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Impact Craters on Venus: 
Initial Analysis from Magellan 

Magellan radar images of 15 percent of the planet show 135 craters of probable impact 
origin. Craters more than 15 km across tend to contain central peaks, multiple central 
peaks, and peak rings. Many craters smaller than 15 km exhibit multiple floors or 
appear in clusters; these phenomena are attributed to atmospheric breakup of 
&coming meteoroids. ~ddit ional l~,  the atmosphere appears to have prevented the 
formation of primary impact craters smaller than about 3 km and produced a 
deficiency in the number of craters smaller than about 25 km across. Ejecta is found at 
greater distances than that predicted by simple ballistic emplacement, and the distal 
ends of some ejecta deposits are lobate. These characteristics may represent surface 
flows of material initially entrained in the atmosphere. Many craters are surrounded by 
zones of low radar albedo whose origin may have been deformation of the surface by 
the shock or pressure wave associated with the incoming meteoroid. Craters are absent 
from several large areas such as a 5 million square kilometer region around Sappho 
Patera, where the most likely explanation for the dearth of craters is volcanic 
resurfacing. There is apparently a spectrum of surface ages on Venus ranging 
approximately from 0 to 800 million years, and therefore Venus must be a geologically 
active planet. 

I M P A ~  CRATERS ON VENUS PROVIDE chanics and ejecta formation. The modifica- 
new information on the physics of cra- tion of impact craters yields information on 
tering processes, including interaction surface and interior processes, particularly 

with the atmosphere during meteoroid tran- tectonism and volcanism. The geographical 
sit and atmospheric effects on cratering me- distribution and abundance of craters pro- 
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vide constraints on the rate of resurfacing of 
the planet and, thus, the level of geological 
activity over the last several hundred million 
years. 

After 37 days of operation, or 277 orbits 
covering approximately 56" of longitude, a 
total of 135 craters ranging from 3 to 105 
km in diameter have been interpreted as 
having a high probability of impact origin. 
They lie within an area of 70 x lo6 km2, or 
about 15% of the planet's surface. If the area 
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mapped is representative of the rest of Ve- 
nus, then the planet-wide population should 
be about 900. In this paper we describe the 
general features of these cratw and focus on 
two siflcant aspects: (i) the considerable 
effect of the atmosphere on crater and ejecta 
morphology and (ii) the implications of the 
dismbution and appearance of the craters 
for the volcanic and tectonic resurfacing 
history of Venus. 

crater morphologies and physical 
properties. The Venera 15-16 radar mis- 
sions surveyed 115 x lo6 km2 north of 30" 
latitude. In all, 146 circular features greater 
than 8 krn in diameter of probable impact 
origin were identified (1). Because of its 

resolution, Magellan data expands 
and clarifies interpretations of crater obser- 
vations based on Venera images as well as on 
those images aquired by E&-based radar 
facilities (2-6). 

Impact craters on Venus larger than about 
15 km in diameter are similar to those 
observed on other planetary bodies; they are 
typically circular and exhibit some or all of 
the features typical of complex craters (7). 
Such structures result from the potential 
energy associated with the transient crater 
cavity, either by direct gravitational collapse 
(creating terraced walls and flat floors) or 
possibly by gravity-driven wave phenomena 
(creating central peaks and peak rings) (8). 
These morphologies arc typified by the 48- 
km-diameter complex crater Danilova (9), 
which exhibits a multiple central peak struc- 
ture (Fig. 1). As was observed in the Venera 
15-16 data (1, 10); there is general progres- 
sion (Fig. 2) with increasing crater diameter 
fiom (i) no central structure to (ii) central 
peak, then to (iii) multipeak or peak ring 
(Fig. 3). 

Of the larger craters, a particularly inter- 

esting example is the 105-km-diameter 
structure Cleopatra Patera, discovered in 
early Arecibo images (3). Cleopatra sits high 
on Maxwell Montes, and from Venera 15- 
16 data it was not clear whether this feature 
was an impact crater or a volcanic caldera (1, 
10-14). Magellan images reveal that Cleopa- 
tra is an impact structure with a peak ring; 
the primary evidence is the presence of a 
partially preserved hummocky ejecta facics 
(Fig. 4). Cleopatra Patera is superimposed 
on the faults of Maxwell Montes and ap- 
pears tectonically undeformed; these rela- 
tions suggest that Cleopatra is very young. 
Alternatively, Maxwell Montes has been tec- 
tonically inactive for a long period, because 
of the large topographic gradients associated 
with Maxwell, this notion would require a 
reassessment of our understanding of venu- 
sian lithospheric rheology or temperature 
structure, or both. 

Cleopatra is also interesting because of the 
large amount of material that appears to 
have flowed out from the crater floor. A 
steep-walled, sinuous channel a few kilome- 
ters wide breaches the hummocky terrain 
surrounding the inner crater rim and trends 
north to northeast across the upper crater 
floor and passes through a deep breach in 
the hummocky rim of the outer crater (Fig. 
4). The channel continues down the north- 
eastern &ink of the outer crater rim, where it 
appears to be the source of plains deposits 
filling structural troughs or valleys in For- 
tuna Tessera immediately east of the base of 
Maxwell Montes. The existence of the 
breach in the rim of the outer crater and the 
plains deposits to the east were recognized 
from Venera 15-16 images (12), and it was 
suggested that the plains may have originat- 
ed as volcanic lava flows from the channel 
breach in Cleopatra's outer rim. Basilevsky 

Fig. 2. Frequency distribution of craters with 
central peaks and with multiple peaks or peak 
rings. Data are from an analyzed subset ofthe 135 
craters observed. 

and Ivanov (13), who championed an im- 
pact origin for Cleopatra, e t e d  that the 
breach might possibly have been a conduit 
for post-impact drainage of shack melt fiom 
the crater floor. 

Most craters smaller than 15 km have 
some attributes of complex craters, but 
about half of them are da&ied as irregular, 
with noncircular rims and multiple, hum- 
mocky floors (Fig. 5). This is interpreted to 
be the consequence of breakup and disper- 
sion of incoming meteoroids by the dense 
atmosphere with the near simultaneous im- 
pact oi'the dosely grouped fragments. Some 
of these craters display dear evidence for 
distinct, overlapping impacts (for example, 
Fig. 5A). "Crater clusters" contain two or 
more separate craters that are commonly in 
rim contact. We attribute them to impacts 
by hgmented meteoroids dispersed into 
trajectories that result in separate craters 
(Figs. 6 and 7). Except for the smallest 
members of some crater clusters (Fig. 7), no 
primary craters have bcen observed that are 
smaller than 3 km in diameter. 

The conditions under which overlapping 

Wg. 1. (A) Impact crater 
Danilova (9), 48-km di- 
ameter, located at -26.4' 
latitude, 337.2" longitude 
(Photo MRPS 35420). 
(B) Geological sketch 
map. 
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craters and crater clusters will form on Ve- 
nus can be predicted from theoretical calcu- 
lations (8, 15-1 7). For an assumed entry 
angle, meteoroid crushing strength, and Ve- 
nus model atmosphere, the morphology of 
the resulting crater form can be predicted as 
a function of the initial mass and velocity of 
the meteoroid entering the atmosphere. Me- 
teoroids will either (i) remain coherent; (ii) 
break up and form, depending on the 
amount of dispersion, single craters, over- 
lapping craters, or nonoverlapping crater 
clusters; or (iii) burn up. Calculations for 
Venus predict that overlapping craters 
should form in the size range 1 to 10 km (8), 
in reasonable agreement with Magellan ob- 
servations. Qualitatively, it is expected that 
most meteoroids entering the atmosphere 
are crushed by the differential pressure re- 
gime encountered, but the amount of dis- 
persion of individual fragments decreases as 
the initial meteoroid radius increases (17). 
Thus, large meteoroids form only a single 
crater even though the incoming projectile 
has been crushed. The exact details depend 
on the impact velocities and the size distri- 
bution of the fragments, among other fac- 
tors (18). 

Most crater ejecta deposits observed thus 
far do  not appear, at Magellan resolution, to 
have been significantly altered by surface 
erosion, weathering processes, or volcanic 
resurfacing. Two major types of ejecta de- 
posits are observed around impact craters on 
Venus. Hummocky ejecta consists of ridges 
and furrows that are generally concentric to 
the crater rim and best developed near the 
rim (Fig. 1). The hummocky ejecta com- 
monly extends from 0.5 to 0.8 crater radii 

Fig. 3 (left). Crater Barton 
(9) ,  50-km diameter, located 
at 27.4" latitude, 337.5" lon- 
gitude, displaying peak-ring 
structure. North is to left 
(Photo MRPS 34779). 
Fig. 4 (right). The 105-km- 
diameter crater Cleopatra, 
located at 65.9" latitude, 
7.0" longitude and inter- 
preted to be of impact ori- 
gin (Photo MRPS 35331). 

from-the crater rim and is thought to be Fig. 5. (A) Crater of approximately 11-km mean diameter located at -51.7" latitude, 348.3" longitude 

composed mostly ofblocks larger than many (Photo MRPS 33959). (B) Crater of approximately 12-km mean diameter located at -21.4" latitude, 
335.2" longitude (Photo MRPS 33918). (C) Crater of approximately 14-km mean diameter located at radar as evidenced by bright, 25.6" latitude, 336.0" longitude (Photo MRPS 33958). (D) Crater of approximately 9-km mean 

quasi-s~ecular returns. This is con- diameter located at 16.4" latitude. 352.1" longitude. Eiecta distribution on south side of crater is 
sidered to have been emplaced ballistically. apparently related to graben struckres (Photo ~ R P s  34428). 
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Surrounding the hummocky ejecta is a 
generally smoother (not containing large 
blocks) outer-ejecta hcies (19). Both facies 
are typically brighter in the radar images 
(have higher radar backscatter cross sec- 
tions, a,) than the surrounding plains on 
which they are emplaced. The distal edge of 
the outer ejecta of complex craters on Venus 
is lobate to slightly pointed, commonly with 
a petal-like appearance (Figs. 1 and 8), 
suggesting emplacement by flow. The hum- 
mocky e j e a  appears in some craters to 
extend radially for some distance along the 
axes of major lobes of the outer ejecta (Fig. 
1). The contact between the two facies is 
typically well defined for the larger craters 
but the contact ranges from moderately 
sharp to quite indistinct around small irreg- 
ular craters. The outer ejecta of this latter 

group is commonly irregular, discontinu- 
ous, and lacks the lobateness of the larger, 
complex craters (Fig. 5). 

For craters larger than 15 km, the outer 
ejecta deposits extend outward to a maxi- 
mum distance of about 2.5 crater radii (Fig. 

Fig. 6. Crater duster at -30.1" latitude, 345.5" 
longitude. Mean radius of largest crater is 
about 13 km. North is to left (Photo MRPS 
34798). 

Fig. 7. Crater cluster at 9.3" latitude, 357.8" 
longitude. Long dimension of largest feature is 
approximately 11 km (Photo MRPS 34618). 
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9). Our initial determination of the average 
extent of this ejecta is between 50 and 70% 
of the maximum ejecta distance, as measured 
fiom the crater r& (excluding missing sec- 
tors; see below), or between 1.75 and 2 
radii. Our estimate for ballistic em~lace- 
ment, on the basis of a gravity-scaling rela- 
tion derived for atmosphere-k planets, is 
1.4 radii (20). For Venus, this result would 
be an upper bound if the only atmospheric 
effect is that of simple aerodynamic drag on 
the ejected material. Thus, the radial extent 
of the outer ejecta sigdicantly exceeds that 
predicted for simple ballistic emplacement, 
and other processes must influence the dis- 
tribution df eiecta. 

Atmospheric interactions with ejecta may 
initiate conditions leading to nonballistic 
features, specifically the super-ballistic dis- 
tances and lobate nature of the outer ejecta 
deposits. The hummocky ejecta, while bal- 
listically emplaced, may undergo continued 
outward flow due to entrained atmosphere. 
The outer ejecta deposits may reflect run-out 
of finer fractions (meter-xale) suspended in 
turbulent winds created in the lee of a 
moving ejecta curtain (21). 

Outer ejecta is not always distributed 
symmetrically. There are distinctive missing 
sectors, and the ejecta commonly has a bi- 
lateral symmetry or butterfly pattem (Figs. 7 
and 10 to 13). This pattem is expected for 
oblique impacts (22), with the major miss- 
ing sector in the uprange direction; this 
phenomenon may extend to near-vertical 
incidence in the presence of an atmosphere 

Fig. 8. (A) Crater Aurelia (9) ,  31-km diameter, 
located at 20.3" latitude, 331.8" longitude. L.u- 
bate radial ejecta pattern is well developed (Photo 
MRPS 33874). (B) Smoothed Magellan altimet- 
ric profile through Aurelia. 

because of uprange blockage due to wake 
interaction and the e f f m  of aerodynamic 
drag on the ejecta curtain (23). In one crater 
cluster (Fig. 7), the missing ejecta sector lies 
in the direction of the smaller craters in the 
cluster, which themselves are expected to be 
uprange from the largest impact (1 6). 

Secondary craters are most recognizable 
beyond the outer ejecm of craters that ap- 
pear to have formed by oblique impact 
(Figs. 10 and 11). In such cases, the second- 
ary craters are more abundant on the down- 
range side of the primary crater. 

A number of craters possess commonly 
nonradial, flow-like ejecta indicative of flow 
of a low-viscosity material. Typically these 
flows extend up to two crater diameters 
fiom either beneath Gr within the crater's 
hummocky and outer ejecta deposits (Figs. 
1,8,12, and 14). In some cases (Fig. l), the 
ejecta was fluid enough to. flow around 
obstacles such as low volcanic shields; "bath- 
tub ringsn of roughened, radar-bright (high 
a,) material left around the obstacles and 

X . , 
d 

L...............................-...8 

Oo 
I 

20 40 60 
Crater diameter (km) 

Flg. 9. Ratio ofmaximum radial distance ofouter 
ejecta to cram radius plotted against crater diam- 
eter. Data is from an analyzed subset of the 135 
craters obsewed. Box endoses data poinrs for 30 
craters larger than 15-km diameter, for which the 
mean value was calculated. 
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itsgenesis. The fim is an extension of the observed in early ground-based observations 
concept used to explain the lobate nature of of Venus (3), with the radar system aboard 
some of the distal ends of the outer ejecta the Pioneer Venus orbiter (28), and in more 
facies (21). The flow-like ejecta could be the recent higher resolution Aresibo images (29). 
more distal runout of much h e r  eiecta relat- It was not until the Magellan data became 

I ed to the enhanced thermal turbhence that available, however, that &e direct linkage of 
results from impact-generated melt and va- some of these areas with impact crates was 
por. This hot. turbulent flow may be em- confirmed. Approximately half ofthe impact 
ilaced bcfbre thc arrival of ballistic and craters o&& are pa&ally or wholly ;ur- 
atmospherically entrained ejecta flows (23). rounded by areas with low radar backscatter 

The second model is that the flow-like cross sections (Figs. 1, 3, 7, 8, 11, 12, and 
cjecta is impact melt. In this model, the 14); we term these areas "dark margins." In 
material is interpreted to flow from shock- most cases, these regions are megdarly 
melt pools on and within the outer ejecta, and shaped and extend up to three or four crater 
from impact-related fractures extmdmg well diameters from the crater center; in a few 
below the transient cavity of the crater. Evi- cases, the dark areas are much more extensive. 

I den= for shock melt pools and flows associ- The contact between the dark area and the 

Fig. 10. Crater of approximately 13-km diameter 
located at 6.0" latitude, 331.9' longitude. Ejecta is 
missing to the south of crater and secondary 
craters ark concentrated to the north (Photo 
MRPS 33838). 

along the flow edges, as is common for 
m u d o m  or debris flows. The presence of 
these rugged boundaries indicates that the 
flows must have been energetic. Their thick- 
ness can be crudely determined from the 
heights of volcanic inliers. The shields rise 
- 100 m or less from the surrounding plains, 
and because these features are still evident 
within the flows, the flow thicknesses must 
be on the order of meters. In addition, 
because the bathtub rings do not rise high 
on the flank of the shields, the flow thick- 
nesses during emplacement must have been 
similar to their present-day values; this rela- 
tion indicates that the flow behaved as an 
effective low-viscosity fluid. 
The flow-like ejecta has several forms (for 

example, uniformly radar bnght, or bright 
just along the boundaries), and multiple ori- 
eins are ~ossible. We consider two models for 

Fig. 11 (left). Crater 
Stephania, approximate- 
ly 11 km in diameter, 
located at 51.3" lati~de, 
333.3" longi~de (Photo 
MRPS 33857). 
Fig. 12 (rlght). Crater 
Jeanne, 19.5 km in di- 
ameter, located at 40.0" 
latitude, 331.4" longitude. 
Note missing ejecta, out 
flow ma& on north- 
west, and dark - 
sumnuKlingcrata(Photo 
MRPS 33856). 

ated with impact crates was first discovered 
on the moon with Lunar Orbiter pictures of 
craters such as Tycho and Aristarchus (24). 
The amount of impact melt generated on 
Venus and Earth should be larger than on the 
moon for the same size crater because ofthe 
larger gravitational accelerationg and impact 
velocity v. Internal temperature difkences 
b&n Earth and ~ e n k  probably have a 
second-order influence (25). For a given mass 
and velocity of the impacting body, larger 
gravity leads to a reduction in the excavated 
crater volume but has no effect on melt 
generation; thus, the melt fraction in the 
ejecta increases. Scaling relations show that 
for a given crater size, the volume of impact 
melt is proportional to (26). The 
amount of melt depends on impact velocity in 
an approximately linear fashion (27). Gravity 
and velocity effects taken together predict 
that, for the same size crater, up to five times 
as much impact melt should be generated for 
a Venusian crater as compared to a lunar 
crater. 

Large areas of low radar albedo were 

sumunding brighter terrain varies from well- 
defined to diffuse. 

Additional observations that bear on the 
origin of dark margins are: (i) 0ccasionaUy 
the outer boundary of the dark margins is 
flow-like or tongue-like (Fig. 12); and (ii) 
dark-rnargins material is sometimes observed 
to have (apparently) removed topography. 
Northwest of the crater Danilova (Fig. lA), 
graben structures are obscured by the Dani- 
lova dark margins. 

None of the impact craters observed on 
Lakshrni Planum, the elevated plateau in 
Ishtar Terra lying between about 57W and 
70W, have dark margins. The absence of 
dark margins may be due to some unex- 
plained natural effect that is latitude-depen- 
dent, or it may be related to the high 
elevation of the plateau (3 to 4 km). It may 
also be an artifact caused by the changing 
incidence angle of the Magellan radar as the 
spacecraft moves away from the periapsis 
latitude of 10W. At periapsis the incidence 
angle is 454 whereas it is close to 25" over 
Lakshrni Planum. At the 10" to 14" inci- 
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Fig. 13 (left). Crater of ap- 
proximately 8-km mean di- 
ameter located at 11.9" lati- 
tude, 352.0" longitude. 
Buttertly symmetry pattern 
is especially well developed 
(Photo MRPS 34427). 

Fig. 14 (right). Crater Cunia (9) ,  
48.5 km in diameter, located at 14.5" 
latitude, 350.9" longitude, in the fault- 
ed plains south of Sif Mons. North is 
to left (Photo MRPS 34618). 

dence angle of the Venera 15-16 radar 
system, few craters exhibited dark margins 
(I), including some, such as Stephania, 
which exhibit this feature at the bigher 
Magellan incidence angle. Too few craters 
have been observed so far to study the 
relation between incidence angle and the 
presence of dark margins, but it is possible 
that many more would exhibit the phenom- 
enon if viewed at high incidence angles. 

Because typical dark margins appear to be 
more visible at the higher incidence angles, 
it is reasonable to assume that they are 
smooth areas with little surface roughness of 
the scale of the radar wavelength. If the dark 
margins have surface material with a lower 
Fresnel reflectivity than the surrounding ter- 
rain, there should be little dependence on 
incidence angle. There is little difference in 
reflectivity and emissivity (30) between dark 
m a r p s  and the local terrain for Stephania 

and for another crater (at 6"N, 332"). This 
result suggests that the removal of wave- 
length-size structure from existing terrain 
may be responsible for the origin of dark 
margins, and a possible mechanism is the 
effects of an atmospheric shock or pressure 
wave produced by the incoming body (10). 
Alternatively, the surface could be blanketed 
by a deposit of fine material produced either 
by ablation of the meteoroid during atmo- 
spheric transit or during the impact. This 
hypothesis would be inconsistent with the 
pristine nature of many of the outer ejecta 
units unless the dark-margin material is de- 
posited first or is thin enough to not obscure 
the underlying material. 

On Venus, meteoroid-induced shock 
waves may be capable of damaging the 
ground surface because peak pressures may 
reach 10 to 100 MPa, and large dynamic 
pressures acting up to several minutes may 

be capable of moving significant volumes of 
material (10). In support of a shock- or 
pressure-wave origin for the dark margins, 
there are examples of what we perceive to be 
dark margins that surround small impact 
craters or contain no craters at all (Fig. 15). 
Presumably, meteoroids that would form 
craters smaller than the observed cutoff di- 
ameter of 3 krn are not able to penetrate the 
atmospheric column or they decelerate to 
velocities insufficient to form impact craters 
(1, 8, 10, 15). However, the accompanying 
shock or pressure wave may still have suffi- 
cient energy to deform the surface, in effect 
creating dark margins. We estimate that the 
energy required to create craterless dark 
margins by pulverizing rock is approximate- 
ly E, = 7~ x 10'' J (31). The amount of 
energy deposited by a meteoroid in the 
atmosphere is given by E, = 7~ p a ~ 2 <  L,, 
where pa is atmospheric density, L, is the 

Fig. 15. Apparent progression of crater extinction: from small irregular ly 70 km across. Bright feature is located at 47.2" latitude, 333" longitude 
craters within dark margins to dark margins alone. North is to left in all (Photo MRPS 33987). (C) Image is approximately 70 km across. Center 
images. (A) Image is approximately 75 km across. Crater is located at -20.7" of image is about - 19.6" latitude, 338.8" longitude (Photo MRPS 
latitude, 338.6" longitude (Photo MRPS 33962). (B) Image is approximate- 36838). 
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trajectory path length, and r, and v are low emissivity associated with a number of crater-removing processes. Alternatively, 
meteoroid radius and velocity, respectively. craters in the equatorial region, which (as craters can be removed at some rate by 
A meteoroid (or its crushed equivalent) of 
100 m radius (r,) produces, with allowance 
for deceleration in the atmosphere, an im- 
pact crater near or below the observed cut& 
diameter (1). Equating the two energies and 
adopting values (32) of 40 kg m-3 and 20 
km for pa and L,, respectively, yields a 
required meteoroid velocity of 350 m s-'. 
Before it strikes the ground, most of the 
kinetic energy loss of an incoming hyper- 
sonic meteoroid is converted into amo- 
spheric heat. Only at relatively low Mach 
numbers (the supersonic regime) can signif- 
icant pressure work be created, and it is 
assumed that the kinetic energy loss at Mach 
number less than 3 is available, for the most 
part, to the shock or pressure wave that will 
deform the planetary surface (33). Because 
the speed of sound in the Venusian amo- 
sphere is about 500 m s-', it appears that 
even with a reduced path length, more than 
suflicient energy is available in the shock or 
pressure wave to create dark margins, even 
when no impact crater is formed. 

Perhaps the most intriguing and least 
understood phenomena associated with im- 
pact craters are the large parabolic features 
such as those associated with the craters 
Amelia and Carson (Fig. 16). The radar 
image of Carson shows alternating dark and 
slightly lighter bands that curve around the 
eastern side of the crater (which is not 
precisely centered) and extend to the north- 
west and southwest for several hundred 
kilometers. There are also parabolic bands of 

with the image of Carson) extend from just 
to the east of the probable impact crater for 
several hundred kilometers to the northwest 
and southwest (34). The same signature is 
present in the dectivity data, and the bands 
of low emissivity correspond to bands of 
high reflectivity. The typical emissivity val- 
ues for the bands are dose to 0.80, whereas 
the values for the s u r r o u n ~  areas are dose 
to 0.85. It is uncertain whether this contrast 
is due to differences in the wavelength-sized 
surface roughness or in the intrinsic reflec- 
tion properties of the surface material. One 
possibility is that the surface is mantled by 
fine material that was thrown high into the 
armosphere by the impact and fell out as it 
was transported to the west by high altitude 
winds. 
Size and spatial distribution of impact 

craters. Impact &ter morphology, loca- 
tions, and size-frequency distributions (Fig. 
17) can be used to provide constraints on 
the nature, rate, and timing of venusian 
resurfacing processes. The cumulative size- 
frequency distribution of craters commonly 
obeys a power law reflecting the size distri- 
bution of crater-forming asteroids and com- 
ets. If all impact craters are preserved on a 
planetary d a c e ,  the crater abundance in- 
creases according to the crater formation 
rate, and the population is in production. If 
the formation rate is known, the crater 
abundance can be used to infer the age of 
the surface since the time that craters were 
preservable, that is, since the abeyance of 

erosion, by burial under sedimentary deb&, 
by volcanism, and by tectonic processes such 
as intense faulting. If the crater removal rate 
is fast enough,-over the lifetime of the 
surface craters will be both produced and 
destroyed. Ifthe rates have been constant for 
production and removal, then an equilibri- 
um size-frequency distribution will pertain. 
Then each crater size will have a retention 
age equal to some characteristic vertical di- 
mension (kilometers), related to destruction 
of the crater, divided by the vertical removal 
rate (kilometers per million years). There 
can be a critical crater diameter below which 
craters are in equilibrium and above which 
they are in production. Of course, produc- 
tion and obliteration rates may also vary 
with time and place, and quantitative mod- 
els are required to describe the resultant 
cumulativesize-fiequency distributions. 

Cumulative size-frequency distributions 
for the 135 identified impact craters (Fig. 
17) indicate that: (i) no primary, nondus- 
tered crater smaller than about 3 km across 
has been obse~ed, despite the fact that 
Magellan's resolution i s  considerably less 
than 1 km, and (ii) for craters smaller than 
about 25 km, the cumulative curve does not 
follow a simple power law; there appears to 
be a deficiency of small craters. The absence 
of craters at smaller s k  is evident by 
extrapolating a power-law curve matched to 
the cumulative distribution for craters larger 
than 25 km (Fig. 17); a deficiency of about 
three orders ofmagnitude is evident at the 

Fig. 16 (left). Crater Carson (9), 38-km diameter, located at -24.2" latitude, 344.1" 
longitude, with parabolic features (Photo FMIDRP 258345). 
Flg. 17 (above). (A) Unaveraged (raw) cumulative size-fresuency dismbution as a 
function of crater diameter for data gathered over first 277 mapping orbits of Magellan. 
The information plotted on the vertical axis is the base-10 log of the number of craters 
(per lo6 km2) greater than or equal to the corresponding diameter on the horizontal axis. 
Error bars are 1-u limits based on Poisson statistics. (B) Same as (A) except that data have 
been smoothed by b i g  in t/Z increments. Also shown are the predictions of a 
regional-resurfacing model based on the average time to resurface the planet once (see 
text). Resurfacing times of 0.2,0.8, and 1.6 Cia are shown. 
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smallest crater sizes. The absence of small 
craters was evident in the Venera 15-16 
data (1, 10) and attributed to atmospheric 
effects; theoretical models of the passage of 
meteoroids through the dense Venusian at- 
mosphere are able to match the observed 
crater deficiency (1, 8, 10, 15). In these 
models, the rollover in the cumulative dis- 

t. 
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Fig. 18. Cumulative size-frequency dismbution 
comparisons. Magellan-mapped area of Venus 
(first 277 mapping orbits), Phanerowic popula- 
tion for the North American and European ma- 
tons, and lunar post-mare craters. Error bars are 
1-0 limits based on Poisson statistics. 
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tribution results mainly from a statistical 
distribution of atmospheric entry angles, 
and hence atmospheric- path lengths. 

- 

The cumulative size-frequency distribu- 
tion for venusian impact craters (as mapped 
by Magellan) is essentially identical with-the 
Phanerozoic population of the North Amer- 
ican and European cratons (Fig. 18). This is 
expected if the surfaces counted on the two 
planets have the same average crater produc- 
tion age or retention age (35). The post- 
mare (mar impact craters (Fig. 18) belong 
to a production population accumulating on 
surfaces since the end of mare volcanism, 
about 2.5 to 3 billion years ago (Ga). The 
relative youthfulness of both the terrestrial 
and venusian surfaces is evident (36). 

Impact craters are not uniformly distrib- 
uted on the surface of Venus (37, 38, 39). 
This is seen in the Magellan data (Fig. 19), 
where the craters do not appear to have a 
completely random distribution. Particular- 
ly apparent are regions that do not have any 
impact craters at all. 

There could, of course, be large regions 
devoid of craters in a spatially random dis- 
tribution. The hypothesis that the observed 
areal distribution of craters is actually ran- 
dom can readily be tested in the Sappho 
region (Region 3, Fig. 19). The area around 
Sappho that is devoid of impact craters is 
approximately 5 x lo6 km2. We considered 
135 (the total number of impact craters 
observed) independent Bernoulli trials for 
impact. A succks occurs when a crater is 
formed in Sappho and the probability of 
success for a spatially random process must 
be the ratio of the Sappho area to total area 
surveyed, or 1/14. The resulting probability 
distribution is binomial, b(x,135,1/14), 
with LL = 9.6 and a = 3.0. This meets the 
criterion, 2 3u, that ensures the sampling 
area is large enough to have at least 1 crater 
(38). The probability of observing no craters 
at Sappho under a random spatial distribu- 
tion is 4.5 x [b(0,135,1/14)]. Thus it 
is highly unlikely that the event of no craters 
in Sappho can occur randomly. However, 
this does not reject the hypothesis that the 
null occurrence of craters can belong; to a 

w 

random p m s  because the Sappho area is 
part of a larger sampling population. If this 

Fig. 19. Areal dismbution of craters in first 277 
Magellan mapping orbits shown in cylindrical 
projection. Five different sizes of circles corre- 
spond to diameter ranges: <8 km, 8 to 16 km, 16 
to 32 km,,32 to 64 km, >64 km. Areas 1,2, 3, 
and 4 are in Lavinia Planitia, the area around 
Alpha Regio, the Sappho Patera region, and an 
area to the north of Maxwell Montes and to the 
east of Freyja Montes, respectively, and are exam- 
ples of regions with no impact craters. Single 
crater in Lavinia Planitia region is the almost 
completely flooded crater Alcott (Fig. 20). 

Fig. 20. Crater Alcott (9), 63 km in diameter, 
located at -59.5" latitude, 354.7" longimde, 
which has been extensively flooded by lava (Photo 
MRPS 34482). 

experiment is repeated a sufficient number of 
times (that is, other 5 million square kilo- 
meter areas are examined), the probability 
that at least one such area will be found with 
no craters will approach unity. The maxi- 
mum number of experiments possible is 92, 
the surface area of the planet divided by 5 x 
lo6. The expected number of 5 million 
square kilometer areas with no craters is 
approximately 92 x b(0,135,1/14) = 0.004 
(40). Therefore, if Venus truly has a spatially 
random distribution of impact craters, the 
probability of finding a region the size of the 
Sappho area with no craters is essentially nil. 

We conclude that those areas on Venus 
with few or no impact craters must have 
young surfaces undergoing rapid resurfac- 
ing. At Sappho, volcanism is probably play- 
ing a major role in resurfacing (41); else- 
where, tectonic processes may also be 
important. 

Early altimetric results (Fig. 8B) show 
that crater depths are consistent with those 
found from Venera 15-16 data. With the 
latter data set, it was shown (42) that viscous 
relaxation does not appear to be an impor- 
tant process for modifying craters on Venus. 
To first order, the impact craters observed 
thus far also do not appear to have been 
significantly modified by surficial processes 
(34). Ejecta deposits consistently maintain 
the rough topography associated with em- 
placement; dark margins are also generally 
preserved, although parabolic features occur 
on only a few craters (34). Several ejecta 
deposits appear to be embayed by plains 
materials. In onlv a few cases is there unam- 
biguous evidence that ejecta has been signif- 
icantly flooded by lava (Fig. 20), and there 
are only a few craters that have been signif- 
icantly modified by volcanism and tectohsm 
in general, that is, modified to the extent that 
ejecta, rims, terraces, or central peaks have 
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been removed. These observations suggest 
that in most areas the rates of weathering, 
erosion, and burial are incapable of remov- 
ing craters over the lifetime of the crater 
population seen in the data. Areas complete- 
ly devoid of craters must be an exception to 
this general conclusion. 

Four hypotheses are consistent with some 
or all of these observations. The first is that 
resurfacing on Venus may have been high 
up to some point in the past, and all impact 
craters were removed. Then, the rate de- 
clined and craters were preserved, with some 
infilling by volcanism. In this case, a produc- 
tion size-frequency population should be 
observed, and a match to the cumulative 
size-frequency distribution (Fig. 17) for cra- 
ters larger than 25 km yields a surface age of 
about 0.4 Ga. For craters larger than 25-km 
diameter to be in production on, say, a 
0.4-Ga surface, the vertical resurfacing rate 
must be less than about 0.8 km per billion 
years. This hypothesis is attractive in consid- 
eration of the pristine nature of almost all of 
the impact craters; if correct, it implies that 
the rate of volcanism has been quite low 
over the last several hundred million years. 
In this example, the rate of magma produc- 
tion on Venus would be less than about 
20% of the terrestrial rate of 20 km3 yr-l 
(43), provided that the proportion of mag- 
mas intruded into the crust and not erupted 
is the same as on Earth. 

The second hypothesis is that the rate of 
resurfacing is high and the observed distri- 
bution of craters reflects a recent period of 
enhanced cratering. Testing between these 
first two alternatives is difficult in the ab- 
sence of independent age information. Both 
hypotheses can be criticized on the basis that 
there are areas on the planet that are obvi- 
ously not in crater production (Fig. 19). 

A surface in equilibrium between crater 
production and crater obliteration is a third 
possibility. This hypothesis was considered 
on the basis of the Venera data, and the 
maximum resurfacing rate estimated was 
between 2 and 9 km per billion years, cor- 
responding to retention ages of 280 to 70 
Ma (44). This possibility is unlikely because 
in an equilibrium population, a full spec- 
trum of crater degradation states is expected, 
which is not what is observed thus far. 

The fourth hypothesis considers that cra- 
tering occurs randomly in space and time, 
whereas resurfacing does not (45). In this 
case, craters are preserved in relatively pristine 
form in tectonically and volcanically quiescent 
regions. Areas of recent volcanism and tec- 
tonism have completely removed craters be- 
cause resurfacing rates have been high. This 
hypothesis appears to account for the seem- 
ingly contradictory observations that: (i) few 
impact craters are found to be in the process 

of removal by resurfacing, yet (ii) there are 
areas of the planet where no impact craters are 
seen (Fig. 19), and thus there must be pro- 
cesses removing craters on a regional basis. 

This hypothesis implies that a production 
interpretation, if valid, can only represent an 
average age for the planet and has no mean- 
ing on a regional basis. A simple, end- 
member model for this hypothesis is one of 
"regional resurfacing." This approach must 
be only an approximation because the model 
is binary: either craters are pristine, or they 
are completely removed; there are no craters 
in the process of being removed. With this 
assumption, the cumu1ati:re size-frequency 
distribution, Z,, is given by (46) Z, = 

M(Rplf,)D-", where Rp is the present cra- 
tering rate (47), D is crater diameter,& is the 
fraction of the planet resurfaced in one year, 
and a is the power-law exponent that deter- 
mines size distribution. The reciprocal off, 
is T,, the average time to resurface the 
planet once. In Fig. 17B, 2, values are 
plotted for T, values of 0.2,0.8, and 1.6 Ga. 
The portion of the curve unaffected by the 
atmosphere (D 2 25 km) is well matched by 
T" = 0.8 Ga. In this model. there is no one 
uI;ique age of the entire surface; surface ages 
span the range from 0 to 800 million years 
ago, and Sappho, for example, is repre- 
sentative of one of the youngest regions on 
the planet. We consider this to be the most 
realistic interpretation of the crater data, in 
terms of both the cumulative statistics and 
the appearance of individual craters. 

Thus, impact craters provide a means to 
decipher the spatial and temporal aspects of 
the recent volcanic history of Venus, and 
such results can be related to tectonic, topo- 
graphic, and gravity data to help understand 
the mechanism and rate by which Venus 
loses its internal heat. 

On the basis of the 15% of the planet that 
has been surveyed, it is reasonable to con- 
clude from the areal distribution of impact 
craters, particularly the occurrence of re- 
gions devoid of such features, that Venus 
today is a geologically active planet. 
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Venus Tectonics: Initial Analysis from Magellan 

Radar imaging and altimetry data from the Magellan mission have revealed a diversity 
of deformational features at a variety of spatial scales on the Venus surface. The plains 
record a superposition of different episodes of deformation and volcanism; strain is 
both areally distributed and concentrated into zones of extension and shortening. The 
common coherence of strain patterns over hundreds of kilometers implies that many 
features in the plains reflect a crustal response to mantle dynamic processes. Ridge belts 
and mountain belts represent successive degrees of lithospheric shortening and crustal 
thickening; the mountain belts also show widespread evidence for extension and 
collapse both during and following crustal compression. Venus displays two geomet- 
rical patterns of concentrated lithospheric extension: quasi-circular coronae and broad 
rises with linear rift zones; both are sites of significant volcanism. No long, large-offset 
strike-slip faults have been observed, although limited local horizontal shear is 
accommodated across many zones of crustal shortening. In general, tectonic features 
on Venus are unlike those in Earth's oceanic regions in that strain typically is 
distributed across broad zones that are one to a few hundred kilometers wide, and 
separated by stronger and less deformed blocks hundreds of kilometers in width, as in 
actively deforming continental regions on Earth. 

I T H A S  BEEN KNOWN FOR MORE THAN A 

decade that the Venus surface preserves 
a rich and complex history of deforma- 

tion of the lithosphere, the layer of long- 
term strength that constitutes the outer shell 
of every terrestrial planet. The Pioneer Ve- 
nus altimeter revealed the presence on Ve- 
nus of such large-scale tectonic structures as 
great rift zones and linear mountain belts 
(1-3). Radar images of the surface obtained 
by the Venera 15-16 orbiters (4, 5 )  and 
Earth-based radar observatories (6-10) have 
shown a variety of features interpreted to be 
of tectonic origin. The radar images from 
Magellan constitute an improvement in res- 
olution by at least an order of magnitude 
over the best images previously available 
(11). In this paper, we discuss what those 
images, and their interpretations, are reveal- 
ing about the styles of lithospheric deforma- 
tion on Venus, the inferred mechanical 
properties of the lithosphere, and their im- 
plications for the tectonic history of the 
planet. We restrict the discussion principally 
to data obtained during the first month of 
mapping, representing about 15% of the 
surface of the planet. 

Plains deformation. The plains, which 
constitute more than 80% of the surface of 
Venus (2), are generally low-relief areas with 
surface deposits of volcanic origin (12, 13). 
Although a few plains regions viewed by 
Magellan to date are nearly devoid of tec- 
tonic features, most show considerable evi- 
dence for deformation in a variety of forms 
and patterns (11) that in some areas are 
consistent over distances of hundreds of 
kilometers. Because of the generally limited 
magnitude of horizontal strain in most 
plains regions, the sense of strain and its 
relation to regional topography can be more 
evident in the plains than in areas of greater 
relief and more intensive deformation. 

One of the regions of more extensively 
deformed plains is centered near 32"N, 
335"E, between Guinevere and Sedna Plan- 
itiae. [A global map of named features is in 
(1 I)]. Throughout an area of about 10,000 
km2, these plains are marked by hundreds of 
prominent lineations trending approximate- 
ly NW. In one part of this region (Fig. 1) 
the lineations are paired normal faults 
bounding flat-floored depressions spaced 
0.5 to 3 krn apart. These features are inter- 
preted to be simple graben, the result of 
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