
202.5
203.3
202.4
199.5
197.8
200.7
207.4
200.3

205.0
195.5
182.5
177.2
180.7
189.8
201.8
195.0
1934
196.7
196.8
199.8
204.8
207.8
205.9
200.5
202.2
207.4
200.3

205.0
196.9
184.7
182.6
188.3
197.4
201.8
192.5
188.5
192.0
193.3
196.4
201.2
210.1
206.6
203.4
203.6
207.5
200.3
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FDS 11381.42-48 FDS 11320.57

-

FDS 11332.04 FDS 11336.24

FDS 11373.17 FDS 11389.20

Fig. 4. Latitude-longitude grids in orthographic projection corresponding to the single Voyager
view of Larissa (top left) and five images of Proteus (remaining grids), not to the same scale. See
Table I for further details.
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Lat.0 Long.0 Lat.0 Long. 180
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Lat.0 Long.270 Lat. 0 Long.90
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North Polar View

Fig. 5. Orthographic latitude-longitude grids representing Proteus, viewed from six mutually
perpendicular directions.

km in diameter, presumably created by very large impacts. The facets appear as
large craters in the shaded relief drawing (Figures 7 and 8), as depressions in the
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s

Fig. 6. Shaded relief map of Larissa on the Morphographic Conformal Projection.

contour map (Figure 8) and as dashed circles in Figure 10. They are responsible
for the polygonal outlines seen in Figures 2a and 2b.
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The lower resolution Proteus images were merged where appropriate to reduce
the effects of noise. Visual comparison of the raw images shows that limbs vary
in shape from pair to pair, but that limbs in any one pair are effectively identical
(Figure 2a). This indicates that all the images listed in Table I contain useful
information about the global shape of Proteus. Thomas and Veverka (1990; 1991)
made use of only the last three imaging sequences, and Croft (1992) used only
the last two, but I have used the last five for this study. The previous reports
state that no surface features can be reliably identified in the low resolution image
pairs, but when the images are combined to reduce noise some features may be
revealed.

The four-image multispectral sequence includes two sharp images (11373.17
and 11373.39) and two which are slightly smeared (Figure 2a). The two sharp
images were contrast stretched and merged to reduce noise, revealing an unex-
pected linear feature (arrow in Figure 2c). It is difficult to be certain of its reality,
but I consider it likely to exist and show its position on the map of Proteus (Figure
7.

The highest resolution image of Proteus has extremely low contrast and con-
siderable noise. The versions printed here (Figure 2b) are composites of the
original image and a smoothed copy of itself. The smoothing reduces the effects
of noise, while the original data preserve the full resolution of the image without
entirely undoing the effects of the smoothing, and the result is sometimes easier
to interpret than the original data.

The maximum radius in the model is 232.5 km at 15° N, 165° W. The
minimum radius is 159.5 km at 50° N, 95° W. This occurs at the centre of
a large flattened ‘facet’, presumably an ancient degraded crater some 200 km
across. It is seen in profile at upper left in Figure 2a (C and D) and its depth
may be uncertain by as much as 20 km. The equatorial diameter of the model
from 0° to 180° longitude is 413.4 km. The maximum dimension parallel to this
line is 423 km at 15° N. From 90° to 270° the equatorial diameter is 391.7 km,
and the polar diameter of the model is 405.3 km. Figure 2a clearly shows the
variation in equatorial dimensions, since the ratio of polar to equatorial widths
at low phase angle in images C and D is noticably less than in A, B, E and F.
The volume of the model is 3.4 £ 0.4 x 107 km?. If a triaxial ellipsoid model
is required, semiaxes of 212, 195 and 198 km give a reasonable approximation
to the shape and volume. Those dimensions are given in the common ‘a, b, ¢
axis’ order, where c is the rotation axis. The fact that the rotation axis is not the
smallest of these dimensions is a reflection of the error introduced by trying to
fit a triaxial ellipsoid model to the lumpy shape of Proteus.

Synchronous rotation is confirmed by the images. Thomas and Veverka (1990)
had noted that the position of Pharos in images 11373.17 and 11389.20 was
consistent with synchronous rotation to within 5% of the orbital period. The lower
resolution images appear to strengthen the case. Figure 2a (E, F and the composite
of the two) shows a faint dark region near the terminator which matches the
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size of Pharos and the position expected for synchronous rotation. Smaller dark
patches occur in the same images at the expected locations of the crater at
15° N, 40° W and the large depression centred at 60° S, 60° W. Both are clearly
visible in Figures 2a (G and H) and 2c. Figure 2a (C, D and the composite of
them) show a dark shading in the southern part of the terminator at the expected
position of a broad valley southeast of Pharos and parallel to its rim, which is
clearly seen near the south limb in Figure 2b.

If these low resolution images and the processing used to create Figure 2 are
being interpreted correctly, the rotation was prograde (which was not demon-
strated by previous studies) and must have been within about +30° of the 600°
expected for synchronous rotation during the period spanned by these images.
Prograde rotation is further suggested by the appearance of a small part of the
domed floor of Pharos beyond the terminator in image 11373.17. By the time
image 11373.39 was obtained, after 5° of rotation, the illuminated patch had
become distinctly smaller as expected for prograde rotation.

6. Surface Features of Larissa

The shaded relief drawing shows several prominent craters. The largest, near
the anti-Neptune point, is about 90 km across. There are several well defined
craters with diameters in the 30 to 40 km range, and other possible craters of
this size suggested by shading or depressions in the limb and terminator. The less
certain craters are drawn less distinctly on the maps. Noise gives the impression
of a rugged surface with craters near the limit of resolution. The reality of small
features in the Larissa images is very difficult to determine. I have tried to
avoid indicating a crater on Figure 5 unless it is reasonably well seen in both
original images. Other interpretations of these images may differ in detail from
that presented here. For this reason, as well as the low resolution, no attempt is
made here to investigate crater densities and estimate surface ages.

Apart from craters, the only topographic features revealed in the Voyager
images are a pair of faint linear structures whose very existence is far from
certain. One extends about 100 km from 20° S, 100° W to 60° S, 30° W and
is apparently a ridge. Bright patches occurring along it (but nowhere else on
Larissa) may be caused by albedo markings as well as by sun-facing slopes,
though the resolution is too poor to be certain. The other linear feature runs
from 10° N, 95° W to 60° S, 110° W, and possibly extends to the south limb at
75° S, 180° W. This resembles a broad valley of varying width (stated positions
are for the eastern edge), but it may be no more than a chance alignment of
craters.
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7. Surface Features of Proteus

The surface of Proteus is heavily cratered. Apart from the facets described above,
there are several craters with diameters in the 60 to 100 km range and more in the
best image with diameters of 20 to 50 km. The highest resolution (1.3 km/pixel)
image suggests the presence of many craters with diameters of 8 to 15 km, but
the extremely low contrast and excessive noise render identification of individual
craters uncertain. Since other interpretations of craters and their diameters may
differ in detail from mine, no crater size distribution statistics are attempted here.

The largest crater or basin, Pharos (Figure 9), is really one of the facets already
described, but it warrants special attention because it dominates the best image.
Its diameter is approximately 230 km. The floor is not concave but is gently
domed in the centre with an annular trough below the walls. This doming is
apparent because the shadow in the interior, in image 11389.20, lies on the west
side, not the east as would be expected for a concave crater. The central dome
appears intermediate in form between the floor of the lunar crater Ptolemacus
(which has roughly the same curvature as the lunar mean) and the prominent
central massif of Odysseus on Tethys. A scarp facing west (towards the interior
of Pharos) at 348° W between latitudes 10° S and 30° S is probably part of the
outer wall displaced inwards as a giant terrace, since the main rim to the east is
lower here than elsewhere. The depth of Pharos is only weakly constrained. The
wall heights in the shape model (from 10 to 15 km) are very rough estimates.
Croft (1992) estimated wall heights of 10 km.

Images 11373.17 to 11373.50 (Figure 2a, G to J) show Pharos on the termi-
nator. Just to the east, part of the domed crater floor rises into sunlight. Croft
(1992) interpreted this incorrectly as the eastern rim of Pharos, though it may
mclude part of the eastern wall of the largest crater to overlap Pharos, a 100 km
diameter crater at 40° S, 20° W. In image 11389.20 a faintly illuminated region
was noted by Croft (1992) and interpreted as part of the western rim of Pharos.
Detailed modelling of this region suggests that the illuminated spot is at 5° S,
40° W, on a high point just outside the rim between several other craters.

At 5° S, 0° W on the northemn floor of Pharos a faint circular patch, apparently
a hill or dome, may be discerned in image 11389.20. It has a diameter of about
20 km. The description of this as a dome does not imply a volcanic origin.
Volcanism would not be expected on an object the size of Proteus, particularly
since its non-spherical shape suggests it has never experienced significant heating.

Several depressions surround Pharos, particularly a north-south oriented val-
ley on longitude 310° W just outside the south-east rim of Pharos (Figure 2b), a
major facet or depression at 60° S, 60° W (Figure 2¢) and a large subdued crater
at 20° N, 40° W. Shading in image 11389.20 suggests that a ridge runs south-
eastwards from 60° N, 0° W to 30° N, 300° W, parallel to the northeastern rim
of Pharos. One possible interpretation of all these features is that they constitute
an outer trough and ring of Pharos itself. The trough would be roughly 150 km
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Fig. 7. Shaded relief map of Proteus on the Morphographic Conformal Projection,

wide, giving a total diameter of between 500 and 550 km for the Pharos struc-
ture. This, of course, is substantially greater than the present diameter of Proteus,
though only about 40% of its mean circumference. The existing images and shape
model are not adequate to confirm this suggestion, but the partial relaxation of
Proteus after such a massive impact might account for the substantial degree of
fracturing observed on Proteus and described below.

Numerous grooves or valleys are visible in the images and maps of Proteus.
The most prominent on the map is the large valley mentioned above (Figure 2c,
arrowed), extending from 10° S, 180° W to 10° S, 90° W. If this is not an artifact
of the processing technique described above, it is a major structural feature. The
same processed image weakly shows other linear features not included in the
map, particularly one running diagonally across Figure 2c from lower left to
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Fig. 7. Continued.

the centre of the disk (40° S, 180° W to 10° S, 90° W). I regard this as too
uncertain to show in the map. The large valley is probably the result of a major
facet-forming impact.

The remaining grooves and linear features shown in Figures 7-10 are mapped
from image 11389.20. Many are found north and east of Proteus, near the north
pole. Croft (1992) cautions that linear artifacts may occur under these lighting and
viewing conditions. Caution is certainly required, but similar lineations are not
seen on Prometheus or Janus under similar conditions (Stooke 1993a; Stooke and
Lumsdon 1993). Several other lineaments are indicated in Figures 7 to 10. The
less certain ones are shown as dashed lines in Figure 10. Some may be chance
alignments of bright or dark pixels, similar to a printer’s so-called ’rivers’ in
blocks of text which are caused by the juxtaposition of spaces between words
in adjacent lines. These do occur occasionally in areas beyond the limb, but so
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Fig. 8. Shaded relief map of Proteus with contours of local radius in kilometres at 10 km intervals.

rarely that they are not likely to be the cause of all the linear features observed
on Proteus. Most lineaments are probably real features which are hard to discern
through the noise, so confidence in their reality is low. Despite these problems,
and while the reality of individual lineaments or the global pattern of distribution
may be uncertain, it is clear that Proteus has many narrow grooves.

One particularly interesting groove or valley occurs within Pharos, where it
runs about 100 km from 45° S, 10° W to 20° S, 30° W. It may extend further
north along the terminator. This groove is roughly 12 km wide and appears flat-
floored, like a well-defined graben. It crosses the northern rim of the 100 km
diameter crater on the southwestern floor of Pharos, where its apparent winding
course in Figure 2b may be in part due to the high relief of this area.

Croft (1992) mapped several broad streaks which he interpreted as troughs
and attributed to the giant Pharos impact. Some of his streaks (A, B and C in
his Figure 4) correspond to features mapped as craters in Figure 7. They are
elongated north to south in some images by smearing, which contributes to a
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Fig. 8. Continued.

streak-like appearance. The large valley shown in Figure 2c was not identified
by Croft, and others of his streaks are not identified here, an indication of the
difficulty of interpreting these images. The broad valley southeast of Pharos,
centred on the 310° meridian, is Croft’s “streak F” (strictly speaking, his streak
corresponds to the crater chain mapped here in the centre of the much wider
valley). Croft suggested that several streaks formed a concentric ring around
Pharos, similar to the possible outer ring of depressions mentioned above. These
two possible outer structures are composed of different combinations of features,
but some are common to both (especially “streak F”). The structural effects of
relaxation of hemisphere-sized craters need to be investigated further to advance
our understanding of Proteus.

Albedo markings are not obvious in the images. All changes in brightness
may be explainable topographically, but several areas may exhibit modest albedo
variations which contribute to brightness changes in the images. Given the poor
quality of the images themselves, even photometry applied to the shape model
may be unable to isolate real albedo variations. If any exist, the following are
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Fig. 9. The region around the crater Pharos, reprojected from Figure 7 to a simple cylindrical
projection.

Fig. 10. Major surface features of Proteus. Dashed loops: large facets, degraded craters. Solid
loops: prominent craters. Heavy solid arcs: rim segments of Pharos crater. Light double lines:
grooves, valleys. Heavy double lines: large graben or valleys (ticks point downslope). Scalloped
double line: crater chain. Dashed double lines: uncertain grooves.
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likely candidates. First, the large depression at 60° S, 60° W appears darker than
other areas of the disk seen at similar distances from the terminator in Figures 2a
(images E to J) and 2c. This may be due to topography, but that would require
the depression to have a high ridge along its western edge (longitude 100° W)
and a steep overall tilt to the southeast across its floor. That is not impossible,
but it suggests a quite different shape in this region and may be hard to reconcile
with the (admittedly low resolution) limb in Figure 2a (C and D). Second, similar
comments might be made about the interior of Pharos itself, seen in Figures 2b
and 2a (E and F). In the latter images, and more so in the composite of the two,
the floor of Pharos appears slightly darker than its surroundings. The reality of
this tentative suggestion is very uncertain. Third, a similar interpretation might
be given to the region around 40° N, 280° W as seen in Figure 2b. It is shown in
the relief drawing as a subdued crater, but its floor appears slightly darker than
its surroundings and this may not be entirely due to topography.

Fourth, a crater about 20 km in diameter at 30° N, 327° W may be a little
brighter than its immediate surroundings. In some processed versions of this
image it resembles a bright ring. This may be due to a chance location on the
sun-facing side of a hill, but may also indicate bright (possibly fresh) ejecta.
If so it is the only bright ejecta deposit identified on either Proteus or Larissa.
Finally, Figure 2c shows bright patches at the left (west) limb on the sides of
the possible valley, and a darker valley floor. This pattern is typical of valleys
seen at low phase angles on Phobos (Thomas, 1979) and Epimetheus (Stooke,
1993b). Some of the difference in brightness may be caused by particle size or
texture variations, but it may also reflect real albedo variations perhaps due to
the exposure of fresh material by mass wasting on the valley walls. Without a
better model of the valley’s topography for photometric analysis, the reality of
albedo variation cannot be established.

These observations are inconclusive but indicate that, while albedo variations
cannot be confirmed, they may occur in several specific locations on Proteus.
Definitive measurements of albedo must await future visits to the Neptunian
system.

Conclusion

The available Voyager images of Proteus and Larissa are so limited in number
and contrast that interpretation is difficult. However, they are likely to be the only
images available for several decades. The preceding discussion is often qualified
as uncertain, and several suggestions (an outer ring of Pharos, a large valley
on the leading side, faint aibedo variations) may be impossible to substantiate
with current data. However, more might be done with new techniques of image
enhancement, as was attempted here for the first time. The availability of pairs of
images was particularly useful, and this imaging strategy should be considered
whenever possible in similar situations in future.
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