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Impact Crater Densities on Volcanoes 
and Coronae on Venus: Implications 

for Volcanic Resurfacing 
Noriyuki Namiki* and Sean C. Solomon 

The density of impact craters on large volcanoes on Venus is half the average crater 
density for the planet. The crater density on some classes of coronae is not significantly 
different from the global average density, but coronae with extensive associated volcanic 
deposits have lower crater densities. These results are inconsistent with both single-age 
and steady-state models for global resurfacing and suggest that volcanoes and coronae 
with associated volcanism have been active on Venus over the last 500 million years. 

Volcanic features are widely distributed 
over the surface of Venus (I  ), and their ages 
provide critical information on the mag- 
matic budget of the planet. However, the 
generally low density of impact craters on 
Venus, a result of atmospheric shielding (2,  
3) ,  has prevented a comparison of crater 
retention ages among small regions (4) and 
contributes to the controversy over whether 
a catastrophic (2) or an  equilibrium model 
(3) better describes the global resurfacing 
history. The spatial diversity of the crater 
distribution has nonetheless been addressed 
by grouping areas by latitude or longitude 
(2), radar cross section (3), elevation (5), or 
terrain type (6). Following this practice, we 
have integrated the areas and cratering 
records for large volcanoes and for coronae 
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(7) on Venus, and we assess here the impli- 
cations of the results for volcanism and 
global resurfacing. 

We  made use of a database of 841 impact 
craters classified according to the extent of - 
tectonic deformation and of embayment or 
partial covering by volcanic material (5,  8). 
A database for 175 volcanoes at least 50 km 
in diameter (9), compiled from Magellan 
images and a published map ( I ) ,  includes 
radius and relief of the topographic edifice 
and the dimensions of the radial flow apron. 
A database for 358 coronae (10) includes a 
classification by feature type and extent of 
interior volcanism. There are 51 features 
listed in both the volcano and corona da- 
tabases, because in many coronae there are 
associated volcanic centers. 

For each large volcano, we ascertained 
from the databases the Dresence of one or 
more impact craters on the edifice or flow 
apron, and from Magellan radar images we 
determined superposition relations (Fig. 1). 
We  included the edifice and discernible 
radial flows in calculating the area of each 
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volcano. All embaved craters associated 
with a large volcano are on plains units 
exterior to the volcanic edifice. We did not 
count those embayed craters because of the 
difficulty of determining whether the im- 
pact occurred before or during the period of 
volcanic activity. Thus, the crater density 
for large volcanoes measures the average 
time since major eruptions ceased. We mea- 
sured the lava flow area for each volcano 
from Magellan Cl-MIDRs and F-MIDRs 
(I I), using meshes of 53 by 53 km2 and 18 
by 18 km2 grids, respectively. The sum of 
the measured flow areas, the observed total 
number of impact craters, and the average 
crater density are given in Table 1. Large 
volcanoes constitute 5% of the surface of 
Venus. Because the minimum area neces- 
sarv to make an inde~endent estimate of 
craier density on ~ e n k  is about 1% of the 
surface (4), the area covered by large vol- 
canoes is sufficiently large to permit such an 
estimate. 

The distribution of the density of im- 
pact craters on large volcanoes with crater 
diameter is compared with the distribu- 
tion for the planet as a whole in Fig. 2A. 
Because we have included in our counts 
craters whose ejecta deposits barely over- 
lap a volcano flow apron, the effective 
area of a volcano for a potentially super- 
posed crater is larger than the actual area 
by an amount that depends on the crater 
dimensions. We corrected for this differ- 
ence in the following manner. We deter- 
mined a flow apron radius for each volca- 
no by finding the circle having the same 
area as that of the edifice and radial lava 
flows. Then the effective area was taken 
equal to that of a circle whose radius is 
the sum of the radius of the flow apron, 
the radius of the crater, and the width of 
the crater ejecta deposits (12). The ratio 
of the measured area to the effective area 
provides a correction to the crater density 
at a niven crater diameter. 

6 e  distribution of craters by size, so 
corrected, can be interpreted in one of 
two ways. On the basis of the similarity of 
densities of impact craters larger than 16 
km in diameter on large volcanoes and on 
the planet as a whole, it might be argued 
that the surfaces of large volcanoes are 
the same average age as the planet overall 
( 6 ) .  but that smaller craters have been 
preferentially removed by volcanic infill- 
ing. This explanation is problematic, 
however, when the fact that we have 
excluded embayed craters in the counts is 
taken into account. I t  is hard to conceive 
of a mechanism that would remove small 
craters but that would fail to embay the 
larger craters included in the counts. The 
second interpretation acknowledges the 
large uncertainties in the densities of the 
largest craters and makes use of the entire 

distribution as an integrated measure of 
crater density. Although the distribution 
of impact craters on large volcanoes can 
be distinguished from that for the entire 
planet, the hypothesis that the two distri- 
butions differ by a scalar multiple cannot 
be rejected at high confidence (1 3). 

The corrected average density of impact 
craters of all diameters on large volcanoes, 
at (0.9 + 0.2) x km-2, is significantly 
less than the global average of (2.0 + 0.1) 
x km-2 (2. 3). Further. the fraction . ,  . 
of craters associated with large volcanoes 
embayed by volcanic deposits (33%) is 
much higher than the global fraction of 
embayed craters for the planet as a whole 
(6.5%). Thus, the surfaces of large volca- 
noes are, on average, younger than the 
mean age for the planet of about 500 mil- 
lion years (My) (2, 3, 14). This result is 
consistent with the inference. but does not 
require, that large volcanoes as a class have 
relatively young ages. The age of initiation 
of volcanic activity at each center is, of 
course, greater than the age of the present 
volcano surface. On Earth, activity at in- 
traplate hot spots and continental flood ba- 
salt provinces can last between several mil- 
lion years and 100 My (15, 16). The life- 
times of volcanoes on Venus, however, are 
poorly constrained. There is also a possibil- 

ity that the morphology of some old volca- 
noes may be sufficiently different from that 
of younger volcanoes that the oldest volca- 
noes have not yet been identified as volca- 
nic centers. If so. the crater densities ob- 
tained here are appropriate only to the 
youngest fraction of centers of volcanic 
construction. 

For a global average surface age of 500 
My (2, 3, 14), then from the total area of 
identified large volcanoes and associated ra- 
dial flows we may infer an average rate of 
resurfacing by large volcanoes since that 
time of 0.05 km2 This figure under- 
estimates the overall volcanic resurfacing 
rate, of course, because many other types of 
volcanic landfom occur on Venus (1). If 
we assume that all embayed craters can be 
attributed to volcanic activity and that the 
density of partially embayed craters is a 
constant for all volcanic deposits younger 
than the mean crater retention age, then 
the area of volcanic flows ca~able of mani- 
festing an embayment relation in Magellan 
images is estimated to be 1.0 x lo8 km2, or 
equivalently 22% of the surface, and the 
global volcanic resurfacing rate over the last 
500 My is calculated as 0.2 km2 

We may convert these areal resurfacing 
rates to volumetric fluxes by noting that 
large craters are more resistant to volcanic 

Fig. 1. Magellan radar image illustrating volcano-crater superposition relations in southem Bell 
Regio. The image is centered at 29"N and 47"E and is 1300 km wide. The impact crater Potanina (90 
km in diameter) in the upper right portion of the image overlies radar-dark lava flows emanating from 
an unnamed volcano near the center of the image. In the southwest portion of the image, radar-bright 
flows nearly completely embay a 60-km-diameter impact crater. This and the following images are in 
sinusoidal equal-area projection: north is up; the radar illumination is from the left; and radar cross 
sections have been linearly stretched to enhance contrast. Black areas are data gaps. 
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embayment than small craters and should 
therefore have a higher ratio of partially 
embaved craters. In Fie. 3 we show the " 
fraction of embayed craters versus crater 
diameter (5,  8) .  We  suggest that the dis- 
tinct increase in this fraction at a diameter 
near 30 km occurs because craters larger 
than this size tend to survive volcanic em- 
bayment. The depth and the rim height of 
a 30-km-diameter crater on Venus inferred 
from Magellan radar image measurements 
(12) are about 1.6 km and 0.5 to 0.8 km, 
respectively. We  thus take 2 km as a con- 
servative upper bound on the average thick- 
ness of embaying flow units. This value is 
comparable to average thickness of terres- 
trial continental flood basalt occurrences of 
0.65 to 5 km (15). From the above estimate ~, 

of the total area of lava flows capable of 
embaying craters, upper bounds on  the vol- 
ume of such flow units and the extrusive 
component of the magmatic flux over the 
last 500 My are 2.0 x lo8 km3 and 0.4 km3 
yearp', respectively. The latter bound is 
consistent with estimates of the volcanic 

0.0011 I ,  I I 
1 - 10 100 loo0 

Crater diameter (Ian) 
Fig. 2. Distribution of impact craters by crater 
diameter. Craters are binned into increments at 
intervals of a factor of 2 in diameter (the full crater 
densitv is the sum of these incremental densities). 
(A) Crater density on large volcanoes (circles). (B) 
Crater density on coronae (squares). Corrected 
densities are shown bv filled svmbols. The overall 

flux obtained from two-dimensional and 
three-dimensional Monte Carlo resurfacing 
models (0.01 to 0.15 and 0.37 km3 yearp', 
respectively) constrained to fit the observed 
global crater distribution and the fraction of 
partially embayed craters (1 7). 

Magma reaching the surface as volca- 
nic eruptions, of course, represents only a 
portion of the total amount of magma 
generated. A variety of intrusive volcanic 
landforms has been observed on Venus 
( I ) ,  and there is more intrusive than ex- 
trusive magmatism on Earth (18). How- 
ever, little is known about the ratio of 
intrusive to extrusive magmatism on  Ve- 
nus. Such a ratio is likely controlled by 
the brittle strength of the crust and the 
ability of magma to propagate in dikes 
and sills (19). Estimates of the fracture 
toughness, or the resistance to fracture 
growth, and the maximum distance of 
propagation of shallow crustal magma for 
Venus are not  significantly different from 
terrestrial values (1 9,  20). Therefore, as a 
conservatively large estimate of the ratio 
of intrusive to extrusive magmatism on  
Venus, we adopt the value 17, the maxi- 
mum ratio documented on  Earth (18) .  
Upper bounds on  the total volume of 
magmatic material and the magmatic flux 
over the last 500 My are then 3.6 x lo9 
km3 and 7.2 km3 year-', respectively. 
The  latter figure is within the range in 
estimates for the current rate of volcanism 
and near-surface magmatism on  Venus 
(0.4 to 11 km3 year-') inferred from the 

O: . 
I 

10 30 100 
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distribution for the planet is also shown (triangles). Fig. 3. Fraction of impact craters on Venus em- 
Error bars are indicated forthe corrected densities bayed by exterior lava flows versus crater diame- 
and the global distribution (27). ter (27). Data are from (5) and (8). 

Table 1. Summary of crater counts on large volcanoes and coronae (27-29) 

Number of craters 
Area Uncorrected 

Feature type (1 06 (corrected) 
Un- Em- De- km2) crater density 

modified bayed formed (1 0-6 km-2) 

Volcanoes 26 14 4 25 1 . O  * 0.2 (0.9 +- 0.2) 
Coronae 33 3 9 27 1.7 i 0.2 (1.4 +- 0.2) 
(Excluding Artemis) 32 1 7 23 1.7 +- 0.3 (1.4 * 0.2) 
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rate of reaction of atmospheric SO2 and 
surface carbonates (2  1 ). . , 

For coronae, we determined the impact 
crater densitv within corona interiors 
(Fig. 4); for most coronae, the interior 
was taken to be the outer radius of the 
tectonic annulus. The  area of each corona 
was taken from the dimensions given in 
the corona database (1 0) .  The  crater den- 
sity on  coronae and its distribution with 
crater diameter were corrected for effec- 
tive area in the same manner as for craters 
on  large volcanoes (Fig. 2B and Table 1). 
The  density of craters 8 km and larger in 
diameter is somewhat less than average 
for the planet, whereas the density of 
craters less than 8 km in diameter is some- 
what greater than average. The  small cra- 
ters on coronae are not  secondarv craters. 
because no  candidate primary ck te rs  are 
sufficiently near. Nor is the greater density 
of small craters due to a greater fractional 
coverage of full-resolution images of co- 
ronae than for the planet as a whole. 
Because of the small numbers of craters in 
each size range, we prefer, as with large 
volcanoes, to use the entire distribution 
of craters, rather than only a portion of 
the distribution, to assess crater density (22). 
Artemis. about 2200 km in diameter and the 
largest corona on Venus (1 O), occupies nearly 
15% of the total area of coronae and includes 
five craters. The crater density for coronae 
with Artemis excluded, however, is un- 
changed from that for all coronae (Table 1). 
Overall, the corrected average density of im- 
pact craters on coronae, at (1.4 t- 0.2) X 

kmp2, is midway between that for large 
volcanoes and the global average (Table 1). 
The significance of this result is illuminated 
by a consideration of geological evidence for 
corona evolution. 

A general sequence of corona develop- 
ment has been postulated from geological 
studies of Venera 15 and Venera 16 and 
Magellan images of individual coronae 
(1 0 ,  23). This evolutionary sequence con- 
sists of three stages (1 0). The  first stage is 
characterized by uplift, interior deforma- 
tion including extensive radial extension- 
al faulting, and volcanic construction. In 
the second stage, formation of the tecton- 
ic annulus and trough occurs, along with 
continued volcanism. In the last stage 
coronae are no  longer foci for activity but 
may be partially embayed by regional vol- 
canic deposits or faulted during regional 
tectonic deformation (10. 23). O n  the . ,  , 

basis of this scenario, coronae have been 
classified into five groups according to 
feature type, extent of associated volcan- 
ism, and extent of regional embayment by 
smooth plains material (10). The  first 
group (termed radial, radial-concentric, 
and volcanic coronae) are .held to corre- 
spond to the earliest stage of corona for- 



Fig. 4. Magellan images of 
coronae and associated im- 
pact craters. (A) Nishtigri 
Corona, centered at 24.5"s 
and 72"E, has a maximum 
width of 275 km. The image 
is 500 km wide. The corona 
has been assigned to volca- 
nic category 2 (10). A de- 
formed impact crater (6 km 
in diameter) is visible on the 
tectonic annulus in the 
southeastern quadrant. (B) 
Lilinau Corona, approxi- 
mately 200 km in width. The 
image is centered at 33.5"N 
and 22.5"E and is 400 km 
wide. This is an example of a 
radial corona (lo), which 
consists of predominantly 
radial tectonic structures 
and generally lacks an annulus of concentrated deformation. The "interior" of km in diameter) are visible on the image. The crater nearest the corona center 
such a feature is less clear cut than for traditional coronae but for our study is is counted in our statistics. 
taken from the radial dimensions. Two unmodified impact craters (1 8 and 29 

mation. The second to fourth groups 
(termed categories 1, 2, and 3)  are distin- 
guished by an increasing intensity of as- 
sociated interior volcanism (10) and are 
held to represent successive evolution 
within the second stage of corona devel- 
opment. The last group (termed catego- 
ries 2r and 3r) are older coronae no longer 
individually active. 

The average crater density for each 
corona group is shown in Fig. 5. Although 
the small numbers of craters prevent 
quantitative discussion with high confi- 
dence, differences in crater density among 
corona groups can be recognized (24). 
The first (radial-volcanic) and second 
(category 1 ) groups have a combined cra- 
ter density indistinguishable from the 
global average and, by implication, are 
comparable in average age. It is possible 
that some of the craters on such coronae 
predate the tectonic development of the 
corona structures. Older craters are likely 
to have been deformed during corona 
evolution. Three craters among 13 craters 
on the first and second groups of coronae 
are classified as tectonically deformed; the 
density of remaining craters is (1.4 5 0.5) 
X km-2 for these two corona groups. 
This figure should be regarded as a lower 
bound, however, because the deformed 
craters may have formed during the inter- 
val of corona evolution or their deforma- 
tion may have occurred as a result of 
regional tectonic modification after coro- 
na development. Regionally embayed co- 
ronae (categories 2r and 3r) also have a 
crater density similar to the global aver- 
age. Only coronae with extensive associ- 
ated volcanic deposits (categories 2 and 
3)  have crater densities clearly less than 
the average value for the planet. 

The crater densities in Fig. 5 are not 
those expected if coronae are distributed in 
age and if all coronae evolve from the radial 
or volcanic stages through the stages repre- 
sented by corona categories 1 through 3. If 
all coronae evolve through the full postu- 
lated sequence of evolutionary stages, then 
those in early phases of evolution should be 
younger and thus have a lower crater den- 
sity than those in later phases. The crater 
densities instead suggest that many coronae 
represent features that for the most part 
ceased to develop after a time near the 
global mean age of the surface. The lower 
crater densities of category 2 and category 3 
coronae, however, indicate that volcanic 
deposits in these features are considerably 
younger. This result is consistent with the 
observation that volcanism tends to be- 
come more concentrated within corona in- 
teriors as coronae evolve (25). 

The crater densities obtained in this study 
provide a strong constraint on the history of 
resurfacing on Venus, one of the most funda- 
mental questions raised by Magellan radar 
observations (2, 3). If the surface of Venus 
were uniform in age or if crater production 
and resurfacing were in equilibrium, then the 
crater density on volcanoes should equal the 
global average density regardless of the mix of 
global resurfacing mechanisms or the rate of 
volcanic activity (26). That crater densities 
on large volcanoes and on some coronae are 
significantly lower than the global average is 
inconsistent with both of these end-member 
models. Our results suggest that large volca- 
noes and coronae with voluminous associated 
volcanic deposits have been magmatically ac- 
tive during the past 500 My. Further, a crater 
density about half the global average is con- 
sistent with an age distribution for such fea- 
tures that is approximately uniform over that 

0 
Fig. 5. Crater densities on coronae by corona 
class (10, 27). Crater density is corrected for ef- 
fective area as described in the text. 

time interval. About 20% of the surface of 
Venus has been volcanically resurfaced during 
that time. 
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Discovery of Microwave Emission from Four 
Nearby Solar-Type G Stars 

Manuel Gudel, Jurgen H. M. M. Schmitt, Arnold 0. Benz 

Radio waves from the sun were detected 50 years ago, but the microwave detection of other 
single solar-type stars has remained a challenge. Here, the discovery of four solar-type radio 
stars is reported. These "solar twin" G stars are radio sources up to 3000 times stronger than 
the quiet sun. The microwaves most likely originate from a large number of relativistic elec- 
trons, possibly produced along with coronal heating, a process that is not understood. Two 
of the stars are younger than the sun and rotate more rapidly; the dynamo process in the stellar 
interior is therefore presumably more vigorous, resulting in enhanced coronal activity. One of 
the detections, however, is an old, metal-deficient G dwarf. 

T h e  magnetic dynamo in late-type stars 
results from an interaction between convec- 
tion and differential rotation, so that coro- 
nal activity is expected to be strong in 
rapidly rotating stars. Consequently, young 
stars, often having short rotation ~eriods, as 
well as interacting binaries of late spectral 
type should be prone to magnetic phenom- 
ena. In the radio domain, manv red dwarf 
stars with emission lines' in their optical 
suectra (dMe stars) are known not onlv as 
"radio flare stars" but as sources of 'lqu'ies- 
cent" microwave (-1 to 10 GHz) emission 
that is orders of magnitude more luminous 
than the sun; the latter emission is often 
ascribed to the gyrosynchrotron mechanism 
by nonthermal high-energy electrons. Only 
a few K stars, among them very young ob- 
jects and rapid rotators, have been detected 
as strong radio sources (1-4). In a survey of 
solar-like stars, the dwarf X' Ori was detect- 
ed as a transient radio source (5), but this G . . .  
star turned out to be a binary with an 
M-type companion (6). A very deep inte- 
gration yielded a weak signal from the 
slightly evolved F5 IV-V star Procyon, com- 
~a t ib l e  with thermal emission (7 ) ,  while a 
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small survey of FV stars revealed no further 
radio detections ( 8 ) .  A few G stars in RS 
CVn-type close binaries, forced to rotate 
rapidly, are known radio emitters (9, 10). 
Solar-like stars are thought to lose rapidly 
much of their initial angular momentum 
early in their lifetime. Therefore, nonther- 
ma1 magnetic microwave activity of single 
stars is expected to decline rapidly with age 
and to become undetectable with present- 
day instruments at spectral types earlier 
than K. The sun, a middle-aged (-5 x lo9 
years) G2V single star, does not emit con- 
siderable continuous, nonthermal micro- 
wave radiation, and its free-free emission 
would be difficult to detect even at the 
distance of the nearest stars (-30 pJy at 1.3 
PC). 

The apparent dichotomy between 
strong stellar and weak solar microwave 
emission raises a number of questions: Is 
the prominent coronal activity of the 
coolest and the youngest stars intrinsical- 
ly different from what we observe on the 
sun? Are coronae of the trulv solar-tv~e G , 

dwarfs inherently much less prone to con- 
tinuous or freauent acceleration of ener- 
getic particles? To  address these questions 
and possibly link microwave activity on 
late-type stars to the solar analog (the 
"solar-stellar connection"), we conducted 
a deep microwave survey of 15 selected G 
stars with the Very Large,Array (VLA) 
(1 1)  at its sensitive X band (8.5 GHz) in 

SCIENCE VOL. 265 12 AUGUST 1994 933 




