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PLANETOLOGICAL INVESTIGATIONS

Principal Investigator: Clark R. Chapman

Final Report

Dr. Chapman of Planetary Science Institute was funded to
engage in two tasks during 1976. The first concerned comparative
planetological analyses of cratering and geomorphological
processes. The second concerned asteroid fragmentaticn
processes. Through a mistake in wording of the contract, the
title of the previous year's project ("Investigations of Selected
Martian Regions Using Primarxrily Mariner 9 Data") was used although
the research tasks were somewhat different. In late 1976, a
no-cost extension was granted through spring 1977.

The major goals of both research projects were achieved.
They have been reported on in greater detail in separate
publications and abstracts. They are appended here so as

to constitute the Final Report.
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Fermation and Obliteration of Large Craters on the Terrestrial Planets.
Clark R. Chapman, Planetary Science Institute, 2030 E, Speedway, Tucson,
AZ, 85719

The craters on the moon, Mercury, and Mars and other terrestrial
planets testify to a long history of bombardment by interplanetary chjects.
The degradation and obliteration of these craters on the cratered terrains
of these planets, and the even more complete remowal of large craters from
the Earth, Venus, and the plains units of the othet three bodies, testifies
to the large-scale geomorphological processes that have acted during part or
all of the history of the terrestrial planets. Studies of these eraters, and
their stratigraphic relationship to other geological features, can help to
address questions in two fundamental areas of solar system science: (i) the
distribution and evolution of small-body populations in the inner solar sys-
tem and (ii) the geomorphological evolution of the surfaces of the terrestrial
planets.

This general subject has been in a state of -onsiderable flux during
the past couple years as Mariner 9 interpretations of Martian cratering be-
cars crystallized and as preliminary hypotheses about comparative planeto-
logical cratering were developed based on Mariner 10 imagery of Mercury.
‘Several common assumptions about cratering have been under attack, in parc-
ticular the once-prevalent belief that the heavily cratered units on the
moon {and perhaps Mercury and Mars as well) represent a condition of satura-
tion eguilibrium {(1,2,3,4}. Several important new hypotheses for terrestrial
planet cratering have been offered, as well, imuluding the suggestion that the
crater populations on the cratered texrrains of Mercury, the moon, and Mars are
all predominantly due to an intense period (pecri.aps episede) of bombardment
by the same population of interplanetary bodies at gpme early time in solar
system history (roughly 4 b.y. ago).

A recent tendency by many investigators has been to 1dopt or even
deduce, absolute chronologics for the geologic evolution of the surfaces of
the terrestrial planets which places not only the formation of large craters,
but also large-crater degradation and formation of plains units, in the
distant past (prior to 3 b.y. ago). I have argued elsewhere (5) that absoclute

chronologies are available only for the moon and the Earth, and that ages are
poorly constrained for Mercury and Mars. The recently propesed "possible new
time scale" for Mars by Neukum and Wise {4) is, like its prodecessors, based
on certain controversial ansumptions. Heukum and Wise treat Martian and
lunar highland cratecr pepulations as production functions dating from 4.4 b.y.
ago., Their chronology is further based on an assumed age for the present
surface of Phobos.

The notion that the lunar highland crater pepulation is unsaturated
is at least an arguable proposition (6). Despite the lower spatial density
of Martian eraters, however, their shallow depths {(7.8,9) and spectrum of
degraded morphologies ritle out their being a production function. Rather the
large Martian craters constitute a population that is, or has heen, in equi-
librium with rather extensive endogenic obliteration processes.

Chapman and Jones (&) have now reconciled their earlier models for
Martiar cratering and obliteration (10,11). Readers are directed to this
review article for what I trust is a elearer exposition of the models than
has been previously available. From the morphologies of the largest Martian
craters, it appears that they were obliterated by a large-scale, efficient
obliteration process -—- probably of endogenic orgin, but possibly due to the
cratering process itself -- acting contemporanecously with the eratering.
similar conclusions were reached previously by Chapman, Pollack, and Sagan
(12) and by Soderblom et al. (13). The morphologies of the middle-sized
craters on Mars provide e dramatic evidence for a subsequent episode of




obliteration in intermediate Martian history. By "episode" I mean that the
ratio of ebliteration rate to cratering rate increased and then decreased
again. Since this period of obliteration appears, from stratigraphic rela-
tionships, to be roughly coincident with the formation of the ubiguitous
furrows in the cratered terrains and with the first formation of northern
plains (the so-called "cratered plains" units), it is plausible to link this
important event in Martian history with both the beginning of major Martian
volcanism and with a pericd of more clement atmospheric conditions on the
planet. 7This further suggests that Martian atmospheric evolution may have
been causally connected with volcanic evolution. The distribution of small
craters on Mars implies that post-obliterative-episode epochs on Mars have
seen surprisingly little net erosion and obliteration.

We cannot state when, in absolute chronology, this obliterative event
occurred. But acceptable chronologies (5) place it anywhere from about % b.y.
age to the later stages of the intense carly bombardment on Mars which prob-
ably occurred, as on the moon, about 4 b.y. ago. If this important cpoch of
Martian geologic evolution occurred in r..atively recent history, it would
imply that Mars was geolegically quiescent following the early heavy bom~
bardment and that it only rather recently became geologically active. If the
other extreme chronology is accepted, it would imply that virtually all of
the geologically, geophysically, and meteorologically interesting evolution
of the planet occurred during and shortly after the period of intense early
bombardment {only volcanism in the immediate vicinity of the Tharsis Montes
would then have occurred moxre recently). Intermediate chronciogies include
those that have major Martian plains units forming throughout the planet's
history.

We should be careful about incorporating our preconceptions from
terrestrial and lunar experience into our hypotheses for Mars. The relevant
geomorphological and geological processes manifest on the surface of Mars are
driven, ultimately, by the thermal evolution of the interior of Mars. Plausi-
ble scenarios for the thermal evolution of Mars do not yet permit us to
choose one chronolegy over another.

Further understanding of the absolute chronologies for Mercury and
Mars must await cither (i) substantial improvement in the cataloging o
small asteroids and understanding of their orbital svelution or (ii} the
return of datable samples from those two planets. 5ince conclusive results
from either approach are not imminent, the best we can do in the meantime is
to formulate plausible hypotheses for planetary geological evolution.

(1) A. Woronow, J. Geophys. Res., in press (1977}).
(2) R. G. strom and E. A. Whitaker, NASA Tech. Memo. X-3364, 194 (1976).
(3) V. R. Cbexbeck, W. L. Quaide, R. E. Arvidson, and H. R. Aggarwal,
J. Geophys. Res., in press (1977).
(4} 6. Neukum and D. U. Wise, Science 194, 1381 (1976).
{(5) C. R. Chapman, Icarus 28, 523 (1978).
{6) C. R. Chapman and K. L. Jones, Annual Rev. Earth Planetary Science 5,
515 (1977).
(7) M. J. Cintala, J. ¥W. Head, and T. A. Mutch, Proc. Lunar Sci. Cenf. 7th,
3575 (1976).
(8) M. C. Malin and D. Dzurisin, J, Geophys. Res. 82, 376 {(1977).
(9) J. Burt, J. Veverka, and K. Cook, Icarus 29, 83 (1976).
(10) €. R. Chapman, Icarus 22, 272 (1874).
(11) K. L. Jones, J. Geophys. Res. 79, 3888 (1974).
(12) ¢. R. Chapman, J. B. Pollack, and C. Sagan, Astron. J. 74, 1039 (1969).
(13} L. A. Soderblom et a2l., Iecarus 22, 239 (1974).
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CRATERING AND 110082
OBLITERATION HISTORY
OF MARS

Clark R. Chapnian
Planetary Scicnce Institute, 2030 Last Speedway, Suite 20, Tucson, Arizona 85719

Kenneth L. Jones
Department of Geological Sciences, Brown University, Providence, Rhode lsland 02952

INTRODUCTION

The eraters on Mars testil7 te a long history of bombardment by interplanciary
objects. Further, the numbers of craters ane their morphologies record the cffecis
of erosion and deposition that have been altering the face of Mars throughnut the
history recordert by observable craters. [f this record of cratering and obliteration
can be related, through the stratigraphic principles of superposition, to the
formation of such slructures as volcanoes, stream channels, and lava flows, then
we will know the broad outlines of the evolution of the Martian surface. Finally,
il we can relate Lhe crakering history of Mars lo Lhe histories of the Earth, the Moon,
Mercury, and other bodlies, then we can compare the evolution of wrrestrial planets
as a group.

Since the first orbital pictmes were returned from Viking 1, there has been
rencwed interest in the complex processes of volcanism, acolian abrasion and
deposition, collapse and sapping of underground frozen volatiles, fluvial processes,
and cpochs of morc clement and rainy weather that have shaped Martian
geomorphology in regionally heicrogeneous ways. The great increase in resolution
of Viking orbital pictures, which far surpasses the resolution of Mariner 9 pictures,
and the close-up views from the Viking landers are greatly augmenting our
knowledge of Mars (cf Carr ot al 1976). Our review is based mainly on the pre-Viking
literature. Yet we have been cognizant of preliminary interpretations publicly
reported during the first months following the arrival of the st Viking at Mars,
and the emyphases in Lhis review have been influenced thereby. In particuiar,
‘because of the great geclogical complexity of Mars revealed by Viking beyond that
appreciated from Mariner 9, we approach our task of a global synthesis of Martian
cratering with some trepidation. -

Craters have attributes that make them uniquely uscful for deciphering the
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516 CHAPMAN & JONES

yeomorphological history ol a planet. With some exceptions, impact craters have
the following traits; (&) They form o very large sample of similar topographic
[catures that are amenable to statistical analysis. (b) They have formed throughout
planetary history, although there are very few data constraining the time dependence
of the rate of crater formation for Mars. There might be a degree of correlation
among the cratering rates on the different terrestrinl bodies. (¢) Impact craters
mainly occur al random locations on a planet, despite slight global asymmetries.
Formaiion of doublet or even clustered primary craters has occurred and may be
common on Mars {Oberbeck & Aoyagi 1972), but such clustering probably can
be taken into account. Formation of secondary craters is also important, especially
at small diameters, but they often can be recognized and distinguished from
primaries by their morphologies and spatial relationships 10 primaries, Some
endogenic craters {e.g. calderns and cinder cones) are even more easily recognizable,
{e) The original shapes and teaits of newly lormed craters of the same size (e.g.
diameter/depth ratio, wall terraces, cjecta blankets) are roughly similar, Thus
measured departures of a erater’s appearance from “fresh” morphology prabably
represent degrees of medification of the crater. Other adjacent topographic features
{such as river channels) of similar scale and stratigraphic age may be expected to
have undergone a similar degree of modification. (e) Degradation of a crater is
gencrally an irreversible morphological process until the crater finally disappears
altogether because of the cumulative erosion or deposition (exhumation is an
exceplion discussed later).

To the depree that these peneralizations are true, departures from a uniform
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Figure I Depth/diameter plots for Martiancraters, compared with the Moan and Mercury.
Straight lines for the Moon and Mereury are mean fresh craler distributions; regions
occupied by degraded craters are encircled below. Mars data, and some of the comparisons,
are lrom Cintala, Head & Muteh {1976), Malin & Dzurisin {1977), and Burt, Veverka &
Cook {1975), The Mars dawr have been acquired with a variely of iechnigues, most
subjzct to appreciable systematic error. It is uncertain to what degree the apparent
difference between the crater depths on Mars and Mercury is established.
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distribution of fresh craters around a planel bespeak importanl processes—whether
exogenic or endogenic! in origin—which, in the process of modifying the craters,
must also have madified other surface topegraphy. For instance, the gross dichotomy
of Mars into hemispheres, one rather densely covered by large degraded eralers and
the other sparsely populated with small fresh craters, reveals that lundamenially
different processes have operated on each hemisphere of the planet.

Although Mariner 9 and Viking piclires have revealed a number of cases in
which there are exceplions to our generalizations or in which the geological history
has been too complex lo be accounted for in broad statistical terms, we believe
there is a sound basis for attempting 1o delineate relative and absolute hislories of
major global regions on Mars. By and large, we believe that the relative chronology
is more firmly established than some plunetologists believe. On the other hand, at
least the more popular nccounts seem to us to be too precise in specifying the
absolnte ages of Martiap features. The geomorphological evidence for cyclical
episodes in Martian geomorphological history, frequently raised in the context af the
search for Martian life, is not established; neither is cyclical evolution excluded by
present data.

EARLY INTERPRETATIONS

Two cogent obscryatisus were made from the Mariner 4 pictures, which were
received in 1965, The first is thai most Martian cralers are highly degraded, indeed
much more so than lunar uplands craiers. Recently, this obvious fact has been
demonstrated quantitatively in terms of crater depth/diameter ratios (Figure 1}. The
second observation, due to Opik {1965, 1966) and amplified upon by Hartmann
{1966) {see also Binder 1966, and Leighton ct al 1967}, is that relative 10 a particular
power law fitied to the Martian crater diameter-frequency relation at large diameters,
there is a paucity of craters with diameters smaller than ~30 ki (estimates varied
from 20 to 50 km; Figure 2, left portion). Opik suggested that older small craters
had been entirely obliterated by the same processes responsible for degrading the
morphologies of more recent craters less than 30 km in diameter as well as of the
older large craters.

It has been assumed that craters were formed by impact of a population of
collisionally evolved asteroids, which probably follows a power-law distribution
(Dohnanyi 1972) and which, through scaling relationships between asteroid diameler
and resuliant crater diameler, create a power-law distribution of craters {shown as
the right-hand production lunction, slope = —3, in the left -portion of Figure 2),
Although there are some observational uncertaintics in defining the incremental
frequency distribution of asteroids, it probably can be approximated by a power
law wilh an exponent between —3 and —3.5, which results in a similar exponent
for the crater distribution that increases o aboui ~ 4 for the largest craters governed
by gravity scaling. Opik showed that a simple obliterative process, such as dust

! By exagenic we mean processes related to impact cratering. Al others are endagenic,
including atmospheric, surficial, and subterrtacan processes.
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Figure 2 Comparison of two models for Martian cratering and obliteration with data
from a heavily cratered unit, Thicker lines represent the present 1otal crater population;
other lincs represent companents. Left panel: Pre-Mariner @ model due to Opik (1963),
Hartmann {1973, and others. A pawer-law production function is depleted and reaches
equilibrivm with an obliteration process at dinmeters loss than a critical diameter; then
the obliteration process ends and the subsequent population of mainly small craters retains
fresh morpholegics. Middle panel: Model due to Jones (1974) and Chapman (1974a),
discussed in the text. There was an interval {“event™) of greatly augmented ablitetation
rate that shified the crater population (o a lower equilibrium curve, producing the kink in
the iotal crater curve (near C). Right pancl: Observed crater frequencies from Jones’
{1974) region 32, augmented by some unpablished, smali-crater B-[rame data due to
Chapman (the dashed line indicates inadequate datay.
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deposition, which continuously degrades and obliterutes crulers at rates inversely
proportional to their depths {for constant depth/diameter ratio), results in an
equilibrium lrequency distribution of slope one unit shallower than the production
function (slope = —2 in Figure 2), Opik’s model scemed 1o fil available Mariner 4
data.

That Opik’s model was incomplete became obvious from Mariners 6 and 7
(Murray et al 1971}, although Chapman (1967) recognized disparities even in the
Mariner 4 craler data (see Chapman 1974b). At smaller diameters, the fresh craters
follow a sleeper relation *han do the more degraded craters; indecd, most craters
with diameters less than a lew kilometers are fresh {see Figure 2). Therefore, Murray
el al (1971), McGill & Wisz {1972), and Hartmann (1973} in his Mariner 9 analysis
introduced a variant of Opik's modcl. They suggested that the processes of crosion
have slowed down or ceased so that recent craters, including very small ones, have
not been appreciably degraded.

As time progresses, an dbliteration process gradually destroys larger and larger
members of the first-formed craters on the surface of a planet. As the total crater
population moves upward with time on a size-frequency plot, it abuts the equilibrium
frequency (B i Figure 2), bending over to follow the equilibrium curve at the
“eritical diameter.” The equilibrium population of craters (4 in FFigure 2) consists
of a spectrum of morphologies; only the most recent eraters are fresh. Subsequent
to the hypothesized cessation of obliteration, the production function has recratered
the surface to the degree shown by the lower production function, which is added
to the remaining two-sloped curve; these new {resh eraters dominate the population
only at small diameters. The break in slope observed by Opik and others marks
the remuant eritical dinmeter from the earlier epoch of active obliterative processes.

Since the northern-hemisphere plains revealed by Mariner 9 contain chiclly
fresh, small craters with Trequencies similar to or less than the small-crater
frequencies in the cratered terrains, carly interpretations of Mariner 9 piclurcs
suggested that those units farmed contemporanesusly with, and subsequent Lo, the
cessation of crater depradation in the cratered terrains (Slartmann 1973). The
cessation of degradational processes was first thought to have occurred in relatively
recent Martian history bul, as we discuss when we deal with absolute chronologies
later, this may not be true. '

CRATERING/OBLITERATION MODELS

In scparate papers based on Mariner 9 crater morphology data (Jones 1974,
Chapman 1974a), we derived a new seenario for Martian cratering and obliteration
history, We argued that most of the degraded morphologies of moderate-sized
Martian craters (eg. 10-30 km) were caused by a relatively briel episode of
obliteration such that, relative to the craterisg rate, the degradational processes
were augmented by a [actor of five {o a hundred or more. Subsequently the
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Figure 3 Regiona] dificrenses in erater frequercies may be interpreted in terms of a erater
obliteration event in two different ways, Case 1: QObliteration lasts the same length of time
for two regions but is much more intense in one than the other. Before the event,
frequencies arein equilibrium alung line ab. One region underpoes moderate obliteration
and a2 new equilibrium is established along ne, resulting in frequencies abun immediately
after the event. The second region undergoes massive obliteration, reaching a lower
cquilibrium frequency slong of, resulting in acde. Fresh cratering commences {gh) and
moves upward to if at present. Observed frequencies for region 1 are the sum of almy and
ij which is alj or, for reasons described in the text, api. Observed frequencies for region 2
are, analogously, acf or akj, Note that ¢f and Ij are not coincident. Case 2: The obliteration
has the same intensity in the two regions but lasts much longer in region 2 than ! In
this case the equilibrivm frequency curve during the event s identical for both regions
{CD}, so the ad.dition of the post-event craters {EF) results in the same [requency relation
forsmall craters (G1fF). The region subjected 1o the shorter event has observabie [requencies
BF, whilc the other exhibits 411 F, The middle panel shows tetal crater dati from Mariner 9
A-frame counts for Jones' (1974) regions 1, 24, 29, and 32 (curve 1}, regions 19 and 21
{curve 2), and pe units. The data seem more like Case 1 than 2, yei we need better data
in the vicinity of the question mark to be sure.
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degradation rate declined again to a rate not much greater, and perhaps much less,
than the original rate. This fina! period of low obliteration rate corresponds to the
period afier cessation ol erosion postulated from the Mariner 6, 7, and 9 observations
of fresh small-crater populations

The fundamental difference belween our interpretation and carlier ones is our
explicit separation of the obliteration rate from the cratering rate prior to what all
agree has been a low recent obliteration rate. The earlier models of Gpik (1965)
and Chapman, Pellack & Sagan (1969) assumed constam obliteration and cratering
rates. Several investigators (c.p. [Hartmann 1971} argued that the Martian cratering
rate has changed drastically with Ume (it was much higher in the past); Soderblom
et al {1974) argued further {or a strict association between the obliteration rate and
the decreasing cratering rate. If there were such a connection, it would suggest that
the oblix >rative process may have been directly or indirectly cansed by the cratering
process. We, on the other hand, interpreted the data as requiring an obliteration
rate that, for a while, varied radically with respeet to the cratering rate; we have
suggesied that the episode of obliteration of moderate-sized cralers was largely
stihsequent 10 the early period of cratering, when the rate of cratering is commonly
assumed (o have been high. Further, we have suggested that the episode might have
been related to the period when rainfal]l occurred on Mars and carved the wide-
spread system of “furrows,” or small channels (sce section on aqueokts processcs,
below). The apparent simultaneity of the hypothesized obliterative episode with the
formation of the first major plains units in the northern hemisphere is possibly
suggestive of an endogenic origin for the abliteration process, uncoupled from the
carly cralering.

In this section and ihe one that follows we will, with the aid of Figures 2-4, lead
the reader through the observations and cratering theory that led us to our con-
clusions. Laler we describe alternative models. Scientists interested in Martian
history should understand our formulation, since any theory lor Martian cratering
and obliteration can be explicable in equivalent terminology to that which we
employ here. Despite the apparent complexity of Figures 2 and 3, the logic is fairly
elementary. The basic graph is a log-log plot of incremental crater frequency vs
diameler. There are simple mathematical relationships between this plot and a
commanly used alternalive, a plol of log diameter vs log cumulative frequency
(they are compared by Jones 1974); the cliel difference is that our incremental
relations tend to be one unit steeper in slope than cumulative curves,

The cratering rate ¢ on a planet depends on both time, o(T) (c.g. a decreasing
Mux), and diameter, ¢,(1) (e.g. oo D3\ The diameter dependence c,(D) may itself
change wilh time il the size distribution of the incoming prajectiles changes. A
general oblileration process, which may be the sum of several separate geological
processes, may be described by two simple variables: ofT), the obliteration rate
{independent of crater dizmeter), and a(D), the amount of obliteration required to
remove a crater of given diameier (dependent on process but independent of time),
Clearly the amount of crosion or deposition necessary to obliteratc a large crater is
generally more than that which will erase a small crater; thus a(D) is a monotonically
increasing function for most geological processes (isostatic compensation is an
exception).
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Equilibrium

Perhaps the crucial concept in cratering statistics is that of equilibrinm, in which
the observable crater [requen.ies N(D} do not change with time and equal F(D).
Mathemaltically, the equilibrium frequency F(D, T) at diameter D and time T can
be shown (Jones 1974) to equal

F(D.T) = [e{THo(T)]" a(D) - cs(D). () ‘

MNote ihat, given some diameter dependence of the cratering and obliterative
processes, the equilibrinm frequency at any time T depends only en the ratio of
rates of eratering 1o oblileration, (While one can always caleulate an equilibrium
frequency, the obscrved crater population N (D) need not yel have attained
equilibrivm.)

Crater morphologies may be divided into several classes, ranging lrom [resh to
highly degraded (see Figure 5). While cralers are classificd on the basis of
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Figure 4 Diameter dependence of maxima in the [requency relations for degraded craters
in Martiun cu terrains are compared with two models. Curves are shown for fresh (f) craters
and successively more degraded craters of classes s, o, and h. (&) The efiect of observational
loss of craters is due to finite resolution. Fresh craters can be observed o smaller dinmeters
than highly degraded craters, yiclding the sequence s-m-h with increasing dinmeter. (b) Counts
of degraded craters for eratered units 29 and 32 of Jonzs (1974) show a sequence h-m-s,
opposite to that in panel {a). (¢) An equilibrium population of craters is subjecied to
mussive obliteration, Smaller cralers are obliterated allogether while the largest ones are
relatively unaffected, At intermediate dismeters there is the sequence of degraded craters
f-m-5, similar to the obscrvations,
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morphological criterin (e.g. diameter/depth ratio, sharpness of Noor [eatures,
terracing, etc), we define crater classes here in terms of the “amount” of obliteration
a;{D) neeessary to change a crater of given diameter from class [ to the next more
degraded class. This definition bears a clear intuitive relationship to the obscrva.
tional classes, independent of diameter B, provided plausible morphological criteria
are used to classify craters, We employ four classes in this paper: fresh (f), slightly
degraded (s), moderately degraded (m), and highly degraded (). Clearly a,{D)+
a,(D)+ a, (D)4 e (D) must equal a(D), the total amount of ebliteration that removes
the crater entirely, Note that the satio ¢,(£)/a(D) represents the fraction of a crater’s
lifetime spent in class i, il ¢,(TYo(7T) is constunt. Given that the classes are properly
defined such that a{D)/u(£} arc constant, then, in cquilibrium, there are equilibrium
frequencies F{D, T} for each class { that are parallel Lo each other and 1o the total
crater equilibrium curve (D, T), These are cxemplified in Figure 4b, where it is
apporent thas, by our definitions of morphological classes {Arvidson, Mutch &
Jones 1974), eraters spend the longest patt of their liletimes in our m class (the
shortest times are spent as {resh craters).

A special type of equilibrium may be established if endogenic processes are so
ineffeetive that craters are obliterated primariky by subsequent crater impacts, This
is called sanwration equilibrivm and, despite numerous studies {e.p, Gault 1970,
Marcus 1970}, it remains a poorly understood aspect of cratered surfices, Saturation
equilibrivm resuits from the impossibility of fitting more than a linite mumber of
craters inlo a given area without the subsequent craters destroying pre-ext=5ng ones
or covering them with gjecta, Here o7} is clearly controlled by ¢(T); furthermore,
il is known that a(P} depends on e,(D) in such a way that F(D, 7))« 3% when
the production function cy(D) has & constant slope steeper than — 3. The constant
of proportionalily, which detcrmines the height of the equilibrium frequency curve
on a graph such as Figure 2, is a matter of some dispule {f Chapman, Nosher &
Simmons 1970, Marcus 1970, Woronow 1977a); it depends weakls on o(D) and
perhaps on the structural characteristics of the ground, Clearly the equilibrium
lrequency cannot greatly exceed that a which the cumulative arex of observable
craters exceeds the area in which the eraters are formed. It s comronly thought
that saturation equilibrium frequencies range from a few percent to perhaps 50%;
of a given aren, for dilferent cases.

“The crater production function cy(D) is commonly represciled by a power law
or a combinalion of separaie power kwws over different dinmetey ranges. There are
both observational and theorctical reasons for vsing power laws in some cases, but
in generpl the dizmeter dependence may not be a power law, as recently emphasized
by Woronow (1977b). In Figures 2 and 3 we represent production functions by
power laws (straight lines on such log-log plots) for purposes of explication only;
later we compare with the data,

OBLITERATION EPISODE INTERPRETATION

In order to interpret Martian cratering and obliteration history, it is useful 1o
consider different diameter ranges separately inasmuch as the morphologies of the

N .. e e e t e ' e
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larg st erate ~ tend to have bevn shaped by the larpest-seale processes that eccurred
i Mars® ancient history while the smallest craters have been shaped by recent
proceswes. It is primanily from the morphologies of intermediate-sized craters that
we conclude ther was an obliterative episode in intermediate Martian history,

Luarge (raters

We consider fi: -t the population (D in Mgure 2) of large, degraded craters which
rathey densely cover the cratered uplands (cu) units on Mars, The best Mariner 4,
6, and 7 piclures were primatily of cu units, which gave Mars its carly, not
entirely representative, “moon-like™ image. We interpret the fargest Martian craters
lo reptesent an equilibrium population, ss concluded earlier by Chapman, Poliack
& Sagan (1969) .nd Soderblom el al (1974), {or two reasons: 1, all the cu units
attain nearly ide. -ieal total crater frequencies al the largest diameters (compare
coincidence ut ki e dinmeters of curves 1 and 2 in Figure 3); 2. there is 2 spectrum
of crater morphe ogies and the [requency curves for each class roughly parallel the
total crater curve (Figure 4).* Our interpretation is illustrated in Figure 2 by having
N(/) abut an equilibrium frequency curve in the vicinity of £, Since this early period
of obliteration (prior to the event discussed below) extended 1o Lhe largest crters,
no remnant critical diameter is visible at large diameters. Qur view differs from
the Hartmann,Opik model inote lack of coincidence of ohserved large craters with
hypothesized equilibrivm curve B in Figure 23 and from the more recent model of
Worenow (1977b) and Strom & Whitaker (1976), in which portion D is interpreted
as a production curve o,(D).

The depradation of the largest Martian craters may have been due Lo exogenic
Provesses, endogenic procy .ses, or both, Cerlainly it was assisled by the fact that the
largest eraters form, or shortly become, shallower in proportion to their diameters
than smaller craters. As shown In Figure 1, the depth/diameter ratio even lor “lresh”
craters decreases lowards farger sizes for the Moon, Mercury, and probably for
Mars. Figure 1 may be considered for many obliteration processes (e.g. dust filling)
as 4 plot of a(D) since the erater depth is equivalent to the total reliel (o be eroded
or buried by the process. IT a(D) levels off to being more nearly constunt (depth
~2 km} at largest diameters, the shape of the equilibrium frequency curve would
approach that of ¢ (D), according to Equation (1); this may explain the steep slope
neir D in Figure 2.

Although Chapmn et al (1969) considered that the Martian craters were possibly
in saturation equilibrium, most rescarchers have doubted that possibility because
of their low spatial density, which is much lower than many lunar highlands crater
populations. Some workers even doubt that the lunar craters are in saluration
cquilibrium (Woronow 19774, Strom & Whitaker 1976, Oberbeck ct al 1977), If
large Martian craters really are formed with much more shallow profiles than their
lenar counterparts {Figure 1), perhaps because of high volatile conient of the
Martian ground plus greater Martian gravity, it is possible that saturation cratering

% The latter observation need not imply equilibrivm if, for some reason, a{D) is a conslant
for large diameters,
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could have been the sole obliterative process on Mars. More likely there was a
substantial carly endogenic abliterative process in addition to the cratering process
itselll

Intermediate Craters

Perhaps the dominant churacteristic of frequency relations for Martian cu units is
the shallow segment at intermediate diameters. We believe that the shape of this
feature, its variation from region lo region, and the shapes of the {requency
relations for the separate classes of craters are very likely due to the evolution of
the crater population to a new, lower equilibrium frequency during an “obliterative
evenl™ By this we mean that the ratio o{T)/o(T) sharply decreased, lowering
F(D, Ty by Wit amount. Small eraters formed during the event would abut the new
equilibrium line and follow it, just as they follow cquilibrium linc A in the
Hartmann/Opik model in Figure 2. The “critical dizmeter.” originally very small,
evolved lo larger diameiers and stopped at the point indicated in Figure 2 at the
end of the event, Craters somewhat larger than that critical diameter remain highly
degraded today, whereas much lurger craters (> 50 km diameter) were hardly
aflected by the event.

To account for the observed population of small fresh craters, we require-—as
did carlier investigators-—that the oblilerative process cease or at least diminish
o its pre-cvent level. The additivn of the post-event craters to the sparse
population of small eraters degraded during the tail end of the evenl yields the
observed relation N{D), plotted as a slighdy thicker line in the middle panel of
Figure 2, (The little kink is smoothed somewhat by the dashed line C to account
for stalistical variations in the degree 1o which craters of a given size respond to
a given oblileration process.)

As we have explained beflore, an cquilibrium process results in frequencey relations
for (hé separate morphological classes that parallel the toty) crater curve. Such
parallel frequencies would be predicted by the Hartmann Opik model near 4 in
Figure 2 (also superimposed on the data as dotied line 4" to the right). But the
degraded craters on all cu units show » srominent trough, as ustrated for one
region in Figure 2. This feawre, if rex  -equires, within the constraints of our
model, thal there was an cpoch of + quilibrium between two equilibrium
lrequencies, or in other words, an obliterative cvent.

One might initially suppose that the depletion of degraded craters with diameters
between 5 and 5 km is due 1o obscrvational foss near the lower limil of usable
Mariner © A-lrame (wide-angle) resolution. However, as shown in Figure 4, the
frequency relations for the separate classes refute this possibility. Clearly, if there
is a limiting resolution, the deep, fresh, bowl-shaped craters will be perceived at
smalier sizes than will the most degraded craters; the limiting diameter will increase
[rom f to s to m 1o fi (Figure 4a). But the data show precisely the opposite trend
{Figure 4b), which is difficult to explain by resolution elfects alone yet is casily
explained by obliteration, Figure dc shows schematically whal happens if an
equilibrium population of craters is stddenly blanketed, for example, by a layer of
dust. Seme initially fresh or only slightly degraded eraters of small diameters are
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still visible now as highly degraded craters, whereas the only cralers remaining {iesh
are those so large as lo be unaflected by the blanketing. The resuliing curves look
very similar to the actual data in Figure 4b, emphasizing the plausibility that an
obliterative cpisode would have yiclded the observed crater populations.

Frequency relations for the cratered uplands are not identical for ali regions. It
is noteworthy, however, that they differ in ways that are entirely consistent with
an obliteration event. The event must merely have been sironger in some regions
than in others. For instance, for total crater populations in two different regions
(Figure 3), the kink in curve 1| occurs at a smaller diameter than in curve 2,
suggesting hat the regions represented by curve 1 suffered less obliteration during
the event than those of curve 2. Furthermore, in all ¢ou regions, the diagnostic
ordering (h-n-s) of the maxima in Figure 4b is preserved, even though the ensemble
is shifted depending on the magnitude of the event. While curves 1 and 2 in Figure 3
are separaled substantially near diameters of 15 km, they are nearly coineident at
dinmeters of 3 km with frequencies very similar to frequencies for the cratered plains
{pc): apparently the pe plains were formed contemporancously with the end of the
obliteration event.

There is an interesting quesiion that could be resolved if we had good counts of
craters with diameters of 1 10 3 km: was the obliteration event more effective in
some areas because it lasted longer or was it simply more intense? Case 1 in
Figure 3 shows theoretical frequency relations for twa different repions suffering
different obliteration rates for the snme duration, while Case 2 shows two regions
suflering (he same rates for difierent durations. The chiel differcnce belween the
two cases is that the 1 to 3 km [frequencies are different for the two regions in
Case 1 but the same in Case 2. The data seem to resemble Case 1, but a definitive
result must await analysis of statistically large samples of 1-3 km craters lrom Viking
photographs.

Small Craters

Virtually all Martian cralers smaller than a few kilometers in diameter must have
formed relatively recently—just at the end of the oblitcrative event or later. Older:
small craters would certainly have been totally obliteraled by the processes that so
greatly modified the intermediate diameter craters. OT course, ihe freshness of the
small craters means that the degradation rate has been very low since the event.
Yel the presence of planet-wide duststorms suggests that some erosion and deposition
must be continuing. If so, there is an equilibrium frequency that must be atlained
at some small dizmeter, given the apparent siecpness of ihe production function
¢(D).

The present equilibrium frequency would be evidenced by a bend in slope near
a “eritical dinmeter” analegous to that for larger craters in the Hartmann;Opik
model, Craler counts from some narrow-angle Mariner 9 pictures (B frames) do
not clearly reveal such a critical diameter, although Chapman (1976} lound a range
of degraded crater morphologics at diameters of several hundred meters and
smaller, suggesting the onset of obliteration near the lower resolution limit of the
frames. This corresponds to a surprisingly slow ratc of obliteration, equivalent fo a
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deptk of erosion or deposition of the order of 10 m since the end of the obliterative
episode. Preliminary studies of B frames by several other investipators supgest a
somewhat larger rate of post-event obliteration in some selecied cu units. Viking
Orbiter pictures have emphasized the widespread distribution of secondary craters
{Carr et al 1970); il the small, degraded craters studied by Chapman and others
were reafly sccondaries, then the post-event rate.of net oblileration has been even
less than they inferred.

Sunmmary

Qur model for Martian cratering and obliteration is relatively simple and saisfies
the data extremely well. That it is a unique solution is more difficult to prove, Our
scenario is this: Mars was bombarded by an early rain of projectiles, cratering the
uplands units. A large-scale, efficient obliteration process acted contemporaneously
with the cratering; it may have been the cratering process itsell acting upon
abnormaliy shallow “fresh™ Martian craters. More likely there were atmospheric
or other endogenic obliterative processes operating os well,

Later, the rate of obliteration increascd dramatically with respect to the cratering
rate, obliterating craters smaller than I¢ km in diameter and modifying those
somewhat larger. The high obliteration rate was sufliciently briel that its cumulative
cflect was insufficient lo modify the larpest craters. The obliterative episode was
more cllective in some regions than others, probably because of different obliterative
rales, but possibly due to different duraijons. One might speculiate that the episode
happened at a time when internally generated heat reached a maximum near the
surface of Mars, perhaps generating a thick atmosphere (sec Conclusion section
below). Whatever the nature of the oblileration, it ceased more or less coincidently
with the emplacement of the pc units, which were perhaps due 1o volzanism
assoctated with the same hypothetical thermal maximum,

During subsequent ages, while portions of the northern plains and the Tharsis
Ridge have been resurfaced by voleanic and/or local acolian or fluvial deposition,
the older units {cu and pe) have been subjected to very little croston,

ALTERNATIVE INTERPRETATIONS OF
MARTIAN CRATERING

Soderblom et al (1974) interpreted the Martian cratering record as implying a
simultaneity between cratering and obliteration, Qur own models (Jones 1974,
Chapman 1974a}, depicling an obliterative episode oceurring after the episode of
heavy bombadrdment, might seem incompatible with Soderblom et al, but the
models differ only in emphasis, Soderblom et al emphasized the larger Martian
craters—a population that we agree evidences a probable equilibrium spectrum of
crater morphologies. We have chosen to emphasize the smaller-scale obliterative
episode that we believe occurred in intermediate Martian history because of the
cevidence for its presence and for its possible temporal association with other
imporiant geological cvents on Mars: the aqueous lurrowing of the cquatorial cu
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units and the formation of the first extensive plains units rematning today, the pc
units, Soderblom ct al did not dispute such variations in the ratio of obliteration to
cratering rales,

There is a tendeney for planelary geologists 1o avoid “calastrophist” interpre-
tations of planctary histories, so the associalion of cratering and obliteration rates
has seemed more acceptable than some extreme versions of our oblilerative event,
such as Jones' (1974) suggestion of the possibility that the event might have been an
obliterative “spike™ in very recent Martian hislory, We now see litlle reason lo regard
the episode in such stark terms; the problem of absolute chronologies js discussed
below.

The majeraliernative models for Martian cratering have been spurred by Mariner
10 and the resulting studies comparing the cratering on Mercury with that on the
Moon and Mars. Some fundamental underpinnings of Martian cratering theory are
now being questioned. A common thread 1o the aliernatives is that the production
function e (D) of primary craters differcd substantially from the commonly assumed
power law, at least during some carly epochs,

Studics of the relationships between plains units and cratered units on Mercory
and the Moon have led Qberbeck el al (1977) to suggest that (D) was deficient
in craters with diameters smaller than 40 km, There s an obvious paucity of such
craters on Mereury (Guest & Gault 1976). Oberbeck cl al suggest that a similar
deficiency exists on the Moon, but is parily masked by the presence of large
secondary cralers {rom the basin-forming events. Such basin secondaries are less
evident on Mercury because Mercury has fewer basins and because higher Mercurian
gravity would constrain such secondaries to the immediate peripheries of the basins
(Gault ct al 1975). Wilhelms (1976) has independently suggested that many of the
larger lunar craters are actually basin secondaries.

I these interpretations are correct, il is reasonable o suppose that ¢,(D) for Mars
was also deficient in craters less than 40 km in didmeter. One current hypothesis
(Murray et al 1975) is that all three planets were struck by the same population
of projectiles ay the same cpoch, In fact, Wetherill (1975} has proposed a reasenable
scenario for the tidal fragmentation of a large object crossing the orbits of Earth
or Venus that would have resnlted in a bombardment episode on all of.the
terrestrial planets. Such a scenario satisfics the interpretations of some researchers
(c.g. Tera, Papanastassiou & Wasserburg 1974) that lunar rock-age distributions
require a cataclysmic bombardment of the Moon about 4 b.y. ago. Chapman (1976b)
offered another version of Wetherill’s scenario, involving the collisional fragmen-
tation of a large object in the asteroid bell. If the fragmentation was really tidal,
rather than collisional, then (he projectile. population might well have been
dominated by larger bodies and “deficient”™ in smaller ones.

One need not necessarily accept the cataclysin scenario nor an association between
Martian, lunar, and Mcreurian eratering in order to hypothesize thal oy(D) for Marts
was deficient, relative to a power law, in the sub-40-km range. While collisional
fragmentation is usually thought to yicld power-law size distributions, the early
cratering projecliles need not have been a highly evolved collisional population.
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Oberbeck et al have emphasized that tidal stress on very weak incoming projectiles
could break them into a cluster, thereby yielding the hypothesized curved cy(): such
effects would difler for the Moon, Murs, and Mercury.

Strom & Whitaker {1976) have also proposed that the relative absence of smaller
craters on the Moon, Mercury, and Mars is characteristic of the praduction
function of an early but now extinct population of impactors rather than due 1o
the cfiecls of obliteration. They emphasize that their suggestion is bolstered by the
claims of Woronow (1977a) that the spatial density of craters on even the nost
heavily cratered regions of the Moon is too low to be accounted for by saturation
equilibrium. Woronow's Monte Carlo sinulation of saturation crtterina reached
cquilibrium at densilies several times higher than observed on the Mcon. §His model,
however, fails to employ a sufficiently large dinmeter range und 15 ouite clementary.
A crater is represenled by four points on a virlval surface and (he crater ejecta
blanket is modelled to remove craters within its limits with 100%;, elfectiveness
while not aflzcting even small craiers exterior lo it at all,

Moreover, Woronow’s simulation fails to mateh Gaull’s (1970) plysical simulation
of saturation cratering; his criticisms of Gault's procedures seem inadeguate to
account for (he discrepuncizs, Gaull’s experiments, however, concerned production
functions with steep slopes; in the shallower-slope regime, which may be more
relevant to the large craters discussed here, the inadequacics of Woronow's
simulation may be less serious,

The strongest parl of Strom & Whitaker's case is their observation that fresh
lonar craters on the Mare Orientale cjecta blanket display a curving N{D) that is
deficient in smaller craters and similar in shape 1o frequency curves displayed by
highlands craters The significance of this observation is that Qrientale craters are
widely separated and all of reasonably fresh morphology, so they cannot be in
equifibrium with saturation cratering nor can they have been affected much by any
other Junar obliterative process. Strom & Whitaker sugeest that the Qricntale
craters sample the (il end of cratering by the population responsible for most
lunar, Martian, and Mercurian craters, (The post-mare lunar cralers, as well as
plains unit craters on Mars, follow much more nearly a power-law distribution,
such as that illustrated for fresh craters in the right-hand side of Figure 2)

Despite similarities, the models of Oberbeck et al and Strom & Whilaker are
parlly incompatible. In particolar, many of the Orientale cjecla blankel cralers
counicd by Strom & Whitaker are deemed to be Orientale secondaries by Withelms
(1976}, and Oberbeck et ai also consider the formation of larpe secondaries to be
important. Strom & Whitaker generally argue for relatively modest influence of basin
formation on lunar crater populations, whereas Oberbeck et al regard the effects as
pervasive across the lunar frontside, with only a fow areas relatively unscathed,

Since these alternative medzls have been developed chiefly in a lunar and
Mercurian context, serious discussions of the implications for Mars have not yet
appeared in the literature. We perceive a number of potential dificulties with these
hypotheses, however. First, it scems unlikely that all 20- to 30-km craters formed
on Mars could remain intact while much larger craters are so highly degraded. 1t
would require a function a(D} very nearly constant from diameters of twenty
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through several hundred km; that is, ene must assume that it is no more diflicult
to erode or oblterale o 200-km crater than a 20-km crater, While the diameter-
depth data do not yet exclude such a possibility for Mars, it would be 2 most
peculiar geological process that would behave in such a fashion if fresh Martian
craters bore any resemblance 1o their lunar or Mercurian counterparts (Figure 1),

A second difficulty is that it is not possible o regard the data shown in Figure 3
as compalible with a single production funclion: curve 1 is not & simple muhiple
of curve 2, It is possible (o make the ad hioc assumption that the mare heavily
cratered terrains {curye 1) were struck by a population less deficient in small bodies
than moderately cratered terrains feurve 2)in just the proportions that would mimic
the behuvior of anobliteralive episode of variable strength. However, this assumption
is not persuasive.

One might argue that curve | in Figure 3 is a production function and that
curve 2 represemts the same populatons modified slightly by obliteration. Jiut
obliteration necessarily modifies crater morphoelogies, which brings us to a final
question, yet lo be addressed in the allernative models: Why should a curving
production function of craters in the 10- 1o 30-km digmeter range manifest the
unusual distribution of morphological classes, shown in Figure 4, that seem so
reasonably explained by an oblilerative episode? The general question of what
processes have been responsible for the degraded appearances of most funar,
Mercurian, and—espeefally— Martian craters is a matter of grest importance for
making the proposed alternatives convincing, The question is particularly relevant
to Strom & Whitaker; Oberbeck et al al least believe that substantial obliteration
accompanied emplacement of basin gjecta [Hartmann & Wood {1971 and Chapman
(1974a) interpreted lunar crater [requencies in terms of basin ejecta banketing).

To summarize, we believe our own mode! for Martian cratering and obliteration
{previous section) well accounts for the data. We cannot assert that (he interpre-
tation is unique, however, especially in the faca of the fundamenial challenge 1o
the long-accepled belief hat the lunar upland craters represent a saturation
equilibrium population, llowever, quite apart [rom debates concerning the
plansibility that craters 30 km in diameter can be basin secondarizs, the recent
models require further development to see if they can prove 1o be as successful as
ours in deseribing the observed populations of eraters of different merphological
classes and the variations in those distributions from place 1o place on Mars,

ABSOLUTE CHRONOLOGY

There is no known way (o determine the absolute age (in years) ol a geological unit
on another planet in the absence of (7) datable rocks or (M) a well-calibrated
relationship between cratering flux and crater density. For Mars, of course, we
lack datable rocks, so we must rely on the principles of crater-count age-dating
first described in detail by Shoemaker, Hackman & Eggleton (1962), In order to
find the age of a unit from its crater densily one must know the cumulative cratering
fiux as a function of time.

Figure 6 shows the calibration diagram lor Mars. The first widely used Martian
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chronology was that of Hartmann (1973, which was bused on ihe uncertain
hypothesis that the erater-production rate on Mars has been six times that on the
Moon (ihe absolule chronology can then be caleulated since the lunar chronology
is known, from daicd moonrocks). It is now thonght that the crater-production
rates on the two planets are probubly more nearly equal. Soderblom et al (1974)
attempted to derive the Martian cratering rate without adopling a particular
multiple of the lunar rate, But their calibrution curve involved the asstmprion thin
Martian surface-forming processes occur at a uniform rale -2 uniformitarian
assumption based on a plausible, but unproven, analogy with the Moon. Murray
et al (1975) proposed that the crater-production rates on the Moon, Mars, and
Mereury are rather closely cqual; that assumption produces a curve on Figure 6
close to Soderblom's, but below it

The firmest basis for estimating relative cratering rates on the terrestrisl planets
comes from an inventory of existing small-body populations in the inner solar
system and calcutations of their subsequent orbitul evolutien, in patticular their
collision probabilities with planets. Wetherill {1975, 1976) has emphasized the
similarity of the crater production rates on terrestrial bodics, but he does not
strongly dispute Chapman's (1976b) assertion that these rates may be uncertain
over 8 range of up to an order of magnitude, especially for Mars, Chapman
(1976b) considered the present status of our knowledpe of cratering fuxes [based
mainly on calculations by Wetherill (1975) and Hartmann (1977)] and proposed
two extremes for Mars (shown as alteinatives 1 and 2 on Fipure 6), None of the
cratering rates shown in Figure 6 are suflicient Lo produce all the observed craters
on the cu uniis in 4.5 b.y. Accordingly there must have been o period of higher
flux; most plausibly this occurred ~4 by, 2go. as on the Moon, but the hypothesis
is upproven.

The pe (cratered plains) units are adoptled as the standard for comparison of
crater densities in Figure 6, These inciude the eastern part of Solis Planuin, Lunac
Planum, and Syriis Major Planitia and appear to be the oldest of the plains units
inasmuch as they have small-crater densities comparable to those of the cu units,
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Figure 6 Correlation buiween small-crater density and age for a variety of cratering fluxes.
Crater densities are plotted for a variety of plains units, taken from the data of Jones {1974).
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which date the end of the obliteralive event. Younger units may be dated lrom the
densilies of craters 4 10 10 kni in diameter {indicaled at the right of Figure 6). The
second oldest regions shown in FFigure 6 are pm-10, py=3, and pv-5, which include
regions west of Solis Planum. Still younger, with roughly half the pe erater density,
are the volcanic plains units pv-6, pv-9, pv-35, and pv-37, which include much of
Elysium Planitia and units north of the Tharsis ridge. Plains south-west of Arsia
Mons {pv-4) are much younger still and the area surrounding the Tharsis Montes
are youngest of all major units for which Jones (1974) tabuluted crater [requencics.
{The abbrevialions cu, pe, pm, etc employed here are for units defined and mapped
by Mulch & Head 1975.)

1t is clear that the erater densities cannot be transkated into ages even as vague
us “a couple of billion years” il one agrees that alternatives | and 2 provide a
reasonable range for the cratering flux on Mars. Flysium Plaritia may be only a
few hundred million years old, but it might instecad date from the 1ail end of an
early bombardment. Of course, presentation of such a broad range of ages lor
particulitr featurcs does not adequately convey the rather precise degree 1o which
we can delerminr. the relative ages of features. Thus we think that a better way to
refer to ages of Marlian units is in terms of crater densities reladive 1o the pe units,
Attempts 1o specifly ages in years should be avoided until the chronology is better
determined.

GEOMORPHOLOGICAL PROCESSES

What we call “the obliterative process” must represent the cumularive cfects of
innumerable different geological processes. They can be modelied as a single average
processioriarge statistical samples of craters, But verification thal our generalization
is valid depends upon explicit analyses of separate processes, includirg detailed
photogeological interpretation of specific features.

The lilerature contains many papers about specilic peomorpholoagical processes,
mosily based on photogeological interpretation or analogies with familitr terrestrial
processes, Some studies, especially of acolian pro 2sses, have included windtunnel
experiments. and theoretical treatments. 1t would be premature to (reat all of this
literature here, since few of the studics have been integrated with the others or
applied to a global Martian synthesis. Seme recent papers are mentioned below as
an introduction to the literature,

Some geomarphological processes are much more genseral and widespread in their -
cflects than others. Rock sliding and channelcutling may have devastating eflects
on landforms. in certain localitics, but such processes of locai origins do not
substantially affect widespread Martian units. On the other hand, atmospheric
processes such as rainlall or arolian deposition can extend over the entire planel,
Perhaps the nonexogenic, nonatmospheric process of grealest potential extent is
volcanism; lava flows may spread across vast areas and an epoch of healing causing
the permalrost to melt could envelop much of Lhe planet, having similar elfects on
topography on opposite sides of Mars. Clearly, the processes responsible for most of
the crater obliteration discussed in this article have been of the widespread variety.
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Exogenic Processes

Destruction of pre-existing topopraphy by the cratering process itsell has been
extensively studied (see earlier discussion of saturation equilibrium). It had been
thought that the planet Mercury provided the most reasonable model for fresh
eritlering on Mars because of the similarity in gravity on the two planets (Gault ¢t
al 1975). [fowever, cjecta blanketl morphologics and secondary crater distributions
on Mars appear to differ from those on cither the Moen or Mercury, suggesting
that, at least in certain focalitics, the atmesphere and/or underground ice deposits
Lavesubstantially aliered the effects of crater formation on nearby lopography (Carr
ct al 1976).

Avcolian Processes

The wind modifies features on Mars in two chicl ways: erosion by abrasion or
plucking and transport of fine materfals by saltation or suspension from one location
to another. There is abundant evidence in Mariner 9 and Viking pictures for the
local importance of acolian processes on Mars, including dune ficlds. MeCauley &
Grolier (1976) have studied yurdangs in the driest terrestrial deserts as analogs of
“inverled ship™ shaped features on Mars. Searp recession and formation of pedestal
craters also have been ascribed 1o the wind (King & Riehle 1974, Arvidson et al
1976, and others). There can be no question that dust s moved about on Muars
by wind, But inasmuch as we have very little experience on Barth with large.scale
terrain that has been aflected more by wind than by water, it is uncertain to what
degree some of (he large-seale Martign features truly are of acolian origin. Useful
stucties of Martian acolian processes and the crosion rate in particular have
invalved combinations of experimenial and theoretical approaches (of Greeley et al
1974, Sagan & Bagnold 1973, and bversen ot al 1975), Some rescarchers have
caleutated surprisingly rapid erosion rates, at least for laters! erosion (c.g. scarp
recession) as opposed {o deflation.

Many units on Mars have been imterpreted as being modified by acolian
depaosition. In particular, Suderblom et al (1974} have mapped extensive “dust
mantles” poleward of 407 latitude paralleis, There can be little doubt that dust
deposition has been important in producing layered deposits in polar latitudes, But
itremains for Viking Orbiter analysis to determine the extent to which units mapped
as dust mantles may in fact reflect poor resolution or lingering atmospheric dust
during the Mariner 9 pholography.

Agueovs Processes

The flow of liquid water appears to have played a major role in shaping the surface
of Mars. First recognized in Mariner 9 photography (Milton 1973), the evidence
for fluvial progesses has become overwhelming in Viking Orbiter photography (Carr
et al 1976). Most striking arc the large channels, which are especiaily prominent
near the boundary that separates the cratered and uncratered hemispheres from
each ather, The first Viking Qrbiter pictures showed impressive views of such
channels emerging from the chaotic terrains of Mariner 6 and lrom the canyonlands

—r
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of Mariner 9, emplying into the Chryse basin where the first Viking landed. While
these Jarge channels have been classified into several diflferent Lypes, a common
hypothesis is that most large channels were carved by great floods of water derived
from jce deposits in the ground, The closest terrestrial analogy may be the
channeled scablands of eastern Washinglon, where catastrophic looding occurred
when the waters of Lake Missoula evidently broke through an ice dam (Baker &
Milion 1974),

Still more interesting Muvial evidence is afforded by the “furrows,” which are
smaller stream and river valleys in the cratered terrains, possibly counfined to
equatorial and temperate latitudes. While some furrow systems are poorly inlegrated,
there arc many well-developed dendritic patterns of great areal extent, implying
origin of the waters from widely dispersed areas--most likely by rain (cf Pieri 1976).
I is templing to associate the formation of furrows with the obliterative cvent we
have deseribed. Certainly, the tiny observable furrows could not have been formed
prior 1o the last slages of the event; otherwise they would have been obliterated.
Bul they do not cxist on the pe units formed just after the event, Thus they are
temporally associated with the cpisode. Rainfall is certainly known to be a highly
effective erosive agent on Earth, so it might well have yielded the high obliteration
rate required by the low cquilibrium frequencies during the Martian obliterative
cvent,

Other Processes

Voleanism has caused much modification of topography on Mars, It is primarily
a constructional process, either laying down vasl plains of lava or ash or building
giant shields such as Olympus Mons, Carr (1974), however, has discussed some
situations in which lava is actually crosive, and he has attributed the origin of some
lunae-ritle-fike channels on Mars (o crosive voleanic processes,

There are many fectonic processes that modify the Martian surface. These include
the formation of grabens, faults, und fraclures due Lo internal stresses, such as iose
associated with the comparatively recent formation of the Tharsis uplift, Schultz
(1976) has studied explicitly the so-called floor-fractured craters. There are also
numerous local processes, including landstides, mudslides, and less spectacular
processes of downslope movement that reduce topographic rclief on Mars (an
example is discusscd by Veverka & Liang 1975).

Searp recession has been the major process of dissecting the fretted terramns and
removing many olher apparently sedimentary sequences on Mars. Whether the
actual erosive agent is mainly windblown particles, as commonly assumced, beach
crosion by bodies of waler, or shunping duec to failure of subsurface ice is not
always clear, Bul the removal of unconsolidated layers oflen reveals previous
lopographic horizons. Figure 7 shows a once-buried crater being exhumed as a
scarp relreats across it I processes of exhumation were widespread, our carlier
assumption of the one-way direction of crater degradation would be violaled.

On Mars, as on the Earth, crosion and deposition cannot be considered
independent of physical and chemical weathering processes that render particles
subjeet tofluvial, acolian, or mass-wasting transport. An early suggestion (Chapman,
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Pollack & Sagan 1969) was that the particulates were derived by comminution in
cratering impacts. Other processes of weathering have been addressed in other
contexts (Malin 1974, Siever 1974, Huguenin 1974, 1976),

CONCLUSION: THE GEOMORPHOLGOGICAL
EVOLUTION OF MARS

Mars accreted as a planet with substantial volalile content (cf Fanale 1976). The
evolution of these volatiles, governed by the internal and external thermal budget
of the planet, is evidenced by the cratering record. We have already described the
early bombardment of Mars and the probably contemporancous obhteration
process, which was possibly due to saturation cratering alone bul was more likely
of endogenic origin. Probably Mars had a substantial atmosphere during these
early epochs.

Upon losing any accretional licat it may have had, the surface of Mars became
very cold, Whatever water vapor was not Jost 1o space must lave rapidly condensed
onto, and percolated inte, the ground and frozen, The evidence for an obliterative
episode that affected mid-sized craters (perhaps associated with the furrowing)
suggests that the volatiles were released again. Getting water out again onto the
surface of Mars in order to form individual large channels requires a subsequent
period of heating, perhaps by local voleanic hot spots. But getting water into 1he
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Figure 7 Mariner 9 picture of o erater in the Kasei Vallis region apparently being
cxhumed from beneath a receding clifl. NASA photograph.
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atmosphere, in order to rain and produce dendritic patterns over much of the
planet, reqguires planet-wide reheating of the surface (plus a suflicient amount
of available water). That is necessary in order to elevate the temperature of the
coldest spot on the planet so that the vapor pressure of water al thal' spot exceeds
the partial pressure of water in the whole atmosphere (Mutch et al 1976), Otherwise
any released water would be rapidly {a few years or less) frozen ot at the polar
cold-traps, which is a problem with some of the heating models based on enhanced
solar luminosily (Harimann 1974a) or cyclical insolution variations associnted with
obliquity changes (Ward 1973).{Thc reasoning does not apply to the Earth, because
of our planet’s superabundance of water, which obviously cannot all be frozen ot
at the poles) Planet-wide elevation of surface temperatures on Mars cannot be
accomplished by any reasonable level of endogenic heating. An atmospheric green-
house effect seems required, perhaps assisted by higher polar temperatures associated
with the larger pre-Tharsis obliquities of Mars hypolhesized by Burns, Ward &
Toon (1977). A period of voleanic activity and erustal heating may have supplied
once-frozen underground waler to the atmosphere, tripgering a rainy spell.

The geological record on Mars provides possible independent evidence for a
thermal masimum in crustal temperatures rovghiy contemporancons with the
obliterative event. The formation of the major voleanic units visible today com-
menced with the pe units shortly after the end of the event and has continued, at
least near Tharsis, practically to the present day. Thus the onset of major Martian
volcanism may have been due to the same planet-wide crustal heating (a radiogenic
heat pulse) that jed to the generation of a meist Mariian atmosphere, producing
the obliterative event,

This plausible scenario is only a suggestion, There is evidence lor some ancient
volcanism on Mars, and Wilhelms (1974) has suspected that §1 was pervasive; i
may even have been a major obliterative process. On the other hand, the northern
plains units need not be chielly volcanic; many may result from acolian deposition
or even sedimentation from fluvial outwash and shallow seas. So the predemtinance
of fresh voleanism on Mars may just reflect the lack of recent obliteration. Thus
there may be no temporal association between the thermal evolution of Mars and
evolution of its atmosphere. The aqueous period might not cven have required new .
oulgassing of wiler; the rain could have resulted from condensation of water upon
cooling of ihe original atmosphere formed concurrentiy with acerction.

Nothing in the Martian cratering record requires cyelical variations in climate,
such as those that Sagan (1971), Sagan, Toon & Gierasch (1973), and Sagan &
Lederberg (1976} have postulated might from time o time provide more clement
conditions for organisms “in cryptobiotic repose awaiting the return of wetler and
warmer conditions” The palar laminated terrains (Cotls 1973) and evidence thal
channels flowed morethan once (Hartmann 1974b) indicate discontinuous processes,
but evidence of anything approaching sinuscidal oscillation is absent. Theoretical
calculations (Ward 1973) of cyclical atmosplieric evolution yield timescales far too
short (e.g. 10° years) to be measured by the cralering record, given our present
knowledge of the absolute cratering chronology and the slow rates of geologica)
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processes evident on Mars today, Instead, the last observable planet-wide crater-
oblilerative event secms te¢ have occurred prior Lo hall a billion years ago, and
perhaps as early as the tail end of the early bombardment perfod on Mars.
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THE COLLISIONAL EVOLUTION OF ASTEROID COMPOSITIONAL CLASSES,
D. R. Davis and C. R. Chapman, Planetary Science Institute, 2030 E. Speedway,
Tucson, AZ B5719.

Previous studies of asteroid collisional evolution (1) have shown that
the present-day belt could result from many initial populations including
those much more massive than the currently observed distribution. Based on
the interpretation of Chapman (2) that S objects are the exposed cores of
fragmented parent bodies, it was argued that the original best was substan- °
tially more populous (by a factor of ~300 at ~100 km diameter) than the
presently ohserved belt; however, the number of large Ceres-sized bodies was
found never to have been substantially greater than it is today. Since these
early studies there has been a considerable increase in the observational data
on the asteroid size frequency distribution. This additional data has led to:
(i} improved definition of the size freguency distrikution as a function of
compositional class, i.e., for carbonaceous C tvpes, silicaceous S types, and
for metal-rich M types; and (ii) an extension of the distributions to smaller
diameters. In a recent review paper Zellner and Bowell (3) give a bhias-
corrected C population down to 50 km diameter and a combined 5 & 4 population
to 25 km. This paper discusses some implications of these further observa-
tions on the collision evoluticn models and presents further results based on
an improved and expanded model of the collisional evolution of the asteroid
belt.

The observed small diameter slope of the C population (Figure 1) is less
steep than previously believed; an observation which was guite difficult to
interpret based on our earlier computer meodels which almost invariably yiclded
steeper slopes for the small diameter size frequency distribution than is
observed. This result was obtained from a wide variety of initial conditions
and values of evolution parameters. An improved model for the physiecs of the
catastrophic fragmentation process lead to an immediate resolution of this
difficulty. A key parameter in collisional evelution is the size of the
largest fragment M, resulting from a catastrophic collision. The largest
fragment is calculated based upon the dominant cohesive force binding the body.
If mechanical strength is largest, then the largest fragment is found using
the kinetic energy/gram involved in the collision and is scaled from labora-
tory results of Gault and Wedekind (4) and Hartmann (5). If the gravitational
binding energy is dominant, then for every catastrophic collision there will
be other less energetic collisions that are capable of rupturing the mechani-
cal bonds yet have insufficient energy to disperse the fragments, i.e., a
process akin to the formation of an extensive megaregolith. In this case
when a catastrophic collision eventually occurs the largest fragment will con-
tain only a small fraction of the original mass. When the two cohesive ener-—
gies are comparable in magnitude an average of the two extreme models is
adopted in our model.

Figure 1 illustrates the collisional evolution over 4.4 b.y. from a large
initial input distribution of C-type objects. The evolved distribution now
displays characteristics of the observed distribiution, namely the shallow
small diameter slope and the formation of a "bump" in the size freduency dis-
tribution. The "bump” develops at the size where collisions become relatively

frequent and the thoroughly fractured fragments are distributed at considerably
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smaller gizes. However, there are not sufficiently frequent collisions at
larger sizes to replenish the depleted population in this intermediate size
range. The collisional strength of bodies appears to be a basic parameter in
determining the collisional evolution of the population. The results illus-
trated in Figure 1 are only obtained using material strengths characteristic
of weak substances, while strengths comparable to that of terrestrial rocks
tend tc rasult in steeper small size slopes.

Our numerical simulation was further extended to include the collisicnal
evolution of a two-component system, i.e., a system containing two subpopula-
tions having different physical properties which is collisionally evolving.
This program was developed Lo investigate the mutual effects of C- and S-type
chjects and to determine if a small population of very strong S (or M) bodies
significantly alters the C population. The initial § population was assumed
to be a “"bump" at a preferred size rather than a power-law distribution in
order to simulate their formation as the iren cores of differentiated parent
bodies; various initial distributions were input for the C population. It is
found that the S population quickly develops a fragmental tail which is simi-
lar to the observed size distribution. The assumed greater strepngth of S-type
objects precludes extensive evolution of the § objects unless very populous
initial distributions of C types are involved. The § population is rather
effective in fragmenting C objects, particularly if the ratioc of strengths of
S to C is very large, i.e., ~104. Initial C populations become thoroughly
reduced and f£all below the s population ai diameters of several tcns of kilo-
meters, a result which is precluded by observations. It is characteristic of
mosi cases that at small diameters the § population has a steeper sleope than
does the C population which results from the greater strength of S objects.

If this trend continues to even smaller diameters than are considered in our
simulations, the § population would become dominant below a certain "threshold"
diameter. Also, the overall asteroid populaticon would have a steeper slope
below this threshold value, a result which is supported by results of the

. Palomar-Leiden Survey (6). BSee also (7).

In summary, our revised collisional evolution model shows that many ini-
tial populations do collisionally evolve to the current belt provided there
are many collisions with the largest fragments containing <25% of the original
mass. Two mechanisms are suggested for such complete fragmentation: (a) highly
energetic collision when mechanical strength is important and (b) large-scale
fracturing when gravitational binding energy is dominant. It must be admitted
that the relatively simple collisional history that seemed irplied by the
earlier size-frequency data in (8), which was developed in the article by
Chapman (9), can no longer be regarded as correct. While our present models
show that the new data can in some cases be reconciled with a model emploving
many of the main elements of the earlier interpretation (e.g. S-type objects
as high-strength metallic cores and the asteroid belt as a remnant of a
larger early population), it is now clear that much more work is necessary to
determine the probable collisional history of the asteroids.
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Figure l. Collisional evolution
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bar shows the estimated uncer-—
tainty in the current belt at

50 km diameter. -
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Asteroid Fragmentation Processes and Collisional Evolution. Clark R.
Chapman, Donald R. Davig, and Richard Greenkcrg, Planetary Science Instituta,
2030 E. Specedway, Tucson, AZ, 85719

The asteroids and their fragnents are a population of okjects in the
inner solar system, concentrated between 2 and 4 AU from the sun, which are
the remnants of a much larger population of planetesimals that formed the
terrestrial planets. Since a large planct failed to form in the asteroid
belt, the asteroidal planetesimals have remained to ceollide with cach other
and with other plancis. The smaller fragments which strike the Farth arve
called meteorites; the larger ones form craters. Astronomical data obtained
during the 1970's have yielded some knowledge about asteroid compositions
and, in particular, have strengthened the above hypothescs. These data also
have permitted, for the fir«t time, accurate estimates of asteroid sizes.
These constraints on asteroid compositions and the new knowledge of asteroid
sizges, combined with a kpowledge of asteroid orbits and fragmentational
physics, permit us Lo calculate astercid collision probabilities and the
evoluticn of the size distribution.

Chapman and Davis (1} reported results based on a preliminary com-
puter model of asteroidal fragmentation which demonstrated that asteroids
are colliding much more freguently than had been helieved before —- suffi-
ciently frequently, in fact, that the asteroids may be regarded as a remnant
of a possibly much larger population of objects in the astercid zone. Fur-
ther discussion of collisions by Chapman (2,3} deve? oped the hypothesxs that
one ohservational type of asteroid (designated "S") are the stony-iron cores
of differentiated parent-bodics whose rocky mantles have been stripped away
by numerous ecollisions and that, another ohservational type {designated "“C"}
are the highly fragmented remnant of a vast prpoulation of carbonaceous
astoroids. Based on this hypothesis, Chapman =nd Davis {1} cstimated that,
in fact, the C-type asteroills were roughly 300 times more numerous at an
carly epoch.

Such models for the collisional evolution of the asteroids secermed to
satisfy the available data about the size-frequency distributions of aster-
0ids of the separate compositional clasgses {4): a power-law distribution for
C-type asteroids and a more complicated distribution for & types. Hore
recent data on asteroid size distributions by Zellner and Bowell (5) differ
from the earlier data and it is clear that the simple coliisional models re-
quire revision.

We have augmented our colll,;onal model in several ways tn render it
more closely represcatative of actual fragmentational physies. First, our
rogram has been modified to permit the simultaneous collisional interaction
of two distinct composiiional types, represented by material strengths
deemed appropriate f£or the two predominant types of astercids (5 and C). We
have considered cases for strengths close to nominal values for metallic
iron (20000 bars) ard for carbonaceouvs meteorites (3 barg), as well as very
different values. ‘he second major change is an improved consideration of
the size of the largest fragment resulting from a catastzrophic fragmentation
of an object sufficiently large so that the gravitational binding energy
of the object dominates the material strength.

The largest fragment from a catastrophic collision clearly depends
on the energy density imparted to the target body. Because of the power-law
dependence of the astercid size distribution, most catastrophic fragmenta~
tions (in the absence of a gravity field) involve a collision iwparting only
marginally epough energy to overcome the material strength of the target;
thus the largest fragment is usually a significant fraction of the mass of
the target. -But for a weak body large enough to possess. an appreciable
gravitational field, collisions involving sufficient enurgy to fragment the



aprpelidLdse T

body will not in general be sufficient to impart the kinetic energy to the
fragments necessary to overcome the body's self-yravity and to disperse the
fragments., Thus a catastrophic fragmentation and disperrsal of fragments must
result from a superenergetic collision, which will certainly fragment the
target into .wany small picces. The effect will be enhanced by the fact that
in general the target body will have been internally fractured by numerous
collisions sufficient for fragmeni=*ion but ineufficient for dispersal. ouar
improved cellisional nmodel incorpurates these features.

Numerical experiments simulating the collisional interaction of only
weak carbonaceous bodies now yield a size distribution similar to that ob-
served (for diameters greater than 50 km) by Zellner and Bowell (5). 1In
particular, the ohsceived relative absence of 50 - 100 km diameter bodies
appears to be due to the infrequent creation of fragments of that size by
the catastrophic fragmentation of somewhal larger, gravitztionally bound C
astercoids. .

Numerical experiments simulating the collisional cvelution of strong
S objects plus weak C objects demonstrate that 5 objects are surprisingly
effective at decimating any population of C objects. Evidently § objects
cannot be as strong as 20000 bars; othexrwise there wouid not be so many C
asteroids as exist. The observed size distributions of aslteroids are best
satisfied by simulatiens in whicl: the § asteroids are not more than two
orders of magnitude stronger then C asteroids. However, no simulation hag
yet been completely successful in producing the current distribution of both
C- and S-type objects. Our numerical simulations are being further refined
to include the effects of collisicnal crosion on the size distribution and
the mutual effects of size distribution and characteristic impact velocity.

The carlier conclusions of Chapman and Davis f1) that the C asteroids
may be a remnant of a mach asore populous asteroid belt are uzchanged by these
new considerations. But their argument that the belt was roughly .300 times
rmore populous in the past depends on suppositions about the physical nature
of the S-type asteroids which seem to regquire revisien. '

(1) ¢. R. Cchapman and D. R. Davis, Science 190, 553 (1975).

(2) C. R, Chapman, Geophys. Res. Lett., 1, 341 (1974).

(3) C. R. Chapman, Geocchim, Cosmochim. Acta 40, 701 {(197G}.

(4) ¢. R. Chapman, D, Morrison, and B, 2Zellner, Icarus 25, 104 (1975).

{(5) B. Zellner and E. Bowell, I.A.U. Colloguium No. 39 (Lyon, France) {1976).
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Report on Paper presented at PGPPI Meeting in St. Louis, May 1977.
"Asteroid Fragmentation Processes anc (nllisional Evolution' by
C.R, Chapman, D.R. Davis, and R. Greenberg, Planetary Science

Institute, Tucson, AZ 85719.

Chapman, Davis, and Greenberg reporied on their new models of
gsteroid fr?.gmentation processes and collisional evolution. These ideas
have evolved considerably since the 1860's when Kuiper, Anders, and
others viewed the '"bump’ in the asteroid magnitude-freguency diagram
as suggesting that only the relatively small asteroids are collisional
fragments. Asteroid cross-sections are now known to be much larger
than was previously thouaght, due (o advances in ineasuring asteroid
albedos. In 1975, Chapman and Davis reported collisional models
showing that all but the v}ery largest asteroids must be collisinnal {rag-
ments and suggesting that the asteroids might be a remnant from &
vastly larger population of precursor bodies. Hypothesizing that the
so-called S-type asteroids are mantle-stripped stony-iro‘n cores of
_differentiated hodies, they even suggested an estimate of 300 times the
present population for the early asteroid population.

The early asteroid models were consistent with the then-best
evidence on the log-log size-frequency relation for the C (carbonaceous)
.and S {stony-iron)} asteroids, with a St.raight-line (power-law) distribtition

for the C's, indicative of thorough CDllisi.ona_l fragmentation of weak



bodies and non-linear distributions for the supposedly incompletely

- fragmented, strong cores., But new bias-corrected asteroid statistics
by Bowell and Zellner have shown the C asteroids to have a non-linear
size distribution on the log-log plot. )

Meanwhile, the Planetary Science Institute group improved
several aspects of their collisional modelling, (1) Simultaneous collisional
interaction of two distinct populations of bodies of very different strengths
were modelled, simulating the C and S objects. (2) Laborntory data were
employed to model the size of the. largest and second-largest fragments in
a catastrophic collision event as a function of the energy input to the
target body by the projectile. They have discovered that many large
weak (C-type) asteroids are fragmented by relatively energelic impacts
that are nevertheless insufficient to disrupt the hodies against their own
self—gr'avities. When more energelic impacts eventually disperse
such already-fragmented bodies, the fragments are very small, resulting
in a relative dearth of mid-sized C-type asteroids, consistent with the
new s'me—ffequ'ency data.

Some computer runs have successﬁnily reproduced the essential
featlures of tite currently observed distributions, even for grossly aug-
mented initial populations. But Chapman et al. are further revising the
collisional model prior to investigating the effects of varying the
input parameters to determine the range of initial conditions and physical

parameters consistent with the currently observed asteroid belt, .
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COMPARISON OF CHAPMAN/DAVIS COLLISIONAI, MODEL

WITH BIAS-CORRECTED ASTEROID DATA

The attached figure illustrates the degree to which
the Chapman/Davis collisilonal evolution model for asteroids
compares with observations. The asteroids were assumed to
be composed of two different materials: strong metal (to
simulate S-type asteroids) and very weak carbonaceous material
(to simulate C-type a;teroids). Input frequency distributions
are shown with the solid lines. After 4 x 1l0° years of
collisional evolution -- using nominal physical parameters
in the model ~- the distributions had evolyed to the two
broken lines. These may be compared with the real bias-
corrected asteroid data compiled by Zellner and Bowell
(in press in Proceedings of IAU Colloguium 39, 1977), indicated
by the letters "8" and "C". Evidently, at least one set of
initial conditions evelves to frequency relations very similar

to those actually observed today.
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' MODEL EVOLUTION
AFTER 109 YR
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