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Surface formation rates and impact crater densities on Venus

Bruce A. Campbell

Center for Earth and Planctary Studies, Smithsonian [nstitution. Washington, D, C,

Abstract. Impact crater density has heen used [0 estimate relative ages of major Venus geo-
logic units, typically bascd on the assumption of short, globally synchronous formation peri-
ods. The total number density of craters is the only parameter which may be quantified for
most Venus subregions, in contrast to the size-frequency analysis often used for other plane-
tary studies. This paper examines the statistical limits on such crater counts and the pre-
dicted crater density for various possible time-varying surface formation rate functions. These
resulis show that (1) the true mean crater density is poorly constrained due to the limited
sample size provided by aggregate geologic units, and (2) any given crater densily can be
accommodated by a very short pulse of unit formation at some age 7, (Gaussian-distributed
formation lunctions of mean age <7, exponential functions with initiation ages between 7 and
27T, or a host of other more complicated rate functions. These results, when coupled with the
unknown rate of crater removal by tectonic or voleanic activity, indicate that the crater
counts for specific landforms on Venus offer litile constraint on the relative timing or duration
of their development. The hypothesis of globally synchronous formation of landforms such as

volcanoes or coronae cannot be validaed with the available crater data.

1. Introduction

Establishing a relative age progression for surface unils is
an important goal in planetary geology and geophysics. Imr
pact crater populations have long been a principal method for
estimafing relative planetary surface ages, and these dates
have been linked to an absclute chronology based on the lunar
cratering record and sample ages. Initial studies of the Venus
crater population, however, revealed some properiies which
hamper statistical age dating efforts. First, the thick armos-
phere acts as an effective barrier to bolides, inhibiting the pro-
duction of craters smaller than ~3 km in diameter and consid-
erably lowering the overall population of craters <35 km
[Phillips et al., 1992; Schaber et al., 1992; McKinnon et al.,
1997]. The low total number of craters on Venns and the ab-
sence of any record for small impactors dictates that only the
integrated arcal density for craters of all sizes may be used for
age estimation. The size-frequency distribution of craters,
which is commeonly used to establish surlace ages [or other
bodies, may only be studied for regions which are nearly
global in scale.

Second, the global distribution of impact craters is poten-
tially indistinguishable from a spatially random collection,
such that simpie clustering analysis will not yield strong con-
straints on the age of surface units. The spatially random (or
nearly so} distribution and relative paucity of embayed and
tectonically deformed craters has been cited as evidence for a
global resurfacing period between 300 and 750 m.y. ago, during
which the crater record of Venus was completely reset [e.g.,
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McKinnon et al., 1997]. The rate of plains resurfacing is in de-
bate, with some authors favoring short pulses of catastrophic
magma output [e.g., Schaber er al., 1992; Basilevsky and Head,
1998] and others suggesting more punctuaied events over a
longer period of time [e.g., Phillips er al, 1992; Phillips and
Hansen, 1998]. Recent work by Hauck et al. [1998] questions
whether the plains represent a discrete time marker in Venus
history and demonstrates that more distributed ages for the
plains cannot be rejected on statistical grounds.

Another major point of contention rests on whether local
stratigraphic progressions correépond to globally synchronous
events or simply to common variations in the volcanic and tec-
tonic behavior of ditlerent areas at dillerent times [e.g., Hansen
and Willis, 1996; Basilevsky and Head, 1998; Guest and Stofan,
1999]. In the absence of surface age dates, the answer 10 this
issue is sought in the cratering record and the stratigraphy re-
vealed by geclogic mapping of Magellan image data {eg.,
Gilmore et al., 1997; Price et al., 1996; Price and Suppe, 1995;
Namiki and Sclomon, 1994]. Several authors have proposed
that the populations of craters on grouped occurrences of spe-
cific lerrain types from across the planet have differences
which correlate with the inferred stratigraphy and that these
populations further support the notion of globally synchronous
geologic events (e.g., tessera, coronz, and edifice formation).
This paper examines the basic problem of characterizing popu-
lations of this type, the limits on their interpretation in terms of
surface formation rate, and the conclusions of previous studies
regarding the geologic history of Venus.

2. Statistics of Aggregate Crater Counts

In a survey of major Venus landforms, Price et al. {19%6]
estimate surface ages by combining the total area and crater
population of widely dispersed regions to artive at an areal
density p. They next assume that the observed crater density
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for an aggregate region is “the most probable density” and de-
fine a distribution of possible mean surface ages about this
value based on 20 error bars consistent with samples of a bi-
nomial distribution (their Figure 10). The various occurrences
of a given terrain type are assumed to form in a short peried of
time, such that the uncertainty in crater density translates only
into a range of possible central age values. This assumption of
synchronous formation for similar landforms stems from strati-
graphic analysis of Magellan image data [e.g., Basilevsky and
Head, 19951, A similar approach to crater age dating has been
taken by other authors. This methodology, however, has a sig-
nificant flaw in that the inherent assumptions cannot be tested
with the available data.

While it may be reasonably argued that the lower crater
abundances found for volcanoces, coronag, and other features
are statistically unlikely to be outliers of rthe global crater
population, this result does not lead directly to the inference of
globally synchronous formation for each of the subregions. The
constraints placed on plains formation by the abundance of
Hooded or deformed craters (which remain a topic of debate)
do not extrapolate to aggregate areas which comprise only 2-
8% of the venusian surfacc. Any difference in crater counts
and flooded/deformed crater abundance may arise due to a
wide range of differing surface production and resurfacing
events. The case for synchromeity must be justified for each
type of landform, and as shown below this becomes a chal-
lenge when the available crater populations are small.

The first problem with using Venus craters as a dating tool
lies in the uncertain value of the areal density. To illustrate,
assume that the craters on a suite of patches across Venus
sample an idealized global population formed over some arbi-
trary time period. [t does not matter, for this example, whether
the terrain formed synchronousty or was widely dispersed in
time; all we are concerned with is the final average crater
density. The probability P(N) uf ubtaining a count of N craters
for a certain total area is given by the binomial distribution.
For some reasonable large number of craters, this may be ap-
proximated by a Poisson distribution about a mean m with
standard deviation given by n%

-m m:N

P)=t

Because the number density of craters on Venus is small, we
can o most cases obtain only one significant sample of this
distribution of possible N values for a chosen landform. We
therefore have very little constraint on the relationship be-
tween this single measurement and the true mean. ‘“True
mean” refers here to the average value one would obtain if, for
example, a thousand planets will (he same subregions were
cralered at the same rate. The crater-count values from each
planet wonld then be distributed about the mean as predicted
by (). Given that we have only one Venus, our estimate of m
is limited to one sample from his population. The true value
for m could be further constraincd by subdividing the sample
region into statistically significant areas and examining the
distribution of N, but the paucity of craters makes this imprac-
tical. The probability distribution of crater densities inferred
by assuming that m=N thus cannot be verified.

This problem does not arisc in many other planetary crater-
counting studies because m is typically much higher for the
area of interest, As such, the percentage error incurred by as-
suming that the observed density equals the true mean is rela-
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tively minot. Plaw and Arvidson [1988] suggested a minimum
sampling arca criterion to avoid large potential error bounds on
the measured crater count. For Venos, however, values of &
as Jjow as 8-10 anchor the low (i.e., young) end of a relative
age spectrum, so we must be cautious.  An example for m=t5
is shown in Figure 1. A measured population of craters may
lie anywhere within the range defined by the Poisson distribu-
tion (the solid line in Figure 1), though it is statistically more
likely to be near the central region. Price et al. [1996] assume
that the mean crater abundance {(and by assumption the mean
age) lies within 2N ™ of the observed couni, with a normal
probability density function. 1f, however, the true mean of the
distribution lies to one side or the other of the observed value,
then the probability of obtaining counts in the opposite direc-
tion is much iess than that inferred. We could, for example,
plausibly count only 10 crawers on a single sampling. On the
basis of Price er al’s [1996] methodology, this is the central
value of the distribution labeled N, in Figure 1. In this case,
however, the true mean {15 craters) lies 16 standard devia-
tions away from our assumed mcan (10 craters), and one could
infer that a value of N=5 is just as likely as the actual central
value (m=15) of the distribution.

The “errer bars” inferred from any one crater count may
thus encompass m, but it is erroneous to imply that values
even two standard deviations distant from the measured den-
sity are less likely to be the correct mean. The only way to
improve this situation would be to subdivide the sample area
and cxamine the distribution of N among the subareas, but the
low density of craters precludes this approach. We conclude
that little constraint may be placed on the statistical likelihood
of possible density values to either side of a single sample and
that such a distribution may potentially be highly skewed if the
sample happens to fall far from the true mean. These results
do not invalidate the observation that volcanoes, coronae, and
some other landforms have lower crater densities than the
plains [ Price et al., 1996], but they do show that the estimated
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Figure 1. Example of possible Venus craier count errors.  The
true Poisson distribution of possible values for A, with a mean
mof 15,15 given by the solid line. The dotted line shows the
Gaussian probabitity distribution inferred by the methods of
Price et al. [1990] based on a single count of A=10. Note that
the actual mean of the population, #, is considered to be of
lower probability based on this methodology than a value of
N=m/2.
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errors should bc taken only to encompass the mean value
rather than to constrain its probability distribution.

3. Formation of Craters on a Terrain

Assuming that one accepts a crater count as a plausible
representafion of the mean abundance on some landform, what
can be inferred from the value of N? The notion of a “mean
surface age” has been invoked under the assumption of syn-
chronous terrain formation, but the crdter density is not
uniquely fit by any one formation ratc medel. To properly con-
strain Venus crater age dating, we must analyze pessible dis-
tributions of geologic unit emplacement rate over time, and we
cannot constrain a priori whether grouped occurrences formed
over any particular distribution.

To begin, we assume that at some time ¢ a certain unit is
forming at an areal rate R(#). with units of km~/yr. If there has
been no burial of this unit by other materials, then the total
presentiy observed area A, is given by:

A, :fj Ri)dr
- (2)

where time is taken to tun from the present (r=0) backwards to
“infinite” age. The actual shape of the R{t) distribution is un-
known, but we may postulate any number of simplifying sce-
narivs, including an extremely short duration for unit forma-
tion, a uniform rate over some specified time interval, an ex-
ponential decrease in production from a chosen start time, or a
Gaussian-like rise and fall in rate about some central
mum production age.

Impact craters arc assumed to form at a rate which is re-
lated to their radius. The total number of craters formed per
unit area per unit time is F, and over the likely age range of
the Venus surface it is reasonable to expect that this value will
be constant. The total number of craters formed per unit time
on a particular type ol terrain across the planet, assuming that
all outcrops are at least large enough te accommodate a crater
several tens of kilometers in diameter, at some time 1 is

maxi-

ro
FA(:)rFf R dr

- (33

The total number of observed craters is simply the integral

over time since the start of unit formation:

f1

N=F

flk{:‘)m' el
' (4)

This shows that the number of craters is critically linked to the
form of the rate function for unit formation. To illustrate this
relationship, we consider three types of statistical distribution:
uniform, Gaussian, and exponential,

A uniform R(¢) function implies that the process which
forms a certain unil operates at a constant rate over some in-
terval of time. The description of such a process requires a
mean age ¢, and duration 2¢:

R(r)=A—lOl t

5o L EO2t2E

m
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The resutting areal crater density p is
p= Ai =F rm

[T (6)

This shows Lhe expected result that a uniform distribution of
surface ages will have a crater count propertional to the mean
age of the total area. The observed crater density constrains
the span of time over which the terrain-forming process may
have been active to the extent that no surface features may be
older than 2r,, (i.e., the vaiue of ¢ is limited only to the range
D<ot
A Gaussian rate function implies that the unit of interest
formed by a symmetric ramp-up and ramp-down of the required
process {volcanism, tectonism), centered on some mean Lime
1, with standard deviation ¢. The nermalized rate fonction is
R(t):—ZA“"

expl—(t—1,) /202
V2 oerle (%

20 (7)
where erfc denotes the error-function complement. This equa-
tion has been scaled such that the observed terrain area forms
within the time period from infinite age t© the present. Using
this form, (4) yields

% g2
p=i=F rm4_\506:)(1:)( £, 120%)
A Rerfe(—, / V2o )

(8)

Figure 2 illustrates the normalized crater density obtained for
various normalized mean ages and standard deviations using
the Gaussian function. Globally synchronens formation is
modeled by very low values of ¢. There is little difference in
crater density among units whose mean age is greater than the
standard deviation of the particular R(¢) function. Ouce >0,
the functional relationship is indistinguishable from the behav-
ior of a uniform functicn of indeterminate duration. The crater
density for a surface again offers little constraint on the dura-
tion of activity,
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Figure 2. Crater density as a function of mean surface age
and the standard deviation of formation raie for a Gaussian
formation function. Note that the duration of surface formation
is poorly defined by a simple crater density.  All values age
referenced to some arbitrary time T and impact (lux F.
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An exponential distribution function implies that the ferrain
formed by an initial rapid pulse followed by a longer ramping
down of activity. The average value of an exponential function
does not have the same interpretation as for a Gaussian fune-
tion, and the mean age of the surface must be replaced by an
“initiation age”™ ¢

M

A
R#)=———  TwL - -
) G(]—exp[—rolﬁ])ew[ , t)/c] t<t,

(%)

The crater density on such a surface is given by

p=i =F To e

A (1—exp[-1,/0]

(1

and results for various values of 7, and ¢ are shown in Figure 3.
These results show that crater densities on older surfaces are
most sensitive to changes in the standard deviation of the rate
function. As above, any single crater density cannot uniquely
constrain both the initiation age and duration of lermain-forming
processes.

Figure 4 presents 4 sel of numerical solutions for the stan-
dard deviation @ of R(¢) as a function of 1, (Gaussian) and ¢,
{exponential}. For a chosen value of p, the mean age for a
Gaussian function has a maximum value where &-0, consis-
lent with a very narrow pulse of activity. Note that the same
point also describes the initiation age of a very namow expo-
neniial pulse. For the exponential [orm, the maximum inttia-
tion age is twice the value lound for ¢=0, and the resulting
form of R{1) is equivalent to the slowest possible vniform case.
Any given crater density thus may be accommodated by (1)
geologic activity of wvery short duration centered on T=
NIFA ), (2) Gaussian formation functions with mean values
younger than T, (3) exponential formation rates with initiation
ages between T and 27, or (4) uniform rates with maximum
initiation ages of 2T.

For example, Price et al. [1996] estimate that large volca-
noes have p=0.5110.32 craters per 10* km® and suggest a mean
surface age of 72445 m.y. Using their implied cratering rate
and error bounds, this range of densities may also correspond
to a slow uniform formation rate beginning at <234 m.y, to a
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Figurc 3. Crater density as a function of surface initiation age
and the standard deviation of formation rate for an exponential
formation function. All values are referenced to some arbitrary
time T and impact flux F.

CAMPBELL: IMPACT CRATER DENSITIES ON VENUS

L -

5

c 1

o -

< C

D .8_—

U C

a e

el 61

1

g -

5 .4r“ ,O/B
N S
= L

’_(B -

g 0_|1||
Iz 0 2 4 6 8 1

Scaled Mean (t,/T), lnitialion Age {lo/T)

Figure 4. Sitandard deviation of formation rate versus mean
surface age or initiation age for Gaussian (solid lines) and ex-
ponential (dashed lines) functions. Curves for three possible
crater densities arc shown, All values are referenced to some
arbitrary time T and impact flux F, Note that very wide expo-
nential distributions correspond to low uniform rates of em-
placemeunt.

hrief spike of activity anywhere hetween 27 and 117 m.y, o to
a currently escaiating Gaussian rate function. Some possible
scenarios for just the central estimate of p=0.51 are ilustrated
in Figure 5, and it is clear that litde constraint mmay be placed
on the relative timing (i.e., the syochroneity) of large volca-
noes across Yenus. Obviously, one could also develop more
complicated rate functions to match the same data, and we
conclude that any interpretations of crater density are
nonunigue and poorly constrain both the average age and rela-
tive timing of subregions of a particular landform.
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Figure 5. Formartion rate curves for large volcanoes on Yenus.
These four curves represent identical present-day crater densi-
ties for large volcanoes mapped by Price et af. [1996]. Total
terrain area is 19.52 x 10® km’, and the average cratering rate
is assumed to be 0.0066 (10° yr 10° km’}"', consistent with their
assumed 300 m.y. age for the plains., These curves represent
only the chserved crater density for this surface: densities
within the possible error hars ol the crater count would consid-
erably widen the range of plavsible functions.
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4. Discussion

A final concern in surface age dating deals with the un-
known rate of crater removal on various landforms. As recog-
nized by Price et al. [1996], the fact that large volcanocs and
coronae have fower craters than the regional plains is consis-
tent with the stratigraphic position of their latest flows, but the
detailed history of such constructs cannot be addressed with
the available data. The difficulty arises in that different land-
forms may remove craters {(by volcanism, tectonism, or an-
nealing) at very different rates. For example, the plains may
be made up of rapidly emplaced flow units which individually
cover a small area, but then remain static through to the pres-
ent time. This “monogenetic” behavior contrasts with the
tonger emplacement history of a large edifice.  While the up-
per surface appears to be younger due to recent resurfacing,
the volcano itself may have begun to form prior to plains em-
placement. Crater loss is simply more efficient in regions of
repeated resurfacing, and the inference of a younger age for
the volcano incorrectly lumps its entire development into a
single period of time,

These results show the following: (1) The actual mean cra-
ter density on an aggregate area is not well constrained by the
limited data, since we in effect have only one sample of a
probability distribution. The error bars derived {rom the Pois-
son approximation can only be taken to encompass the mean,
not to define its probability density function. (2) Any given
crater density may be matched by a wide range of possible
formation rate functions. Taken together, these two conclu-
sions suggest that Venus crater studies cannot be used 1o sup-
port stratigraphic inferences [e.g., Basilevsky and Head, 1998],
and some interpretations of these data may oversimplify conv
plex and time-varying geologic events. The hypothesis of
globally synchronous formation for landforms which occupy a
small fraction of the planetary surface cannot be tested with
the available data. Only in situ measurements of surface sam-
ples are likely to resolve these issues.
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