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Magellan: Initial Analysis of Venus Surface
Modification

R. E. ARvIDSON, V. R. BAKER, C. ELACHI, R. S. SAUNDERS,
J. A. WoobD

Initial Magellan observations reveal a planet with high dielectric constant materials
exposed preferentially in elevated regions with high slopes, ejecta deposits extending
up to 1000 kilometers to the west of several impact craters, windblown deposits and
features in areas where there are both obstacles and a source of particulate material,
and evidence for slow, steady degradation by atmosphere-surface interactions and mass
movements.

ADAR OBSERVATIONS OF VENUS
made by the Earth-based Arecibo
and Goldstone facilities and by the

Venera 15-16 spacecraft demonstrated that
volcanic and tectonic landforms dominate
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the surface of that planet (1). However, the
nature and extent of landform modification
by such processes as chemical and mechani-
cal weathering, eolian (that is, wind-related)
processes, and mass wasting have remained
unclear. The reason is that the spatial reso-
lution of these observations is too coarse to
resolve the relatively fine-scale features pro-
duced by such processes. For example, sim-
ulations with the use of Seasat radar images
of Earth showed that the Gran Desierto
dunes, the largest dune field in North Amer-
ica, would not be discernible at the resolu-
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tion of the data available from Arecibo,
Goldstone, or Venera observations (2). The
Magellan mission has now provided images
of the surface at high enough spatial resolu-
tion to be able to see the fine-scale features
diagnostic of weathering, erosion, and dep-
osition (3). In this report, we analyze
initial Magellan observations that pertain
to understanding the nature, rate, and his-
tory of these surficial processes. We focus
on radar imaging, although we also discuss
results from radiometry and altimetry ob-
servations.

Pre-Magellan observations did provide
some first-order information on the average

Fig. 2. (A) Radar mosaic
covering Danu Montes, part
of Lakshmi Planum to the
north, and terrain to the
south. Danu Montes is the
rugged terrain with high
cross sections. Note the im-
pact crater with a central
peak and flat floor located in
the southeastern part of the
mosaic. Part of F-MIDR
60N334, covering an area
approximately 440 km wide.
Incidence angle is approxi-
mately 28°. Center latitude
is 59.2° center longitude is
334.9°. This and subsequent

Fig. 1. Location map showing regions discussed
in this paper. Contours are derived from Pioneer-
Venus data and are elevations in kilometers rela-
tive to the mean radius of Venus. Southwest-
northeast line across Maxwell Montes delineates
location of profile data shown in Fig. 3. Boxes
show locations of selected figures. [Mercator pro-
jection]

rate of modification of the surface and the
nature of surface materials. On the basis of
the degree of preservation of crater ejecta,
the extent of resurfacing by mechanical and
chemical weathering, erosion, and burial (by
wind and mass movements) was estimated
to be insignificant averaged over the several
hundred million year surface age and limited
to reworking of the top few meters of
surface material (4). On the other hand,
laboratory experiments on the kinetics of
weathering (5) and analyses of the ability of
the dense venusian atmosphere to move
sand and dust (6) suggested that weathering
and erosion have occurred at much higher
rates. Analyses of Pioneer-Venus radar ob-
servations suggested that surfaces at high
elevations expose minerals with high dielec-
tric constants, for example: pyrite, magne-
tite, or ilmenite (7). The Pioneer-Venus data
analyses also showed that the average
Fresnel reflectivity (at 17-cm wavelength)
for the planet is about 0.14. This value
implies that bedrock or highly packed debris
dominates the surface and that fine-grained
soil cover is restricted to less than tens of
centimeters in thickness. The tesserae, re-
gions that have been subjected to complex
tectonic deformation, were found to be ex-
ceptions. For the tesserae, Fresnel reflectiv-
ities were found to be consistent with the
presence of thick soil deposits (7, 8).
Analysis of Magellan altimetric data (9)
generally confirm the Fresnel reflectivity and
roughness estimates derived from Pioneer-
Venus observations. In addition, emissivity-

figures are based on Magellan data shown using sinusoidal equal area

projections. All Magellan radar look directions are from the west. (B)
Overlay of (A) with color-coded emissivity values. Cool colors (purple)
correspond to an emissivity of 0.76 and warm (red) colors to a value of 0.88.
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values derived from the radiometry mode of
the Magellan Radar System (9) also are
consistent with Pioneer-Venus results. Low
emissivities were observed by Magellan on
several topographically high regions (Fig.
1): Maxwell Montes, Danu Montes, Gula
Mons, and Sif Mons. Complex relations are
observed among radar backscatter cross sec-
tion, elevation, and emissivity in these areas.
For example, emissivity decreases only over
a part of the topographically rough terrain
making up Danu Montes (10) (Fig. 2).
Moreover, the occurrence of low-emissivity
surfaces is not simply related to elevation
because the low-emissivity region is dis-
placed northwestward relative to the peak
elevation for Danu Montes. In addition, not
all surface materials at high elevations have
low emissivities. For example, the flanks of
Maxwell Montes exhibit the lowest emissiv-
ities, whereas material at the summit has a
higher emissivity (Fig. 3). For Maxwell
Montes, areas of low emissivity correlate
better with large-scale slope than with ele-
vation.

A plausible explanation for the patterns

=

(=]

[

(=]
Elevation (km)

L ) 6054
0 200 400 600
Ground distance (km)

Fig. 3. Profiles of emissivity (EMIS) and eleva-
tion (ELEV) across Maxwell Montes. Maxwell is
the high area on the left of the profile. Left end of
profile is located at 64.7° latitude, 359° longitude;
right end is located at 67.3° latitude, 13.5° longi-
tude. Emissivities are lowest in those parts of
Maxwell Montes that have steepest regional

slopes.

Emissivity is lowest in Danu Montes. This low emissivity area is not the
topographically highest terrain in the region. Contours are elevations in
kilometers above 6051-km radius.
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seen in the altimetric data is that unweath-
ered surface materials contain high-dielec-
tric-constant minerals that are unstable in
contact with the planet’s atmosphere. Over
most of the planetary surface, the material
has reacted with the atmosphere to form
products with low dielectric constants, but
chemically weathered material may be erod-
ing from steep slopes rapidly enough so that
fresh rock that contains the critical material
is constantly exposed. Enhanced mass wast-
ing associated with steep local slopes, cou-
pled with high winds induced by regional-
scale slopes, may cause the increased
erosion. Slump blocks and landslides have
been observed in Magellan images of moun-
tainous terrains, and Saunders et al. (11)
predicted that highest winds (several meters
per second at the surface) occur in areas with
steepest regional-scale slopes. Other low-
emissivity areas on Venus, notably in the
lowlands west of Atalanta Planitia (7), how-
ever, are neither high nor sloping. Thus, this
simple hypothesis offers only a partial expla-
nation of the observations, and a more
complete model must await acquisition, re-
duction, and analysis of the full Magellan
data set.

Another set of regional-scale features evi-
dent in the Magellan data are prominent
low-emissivity streaks located within 30° of
the equator (Fig. 4). The streaks define
parabolic shapes to first order, and have
varying distances from foci to vertices. An
impact crater is located close to the focus of
each paraboloidal streak. The vertices are all
on eastern edges of the paraboloids and the
axes are parallel with lines of latitude. These
features have east-west dimensions between
500 and 1000 km.

The paraboloidal streaks typically have
both low radar backscatter cross sections
and emissivities. For example, the southern
arm of the streak located to the southwest of
Sif Mons (Fig. 5) is particularly well devel-
oped and has emissivity values that range
from about 0.77 to 0.80, as compared to
values between 0.83 to 0.86 for the imme-
diate surroundings. Also, the backscatter
cross section for the southern arm is approx-
imately 3 to 5 dB lower than that in the
surrounding areas. The low radar cross sec-
tions and emissivities imply that the streak
material is smooth relative to its surround-
ings. Similar differences are observed for
basaltic lava flows of different ages on Earth.
For example, in the Cima Volcanic Field,
Mojave Desert, southern California, the
cross sections for horizontally polarized
(transmitted and received) radar images in C
and L bands observed for flows emplaced
180,000 years ago is 3 to 5 dB higher than
for flows emplaced 850,000 years ago (12).
Older flows have been smoothed by mass
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Fig. 4. Gray-tone image of
emissivity for regions within
30° of the equator. Emissivities
below 0.79 are set to black;
values above 0.89 are set to
white. Arrows delineate the
eastern edges of low-emissivity,
paraboloidal streaks that open
toward the west and that have
axes parallel to latitudes. Each is
associated with an impact crater
located near the eastern side of
the respective streak.

wasting and deposition of eolian dust, silt,
and sand.

Further evidence for the smooth nature of
streak surfaces comes from combined analy-
ses of Magellan altimetric and SAR data.
The average Fresnel reflectivity estimated
from altimetric data for the paraboloidal
streak shown in Fig. 5 is 0.15, as opposed to
a value of 0.13 for the surrounding area.
Correcting for the diffuse-scale roughness
component in the Fresnel reflectivity, as
done by Pettengill er al. (7), lowers the value
for the paraboloidal streak to about 0.14.
The similarity in the reflectivity estimates
within and outside of the streak implies that
most of the variation in emissivity is a result
of roughness at the scale of the radar wave-
length. That is, the streak is smoother than
the surrounding region at about a 12.6-cm
length scale. Finally, the quasi-specular-scale
(>12.6 cm) root-mean-square (rms) slope
values estimated from altimetric data (9) are
higher in this paraboloidal streak than in the

surrounding region (5° versus 2.5°).

A complex paraboloidal streak associated
with the 38-km diameter crater Carson pro-
vides additional information on paraboloi-
dal streak characteristics (Fig. 6). For exam-
ple, several ~10 km long streaks extend
from domes located within the castern seg-
ment of the paraboloidal streak (Fig. 7). We
believe that these small streaks are the result
of perturbation of wind flow by the domes.
Such features have been produced in wind
tunnels, are found on Earth and Mars, and
are evident in SIR-A and Seasat radar imag-
es of Earth (6, 13). Vortices shed by wind
flowing over obstacles cause erosion directly
downwind, and deposition occurs at the
edges of the erosive zone. Deposition is
related to upward motions of the vortices
(13). The north-northwest trending streak
to the northeast of Carson has a backscatter
cross section that is approximately 9 dB
higher than that of the surroundings. Most
likely, ejecta material has been eroded down-

Fig. 5. (A) Southwestern part of radar image mosaic C1-MIDR 15N352. Arrows delineate the
locations of impact craters. Note the low backscatter paraboloidal streak associated with the crater in the
lower left center. Incidence angle is approximately 45°. Center latitude is 11.7°; center longitude is
347.3° the frame covers an area approximately 870 km wide. (B) Overlay of (A) with color-coded
emissivity values. Blue corresponds to an emissivity of 0.77 and red to 0.90. Contours are elevations
relative to a radius of 6051 km, in 0.25-km intervals. Arrows denote areas for which emissivity and
backscatter properties were extracted, as discussed in text.
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Fig. 6. Regional-scale radar mosaic covering a
group of four craters informally called the “crater
farm.” Carson is the easternmost crater with the
complex paraboloidal streak. Elevation contours
with 0.25-km intervals are overlain. Boxes show
locations of enlargements shown in Figs. 7 and 8.
F-MIDRs 208337, 208344, 2558339, 255345,
and 308338. Incidence angle is approximately
35°. Center latitude is —26.3°; center longitude is
341°. Mosaic is approximately 1250 km wide.

ward of this dome to produce this high
backscatter dome-related streak. To the
north of the region covered by Fig. 7 there
are also a number of other dome-related
streaks with high backscatter cores and low
backscatter perimeters. These dome-related
streaks appear to form because the parabo-
loidal streak provides a supply of fine partic-
ulate material, the domes form suitable local
topographic obstacles, and because winds ex-
ceed the threshold required to erode material.

Winds above the first scale height on
Venus are strongly zonal and retrograde
(that is, westward); velocities are about 100
m/s at a height of approximately 60 to 70
km (14). In contrast, winds close to the
surface have velocities of approximately 1
m/s (15), and the flow direction is uncertain,
although theoretical models imply that there

Fig. 7 (left). Part of ra-
dar mosaic shown in Fig.
6, centered on the crater
Carson, with elevation
contours overlain. Ar-
rows denote directions
of wind streaks associat-
ed with domical hills.
Frame width is 218 km.
Fig. 8 (right). Part of
radar mosaic shown in
Fig. 6, centered on the
crater ejecta flow extend-
ing to north of a 65-km-
diameter crater in the
crater farm area. Eleva-
tion contours are over-

should be meridional flow driven by Hadley
cell circulation (14) and zonal flow forced by
differential solar heating related to the lon-
gitude of local noon (16). The large distanc-
es covered by the paraboloidal streaks sug-
gest that the surface has interacted with the
high-velocity retrograde winds. Further-
more, the paraboloidal shape provides an
important constraint on the mechanism of
emplacement. Initial calculations suggest
that material ejected from cratering events
toward the west becomes widely dispersed
by retrograde winds, whereas material
ejected toward the east would be deflected
back toward the crater. Ejecta moving to
the north and south would be systematical-
ly deflected westward. The overall deposi-
tional pattern outlines a paraboloidal
shape.

The impact model nicely accounts for the
geometric patterns associated with parabo-
loidal streaks. However, the volume of ma-
terial required poses a potential problem.
Each paraboloidal streak covers roughly 100
times the area of the associated crater. If the
deposits are tens of centimeters thick, then
approximately 10% of the crater ejecta
would need to be thrown aloft and carried
westward by retrograde winds. It is not clear
that enough fine debris would be produced
to be carried up to 1000 km to the west of
the craters. An alternate explanation is that
the paraboloidal streaks are produced by
long-term weathering and eolian redistribu-
tion of ejecta by surface winds with a strong
westward component. However, the dome-
related streak directions shown in Fig. 7
suggest that surface winds are more complex
than simple westward flow. Some streaks to
the east of Carson trend north to north-
northwest and follow topographic contours.
A few trend west-northwest and north-
northeast and are perpendicular to elevation
contours. These relations imply that region-
al-scale topography has exerted a complex
control on dome-related streak orientations.

Furthermore, no east-west trending, dome-
related streaks are found in the tails of the
paraboloidal streaks associated with Carson
or with other craters.

Whatever the detailed origin of the parab-
oloidal streaks, it is important that only
seven to eight craters have these paraboloi-
dal features. We postulate that these are the
youngest craters because they still retain full
ejecta  deposits, including paraboloidal
streaks. The overall crater retention age,
based on the 135 craters inventoried in the
region covered by Magellan, is approximate-
ly 400 Ma (17, 18). The youngest seven or
eight craters must have formed during ap-
proximately the past 20 million years. If we
assume that the paraboloidal streaks are
ejecta deposits that are 1 m thick, then it
follows that this amount of material must
be redistributed over about 20 million
years. This analysis implies that the average
eolian redistribution rate of these deposits
has been approximately 5 x 10~2 pm/yr.
This rate is more than an order of magni-
tude less than the rate inferred for volcanic
and tectonic processes that are thought to
dominate crater removal (17, 18). The pa-
raboloidal streaks also have potential use as
time stratigraphic markers. For example,
the western half of the volcano Gula Mons
is covered by a paraboloidal streak associ-
ated with a crater just to the east of the
volcano. A careful search was made to find
lava flows that cover paraboloidal material.
Such flows would have to be geologically
quite young. None were found; thus, the
flows on Gula all predate deposition of the
streak material.

A speckle-like pattern may indicate the
presence of a dune field within and adjacent
to a complex ejecta flow (19) that extends
northward from the 65-km-diameter crater
located in the crater farm (Fig. 6). Terres-
trial dunes imaged by radar have the same
speckle-like appearance, where the speckle is
associated with returns from dune faces tilt-

lain. Streaks associated with domes are located in an east-west trending valley ~ The north-south trending region of speckled return in the middle of the

on the eastern edge of the mosaic and fan out in the flat terrain to the west.
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figure is suggestive of returns from a dune field. Frame width is 220 km.
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ed toward the radar (20). The lateral di-
mensions and appearance of this candidate
dune field are similar to those of the terres-
trial Gran Desierto field as imaged by
Seasat (2). The long dimension of the
putative Venusian dune field is roughly
perpendicular to dome-related streaks on
cither side of the flow deposit; this relation
implies that the dunes are of the transverse
type. The streaks indicate that the wind
flow was dominantly toward the west dur-
ing streak formation, but a few streaks also
extend to the east from domes. A test of
whether our interpretation of a dune field
is correct will be to image (during an
extended mission) the area at various inci-
dence angles. The speckle appearance
should change because other dune facets
would produce specular (that is, nadir)
returns, and the area should become uni-
formly dark if the incidence angle becomes
larger than the steepest slope.

Several dome-related streaks (Fig. 9) oc-
cur between 25° and 30° north latitude. In
this area, the sediment supply is interpreted
to be pyroclastic debris associated with
volcanic deposits that mantle older plains
(21). The inferred wind directions respon-
sible for the dome-related streaks vary from
southwest to south-southwest. When com-
bined with the streak data from the Carson
area, it is clear that surface wind flow on
Venus is complex and has both zonal and
meridional components and is modulated
by topography.

Modification of volcanic and tectonic
landforms provides evidence that a variety of
other surficial processes are also at work on
Venus. For example, in plains located just
south of the equator, several volcanic flows

Fig. 10. Radar mosaic of equatorial
plains region in Guinevere Planitia,
with elevation contours in kilome-
ters. Note the elongate regions of
relatively high radar cross section
that trend northeast-southwest.
These are probably relatively young
lava flows. The flows extend from a
complex volcanic terrain with dom-
ical hills and regions of high and
low backscatter. These units are in-
terpreted to be superimposed on an
older, bland fractured plains that
has been modified by weathering,
erosion, and deposition. Part of
F-MIDR 05S8335. Incidence angle
is about 43°. Center latitude is

—6.2°% center longitude is 341.4°; frame width is 145 km.

with relatively high radar cross sections are
seen to cover a more muted, fractured plains
(Fig. 10). Several younger flows with rela-
tively low cross sections can also be dis-
cerned. It is likely that the superimposed
flows are young enough to retain textures
associated with their emplacement, account-
ing for the variable backscatter. Assume that
the average crater retention age of 400
million years (17, 18) pertains to the frac-
tured plains. Also assume that the flows that
generated the fractured plains initially had
variable radar cross sections. It then follows
that over approximately 400 million years,
surficial processes must have been sufficient-
ly intense to remove distinct radar signatures
associated with discrete flows that make up
the fractured plains and to remove or sub-
due the topography associated with individ-
ual flows on these older plains. The extent of
reworking corresponds approximately to re-
moving or subduing height scales associated
with blocks (centimeters to meters) and flow
relief (meters). We note that cross sections

for the fractured plains are typically 3 dB
lower than the brighter, superimposed
plains. These values are similar to cross-
section differences found for old, subdued,
as opposed to young basaltic flows at the
Cima Volcanic Field (12).

If it is assumed that the upper limit (that
is, meters) for the amount of reworking
necessary to homogenize the fractured
plains surface is correct, then the typical
vertical resurfacing rate is similar to the rate
computed on the basis of removal of the
paraboloidal streaks. Alternatively, the re-
working rate earlier in history may have
been much higher, and a bland fractured
plains was left that was later covered in some
places with volcanic materials that have been
preserved in pristine form. However, we
favor the steady-state model in which surfi-
cial processes have operated continuously,
albeit slowly, relative to resurfacing by vol-
canism and tectonism. Over short time
scales, ejecta and other mobile material is
redistributed by eolian processes, while over

Fig. 9. (A) Radar view of plains showing locations of wind streaks associated with domical hills. Low—cross section
region in southwestern corner is due to a paraboloidal streak. Elevation contours in kilometers above local minimum
are overlain. Top box shows location of (B); bottom box shows location of (C). Parts of F-MIDRs 25N333 and
20N330. Incidence angle is about 44°. Center latitude is 23.5° center longitude is 332.6°; frame width is
approximately 250 km. (B) Dome-related streaks of relatively high radar cross section. The streaks indicate that wind

flow was toward the southwest. Frame width is approximately 55 km. (C) Dome-related streaks indicating that wind
flow was toward the south-southeast. Note that the perimeter of the large streak on the left has a relatively low cross sectionrelative to surroundings,
consistent with accumulation of debris around the edge of an erosional core. Azimuthal spread in streaks is suggestive of a variable wind direction. Frame

width is approximately 55 km.

274

SCIENCE, VOL. 252



Fig. 11. (A) Tesserae and adjacent plains are shown for the northwest part
of Lada Terra. Boxes show regions shown in (B) and (C). Part of C1-MIDR
65S005. Incidence angle is about 19°. Center latitude is —64.3°; center
longitude is 12°; frame width is 290 km. (B) Enlargement of part of (A)
showing channel that has cut through the tesserae and has eroded the

longer time scales, plains surfaces are ho-
mogenized.

A high degree of erosion by lava is evident
in several plains areas observed by Magellan.
For example, in northwestern Lada Terra,
plains have been disrupted by lavas flowing
from south to north in the channel shown in
Fig. 11, A and B; the flows led to extensive
erosion and formation of remnant islands in
the plains. A survey of Magellan data shows
that a variety of channel forms are evident in
the plains. Features include streamlined ero-
sional remnants, ponding and overtopping
of uplands, and complex anastomosing pat-
terns.

Surface processes may be much more ac-
tive in the uplifted, fractured tesserae than in
the plains (Fig. 11). The tectonic processes
that produce tesserae generate relief, disrupt
bedrock at a variety of scales, and produce
thick soil cover (7, 8). The relief and dis-
rupted nature of the crust should lead to
enhanced mass wasting. Direct evidence of
mass wasting is found in a number of Ma-
gellan radar images covering the tesserae.
The irregular contacts between tesserae up-
land blocks and plains also imply that con-
siderable mass wasting has occurred. Com-
bined with the atmosphere-surface inter-
actions, the rate of resurfacing by surficial
processes is thus probably greater in tesserae
than in plains. These processes have proba-
bly contributed to the highly degraded na-
ture of the impact crater shown in Fig. 11C
as compared to the fresh appearance of
plains craters (17, 18), although it appears
that tectonic disruption may also have
helped degrade this crater.

Finally, no surface features have been
observed whose origin would require that
Venus had a different climate during the

12 APRIL 1991

is 70 km.

past 400 million years. Unequivocal evi-
dence of fluvial, lacustrine, or marine land-
forms and deposits has not been observed.
Rather, we believe that processes similar to
those that occur under the present ambient
conditions have been quite capable of shap-
ing the surface.
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