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Foreword 

The first great contribution to the topic of this study 
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thank Mr. Bodechtel particularly here for the encouragement 
which the planetology working group and I, myself, received in 
his Department for Photogeology and Remote Exploration and the 
Central Department of Geophotogrammetry and Remote Exploration. 
It was at that time that the main studies on the chronology 
of the development of the planet Mars were carried out by me 
in close collaboration with Doctor Hiller. 
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1982) to the German Aeronautic and Space Research and Experimental 
Institute (DFVLR) e. V., Oberpfaffenhofen Research Center, was 
closely connected with my cbmmittment to the camera experiment 
of the Galileo-Mission (Jupiter orbiter and probe mission) which 
will give further improved.data on the Jupiter system by the end 
of the decacle, .Part of the investigations---on meteorite. bombard- 
ment of the Galileo satellite of Jupiter were conducted in the 
framework of the preliminary studies for this p3cdject. I should 
like to thank DFVLR for supporting the subject; I should mention 
particularly the generous encouragement of my studies by Professor 
Doctor Lanzl, Director of the Institute for Optoelectronics. 

I have been connected for a long time with the Institute for 
General and Applied Geophysics, especially because sf common 
interests in the field of impact processes. I would like to thank 
here Doctor Pohl for the support which he gave me in the estab- 
lishment of the scaling laws and for the careful examination of 
the manuscript. 

I must acknowledge here, in particular, the commit~ent of 
my colleagues Doctor Hiller, Doctor Horedt, Mr. Nagel and 
Mrs. Eixenberger, who assisted me great!ly in the establishment 
and completion of the manuscript. 

The planetological studies carried out here would not have 
been possible without the generous support from NASA (Office of 
Space Science), the Federal Ministry of ~esearch'and Technology 
(BME'T) and the German Research Association (DFG) . 
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METEORITE BOMBARDMENT AND DATING OF PLANETARY SURFACES 

G. Neukum 

1.1. Importance of the Determination of Age in the study of the 
Physical State and the Geoloqical Development of Planetary 
Bodies 

The physical state of a planet or its geological development 
may be determined by a number of methods and measurement pro- 
cedures. These include, for example, physical measurement data 
from the field of altimetry, gravimetry or magnetometry, which 
were obtained in the planetary missions of the last fifteen 
years usually from orbits, or data on the heat flow, on petro- 
graphy, chemical composition, radiometric age, etc.; which could 
be obtained by landing on the planet and measurements of the soils 
brought back to the Earth (or on meteorites). 

The remote exploration photogeological study of planets 
compared to eac'h other and the Earth is particularly informative 
with regard to the general determination of th@@hysical state of 
the geological development. The determination of the geomorpho- 
logical and stratigraphic relationships takes place by a proceduce 
absolutely similar to that used on the Earth: the appearance of 
certain geomorphological formsallowsconclusions to be drawn on 
their genesis and stratigraphic position. For example, it is thus 
possible to identify the appearance of volcanism, water, wind, 
impact events andtectonicpa&ocesses. The formation of individual 
geomorphological forms is naturally determined in many cases by 
the physical characteristics of the planet, such as mass, surface 
gravitation, temperature, chemism, or in planets with an atmosphere, 
by atmospheric pressure and wind velocity. The comparative study 
of the physical state and the geological development of planets 
requires therefore in addition to the data obtained by remote 
exploration and geology, as many more'further measurement data - 1 2  
as possible from the indicated areas to make the interpretation 
certain. 

A special position i n  these investigations is assumed by the 
question of the progress in time of the development of a planet 
and the formation of its surface structures visible today. It is 
only possible to understand individual planetary courses of 

*Numbers in the margin indicate pagination in the foreign text. . 



evolution by dating. Moreover an absolute statement regarding 
the age allows the calibration in time of the stratigraphic 
systems of planets obtained by photogeological methods. Finally 
all models of theoretical development of a planet depend directly 
on data on the age. 

The direct radiometric dating has been possible so far only 
for the Earth, the Earth's Moon and meteorites through the direct 
access to rock samples and th&r study in the laboratory. A 
dating for the other planets (and also for the Earth's Moon 
taken as a whole) could only be carried out up until now by the 
above indicated remote exploration and photogeological methods, 
by determining the geomorphological and stratigraphic relation- 
ships and in particular by the measurement and interpretation 
of impact crater frequency. 

The relative and absolute dating through impact crater fre- 
quencies has, in the last ten years, proven to be an increasingly 
justified and improved new method. The method is always applicable 
successfully, if a statistically sufficient number of impact 
craters can be obtained by image data. The imagewise recording 
of the surfaces of the terrestrial planets and the moon's-of 
Jupiter and Saturn showed that; unlike the Earth, 
most of the other planetary bodies indicated (including,' 
the Earth's Moon) are much less molded by endogenous )and exo- 
genous .processes (except perhaps for Venus), and in most cases 

' - 'we - ,can see much further into the past when the impact rates 
and therefore the number of craters formed weremuch higher, Thus, 
measurements of the crater frequencies on the planets allow us to 
obtain in many cases a good relative and absolute dating of 
structures, which are billions of years old, quite unlike the 
Earth, where because of the great dynamics of development for 
these times, the data on age is very sparse and contains gaps. 

. . 
The study of the cratex population of the Earth's Moon along 

with the determination of radiometric ages on rock samples from 
the American Apollo Moon landing and the Soviet Luna Missions have 
given us an insight into the early history of the Earth-Moon sys- 
tem, the time of the intense meteorite bombardment about 4.5 to 
3.8 billion years ago and the chronology of the early geological 
development of the Moon. With these missions and the following 
missions to the internal terrestrial Mercury, Venus, Mars 
and the large external planets Jupiter and Saturn, we have learned 
that almost all these bodies have undergone an early phase of 
high exogeneous and endogeneous activity, whose traces can still 
be identified and analyzed by us even today in large areas on 
the surfaces. We owe this new surprising finding to a great 
extent to the data of the camera experiments of the American 
planetary missions and the subsequent determination of the 
chronology of the meteorite bombardment and the geological 
development by the remote exploration and photogeologic evaluation 
and dating. Since we will receive no soil samples from other 
planets in the foreseeable future, the remote exploration methods 



for dating and the investigation of the physical state and the 
geological development of the planets assumes considerable im- . 
portance in the next few decades. 

1.2. Impact Crater Frequencies as Imaqes of the Meteorite Popula- /4 
tions 

-. 
Studies of the crater frequencies and their size. distribution 

on the terrestrial planet and the moons of Jupiter and Saturn 
allow, besides'the use for dating geological structures, informa- 
tion to be obtained on the impact rate of meteorites and their 
size distribution in the neighborhood of a planetary body. This 
relationship is obtained by the fact that for given velocities 
and given target material of a particular planet, a metearite 
with a certain mass m produces a crater diameter D, which is 
in the first order a function of m. Thus the undisturbed frequency 
distributions accumulated on a surface exposed at a certain time 
until today provide direct images of the mass-velocity distribution 
of the meteorite population (each crater produced must be still 
identifiable, undestroyed today). 

Assuming an average vdlocxty and taking into account the 
targetandprojectile densities and the effect of the surface 
gravitation of the planetary body on the dimensions of the crater, 
crater diameter-frequency distributions can be converted directly 
into mass-frequency distributions of the causal, ~eteorites. 

But even without obtaining direct relationships between 
crater diameter and mass of the meteorites, craterdiameter- 
frequency distributions are the function of the relative or 
absolute age of the target surface of the planet on which they 
have been a~cumulated,~and can be used to analyze the mass velocity 
range of the causal meteorite as the function of time. 

YC 

On several planetary bodies (for example, the Earth's Moon, - /5 
Mars, Mercury, Ganymede, Callisto) crater populations remain 
from the time of intense bombardment, about 4.5 to 3.8 million 
years ago until today. An analysis of these crater populations 
is rendered possible to us by the impact rate, their dependence 
on time and the diameter and mass specfrum of the meteorite 
populations, which had remained from the accretion phase1 of the 
planetary body. Thus we can at least draw indirect conclusions 
about the accretion populations (populations of planetesimals) 
of the planets. 

In the case of the Earth-Moon system it is possible to 
follow by investigations of crater populations a very different 

1 
Phase of the building up of the planets from smaller bodies 
(planetesimals) about 4.6 billion years ago at the time of the 
formation of the Solar System. 



age combined with absolute radiometric data, the dependence bn 
time of the meteorite bombardment and the development of the mass 
spectrum of the meteorite from the time of the post-accretion 
phase of the Earth and Moon until most recently (a few million 
years). These studies represent a very important foundation for 
understanding the sequence of the meteorite bombardments in 
the internal Solar System and for the moons of Jupiter and 
Saturn, They represent a necsssary base to interpi'et the chrono- 
logy of the meteorite bombardment and the absolute determination 
of these by crater statistics with regard to the other planetary 
bodies, since their impact history is connected through the at 
least partly common meteorite populations and thus conclusions 
can be obtained only on the basis of extrapolation of the lunar 
data. 

An important factor in the relative and absolute determination 
of age through crater frequency and analyses is the knowledge of 
the crater size distribution over a very large diameter Zange - /6 
and the dependence of the distribution in this diameter range on 
time, since in most of the cases, to date structures of different 
age or different size, crater frequencies can only be measured 
in different and often not overlapping diameter ranges. A compari- 
son of the frequencies can'thek be carried out only on empirically 
or theoretically obtained distribution functions. 

It follow~s from the previous arguments tka-t the"defermina- 
ti-on of the age of planetary structures through impact crater 
frequencies is closely related with the analysrs40f the development 
in time of the meteorite populations and their images, the crater 
populations and their diameter-frequency distributions, and 
practically a mutually connected analysis is needed. 

1.3. Purpose of the Study 
4 

The purpose of this study is, on one hand, to provide the 
technical and methodical development of the relative and absolute 
dating through remote exploration methods, in particular through 
the analysis of meteorite bombardment (impact chronology) of the 
terrestrial planetsand the moons of Jupiter and Saturn; on the 
other hand, the method is used for thestrelative and absolute 
dating of geological structures primarily of the Earth's Moon 
and the planet Mars, andprovidesa survey of the important events 
and their position in time in the geological development of these 
bodies. The discussion qf the approach to the subject is to a 
great extent carried out on the basis of our own.investigations, 
but also together with and compared with studies of other authors. 

The method of determination of age through crater frequencies 
seems to be simple: impact craters, which are formed by 
meteorites (asteroids of comets) accumulate on a planet's surface. /7 
The number of craters on an undisturbed noneroded surface increases 



with the age of the surface, that is, the older the surface (the 
longer it is exposed to the-meteorite bombardment), the more 
craters we will find. Crater frequencies (number/surface) of a . 
stratigraphic unit of a planet provide us with a criterion of 
the relative age of this stratigraphic unit, while the crater 
frequencies divided by the average production rate provide us 
basically with the absolute ages (for example, Hartmann, 1973, 
1977; Neukum and Wise, 1976). i; -. 

In reality the method is very complex, since a basic pre- 
requisite is in most cases not obtained for formation. 
of the geological unit which was rapid as compared to the impact 
accumulation, and its further state of nondisturbance by other 
exogeneous and endogeneous processes. An analysis of crater 
frequencies usually requires an extensive photogeological 
interpretation and elaborate methods of counting and interpreta- 
tion. 

Concentrations of crater populations of the Moon as impact 
crater populations have alrady been published (i.e. Gilbert, 
1893; Wegener, 1920, 1921). Nevertheless, the question of 
whether we are dealing in Moon craters with impact kraters or 
volcanic craters was dispu'ted--for a long time (compare Baldwin, 
1949, 1963) and was only decided recently without any further 
doubt with the Apollo Moon Landing in favor of the impact hypothesis 
(compare Taylor, 1975; Guest and GreePey, 1977). In the following 

' years, with the missions to other planets and the high resolution 
photos of their surfaces, it became quite appar'efit that most of 
the craters on Mercury, Mars and most-of the moons of Jupiter 
and Saturn are also impact craters, The arguments in favor 
of this were furnished by photogeological studies of the morpho- 
logy and primarily by studies of the crater size distribution. 

The dating of planetsurfacesby crater frequency analyses in /8 
their modern form has been applied since the fundamental studies 
of opik (1960) and Shoemaker et al. (1962), who on the basis of 
crater counts and theoretical gnalysis of impact rates of the 
Apollo asteroids2 and comets (Opik) and analyses of terrestrial 
fossil craters (Shoemaker) came to the conclusion that the lunar 
maria (the seep regions which appear dark) are nearly 4.5 billion 
years old (assuming constant impact rase). This conclusion was 
not far from the age of about 4 to 3 blllion years known today 
from the Moon soil analyses. Baldwin (1964) and Hartmann (1965) 
who arrived at ages of 2 to 3 billion years and 3.6 billion years 
achieved even better estimates, Even before the Apollo landings 
(which took place in 1969 to 1972) Hartmann (1966a) 'had found 
that the pre-mare bombardment of the lunar highlands must have 
been caused by an impact rate which was much higher (up to several 
hundred times) than the formation of maria at a later time, 

2 
Asteroids crossing the Earth's orbit. - 



Unfortunately the method of dating was temporarily disputed by 
some authors, who shortly before the time of the Apollo landings. 
revised upward the lunar impact rates (on the basis of only partly 
understood and misinterpreted mekeoric data) resulting in the 
fact that the lunar age determinations were revised downward 
by a factor of 10 shortly before the Apollo landings. 

Chapter IV is devoted toshe question of the ihpact- rate on 
the Moon on the basis of the results of the Apol-lo and Luna 
missions. While the impact chronology is today very well 
determined for the Moon, the~iscuss ions ; ' r egard ing  the. rates on 
other planets have lost nothing of their importance, but were 
recently the object of scientific controversies (compare Neukum 
and Wise, 1976, Neukum and Hiller, 1981, Basaltic Volcanism 
Study Project, 1981). But meanwhile an approach of the results 
of different authors has been agreed upon. Discussion of the 
situation and the state of the art for the terrestrial planet 
and the Moon of Jupiter and Saturn is the object of Chapters 
V to VIII. 

Chapter IV.3 deals with the application of the Moon-impact 
chronology and dating of lunar geological structurek, and gives 
the sketch of the chronolo$y and stratigraphy of the Moon. 
Chapter V.3 deals with a similar obligation of the Mars impact 
chronology with the development of this planet. 

An important basis for the relative and ags9lute dating is 
the knowledge of the crater size distribution over a very large 
range, and the relationship between the distributions of 
individual planets with each other and between their impact rates. 
The knowledge of the undisturbed crater size distribution on 
in£ luenc e by endogenous .' or exogenous $processes (production 
distribution) is particularly important in deriving the impact 
chronology of crater frequencies from different diameter ranges 
and the application of dating, and in analyzing multiple stage 
developments (for example, erosion, sedimentation, tectonics) 
of the individual geological regions. 

The proper application of the production distribution is 
of fundamental importance in the procedure of dating through 
crater frequency. Moreover, exaxt anafyses of the production 
distributions as a function of the age provide information on 
the development of the meteorite populations, These aspects 
are discussed in detail in Chapter 111. 

Chapter IX provides a comparative analysis of the early 
meteorite bombardment of the terrestrial planets and the moons 
of the large planets, which then lead to a general survey of 
the basic results of this study in Chapter X. 

The following Chapter, Chapter 11, will allow the readers to 
become acquainted with the planetary bodies which are discussed 
*thin the framework of the study. To this end a short survey 
is given of their surface structures and development, 



11. SURVEY OF THE SURFACE STRUCTU4ES AFD DEVELOP,M;ENT OF THE 
TERRESTRIAL PLANETS AND THE MOONS OF JUPITER 

AND SATURN 

To understand this study a brief.survey will be given about - /I1 
the planetary bodies discussed here. They all have in common a 
solid surface. Their geological hisCory includes a..wide-spectrum and 
is rpartly fixed in the shapiflg of their surface and accessible 
to interpretation. According to-their structure they may be 
roughly subdivided into: 

a) the terrestrial planets Mercury, Venus, Earth, Mars and 
the Earth's Moon with average densities >3.3 g/cm3 and 

b) the satellites of Jupiter and Saturn with average 
densities ~2.0 g/cm3. 

The Jupiter moons 10 and Europa 'assume an intermediate posi- 
tion. 

In studying the surface structures of the planets we can 
look back into the past to-different extents. The component of 
primary, hardly differentiated surface decreases in the sequence 
moon, Mercury, Mars, Earth (Head et al., 1977) . 

Terrestrial Planets * d 

The Earth1 s Moon 

As our nearest neighbor the Moon was the first extraterrestrial 
planetary object of study of the scientists and the.object of the 
first space missions, whichpeaked finally in the manned Apollo 
Landing Missions (in 1969 to 1972). Therefore, besides the Earth, 
the Moon is the best studied planet of our Solar System. From the 
available data on isotope ratios, chemical composition and age 
relationships, it may be derived that the differentiation of the 
Moon ended already very early, specifically about 4.4 billion /12 
years ago. According to the general representation a crust rich 
in plagioclases arose from a cooling mdgma ocean (wood et al., 
1970). The genesis of this magma ocean, which had a minimum 
depth of 400 km, is highly dependent on the model. According to 
the splitting theory (cornpar6 Ringwood, 1950; Wise, 1966; Binder, 
1974; Ringwood, 1979), the,~oon was detached in theihot state from 
Earth. Particular geochemical data (Wsnke, 1981; ~Snke et al., 
1983) favor among others such a'common development of the Earth 
and Moon by splitting or co-aceretion. In the case of a 
separate formation by accretion, the heating must have occurred 
predominantly by impact energy (Safronov, 1969, Kaula, 1980) 
and radio isotopes (Runcorn, 1977) , 



The Moon crust was exposed during its production and up 
to about one hundred milliop years thereafter to a heavy meteorite 
bombardment (compare Guest and Greeley, 1977; Taylor, 1975, 1982). 
This led to a close covering of the surface with impact craters 
of the most different size (Figures 1, 2). In this connection 
the topmost kilometers were destroyed, broken up and agglomerated, 
and the so-called Megaregolith was created (Hartmann, 1973). 
After this period of "heavy bombardment", which laS-ted up to 
nearly 3.8. billion years ago: the Moon was particularly active 
under the volcanic aspect for nearly one billion years. During 
this time the impact basins measuring up to 2000 km which had 
been produced during the intensive early meteorite bombardment 
("heavy bombardment") were filled with basaltic lava. These 
"maria" imprinted on the front side of the Moon (Figure 1) 
arise very clearly with their low albedo against the anortho- 
sitic rocks of the older Moon highland forming predominantly the 
rear side of the Moon and part of the southern front side. The 
so-called lunar grooves are found predominately in the maria, 
but also in the highland. This term is mostly used with des- 
criptive adjectives such as "sinuous" (twisted) or "arcuateI1 (arc- 
shaped) and designates valleys shaped in the form of canyons. 
The origin may be attributed partly to the tectonic'processes - / I 5  
(trench ruptures) connected with the deposit and cooling of the 
lava but predominatly through lava erosion (lava channels) 
(Hulme, 1973). A form specific to maria is represented by the 

.-. mare ridges, which may be several kilometers ,long, several kilo- 
meters wide and up to a few hundred meters hi h. We are 
dealing here either with arched surface layers: 30 whose summit 
magmas rose (Strom, 1971) or slipping. ejections (Howard and 
Miihlberger, 1973) , Unlike the Earth, the Moon is a "single plate 
planet"(~o1omon and Chaiken, 1976) so that there are no plate 
tectonic f oms. 

4 

During the last 2.5 billion years the Moon's surface does not 
show any geological activities, apart from extremely slight ero- 
sion processes and meteorite impact. 

The Moon's surface has thus preserved the geological develop- 
ment during the early stage of the Solar System. As a result of 
the different Apollo and Luna Missions, we have very definite 
knowledge of the chemism and radiometrjc age of the soil samples 
taken from different points of the front side of the Moon. By 
remote exploration and statistical methods, these findings can 
also be extrapolated to the rest of the surface covered by 
photographs. 

To determine a strat4graphic sequence, the large basins and 
some younger impact craters are suitable. Their ejecta are 
distributed over wide surfaces'because of the low gravitation of 
the Moon and allow the classification in time through crater 
statistics, The Moon sequence contains the following erasfo 
arranged from young to old, each time named for impact craters 
(Shoemaker and Hackman, 1962; Mutch, 1972; Wilhelms, 1983) : 



Figure l a .  Telescopic photograph of 
p a r t  of t h e  scuthern Moon highland of 
t h e  f r o n t  s i d e  and bordering (darker)  
mare region. I n  t h e  c e n t r a l  lower por- 
t i o n  of t h e  highland, t h e  young radia-  
t i n g  c r a t e r  Tycho (D=85 km) may be 
seen. 



E'lgure l b .  Telescopic photograph of a 
p a r t  of t h e  f r g n t  s i d e  of t h e  Moon with 
extended (darker)  m a r e  sur faces .  The 
top  shows t h e  edge of t h e  Imbrium Basin; 
r i g h t  underneath (on t h e  l e f t )  t h e  young 
c r a t e r s  Eratosthenes (D=60 km) and Coper- 
n icus  (D=90 km) may be seen. 



Figure  2 a .  Lunar o r b i t a l  photograph of 
t h e  Moon highland ( sou the rn  p o r t i o n )  of 
the r e a r  s i d e  of t h e  Moon. Only ve ry  
few of t h e  younger l a r g e  c r a t e r s  such 2 s  
t h e  ~ s i o l k o v s k i ' ~  C r a t e r  ( c e n t e r  of t h e  
p i c t u r e ,  D=160 km) a r e  f i l l e d  w i t h  m a r e  
b a s a l t .  



Figure 2b. Eastern basin of the Moon 
(D=1000 km, outermost prominant ring) 
and-part of the dark mare filling of 
the Procellarum Ocean, 
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The exact classification in time of these ages is one of 
the topics of this study. 

Mercury 
-. . .. 

The surface of Mercury id' known about 40% from the photographs 
transmitted by Mariner 10. The planet seems to be very similar 
to the Moon (Figure 3a) which is surprising, since its size is 
between the Moon and Mars, and it has an average density-comparable 
with that of the Earth of 5.4 g/cm3. Naturally detailed investi- 
gations show that this impression is only caused by the dense 
crater layer (Strom, 1979). Thus extensive,probably volcanic 
levels between the impact craters lead to the conclusion that 
the planet was clearly more active during the "heavy bombardment" 
than the Moon. The several hundred kilometer long slips, which 
allow the conclusion of regional, probably also overall compres- 
sion as a result of the contraction of the planet's circumference 
(Figure 3b) (Strom, 1979) are particularly important. The 
Caloris Basin (Figure 3c),an impact basin of about 1500 km diameter, 
seems to be filled with lava just like the lunar mare, and shows 
polygonally attached trench breaks and mare ridges, 

Mars 
* d 

As compared with the Moon and Mercury, Mars (Figure 4) shows 
a widespread diversity of geological £ormations (Arvidson et al., 
1980; Carr, 1981). These results are partly from the presence of 
an atmosphere (95% C02, about 7 mbar surface pressure), which at 
the time when i.t was denser than today with more than or = 30 mbar 
(McElroy et al., 1977) allowed water and thus erosion and deposi- 
tion, as well as permafrost*processes, partly from the much more 
diversified and longer preserved volcanism and more intensive 
tectonic deformation of the crust (Wise et al., 1979; Greeley 
and Spudis, 1981). The most striking is a clear division into two 
(dichotomy) of the geological units in the rocks belonging to the 
early crust of the southern hemisphere and the younger volcanic 
layers of the northern hemisphere. Thty can be compared with 
highland and maria of the Moon. Here too the consequences of 
early heavy meteorite bombardment aremaintained in the form of 
some impact basins such as the Hellas Basin and Argyre Basin 
(Figure 5a). In the traqsition zone, regressive erosion occurs 
over thousands of kilometers. Erosion valleys (Figure 6b) which 
start mostly from collapsed structures, or tectonic trenches, 
followed the route from the highland to the northern deep plains. 
The erosion causes are mainly flowing water, occasionally also 
ice/dbst mixtures. Wind erosion on the other hand is mainly 
involved in the region of the polar caps. 



Figure  3a. Photomosaic of t h e  Southern Po le  
reg ion  of t h e  p l a n e t  Mercury (Mariner 1 0  photo- 
graph) . 



Figure 3b. Part of the old Mercury highlan: yith tectonic 
slip (Mariner 10 photograph) . 

At all degrees of latitude, especially the higher ones, so /22 
far no observed crater forms have been found on other planets, 
the so-called "splosh crater" and "pedestal crater" (Figure 5b). 
The ejecta layers of this crater seem to be formed in the shape 
of large flows, probably as arresult of the meteorite impact in 
a permafrost soil. 

A special diversity in geological formations is found in the 
Tharsis region. Twelve shield volcanoes, of which the highest one 
(Olympus Mons, Figure 6a) has an altitude of 20 km for a base 
diameter of 600 km, the largest (Alba Papera) several thousands 
of kilometers base diameter for only a few kilometers of altitude, 
stand in causal connection with a crust arching measuring about 
10,000 km in diameter. Tharsis is also the center of the tectonic 
activity on Mars. Besides.countless number of smaller break 
structures, we should mention particularly the Val.les Marineris. 
This system of parallely running trench breaks connected with 
each other by transversal structures has a total length of about 
5000 km for a maximum width of 160 km and a depth of up to 7 km. /23 
The tectonically laid out Valles Marineris are transferred into 
the northern deep plains through a marked connecting alluvial 



system of valleys, the Tiu 
Valles, 

Figure 3c. Cal~ris Basin of 
Mercury (D=1300 km) with 
(probable) basaltic filling, 
(Mariner 10 photograph). 

A central problem for the cla 
sification ' of the different types 
of geological activities lies in 
the deduction of the age relation- 
ships. According ko Ma~iner 9, 
1972, in particular for deep 
plains, shield volcanoes and 
erosion valleys were .considered 
very young formations (Hartmann, 
1973; Soderblom et al., 1974). 
Later publications (Neukum and 
Wise, 1976; Hiller, 1979; Neukum 
and Hiller, 1981) show however 
that almost all the geological 
processes fall in one varying 
but limited period according to 
the age model. An exception is 
found in the Tharsis volcanoes, 
which apart from a'few rest times, 
were active from the early history 
up till probably about one 
hundred million years ago (Neukum 
and Hiller; -1981; Hi-ller et al., 
1982. * d 

Venus is very similar to the 
Earth in size, density and orbit, 
Naturally apart from four point 
landings which have taken place 
up to now, because of the thick 
cloud layers of its atmosphere 

(C02, ~ 9 0  bars pressure on the surface) it is accessible only 
by means of radar methods, At present only Earthbound radar 
pictures and conversions of the altitude radar of Pioneer Venus 
withvery poor resolution (about 100 km),are available. It may be 
derived from the data that Venus has a very monotonous relief 
as compared with the Earth (Masursky et al,, 1980). 70% of the 
surface is covered by hilly terrain, 20% deep plain (-2 km) and 
10% highlands (+2 to +12 h) (Figure' 7). Highland similar to the 
Earth's continents, Aphrodite Terra and Ishtar Tgrra'project, 
and have their peak at Maxwell Montes (12 km in height). 

It was impossible to answer up to now finally the question 
about the presence of a kind of plate tectonic, although a 
large number of arguments would favor it (compare Solomon and 
Head, 1982; Meissner, 1983). It is only apparent from existing 



Figure  4 .  S imp l i f i ed  g e o l o g i c a l  map of t h e  p l a n e t  Mars (Mutch e t  a l . ,  1976 )  

P o l a r  g e o l o g i c a l  u n i t s :  p i  (permanent ice) ; Id ( l a y e r e d  d e p o s i t s )  ; 
e p  (e tched  p l a i n s )  . 

Vqlcanic g e o l o g i c a l  u n i t s :  v ( t o l c a n i c  c o n s t r u c t s )  ; pv ' ( v o l c a n i c  - - p l a i n s )  -- - ; 
Z f m o d e r a t e l y  c r a t e r e d  p l a i n s )  ; pc ( c r a t e r e d  . p l a i n s ) .  . - 

~ o d i f  ied g e o l o g i c a l  u n i t s :  hc  (hummocky t e r r a i n ,  c h a o t i c )  ; hf [hummocky 
t e r r a i n ,  f r e t t e d )  ; hk (hummocky t e r r a i n ,  knobby) ; 
c (channel  d e p o s i t s ) ;  p ( p l a i n s ,  undivided) 
g (grooved t e r r a i n ) .  

Old g e o l o g i c a l  u n i t s :  cu  ( c r a t e r e d  t e r r a i n ,  undivided;  rn (mountainous 
t e r r a i n ) .  



Figure  5a. Argyre Basin of t h e  p lane t .  
Mars (D=750 km).. (Viking photograph) . 



Figure 5b. "Peaes ta l"  and "splosh" 
c r a t e r s  (Viking photograp3') . 

Figure 6a. Mars--shield volcano Olympus Mons 
(Viking photomosaic) . 



Figure 6b. Kaser Valleys (erosion 
valley) of Mars (Viking photomosaic) . 



Figure 7. Radar map of Venus: (Pioneer Venus Mission) Mercator projection., 1:50 million 
at equator, The colored stages correspond to 1 kilometer difference in altitude in 
the region between 5 and 12 km and 0.5 km difference in altitude in'the'region between 
-2.5 and 5 km, 



data material that Venus was or still is tectonically or vol- 
canically active and has a cbmplex geological history (Masursky 
et al., 1980). Round hollow shapes are interpreted as impact 
craters (Schaber and Boyce, 1977) but have not- been confirmed. 
Within the framework of this study therefore these possible 
existing crater populations were not discussed. 

Earth 

We will not discuss further the geology of the Ea'rth within 
the framework of this study. It should only be indicated that 
the planetary geology must work very strongly with photographic 
interpretations and conclusion by analogy. A basis for this is 
the knowledge acquired with field geology and classical photo- 
geology. 

A strong interrelationship with the Earth's geology and 
geophysics is found in particular in the exploration of meteorite 
impact on planetary surfaces. On the Earth as a result of inten- 
sive superimposition of the crust only a few craters have been 
preserved, especially on the high shieldsfmostly in poor state 
(Grieve and Robertson, 1979; ~rieve and Dence, 1979). Detailed 
investigations could therefore be carried out in particular on 
some young and therfore hardly deformed craters. From the - 
abundance of studies, we may select as representative the 
publications of Shoemaker (1963) on the Arizona-meteorite crater 
and Pohl et al,, (1977) on the Nijrdlinger Ries. These results 
fit into the interpretation of the impact process from the other 
planetdand represent an important data basis for the comparative 
analysis. 

Galileo Moons 

The four largest moons of Jupiter discovered already in 1610 
by Galileo (Figures 8a--d, Table 1) reflect in a certain way the 
conditions in the Solar System (Smith et al., 1979). Just the 
average density of 3.5 g/cm3 is found in 10 with the "terrestrial" 
structure, over 3.0 g/cm3 for the ice covered Europa, up to 1.9 
and 1.8 g/cm3 respectively for the "ice? satellites Ganymede and 
Callisto. 

10 (Figure 8af 9a) is the only geologically active satellite 
of the Solar System known'so far with a countless'nqnber of 
volcanoes, of which eight were active at the time; of the flight 
which passed by them, Sulphur and SO2 droplets emerge at 
velocities of 300 to 1000 m/s and form fountains reaching up to 
280 km height. The total surface is covered with a layer of 
sulphur and SO2 snow. The color scale includes zones from black, 
red to orange and yellow up to white. The energy required for 
heating the body is produced probably through an orbital resonance . 



TABLE 1. PHYSICAL DATA ON THE INTERNAL SATELLITES OF JUPITER AND - /26 
SATURN (Smith et al,, 1979, 1982). 

Orbit Radius Mass, Average Maximum image 
(103 km) (km) (ks) D ~ ~ ~ J ~ ~  resolution 

(&cm3 1' '. . (kd-l ine paiys) i* 

Jupiter satellites 

Amal thea 181 270x1 65x1 50 ? ? 8 

SaturR Satellites 

( ~ o ~ k ~ )  - +  

Mimas 1 86 196 3.8 1,4420.18 2 

Ehce 1 adus 238 250 7.4 1.2 5 . 4  2 

Te thys $95 530 63 1-213.1$. 2 

Rhea 527 76 5 230 1 ,3320 -09 1 

Ti tan 1222 2575 1400 1 .8820.01 1 

Iape tus 3560 730 190 1 - 1  6% -09 17 

Phoebe 12954 110 ? ? . 38 



. . 
Figure 8a. J u p i t e r ' s  moon 10 (Voyager 
photograph) with a c t i v e  volcano (cen te r  
of t h e  f i g u r e )  . 



Figure 8b. Jupiter's moon Europa (Voyager 
photomosaic) wifh break structures. 



Figure  8c. J u p i t e r ' s  moon Ganymede 
(Voyager photograph) w i t h  o l d  (dark)+  
and younger ( b r i g h t )  c r u s t s .  



Figure  8d. J u p i t e r ' s  moon C a l l i s t o  
(Voyager photograph) w i t h  V a l h a l l a  
r i n g  b a s i n  (D=600 km). 



with the neighboring moon Europa, which leads to a slight orbital 
eccentricity of 10 and a tidal friction arising because of it in the 
intense gravitation field o£ Jupiter (Peale et al., 1959) An . . 
alternative explanation of the heating of the moon 10 was given 
by Ness et al, (1979): through electromagnetic interaction of 
10 with Jupiter" magnetosphere, currents of about 5.10~ A flow 
between Jupiter and 10, which may lead to joule heating of the 
moon, of an order of magnitude. of 10.'~ W e  . . - 

3- 

Europa (Figure 8b, 9b) consists of silicate rocks with an 
ice mantel 20 to 150 krn thick according to the model.. The ice 
surface is characterized by a dense structure of rupture forms 
of the most different type and size. Probably we are dealing 
here with slip systems torn open by slight increase of volume 
in the satellite, and which are "healed" once again with the 
ascending water. Larger impact craters were not found at least 
on the part of the satellite accessible to interpretation. This 
leads to the conclusion of a relatively late stabilization of 
the ice crust. 

Figure 9a--d, Models of the internal. structure 
of the Galileo satellites of Jupiter on the 
basis of Voyager results. (Figure: NASA--JPL), 



Ganyrnede (Figure 8c, 9c) the largest of the Jupiter satel- 
lites, has just like its nei'ghbor Callisto, a low density, which - ,  

shows that it has a mixture of approximately half water ice and 
silicates. The surface is divided into dark areas densly covered 
with craters and brighter regions in between, broken up several 
times and split up. 

In the old dark regions, so-called palimpsests-appear as very 
large, bright, round surfaces. Et is assumed that we are deal- 
ing here with very old impact craters, whose crater walls and 
bottoms were leveled by gravitational compensation in 'the plastic 
ice. The original crater diameter may generally be reconstructed 
and thus a crater distribution can be determined even for the 
oldest regions. The interior of Ganymede is assumed according 
to the model to be a silicate core and water or ice mantel and 
ice crust. 

Callisto (Figure 8d, 9d) has a single-shape dark surface 
very densely covered with craters. Young impacts are mostly 
ejected star-shaped bright ice from the background. Except for 
a few impact basins (Valhalla, D=600 km diameter) aL1 craters 
are <I50 km in diameter. The interior of Callisto may be assumed 
according to the model to be identical to Ganymede, or consists 
of an undifferentiated mixture of ice and silicate, 

Saturn's Moons s . ~ r  

At present 17 moons of Saturn are known, which are partly in 
the region of the ring system (Figure 10 a-d, Table 1). All of 
them consist of a body of ice/silicate mixture with an average 
density, which js partly very close to that of pure water ice 
(Smith et al., 1981, 1982). They can be subdivided, leaving 
out Titan which is covered by a dense atmosphere, according to - / 3 2  
their surface forms into a) undifferentiated ice/silicate bodies 
(Mimas (Figure lOa), Rhea (Figure lob), Hyperion) and b) 
differentiated bodies (Tethys (Figure lOc), Enceladus (Figure lOd), 
Dione). Iapetus and Phoebe cannot be classified clearly here. 

a) undifferentiated satellites: their surfaces are uniform 
and covered very densely by 'large impacts. Signs of endogenous 
activity such as tectonic formation or albedo differences, indi- 
cating geological units of different compositions, were not 
found. It may be derived from both ~bservations, that in these 
satellites a differentiation if it --- had existed at alJ, 'ended very 
soon after formation. 

b) differentiated satellikes: the common characteristics are 
several surface units, which differ by different albedo and impact 
crater densities. Further indications of endogenous activities 
include mostly tectonically produced formations such as trough 
falls. . 



Enceladus may be mentioned as the geologically most interesting 
Saturn satellite. 

Enceladus: 5 surface units may be clearly differentiated 
on the basis of crater density, texture and relief (Smith et ale, 
1982). Since the youngest geological unit has no impact crater 
at least with the maximum resolution of 2 km/line pair, the 
conclusion is drawn that there.were .several period$-of activity in 
the development history of thzmoon. The energy required for 
the endogeneous activity is most-probably obtained from a rarely 
occurring resonance with 10. A heating of the satellite by 
tidal friction would with this hypothesis not be a continuous 
process as the one in the Jupiter moon 10, but would take place 
only at very large intervals. Thus the vicinity of units of 
very different age on such a small body could be explained. 



Figure  1 0 .  Saturn's moons, M i m a s ,  Fhea,Tethys and Enceladus. 



111. METHOD OF ANALYSIS OF IMPACT CRATER-FREQUENCY 

111.1. Data Recordinq and Data Reduction 

T o  analyze the impact crater populations, photographic and /35 
mapping material with sufficient spatial resolution is required, 
making it possible to obtain af.least..a rough photog&ological 
interpretation and to measure statistically significant numbers 
of craters in the regions concerned. The photographic and map 
material available today is of very different type and quality 
and can be used only to a limited extent. 

111.1.1. Type of Photoqraphic Data and Map Material 

The best spatial resolution and superficial coverage was 
obtained so far from the Earth's moon through the Lunar orbiter 
and Apollo Mission and on the planet Mars with the Mariner 9 and 
Viking Missions, since we have a planetary orbiter. with long 
duration of the mission. In all other cases (planets Mercury, 
Jupiter's and Saturn's moon), up to now data were ohly obtained 
from flying past them (excegt for radar coverage through the 
Pioneer Venus Orbiter) with very different geometry, resolution, 
surface coverage and illumination, Therefore the main limitation 
is that tke photogeological interpretation of the -photographic 
data cannot be achieved with the same quality a?? crater popula- 
tions can only be studied in different amateur regions and are 
thus not directly comparable. A summary of the planetary 
photographic and map material available today may be found in 
the study by Cameron and Vostrey (1982). 

111.1.2. Imaqe Data Processinq 
.4. 

The planetary photographic material occurs in most cases as 
a rectified photo. In the case of the data on the Jupiter moon 
(Voyager Mission) however, rectification and mosaic formation 
(combination of individual images into photomaps) of the images 
had to be carried out. In addition in these cases usually image 
improvements were carried out, such as,,for example, sharpening 
of the edges (high pass filtering). 

To interpret the different geological units, increases in 
contrast and color extensions were carried out in part. 

111.1.3, Imaqe Analysis and Data Reduction 

To achieve usable results, these data must be obtained on 
surfaces which have at least been roughly mapped under the 
photogeological aspect. The basic prerequisites are (compare 



Neukum e t  a l . ,  1975a; H i l l e r ,  1979; Neukum and H i l l e r ,  1981): 

- -select ion of t h e  most homogeneous poss ib le  regions 
(geologica l  u n i t s ) ,  s i n c e  mixed ages r e s u l t  i n  ambiguity of 
t h e  c r a t e r  s i z e  d i s t r i b u t i o n ;  

--evaluation a s  t o  whether a l l  c r a t e r s  are r e a l l y  loca ted  on 
t h e  su r face  considered, t h a t  $3, w e r e  formed d u r i n 6 - t h e  exposure 
of t h i s  su r face  o r  must be assigned t o  an underlying and there-  
f o r e  o l d e r  series; 

--analysis  of t h e  eros ion  states of t h e  region o r  t h e  c r a t e r  
population (small  c r a t e r s  can be e l imina ted) ;  

--elimination of secondary and volcano craters; 

--exact determinat ion of t h e  a r e a  t o  be covered; 

--exact measurement of t h e  edge diameter of t h e  c r a t e r s .  

The data'used i n  t h i s  study w e r e  obtained monoscopically o r  
s t e reoscop ica l ly  with d i g i t i z a t i o n  equipment and p2ocessed by 
computer. To compare with'our-own d a t a  and a s  a supplement d a t a  
published i n  t h e  l i t e r a t u r e  by o t h e r  au thors  w e r e  a l s o  p a r t l y  
analyzed. This  took p lace  i n  most cases  by p r e d i g i t a l i z a t i o n  
of these  d a t a ,  i f  a v a i l a b l e  i n  d i v e r s e  form, o r  i f  i n  t a b u l a r  
form, by d i r e c t  use andass ignment to  t h e  s i z e  s,c$een used a s  
b a s i s  here,  applying t h e  s u i t a b l e  d i s t r i b u t i o n  funct ion  corres-  
ponding t o  t h e  r e l e v a n t  s tud ies .  

1 1 1 . 2 .  Rela t ionship  Between C r a t e r  Production D i s t r i b u t i o n  and 
C r a t e r  'Retention Aqe . . 

The c r a t e r  popu1ations"on t h e  p l a n e t s  a r e ,  i n  t h e  f i r s t  
approximations, a r e f l e c t i o n  of t h e  mass-velocity d i s t r i b u t i o n  
of t h e  me teor i t e  populat ions causing c ra te r s1 .  Some q u a n t i t a t i v e  
r e l a t i o n s h i p s  w i l l  be obtained below (compare Neukum e t  a l . ,  1975). 

Assuming a c e r t a i n  average v e l o c i t y ,  a me teor i t e  populat ion 
of m a s s  d i s t r i b u t i o n  n(m, t )  produces i p  t h e  m a s s  i n t e r v a l  (m,m+dm) 
a crater frequency d i s t r i b u t i o n  n (D, t )  i n  thed iamete r  range 
(D,D+dD) f o r  a c e r t a i n  t i m e  of exposure t.. The funct ion  n(D,t)  

w i l l  be c a l l e d  d i f f e r e n t i a l  d i s t r i b u t i o n  (number p e r a r e a p e r d i a m -  /38 
eter a t  t h e  t i m e  t ) .  The- re la t ions f i ip  between t h e  d i f f e r e n t i a l  
frequency and d i f f e r e n t i a l  impact rate (number pe r  area pe r  

1 
The term meteor i t e  i s  used h e r e a f t e r  genera l ly  f o r  a l l  impact 
bodies which can produce c r a t e r s ,  independently of t h e  s i z e  o r  
na tu re  ( f o r  example, a s t e r o i d ,  comet, e t c . ) .  . 
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diameter per time at the time t) is given by: 

The time t gives the exposure time for the age of the crater 
population (t>O) . ?- 

The cumulative crater frequency N(D,t) (number per area of 
all craters greater than or equal to the diameter D which have 
formed during the exposure time t) is given by 

The cumulative impact rate @(D,t) is given by 
t . 

The function @(D,t) can be divided into the function g(D,t) which 
represents the basic size distribution law, which can also be 
variable in time, and the function f(t) representing the general 
dependence of time. Therefore, we may write 

If there is no direct dependence on time of the distribution law, 
the function 4 (D, t) can be separated into 4 (D, t) = g(D) I f (t) / 3 S  

and 



where 

The cumulative f r e q u e n c y i s o b t a i n e d  a s  

Such c r a t e r  populat ions which could have formed during t h e  
per iod of exposure of t h e  su r face  i n  an undisturbed way a s  an 
image . 'o f  t h e  mass-velocity d i s t r i b u t i o n  of t h e  me teor i t e  and 
whose accumulation took p lace  i n  such a way t h a t  no mutual 
superimposit ion of t h e  c r a t e r s  wi th  mutual e l imina t ion  took 
place,  a re ' ca l l ed  population. i n .  t h e  production s t a t e  'and t h e i r  
frequency d i s t r i b u t i o n ,  d i s t r i b u t i o n  i n  production o r  f o r  
s h o r t  "production d i s t r i b u t i o n " .  

Assuming i s o t r o p i c  flow and d i s rega rd ing  a poss ib le  t a r g e t  
e f f e c t  and assuming t h e  production state, t h e  c r + t e r  frequency 
n (D,  7) and N ( D ,  t) of su r faces  of a p l a n e t  exposed f o r  an equal ly  long 
t i m e  with t h e  same diameter D a r e  measured equal  over t h e  e n t i r e  
surface.  The frequencies ,  which are measured on su r faces  of a 
p l a n e t  of d i f f e r e n t  age wi th  diameter D,  a r e  d i f f e r e n t  with regard 
t o  t h e  t i m e  fungt ions,  t h a t  is, 

Each cumulative crater frequency N i  of a p l a n e t  d i f f e r s  from 
another  crater frequency Nk only by f a c t o r  Cik, which depends 
only on t h e  corresponding exposure ages ti and t k  of t h e  su r faces  
on which N i  and Nk accumulated and depending on t h e  diameter 
only through t h e  d i s t r i b u t i o n  funct ion  G ( D ) .  The same a p p l i e s  
f o r  t h e  d i f f e r e n t i a l  c r a t e r  frequency. r 

From t h i s  r e l a t i o n s h i p  it i s  p o s s i b l e  t o  i n d i c a t e  a mutual 
r e l a t i v e  age p o s i t i o n  of t h e  geologi-cal u n i t s  on which t h e  c r a t e r  
f requencies  have been measured. The c r a t e r  frequency N-F(t)  f o r  
a f ixed  D can be taken d i r e c t l y  a s  t h e  c r i t e r i o n - f o r  t h e  age. 
This  age i s  designated he re  as t h e  r e l a t i v e  crater r e t e n t i o n  age 
(compare Hartmann, 1966b; Neuku and H i l l e r ,  1981) and r e f e r s  
genera l ly  t o  a c e r t a i n  diameter. H e r e ,  ,usua l ly ,  r e l a t i v e  c r a t e r  
r e t e n t i o n  ages a r e  i n d i c a t e d  equiva lent  t o  t h e  frequency N ( D = l  km) 
o r  N (D-10 km) per  km2. 



The designation crater retention age was used by some 
authors (compare Hartmann, 1966b; Basaltic Volcanism Project, 
1981) as a synonym for all the absoluteagest obtained from 
crater measurements using the known relationship N=G(D) (F(t), 
while in this case we speak of an absolute crater retention 
age or crater model age ("cratering model age"), 

111.3. Different ~e~resentat$ons of the Crater -~requency Size 
Distribution 

Crater frequencies may be found in the literature in different 
representation, specifically in the discussed cumulative and 
differential representations as well as in the form of incremental 
or relative frequency (see 3.3 and 3.4). This use of different 
methods made it difficult in the past to compare with each other 
data from different authors. This problem was acknowledged and 
discussed by the scientific community, with the result that for 
different applications certain methods are recommended (Arvidson 
et al., 1978). It may be stated generally that cumulative 
representation offers advantages for determining age, rate of 
distribution for study of the distribution law, and'the differen- 
tial distribution to study the--crater populations disturbed by 
multiple stage development or other processes. The incremental 
distribution was not recommended, A summary of the relation- 
ships and reasons is given below. 

111.3.1. Cumulative Distribution 

The cumulative distribution N(D,t) given already in the 
previous paragraph was discussed by opik (1960) as the distri- 
bution which is particularly suitable for use in the problem of 
comparing two crater frequencies, especially for the purpose of 
determination of the relative age (= crater retention age). The 
advantage of the cumulative distribution is in particular that 
even for small numbers of craters it is quickly stabilized in 
its statistical area, since through the integration over the 
diameter 

w QO 

all craters of diameters larger than,D are included in the counting. 

The cumulative presentation of the data naturally has a draw- 
back, that it includes all the errors or numerical fluctuations 
for large craters because of summation. The exponential nature 
of the distribution however, attenuates quickly enough the effect 
of the large crater on the frequencies of the lower limit D 
toward smaller diameters. It is shown practically that even for I 4 2  
highly disturbed distribution fluctuations for large craters . 
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come out mostly to not more than 20 to 30% at the lower limit. 
The cumulative distribution is naturally relatively insensitive 
as compared with the differential distribution n(D,t) with regard'- 
to a variation of the diameter---distribution law. When using 
the crater frequencies for dating purposes, however, the known 
already measured production distribution is taken as basis,whichis 
approximated as calibration or standard distribution (compare 
Neukum and Wise, 1976) of 9: the . data, and through 
which the measured crater frequencies are refered to a'crater 
diameter suitable for relative age comparison. The cumulative 
distribution of a relatively undisturbed crater popula.tion 
is shown in Figure lla. The statistical error (a) becomes 
quickly smaller by summation over all the large craters and 
through the exponential nature of the distribution. 

The stase width of the lower limit is chosen here and in the 
entire study in_!such a manner (compare Neukum and Miller, 1981), 
that 18 intervals in D are inserted per decade (1; 1.1; 1.2; 
1.3; 1.4; 1.5; 1.7; 2.0; 2.5; 3.0; 3.5; 4.0; 4.5; 5.0; 6.0; 7.0; 
8.0; 9.0). The quasi-logarithmic occupation was found to be 
dense enough for the nature of these distributions. The stage 
width"can basically be chosen arbitrarily, but must be taken 
dense enough to be able to'resove insufficiently variations in 
N. Even an interval width of (D, fi D), which is often chosen, 
is not sufficient to be able to record the sharp increase of 
distribution in the region around D=l km. - 

111.3.2. Differential Distribution 

The differential distribution is given as a continuous 
function by n(D,t)=aN/aD. A discrete approximation is usually 
obtained by n=AN/AD, while the stage width of the.'interval must 
be chosen suitably. An interval with not more than (D, fi D) 
is recommended. e 

A cumulative distribution shown in Figure lla is represented 
in Figure llb in the differential representation. The stage 
widths are identical. These two variations show that we are 
dealing with a distribution which was developed almost undis- 
turbed as an image of meteorite distrib~tion, therefore 
approximately in the production state. 

Figure 12 shows a mare surface of the Moon, which has under- 
gone lavq flooding with destruction of small craters and subsequent 

. accumulation of other craters, Figure 13 shows the differential 
distribution of this population,. in which the ir;egularities of 
the distribution for D=1.3 km indicate, the destruction of 
smaller craters by lava flooding. 
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111.3.3. Incremental Distri- 
bution 

One variant of the cumu- 
lative distribution is the in- 
cremental distribution. It 
was introduced by! Hartmann 
(1966a). In this-kepresenta- 
tion the cratef frequency is 
usually measured progressively 
in intervals and plotted against 
the average diameter. The 
average diameter can be the 
geometrical or arithmetical 
average of the interval. Un- 
fortunately this is often not 
defined in the literature. 
The size of the interval varies 
from author to author. In- 
tervals of the size (D, 2D or 
(Dl J2 D) are f reguently used 
(compare Hartmann, 1966a) . 

Figure lla, A cumulative crater The problem of the incre- /46 
frequency distribution of the - 

mental distribution resides 
Serenitatis 'Mare -(bright in- primarily in the fact that the 
ternal part) of the Earth's frequencies depend on the size 
Moon. The distribution is of the interval, which once 
almost a production distribu- ag=in is not fixed, Mathe- 
tion (Figure: Neukum et al., matically, the following rela- 
1975a). tionship exists between incre- 

d mental and cumulative distri- 
bution for an interval choice (D, pD) (with p>l) foy.distributions 
corresponding to a power law,of the type n(D)=A Da (a<-1) 

f 
The cumulative distribution is 

It follows therefore that Nincrem = ( 1-pa+' ) N 

The incremental distribution is accordingly lower in its 
value by a factor l-pa+l < 1 below the value of the cumulative . 
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distribution and has the same dis- 
, 16 * tribution characteristics, that is., 

I 

I the same distribution index l+a. d 
2 .  

1 6 '  
I 

a I The incremental distribution 
e 
C is not recommended because of 
t I.-' 
L 

the dependence of the numerical .. I 3- 
values on the choice'+-of the inter- 

& 16' val sizes (compare Arvi'dson et al., - - - 
P 

1978). 

la-' 

111.3.4. Relative Distribution 
I a4 

The relative distribution R 
is defined (Arvidson et al, 1978) 
as 

I r7 R = ~(D)/D-~ (for fixed t 
each time). 

1 a-@ 
la-a 10-1 la 10 1 le 2 te 

Cr.t.r D 1 a r t . r  D(Km1 . The standardization of the 
'differential distribution n (D) 

Figure llb. Differential 
representation of the 
distribution of the crater 
population of the Mare 
Serenitatis. - 

to a distribution "D-~ was chosen, 
because the populations of the 
large craters on the Moon and the 
other terrestrial lanets show 
on the average dis P ributions 
which fluctuate around n (Dl -D- 3. 
~ h r o u ~ h  standardization we- obtain 

a representation which reacts very sensitively to deviations from - /4Z 
a differential distribution with distribution index (Exponent) -3, 
and is therefore very suitable for study of the fine structure 
of distributions, . . 

"L 

Figure 14 shows an example of a relative distribution, Con- 
stant values of R over a very large range of diameters show a 
dependence n (D) "D- or N-D-2. For distribution laws n (D) -D-~ 
we obtain in the log-log diagram of Figure 14 straight lines 
which have a slope of 4S0 with increase in D; for distribution 
laws n(D)-D-' we obtain straight lines,,which have a slope of 45O 
with decreasing D. 

111.4. Modification of Production Distribution by the Effect of 
Exogenous ,or Endogenous Processes 

As a result of the effect of geological processes impact 
crater population:; occur as prohuction distribution only in 
extremely few cases. The different processes and their 
characteristic effect on the distributions will be discussed below 
(compare Neukum et al., 1974a; Neukum and Horn, 1976). 



Figure 12. Apollo 15 photograph of a mare sur- 
face of the Earth's Moon with a view toward the 
north' in the Mare Imbrium. Lava flows have erased 
more craters, These lava flows belong to the 
latest lava extrusions of the Earth's Moon. 

.C 

111.4.1. Impact 'h3perimposition and Equilibrium Distribution 

After a long enough time of exposure of a geological unit, 
many craters are accumulated in such a way that new impacts can 
destroy the already existing craters. Gradual erosion of large 
craters by a large number of small impacFs with accompanying 
filling by ejected material of the small impacts is another mechan- 
Ism leading to the destruction of craters. The small craters of 
the population are first affected by such processes, since they 
are very numerous, can often overlap each other and can also be 
.destroyed by a few large impacts. Moore (1964), T-rask (1966) and /49 
Shoemaker et al. (1970b) studied .lunar crater populations, to 

- 
investigate these processes. Ga.ult (1970) simulated in labora- 
tory experiments the crater destruction by impact superimposition. 
Various publicationsgiveatheoretical discussion of the development 
of the crater population under the effect of impact superimposi- 
tions, abrasion by small impacts and spilling by ejected material 



In studies of equilibrium distribution of Moon craters in 
lunar mare regions, Trask (1966) found the relationship: 

ardother erosive processes (Marcus, 

N = 10-1-1 . D - ~  (D in km, N pro k m 2 ) ,  - I50 
7 

consequently ~=10-"'for post mare craters in the region D&100 m. 

For ~=10-' = (-2a-4) /nb (2+a) a=-3 (compare Chapter IV. 1. ) , 
$=3.4 (compare Chapter IX. 2. ) we obtain 

1964, 1966, 1970; Walker, 1967; 
ROSS, 1968; Soderblom, 1970; Neukum. 
and Dietzel, 1971; Woronow, 1977). 
All these studies lead to the 
result that the crater population 
under the above indicated des- 
truction effect tends to a state 
+f equ~librium, in wliich fhe 
number of the newly formed craters 
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This result shows that in the formation of the equilibrium 
population of the post-mare craters, the cumulative effect of 
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C r a t e r  D l a m e t e r  D(Km) . .a is a distribution index of the 
Figure 13. ~ifferential dis- ' c ~ ~ l a t i ~ e  distribution; 6 is a 
tribution of crater population quantity, which occurs in the re- 
of a region, which is showp in lationship between crater diameter 
Figure 12 (data from Neukum D and mass m of the causal meteorite 
and Horn, 1976) . The irregu- ("Scaling 1 r compare Chapter 
larity around D=1.3 krn shows IX. 2) , Dz~''~~YII b is the parameter 
;he elimination of smaller which describes the efficiency of 
craters by covering with the destruction by superimposition 
lava. and covering with ejecta and is 

d defined through the relationship 
mmin=bm, where mmin (equivalent 

Dmin) is the smallest mass wwch can still destroy crater D, pro- 
duced by the mass m. 

- 

Pb 1 
F 

0 

holds a balance with the number 
of destroyed ones on a .statistical 
average. Results of the form 
NE=K D - ~  are obtained (NE = 
cumulative equilibrium distribution, 
K = constant) if the basic pro- 
duction distribution satisfies a 
power law N-Da with a<-2. Neukum 
and Dietzel (1971) give for K: 
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Figure 14. Relative distribution of 
population of Mare Serenitatis (from 
Figure 11). 
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Figure 15. The effects of the consecutive 
lava flooding on a crater population with 
idealized crater frequency distribution N"Da 
a=const, (Figure Neukum and Horn, 1976) - 



the destruction of very large craters by many small impacts plays 
a dominant role and not the direct superimposition of craters 
which are of comparative or larger size. This is consistent with 
the results of Soderblom (1970). 

In the case ofthedistribution indexofthe cumulative distribu- 
tion a>-2, no equilibrium distribution occurs with a=-2, but 
a distribution arises, which is similar to the proddction dis- 
tribution, but with a greater Frequency, which is reduced as 
compared with the production distribution by a factor which de- 
pends mainly on the age of exposure of the surface. For a=-2, 
the distribution characteristic remains observed in a similar 
manner as in the case a>-2 (Neukum and Dietzel, 1971). 

In general, crater populations behave with the continuing 
meteorite bombardment in such a way that with increasing age 
and exposure the distributions reach equilibrium for increasingly 
large diameters DE. Then two branches of the distribution may 
be observed: for D>DE the population is in production; for D<DE 
the distr'bution is in the state of equilibrium. For a<-2, 
DEQF (t) , where F(t) is the time interval of the distri- 
bution (Neukum and Dietzel, 1971). 

The crater populations of the land regions (highland) of the /51 
Moon show a very dense backing of large craters (D>10 km), which 
are frequently superimposed several times on each other. Whether . - 
in these populations we are dealing with those (almost) in the 
production state on in a state of equilibrium $a$ for a long 
time the object of scientific controversy. The populations have 
a distribution with cumulative distribution index of nearly -2, 
whichcauses some authors (compare Hartmann and Wood, 1971; Gault, 
1970) to come to the conclusion that we are dealing with 
equilibrium diskribution. More detailed studies of distribution 
show however (Neukum, 1971; Strom and Whitaker, 1976; Woronow, 
1978) that specifically-in certain diameter regions, the 
cumulative distribution index is close to -2, but we are not 
dealing with distribution with constant cumulative distribution 
index, but that the distributions have a complex structure. More- 
over, geological units of different stratigraphic age of the 
lunar terrae and the highlands of Mars and Mercury show that 
the absolute frequencies are different according to the differences 
in the stratigraphic age, but have the dame diameter distributions. 
The consequence is that we must be dealing in highland populations 
with distributions which are at least approximately in the 
production state and not in the state of equilibrium (compare 

. Chapter IV.l). 

In the study of the highland frequencies and the interpre- 
tation of their distributions, the question as to how many 
craters of different size can be packed on a preassigned area 
has played a big role. These studies have led to the concept 
of "saturation". According to Gault (1970) "geometric saturation" 
is- reached, when for the densest possible hexagonal packing of 



craters of the same size on a surface, the cumulative area of all 
craters amounts to 90.5% of the surface. The relationship be- . 
tween the geometric saturation and the population, which has 
reached equilibrium with NE=A D - ~ ,  is such that " %  saturation" 
=0.9 A (Neukum et al., 1973). The concept of "geometrical satur- - /52 
ation" does not have much physical meaning, but is frequently 
used in literature as a relative criterion for crater frequency. 

-. 
Unfortunately, the concect of "empirical saturation" has 

caused particular errors. This 'is a concept which is not 
defined exactly in terms of crater frequencies of distribution 
laws, but simply means that among all the erosive effects 
occurring in the nature in impact, a population has reached a 
state in which it no longer changes its diameter distribution (an 
exception is the erosion by endogenous effect, such as wind or 
lava extrusions) . 

The indefiniteness of the term has unfortunately led to 
the fact that it is used more and more in such a way that we often 
talk of saturation, when the subjective impression exists that 
a surface is so densely covered by craters. that perhaps the 
densest possible packing is reached. This objective influence 
can however be very decept'ive'-and has led to wrong interpretations 
(see Chapter IV. 1) . 

111.4.2. Erosion and Sedimentation 

Crater populations on all p1anet.s are frequently exposed to 
the effect of lava flooding, of large areas of superimposition 
with ejected material or erosion as a result of the effect of 
the wind, water or glaciers or by mass movements on mountain 
slopes. The effect of such erosion and sedimentation processes 
is generally that smaller craters are erased and larger ones can 
survive. The consequence is that the cra te rpopula t ionsaf fec ted  
by erosion and sedimentation have a flatter distribution thab 
their production population. In the case of flooding a population 
by lava, very frequent, especially on the Moon and Mars, the 
effects can be recorded quantitatively (compare Neukum and Horn, 
1976; and Neukum and Hiller, 1981). 

Figure 15 shows the effect of l a d  flooding on an idealized 
cumulative distribution N'D~ with a=const for different cases. At 
the time ti the geological unit (measurement surface) is flooded. 
Smaller craters are completely covered, larger ones survive. 
The original size distribution (indicated by the dashed line for 
the covered smaller craters) is. changed in its characteristic 
manner. If no additional impacts take place, the distribution 
after the flooding will have a'constant value for D<Dc. With 
further exposure, in the interval of time between ti and t2, a new 
population of craters is built up (the distribution in Figure 15, 
indicated by t2). If no differentiation is made between the 



populations, we count at the time t2 the sum of both populations, 
indicated by the solid curve, For D>Dc, the sum distribution 
runs parallely to the distribution of the population before the 
flooding, but with a value higher by the population accumulating 
after the flooding. For D=Dc, the distribution is abruptly 
flatter, because the contribution of the craters of the population 
before the distribution is zero (it corresponds to N=const and 
the cumulative distribution). For D<Dc, the sum dis-kribu-tion 
is once again sharper and asym$totically close to the distribution 
of populations which accumulated- after the flooding. Figure 
15 shows two more cases frequently occurring, specifically when 
in the study of a structure only part of the measurement surface 
is covered with lava of a later flooding, or several less 
powerful floodings have taken place. 

In reality more complex flooding processes may have occurred 
on the Moon or the other terrestrial planets. All effects on 
the crater size distribution should, however, be similar to the 
three cases discussed or be constituted fromthem. If the flooding 
took place only once, the irregularity at D=Dc may be used in 
the determination of the thickness of the lava flows. According 
to Pike (1967), we have the relationship T=0.048 - D".~' £0 r the 
edge height T of a crater diameter D (when D<15 km). (The edge 
height is the height of the crater wall over the undisturbed 
surface). For flooding by lava with erasure of the smaller craters 
up to a certain size, T may be determined for D=Dc. The latest 
lava flows in the Mare Imbrium (Schaber, 1973; ??pare also Figures 
12 and 13), for which we measure ~ ~ % 1 . 3  km, have accordingly a 
thickness of about 60 m (Neukum and Horn, 1976). 

Characteristic irregularities, arising from a repeated 
flooding, are often found in distriQutions of crater populations 
on mare surfaces of the Moon or the deep plains (Planitiae) of 
Mars. Detailed information can be obtained from this on the 
development structures and om the periods during which such 
multiple floodings have taken place. An example of a population 
which was affected by several lava floods is shown in Figure 16 
(Apollo 11 landing area and surroundings), An example for the 
planet Mars (Elysium Planitia) is shown in Figure 17a, b in 
the form of cumulative and differential distributions. The 
comparison of the measured distribution,with the population 
distribution ..shows deviation in the measurement values from the 
production distribution at about 4 krn crater diameter and below. The 
differential distribution shows clearly that craters of less 
than 4 km in diameter wereealmost totally erased (decrease in 
the differential frequency), and that craters accymuxated once 
again on the newly created surface (part of the curve which 
rises again toward smaller craters), The old crater population 
(which accumulated before the flooding) and the young population 
(after flooding) can be separated approximately, as shown in 
Figure 17c: the old population is measured for D>4 km. The 
young population is obtained by subtraction of the contribution 
of-the old population, An approximation of the standard 
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Figure 16. Crater frequency distributions of 
~ ~ o l l b  11 landing area and its surroundings 
(data from Shoemaker et al., 1970, ~reeley 
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and Gault, 1970). These data were interpreted 
in such a way that the distributions were 
effected by successive lava flows. This con- 
clusion is drawn for the flattening of the 
distributions towards smaller diameters, 
similarly to the model in Figure 15, and from 
a comparison with the lunar production distri- 
bution (standard distribution, dashed line 
curves), The frequency of the smallest craters 
can be associated with the latest endogenous 
activities, whxe the largest craters are in- 
terpreted as survivors of the population which 
had accumulated before the flood. The flat- 
tening of the distribution is not caused by 
impact erosion, which may be derived by compari- 
son with the equilibrium distribution 
~ ~ = 1 0 - 1 -  ID-2  (Trask, 1966), which is much higher. 



distribution (that is, the crater production size distribution 
approximated by an algebraic.expression, see Chapter IV.1) to the 
two separated-distributions gives the corresponding relative 
crater retention age and the crater frequency for D=l km. 

(The bending of distributions in the region D50.5 km in 
Figure 17 is therefore due to the fact, that the craters in 
the measurements are close to the limit of resolutim and-were 

3- not recorded quantitatively.) , 

Crater populations which were effected by other erosive 
processes, for example, of the fluvial or glacial type, show 
usually no such characteristic features as the populations 
influenced by lava flooding, Naturally in such processbs smaller 
craters are preferably eliminated also, which is manifested in 
a flattening of the cumulative distributions for small craters 
(already a drop for the differential distribution), 

Figure 18 shows the population of the terrestrial phanero- 
zoic craters of North American and North Europe (Grieve and 
Dence, 1979) and compared with terrestrial standard distribu- 
tions (production crater size distribution, see Chapter IV). 
Below 20 km crater diameter,' th'e deviation of the measured 
distribution from the standard distribution shows the elimination 
of the smaller craters. 

111-4.3. Contamination by Secondary Craters and By Volcanic Craters 
* 4 

The ballistic ejection of material during meteorite impact 
causes the formation of secondary craters, just as in the 
scattering field of ejection material (ejecta) around large 
fresh craters on the planet (compare Figure 19). Oberbeck and 
Morrison (1973) studied the formation of secondary craters in 
the laboratory and compared them with lunar forms. -They found 
that secondary craters oftewform crater chains with craters 
which are often deformed elliptically approximately radially in 
the direction to the primary crater, and are mostly flatter than 
comparably large primary craters. The best characteristic for 
identifying the secondary craters is the "herringbone pattern" 
which arises in the simultaneous multiple secondary impact (com- 
pare Figure 20). 

9 

On the basis of the study by Oberbeck and Morrison, secondary 
craters may be included in many cases. The differentiation be- 
tween primary and secondary crater is, however, not clear in all 
cases, especially if secondary craters do not appearcin chains, 
but in isolated individual units, Therefore, especially in the 
region of the discontinued ejections, large primary craters can 
contain a significant contribut:on from nonidentifiable secondary 
craters in measurements. It is therefore recommended to measure 
not in the vicinity of scatteredfieldsof large primary craters 
(except on the continuous ejecta covers, where there are no 
isplated secondary craters) or to limit ourselves in the 
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Figure 17a--c: Example of t h e  e f f e c t  bf t h e  inf luencing  of t h e  
c r a t e r  population of Mars i n  Elysium P l a n i t i a  ( p  s = smooth 
p l a i n s )  by l ava  f looding  and e x t r a c t i o n  of r e l a t i v e  ages ( c r a t e r  
r e t e n t i o n  ages ) .  

a )  cumulative c r a t e r  frequency d i s t r i b u t i o n  
b) d i f f e r e n t i a l  c r a t e r  frequency d i s t r i b u t i o n  
c) separa t ion  of populat ions which had accumulated before  

and a f t e r  t h e  f looding,  and determinat ion with corres-  
ponding c r a t e r  r e t e n t i o n  age N ( D = 1  km), 

(Figure H i l l e r ,  1979 and Neukum and H i l l e r ,  1981). 
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Figure-18. Frequency of the phanerozoic crater 
in North America and Northern Europe (data-from 
Grieve and Dence, 5979). The population is 
affected in the region D<10 km by erosive pro- 
cesses (elimination of craters) as shown by the 
comparison with the production distribution 
(curve) . 



Figure  1 9 .  Moon c r a t e r  Copernicus with. 
a s c a t t e r e d  f i e 3 d  of secondary c r a t e r s .  

F igu re  20 .  Secondary c r a t e r  c h a i n  of t h e  Moon c r a t e r  
Ar i s t a r chus .  



measurements to the largest possible craters, since above a 
certain size in proportion to the size of the primary crater, 
no secondary crater should occur (D(primary)/D(secondary) = 10-20 
$hoemaker, 1965) . 

Neukum et al. (1975a) have indicated in detail in the 
investigations that in general the contamination of the primary 
crater frequencies by secondary craters lies at a few percent 
of the population of the ~arth?'s ~oon. Ksnig (1977)' showed 
that at least in individualcases-with careful mapping of the 
measurement region, very reliable measurements can be carried 
out of primary crater frequencies even on secondary crater 
chains. 

The problem of secondary craters and the problem of which 
components of the crater distributions of the terrestrial planets 
is primary or secondary was for a long time the object of 
controversies. In particular, the increase in lunar distribu- 
tion for DS1 km was considered by manyauthors'as the contribu- 
tion of secondary craters (compare Shoemaker, 1965). Similar /61 
arguments were put forward for the distribution on other planets, 
especially for the distributions which were measured on Mars 
(Soderblom et al., 1974) where.a similarly sharp increase is 
found for the distribution for b$l km as in the case of the Moon. 
In the present investigations it was found that the distri- 
butions for DL1 km represent mainly primary crater distributions. 
This-is discussed in Chapter IV.1. 

* * 
In various studies of recent years, it was shown (compare 

Oberbeck and Aggarwal, 1977; Wilhelms-et al., 1978) that for 
part of the larger craters (D>10 km) in the highland of the Moon, 
we have secondary craters. Wilhelm (1976) showed that with 
careful mapping.and photogeological interpretation, the separa- 
tion of the secondary craters from the highland primary popula- 
tion is possible in a satiscactory manner. 

A small portion of the lunar craters is obviously of vol- 
canic origin, Such craters are frequently found in lunar 
grooves or trenches (compare Grudewicz, 1973). By their morpho- 
logy and their occurrence they may be excluded in most case from 
the countinqs. 

f 

Only in the case of the planet Mars, volcanic craters 
occur in larger numbers, and are of a type such that a separation 
iii some cases proves to be difficult,. These are craters which 
are comparable to the terfestrial mare type (Wormer et al., 1979) 

' and were formed probably in a similar manner in the form of 
explosive volcanism. In such regions of Mars, which are 
naturally rare, it is impossible to determine any sure age by 
crater frequency measurements. 



IV. PRODUCTION-CRATER SIZE DISTRIBUTION AND IMPACT CHRONOLOGY 
OF THE EARTH-MOON SYSTEM 

/62 
By an exact analysis of the crater population of the Earth's 

Moon and the dependence on time of the impact rate in the Earth- 
Moon system, we will lay the foundation for the dating methods 
with crater 'frequency, and give a sketch of the development of 
the Earth's Moon and interacti6 with'the meteorite -6ombardrnent. 
These results represent thus the-basis for the discussion for 
other terrestrial planets in the following Chapters. 

IV.l. Analysis of the Production Crater Size Distribution of the 
Earth's Moon 

The regions of very different age of the Moon show crater 
frequency in production over a very large age range. The mare 
region between about 3 and 3.8 billion years, the Moon highland 
(Terra or Plural Terrae) for ages more than 3.8 million .years, 
and some young impact craters, allow the analysis of crater fre- 
quency over the last couple of hundred million years. The 
determination of the production size distribution and the effect 
rate as a function of time can be solved empirically by measur- 
ing the crater frequency N(D,t)=G(D)*F(t) and n(D,t)=g(D)-F(t) 
over the largest possible variation in D and t intervals (compare 
Chapter 111.2.). '(Here it was already assumed that g#g(t) and 
G#G(t); this is obtained finally from the studies+described 
below). 

IV.l.l. The Lunar Standard or Calibration. Distribution 

A detailei analysis of the function G (D) and N (D, t) for 
different fixed ages t eachsime was carried by out'by many 
authors (while here only the most modern analyses a're cited). 
Shoemaker et a1, , (1970) found NI-D-~' for D<3 km for mare /63 
surfaces of different age of the Moon. 

Hartmann and Wood (1971) found N-D-~ for craters with D>1 km 
and Baldwin (1951) found N - D - ~ . ~  for approximately the same 
region. What is common to these studies is that a variation in 
time of the diameter distribution was not established, that is 
we have N (D, t) =G(D) F (t) . 

Chapman and Haefner 1'1967) arg;ed for the first time that 
their measurements seemed to indicate that there is not a simple 
power law of the diameter-size distribution of the type N"D~, 
a=const, but that the power has. a size dependence, that is 
a=a(D). This would also follow from the previously indicated 
measurements by Shoemaker et al. and Hartmann and Wood or 
Baldwin, as an explanation compatible with all analyses. 



A detailed analysis of the distribution law was carried out 
by Neukum et al. (1975a) and thereafter by Neukum and ~6niq 
(1976) and K6nig (1977). Crater populationson the surfaceofthe - .  
Moon as homogeneous as possible and of very different age, with 
undisturbed crater distributionwere analyzed over the maximum 
possible diameter range. 

The measurement regions and their crater populqtion are 
selected in such a way that th* frequency of different.m&asure- 
ment regions overlapswith the other regions in their minimum and 
maximum diameters. Thus different frequencies could be compared 
with each other for'the same diameter ranges. Consequently the 
ratio Ni/Nk=Cik of different populations is formed, or in other 
words, the frequencies can be standardized with each other by 
"slipping" in logN direction. The result in Figure 21 shows 
that in the standardization of the frequencies with each other 
a smooth curve is obtained. The following conclusions may be 
drawn therefore for: 

1. The distributions in the region 20 m<D<1 km on regions - /65 
0.1 to 3 billion years old are consistent and-tEe total data may 
be combined into an overall distribution. The fact,along that 
this is possible without difficulty, that is, by successful 
standardization of the individual distribution with each other 
a smooth variation of the function is obtained, showed that the 
crater size distribution was not subject to any significant 
variations. The corresponding applies therefore also to the 
size and velocity distribution of the crater predating body. 

2. In the region DL1 km, the distributions of regions with 
ages between 3 and more than 4 billion years are consistent. 
This means that in the period between about 4 billion years and 
about 1 billionyears, the greatest size distribution did not 
undergo any significant changes in this size range, The corres- 
ponding also applies for th?*size and velocity distFibution of 
the crater producing body. 

The lower time limit of about 1 million years shows there- 
fore that the crater populations have built up over the entire 
period of exposure ( > 3  billion years) and the variations within 
the last 1 billion years would hardly be noticeable in the 
measurements. + 

3. The lunar production crater size distribution 
cannot be directly determined for certain size regions and ages, 
since either s t a t i s t i c a l l p ' s i g n i f i c a n t  figures cannot be de- 
termined, or the distributions because of impact superimposition 
are in the state of equilibrium '("saturation"). Such regions 
are, for example, DK300 m and age more than 3.5 billion years 
or D<1 km and age > 4  million years. 

4. The lunar crater population can be described with the 
same size distribution function in the size regions where 

* 
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Figure 21. Standardized pro- 
duction distributions of the . 
Moon with approximation by a 
polynomial of the 7th degree 
in LogD. (Figure Konig, 1977). 

measurements are accessible. 
This means that to compare /66 
crater frequencies for the pur- 
pose of determining the age, - .  
one reference function can be 
used with regard to the same 
diameter, even if the distri- 
bution law may be different in 
the nonaccessible.,region. -. 

5. The distribution func- 
tion does not follow a simple 
power law, but a structure in 
the region 20 m<D<20 km is 
so complex thaF  tog^ (D) can 
only be approximated well by 
a polynomial of the degree 
>7 in logD (compare Neukum et - 
al., 1975; KGnig, 1977) which 
is given in Figure 21 (as a 
polynomial of the 7th degree). 

The region D25 km, which 
is statistically occupied 
somewhat weakly, was very 
recently analyzed more precisely 
by the author. In particular, 
there is no description of the 
distribution f o x  populations 
in the region D>20 km. These 
populations may-be measured 
in very old regions of the 
Moon highland. Moreover, it 
is possible to obtained quanti- 
tatively over the . . entire front 
side of the Moon the distri- 
bution of Copernicus-Erato- 
sthenic craters (post-mare 
distributions) with D>20 km 
(Wilhelms, 1979). ~ h u s  the 
distribution in the region 
D>20 km may be measured over 
a-large age span (about 4.4 
to 1 billion years; see follow- 
ing Chapter IV. 1.2. ) . 

The connectiqn of the 
frequency for D<20 km with a 
frequency of D>20 km to de- 
termine the distribution over 
the entire accessible diameter 
range of less than 100 km and 
more than 100 km can be carried 



out in several ways: 

1. Direct connection of the frequencies for D<20 km and 
D>20 km in regions in which data for both diameter regions are - 
available and which through their equal age fixes per se the 
distribution of small craters with regard to large craters. Ex- 
amples of this are populations on Imbrium ejecta and Oriental 
ejecta (compare Figure 22). But in such cases it is not possible /68 
to cover the entire diameter range of interest. -. 

>- 
2. ~etermination of frequencies of small craters (D<20 km) 

and large craters (D>20 km) in different regions, whose age is 
known. The connection of the frequencies to determine'the 
distribution in the entire diameter range takes place by standardi- 
zation of the corresponding frequency on the time interval of 
the impact rate F(t), which naturally must be known. In particular 
for ages t<3 10' years, all measurements indicate (following 
Chapter) an impact rate which is constant on the average. The 
crater population regions of this age are therefore easily compared 
with each other, since the frequencies are linear in t (~(t)-t) 

Analyses ofthecrater :population of the described type have 
been carried out individually. An example for the procedure 
indicated in lT2 is shown in Figure 23. All frequencies fall 
after standardization on F(t)-t'on a smooth curve (constant impact 
rate, see next Chapter). The curve is the lunar standard distri- 
bution described here and indicated further below. Accordingly 
it is found that the distribution obtained here is a good approxi- 
mation for the lunar production distribution fosthe last 3 bil- 
lion year in the studied diameter range. The consistency of the 
representation shows that a function of constant impact rate is 
very probably correct. 

A synthesisdo£ the data of Neukum et al. (1975), Neukum and 
Kanig (1976), Kanig (1977), and the latest data for .. D>20 . - km allows 
the determination of the sizg distribution in the dlameter range 
10 m<D<300 - - km (Neukum, 1983). A polynomial of the 11th degree in 
logD approximating the standardized logarithmic cumulative 
frequencies givedthe complex variation ofthedistribution with /70 
sufficient precision. This polynomial has the form 

I 
41 logN = a, + a, logD + a, ( logD ) '  + . . . + a,, ( logD) . 

f 

Its coefficients are: 



Figure 22. Frequencies of small craters 
(D<20 km) and large cratersr(D>20 km) of 
surface of the same age of Imbrium and 
Oriental ejecta. Because of the same age 
the-frequency distributioq is fixed mutually 
in both regiods. The continuous line curve 
is the lunar standard distribution de- 
rived here, whose variation has been de- 
termined by other measurements possible 
for smaller and larger craters. 
(Data of Neukum et al., 1975a and Wilhelms, 
1979). 



Figure 23. Standardization of crater frequencies of 
different younger lunar regions assuming constant im- 
pact Pate (F(t) "t) to the fr-uency of the measured 
superimposed craters on the crater Tycho. The fre- 
quencies fall on the lunar standard distribution. 



This formula gives the cumulative frequency N per km2, when - 
the diameter D is given in km. The coefficients are valid in 
the region 10 m<D<300 - - km, but not beyond. On the average, the 
quality of the approximation in the region 10 m<D<300 km is better - - 
than 50% (standard deviation). The distribution function is 
consistent with the earlier obtained 'expressions (Neukum et al., 
1975a; ~6nig, 1977) and the corresponding ranges of validity 
within 50%. 

To obtain a general mathematical expression for the curnu- 
lative distribution function for a special region, we must 
further add an additive term,to the polynomial formula, which 
takes into account the age to of the region. logN=ao+allogD+ ... 
+al i (logD) '  log^ (to) , where F (to) is the time integral of the 
impact rate, to which the region was exposed over the period of 
its existence. For the numerical approximation we took arbitrarily 
ao+logF(to)=2.5340 (N(D=l km)=2.92010-~). 

The standard distribution now makes, it possible to compare 
with each other -crater frequencies of populations in different 
diameter ranges and to determine relative ages of ge~logical 
units on which the crater frequencies are measured. In this 
case, it is proper to refer to the same reference diameter, here /71 - 
D=l km or D=10 km. The distribution function is represented in 
Figure 24 in comparison with distribution laws from-older 
literature (shoema$ey et al., 1970; Baldwin, 1971; Hartmann and 
Wood, 1971), in which functions with constant distribution index 
a were used in the form N-Da. Suchformulas are only valid in 
a very limited amateur range, and their application can lead to 
considerable errors, as is illustrated in the Figure. 

The distribution function is a ' ~ e ; ~  complex function with 
values of the distribution index between -1 and -4. This is 
particularly apparent from the representation of the relative 
frequency in Figure 25. We see clearly the deviation from the 
distribution postulated in the older literature cited with a=-2 
in the region D>5 km. In the region D<1 km, a is on the averge 
at -3, that is, the frequency increases sharply towards more 
craters. These characteristics will be discussed hereafter. 

IV.1.2, Size Distribution on the Oldest Surfaces of the Moon 

The distribution of craters in the region D>20 km on the 
oldest part of the Moon crust has been for years-the object of 
scientific'contl;.oversies. A number 6£ authors (compare Hartmann 
and Wood, 1971; Shoemaker, 1970; Hartmann, 1972) considered these 
populations as ' in . "saturation", that is, an equilibrium 
with destructive processes, predominantly those of direct impact 
superimposition (compare Chapter 111.4.1.). This seemed to be 
indicated also by the distribution N-D-', which was measured 
approximately and which should be adjusted for such a state 
under certain assumptions. Another group of authors however 



- 
CRRTER DIAMETER D ( k m )  

Figure 24. Comparison of the crater size dis- 
tribution function deduced with descriptions 
from the literature. They are suited to be 
standardized and plotted in the region of their 
indicated validity. 



acknowledged deviations from the D - ~  distribution, and established 
in investigations that at least the larger craters (D>30--50 km)- 
did not lie so closely together that significant numbers of 
craters of this size should have been eliminated by impact - /73 
superimpositions (Neukum, 1971; Neukum and Wise, 1976; Baldwin, 
1971; Woronow, 1977; Strom, 1977). An explanation of these 
problems is now possible. The measurements show clearly that 
the distribution in the 01dest.regions of the Moon for D>-20 km 
does not follow a D - ~  equilibrTum distribution. We can only be 
dealing (at least basically) witK a production distribution. 
This statement is confirmed by the results of analysis.of the 
younger highland and mare populations. In Figure 26, average 
frequencies of pre-nectarian, nectarian and eratosthenian-coper- 
nican Spopulations were plotted as compared with the highland 
frequency. Here the distributions are identical within the 
limits of errors, that is, the distributions were stable over 
the entire period covered. In particular, an equilibrium dis- 
tribution N=K D - ~  should show a basically constant coefficient 
K (compare Chapter 111.4.1.). Thus the distribution shows clearly 
the different ages of the studied regions and populations, which 
is the characteristic of populations in the production state. 

Strom (1977) argued that the distributions of the post-mare 
craters differ from those of the pre-mare craters. These 
agruments cannot be followed here. A detailed analysis of the 
distributions over the representation as relative frequency shows 
that within statistical areas all distributions are identical, 
even post-mare distributions (i.e. eratostheniafi-'bopernican 
distributions). The distribution found by Strom was analyzed 
by the author and may be the product of poor statistics (Neukum, 
1983). It is apparent from Figure 26 that the distribution for 
D<SO km of the older regions as compared with each other and 
the standard distribution appear to be somewhat flatter than 
those of the younger regions. This is interpreted as the effect 
of the partial elimination af the smaller craters still occurring 
as an effect of the increasingly dense crater population, that is, 
the olderpopulations'are with regard to the smaller crater 
(20 km<D<50 km) not exactly in production, but far removed from /76 
distribution equilibrium. 

IV. 1.3. The Population of subkilometer' Craters: Primary or 
Secondary Craters? 

In this section we ~ $ 1 1  discuss-in detail the question as to 
whether the lunar crater population in the region . D<9 - km consists 
basically of primary or secondary craters. 

Many authors (compare Shoeinaker, 1965; Brinkmann, 1966; 
Soderblom et al., 1974) have interpreted the sharp increase of 
frequencies around D=l km as the contribution of secondary 
craters. Shoemaker designated the secondary crater as "back- 
ground secondaries", since no primary sources can be identified. 
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Figure 25. Lunar standard crater size distribution (continuous 
curve) in relative representation. The horizontal dashed lines 
are equal counts and correspond to relative distribution N-D'~ 
or a differential distribution n " ~ - ~ .  
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Figure 26, Size distribution of lunar craters with D>20 km. 
The distributions follow basically standard distributxon . 

(continuous curves), This proves the stability of the dis- 
tribution over more than 4 billion years. 



Here the idea is that large craters (DtlO km) produce an ejection, 
which flies over ballistically long distances around the Moon 
and when striking it produces craters statistically distributed 
over the Moon's surface in the region Ds1 km, which behave like 
primary impact through this mechanism of distribution over 
the Moon. 

Soderblom et al. (1974) use arguments to explain also the 
distributionson Mars for D<1 which show a sharp-in.crease 
like the distributions of the I400nr similar to a secondary crater . 
population (compare also Chapter V.1.). The arguments will be 
illustrated here. 

Assuming a simple exponential function N - D ~  for the primary 
distribution, Soderblom et al. derived a relationship between Dc, 
the diameter for which the frequencies of primary craters and 
seocndary craters are equal, and Dm,,, the diameter of the largest 
primary crater which contributes to the secondary crater popula- 
tion: 

where B=-3.5 is the distribution index of the secondary crater 
distribution 

Nsee is the cumulative frequency of the secondary crater, which 
is produced by a primary crater with diameter D and Dsec repre- 
sents the secondary crater diameter; k=const. The value for B=-3.5 ' 

stems from observed distribution of lunar secondary..crakers in 
scattered fields of primaryeraters and from studies of experi- 
mental nuclear craters (Shoemaker, 1965). 

Soderblom et al. (1974) concluded from their investigations, 
that ~ ~ % l  km is a value which is compatible with the contributions 
of primary craters of the size ~ & 5 0  km (these are the largest 
craters in the range of their measurement radius) and their con- 
clusions are that the diameter distribution of the Mars crater 
increasing sharply for Ds1 km arises through the contribution of 
secondary craters. 

This interpretation bverlooks the fact that h a k  is a function 
of the age, and an accidental consistency for a Cest region and 
an age do not provide any generally valid finding. 

A correct treatment of the problem for the case of the Moon 
gives for a simple power size distribution law of the form N - D ~ ,  
taking into account the dependence of time of the frequency 
N"Da* F (t) (compare Chapter 111.2. ) for N (Dmax) =l (the largest 



crater with diameter Dm,,, which contributes to the secondary crater 
population) 

- l / d  - F(t) . D nax 

For two regions of the Moon of different age, ti and t2, 
we obtain from Dce'Dmax: 

we start from a distribution of primary craters with a%-2, as 
observed in the region DZlO km, and tl=3.2 - lo9 years, t2=3.9 10' 
years, we obtain 

One should therefore establish, as shown in Figure 27, a 
suitable slipping of the value of Dc with the aid of the popula- 
tions. But this is not observed. This situation is an argument 
difficult to contradict against a secondary crater distribution 
in the region D51 km, and speaks clearly in favor of,'the interpreta-: 
tion that we are dealing with a. primary crater distribution in 
the entire region studied. 

A supporting argument for the interpretation as primary 
crater distribution is provided by comparison of the younger 
(t<100 million years) crater population for the Adon in,the 
region D>10 m and the measurements on Moon soil in the region 
D<1 cm. Naturally standardization must be carried out on the 
time integral F(t), while on the basis of the observations it is 
assumed (see Chapter IV.2.) that the impact rate was constant dur- 
i q  the studied time, that is F (t) -'t. In Figure 28 these data are 
compared with each other. The data for the region lX1 cm 
come from microcrater measurements on Moon rocks (Neukum, 1971; 
H6rz et al., 1971; Fechtig et al., 1975) and are consistent 
with the in situ measurements of interplanetary dust by detectors 
on spacecraft (GrGn, 1981). Onlythe sharp distribution observed 
in the region D>10 m is compatable with the measurement in the 
region D<1 cm. An extrapolation within approximately N%D-~ of 
large craters (D?1 km) would lead to a di,screpency of several 
orders of magnitude. 

IV.2. Empirical Relationship Between-the Crater Frequencies and 
Radiometric Ages 

By comparison of superimposed crater frequencies of geologi- 
cal units of the Moon relative ages (= crater retention ages) may 
be determined. This takes place conveniently by measurement of 
the crater frequencies in suitable diameter ranges which can be 
covered, an approximation of the lunar standard distribution to 



Crater Diamder D (km) 1 
Figure 27. Theoretical dependence of contribution of 
secondary craters to the primary population, here 
N " D ' ~  . The value of Dc should be shifted as'a function 
of time, which is not observed in the lunar crater 
populations (Standard distribution, dotted line 
curves) . (1 eon = 1 log.years) . 
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t h e  measurement d a t a  w i t h  r e f e rence  t o  t h e  f r equenc ie s  of t h e  same 
diameter .  The r e f e r e n c e  diameter  D = l  km proved t o  be  convenient  
f o r  m a r e  r eg ions  and h igh land  r eg ions ,  which a r e  n o t  much o l d e r  . .  
than  t h e  Imbrium b a s i n ,  s i n c e  c r a t e r  f r equenc ie s  around D = l  km 
can o f t e n  be measured d i r e c t l y  and t h u s  e x t r a p o l a t i o n s  over  a 
t o o  l a r g e  d iameter  range can be avoided.  

Through t h e  Apollo Moon l and ings  w i t h  s o i l  sam2ling and 
r ad iome t r i c  d a t i n g  of t h e  M o o n ~ ~ r o c k s , ' i t  i s  now p o ~ ~ i b l e ' f o r  us  
t o  c o r r e l a t e  t h e  r a d i o m e t r i c  age .o f  t h e  rocks  of t h e  land ing  
a r e a s  w i th  t h e  c r a t e r  f r equenc ie s  determined from image d a t a .  
This  c o r r e l a t i o n  a l lows  empi r i ca l  de t e rmina t ion  of  t h e  l u n a r  
impact chronology, t h a t  is,  t h e  de t e rmina t ion  of t h e  c r a t e r  
frequency accumulated ove r  a c e r t a i n  p e r i o d  of exposure (= age)  
on t h e  Moon as a f u n c t i o n  of t h e  age.  By de te rmin ing  t h e s e  
f u n c t i o n a l  dependences, w e  ach ieve  two s c i e n t i f i c  goa ls :  

--Absolute de t e rmina t ion  of age  f o r  any r eg ions  of t h e  Moon 
from c r a t e r  f requency measurements. 

--Determination of l u n a r  impact r a t e  a s  a f u n c t i o n  of t i m e .  

I V . 2 . 1 .  C r a t e r i n g  Chronoloqy of t h e  Moon 

The problem of t h e  c o r r e l a t i o n  of c r a t e r  f r equenc ie s  of t h e  
Apollo land ing  s i t e s  w i t h  t h e  cor responding  r ad iome t r i c  aga d a t a  
was d i scussed  by d i f f e r e n t  au tho r s  (Shoemaker e t  pl . ,  1970a, b ;  
Neukum, 1971; Baldwin, 1972; Hartmann, 1972; Soderblom and Boyce, 
1972; Soderblom e t  a l . ,  1974; Neukum e t  a l . ,  197533; Neukum, 1977) .  
A comparison of t h e  c r a t e r i n g  chronologies  o f t h e d i f f e r e n t  o r d e r s  was 
c a r r i e d  o u t  by 'Neukum and W i s e  (1976) and Neukum (1981) . Figure  
29 g i v e s  a comp?rison of t h e  d i f f e r e n t  r e s u l t s .  The i n t e r p r e t a -  
t i o n  of t h e  d i f f e r e n t  a u t h o r s  a g r e e s  w i t h i n  a f a c t o r  2--3. . . 

I n  r e c e n t  y e a r s  t h e  r a z i o m e t r i c  age  d a t a  of t h e  Moon rocks  
were r e i n t e r p r e t e d .  Moreover, a l a r g e  number of more e x a c t  
measurements w e r e  c a r r i e d  o u t  on crater f r equenc ie s .  Fur ther -  
more ou r  knowledge of t h e  l una r  c r a t e r  p roduc t ion  d i s t r i b u t i o n  
(compare Chaper I V . l )  improved cons ide rab ly  p r i m a r i l y  i n  t h e  
reg ion  of l a r g e  c r a t e r s .  This  development makes a new a n a l y s i s  
of t h e  l u n a r  c r a t e r i n g  chronology necessary ,  which i s  c a r r i e d  
o u t  below. 

F igu re  30 g i v e s  a survey of t h e , f r o n t  s i d e  of t h e  Moon wi th  
t h e  land ing  sites of t h e  Ainerican Apol lo  mi s s ions  and t h e  S o v i e t  
Luna miss ions .  A d e t a i l e d  d e s c r i p t i o n  of t h e  land ing  s i tes  and 
type  of samples c o l l e c t e d  may be found, f o r  example, i n  t h e  
p u b l i c a t i o n  by Taylor  (1975) .  .Here some c h a r a c t e r i s t i c s  of 
c r a t e r  popu la t ions  and rock  ages of t h e  l and ing  si tes used t o  
determine t h e  c r a t e r i n g  chronology and t h e  r e l e v a n t  s t r u c t u r e s  
w i l l  be  given (compare a l s o  B a s a l t i c  Volcanism Study P r o j e c t ,  
1981) .  The crater f requency measurements used t o  determine t h e  . 

67 



c r a t e r i n g  chronology a r e  shown i n  F i g u r e  31. Compilat ions of /85 
r ad iome t r i c  image d a t a  a r e  shown i n  F i g u r e  3 2  ( m a r e  rock ages)  
and F igure  33 (h igh land  rock ages)  . 
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Figure  29.  Comparison of l u n a r  c r a t e r i n g  chronology data 
(Figure:  Neukum, 1981) .  f 
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F i g u r e  30.  F r o n t  s i d e  of t h e  Moon w i t h  l o c a t i o n  of t h e  Apol lo  
and Luna l a n d i n g  s i tes  and prominent  s t r u c t u r e s .  



1. Mare Data 

The age data compiled in Figure 31 of lunar mare basalt 
confirm the situation discussed in detail by Neukum and Horn 
(1976), that the Apollo landing sites, like the other mare 
regions of the Moon) were affected partly over several hundred 
million years by consecutive lava overflows. In particular, 
the Apollo 11 landing site show two distinct age g?oups.-("High-K" 
and "Low-K" basalts). The oth%r landing sites show less marked 
age spread, but the indefiniteness in the age of the "geologi- 
cal unit" is typically 2100 million years. (The error in the 
radiometric age determinations is typically less than 50 mgllion 
years). All ages except the one for the Luna 16 landing site 
have been covered sufficiently by measurement points, 

The crater frequency distributions, and the Apollo 11 landing 
in particular (Figure 31; compare also Figure 26), show partly 
certain irregularities, corresponding to several lava flows, The 
Apollo 12 distribution showhirregularity typical of a two-stage 
lava flat history; but a direct correlation of the two populations 
with the age data is not apparent, so that only an average fre- 
quency can be correlated here with the average age.* 

In Figure 31 the crater frequency is shown, which was measured 
on the Tycho crater (compare Figure 30) (Neukum and ~Bnig, 1976; 
KGnig, 1977). The age of this crater cannot be determined directly 
because of the want of rock samples. But ejecti2n material from 
Tycho seems to have deposited at the Apollo 17 Tanding site 
(Howard, 1973; Muehlberger et al., 1973; ~ucchitta, 1975; Wolfe 
et al.., 1975; Arvidson et al., 1976). 

Thus, secondary craters have been produced resulting in the - /88 
fresh exposure of rock from lower layers. The exposure ages 
show an accumulation at 109 million years (Guinness-and Arvid- 
son, 1977), the most probabPe age of the Tycho crater and its 
secondary craters and the Apollo 17 landing site. Similarly, 
the conclusion was drawn that the Apollo 12 rock samples collected 
were ejection material from the crater Copernicus (Shoemaker 
et al., 1970b) which indicates an age of 850 million years for 
Copernicus (Silver, 1971; Eberhardt et al., 1973; Alexander et al., 
1973). The crater frequency data (Fig re 31) were measured on 2 Copernicus itself (Neukum and Kgnig, 1 76; Kgnig, 1977). 

2, Hiqhland Data .! - f 

The lunar highland rocks consist usually ok brecchia highly 
metamorphized by meteorite impact (compare Stiiffler et al., 1979). 
A part of the inclusion underwent in this connection heating of 
several hundred degrees Celsius, a small portion (several 
weight-percent of ejection material, compare Stijffler, 1981) 
was totally melted, Therefore it may be expected that the 



C r a t e r  D l a m s t e r  D(Km) C r a t e r  D t a m s t e r  D(Km) 

I 

1 1 ,111111 1 1 1 1 1 1 1 1 1  1 4 111111, 1 1111111,  l I lll 10 
N 
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A p o l l o  and Luna l a n d i n g  sites and  o t h e r s  t o  d e t e r m i &  t h e  crater  
c h r o n o l o g i e s  of r e l e v a n t  s t r f f c t u r e s  (Data Shoemaker e t  a l . ,  1970; 
G r e e l e y  and  G a u l t ,  1970; Neukurn e t  a l . ,  1975a;  Neukum and KBnig, 
1976; KBnig, 1977;  Wilhelms,  1979;  Moore e t  a l . ,  1980;  Neukum and 
Wilhelms, 1 9 8 2 ) .  
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Radiometric Ages of 
Lunar Mare Rocks 

- C] High-K Basalts 
r-l - 
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Figure 32. Hkstograms of radiometric.- 
ages of lunar mare rocks (compilation,. ; 
of data from Basaltic Volcanism Study 
Project, 1981). 



radiometric age data do not show a sharp clear metamorphosis 
age but a more or less broad distribution, as may be seen in 
Figure 33. The interpretation of these data however, is very 
diverse (compare Basaltic Volcanism Study Project, 1981; Turner, 
1977; Tera and Wasserburg, 1974; Maurer et al., 1978; Schaeffer 
et al,, 1976; Kirsten and Horn, 1974; Jessberger et al.,1977). 
On one hand the large impacts,which produce basins like Imbrium 
and Nectaris, have certainly 'caused considerable redistribution 
by ejection of material over large regions of the Mdo~. -In the 
vicinity of the basins it is more probable to find material 
which shows impact metamorphosis caused by impact processes. On 
the other hand, at the time of production of the large basins 
and even after deposit of their ejection material, smaller 
craters have had a locally limited strong effect of redistri- 
bution and metamorphization of material. Moreover, ejection 
material from large craters, in particular large basins, can 
be mixed strongly in the deposit with local material (Oberbeck et 
al., 1977). The quantization of the complicated processes and 
their corresponding effect on the rocks is very difficult. 

The interpretation favored in the relevant literature for 
highland dating is that the effect of large impacts .on local 
events may well have dominated.and the age distribution in 
Figure 33 reflects the recession of the radiometric data by the 
formation of large lunar ring basins. Tera et al. (1974) drew 
from the occurrence of age accumulation at a value of about. 
4 billion years, the conclusions that at that time the impact 
rate was extremely high, higher than aeter or,bfore, and 
called this bombardment "terminal lunar cataclysm". Later 
analyses of manyauthors (above mentioned references) showed that 
very different age groups can be identified in the data. The 
interpretations of the age distribution and the assig'nment to 
different basin? are, however, still very controversial, while 
basically two positions must be differentiated (compare Basaltic 
Volcanism Study Project, 1981): 4. 

a) Formation of all large basins of the front side of the 
Moon within less than 100 million years within the period of 
3.8 to 3.9 million years ago (defenders of the idea of "terminal 
lunar cataclysm"). 

b) Continuous decrease of the impact rate of formation of 
large basins between about 4.4 and 3.8 billion years. 

Hereafter arguments will be given in favor of the impact 
rate (including large basins) undergoing a sharp (bug continuous 
decrease between about 4.4 and 3.8 billion years,; and that the 
occurrence of a "terminal lunar 'cataclysm" is suggested neither 
by the radiometric age data nor* by the geological observations. 

The interpretation of the age data in this study states that /91 
the peak of the distribution of Figure 33 reflects approximately 
the time of turning back the radiometric clock through a large . 
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Figure  33.  Histograms of  r ad iomet r i c  ages  of  l u n a r  
highland rocks  (Figure:  B a s a l t i c  Volcanism Study 
P r o j e c t ,  1 9 8 1 ) .  - i 



impact event.  This  c o n t r o d i c t s  an i n t e r p r e t a t i o n  which i s  given 
by many au thors  (compare Jessberger ,  1981; B a s a l t i c  Volcanism - 
Study P r o j e c t ,  1981),  i n  which t h e  youngest ages of some t o t a l l y  ' 

melted inc lus ions  of t h e  rock g ive  t h e  time of t h e  event.  Here 
t h i s  i n t e r p r e t a t i o n  was n o t  followed, s i n c e  l o c a l  impacts a f t e r  
t h e  l a r g e  event  connected with t h e  bas in  have probably c o n t r i -  
buted t o  t h e  impact metamorphosis and t h e  reduct ion of t h e  radio- 
met r ic  a i d .  We i n t e r p r e t  t h e  1 a t e s t . m e l t i n g  proces'ses a s  a t  
l e a s t  p a r t l y  l o c a l  e f f e c t s .  a- 

I n  t h e  i n t e r p r e t a t i o n  of t h e  age of t h e  h ighland. rocks  it 
should be taken i n t o  cons idera t ion  t h a t  t h e  Imbrium event  has 
a f f e c t e d  a  cons iderable  por t ion  of t h e  f r o n t  s i d e  of t h e  Moon 
and t h a t  Imbrium e j e c t i o n  m a t e r i a l  w a s  deposi ted i n  l a r g e  
amounts a l s o  i n  t h e  Apollo landing a reas ,  1 4 ,  15, 1 6  and 17. 
Figure 34 shows t h e  d i s t r i b u t i o n  oaf Imbrium and nec ta r i an  
m a t e r i a l s  o r  bas ins  of t h e  f r o n t  s i d e  of t h e  Moon. The m a t e r i a l  
i n  t h e  landing a r e a s  c o n s i s t s  mainly of Imbrium e j e c t a ,  i n  t h e  
Apollo 16 landing a r e a  (compare Figure  35) ,  however, a very 
l a r g e  con t r ibu t ion  of n e c t a r i s  e j e c t i o n  may a l s o  be expected. 

A d e t a i l e d  d i scuss ion  of t h e  problems of t h e  tHickness of 
t h e  basin e j e c t a  a t  t h e  Apo1lo'-landing s i t e s  was c a r r i e d  o u t  
by McGetchin e t  a l .  (1973) (Figure 36) .  I n  s p i t e  of t h e  
c r i t i c i s m  of t h e  r e s u l t s  ( f o r  example, Pike,  1974),  t h e  es t imate  
by McGetchin e t  a l .  may we l l  be q u a l i t a t i v e l y  c o r r e c t  and sliows 
c l e a r l y  t h a t  i n  t h e  Apollo 1 4 ,  15 and 17 landing s i t e s ,  g r e a t  
th icknesses  of Imbrium e j e c t i o n  m a t e r i a l  s h o u l 8 b c c u r  as t h e  
upper l aye r ,  a p a r t  from a poss ib le  t h i n  l a y e r  of o r i e n t a l  e j e c t i o n .  
Moreover, i n  t h e  Apollo 16 landing s i t e ,  n e c t a r i s  e j e c t i o n  mate r i a l  
occurs  i n  very l a r g e  th ickness  ( s e v e r a l  hundred mete r s ) ,  bu t  
a t  g r e a t e r  depth.  Of course,  e a s t  of the  landing a rea  we have 
t h e  h i l l y  Descartes  formation and t h e  Kant P la teau  (Figure 35) - /94 
which a r e  i n t e r p r e t e d  mainly a s  n e c t a r i s  e j e c t i o n  material. The 
p r o b a b i l i t y  of c o l l e c t i n g  n e c t a r i s  e j e c t i o n  a t  t h e  Apollo 16 
landing s i t e  i s  thus  r e l a t i v e l y  high. 

I n  t h e  more exact  s tudy of t h e  Apollo-16 rocks,  two age 
accumulations a r e  found (Maurer e t  a l . ,  1978).  These age da ta  a r e  
shown i n  Figure  37. W e  i n t e r p r e t  t h e  peak a t  4 . 1  - 10' yea r s  a s  
t h e  age of t h e  n e c t a r i s  e j e c t a  a t  t h e  Vol lo -16  landing area .  A 
s i m i l a r  i n t e r p r e t a t i o n  was put  forward by Wether i l l  (1981). 

Imbrium e j e c t i o n  m a t e r i a l  should occur a l s o  i n  g r e a t  thick-  
ness  a t  t h e  Apollo-17 landing site ('edge of t h e  S e r e n i t a t i s  
Basin) (Figure 36).  Under it probably l i e  l a y e r s  -of s e r e n i t a s  
e j e c t i o n  i t s e l f  and e j e c t a  of t h e  C r i s i u m  Basin. The strati- 
graphic sequence, a s  given by Figure  36,  i s  however, no t  s u r e  
(Neukum and Wilhelm, 1982).  The age d a t a  (Figure 33) show a  

w e l l  def ined peak a t  4 b i l l i o n  years ,  which could be assigned both 
t o  t h e  Imbrium event  and t h e  S e r e n i t a t i s  o r  C r i s i u m  event. Un- 
fo r tuna te ly  t h e  a n a l y s i s  of t h e  c r a t e r  population on t h e  Sereni-  
tgts edge a l s o  shows t h a t  t h e r e  i s  crater s i z e  d i s t r i b u t i o n  highly 
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Figure  35. Apollo 1 6  landing  a r e a  ( c ross )  
with $he l i g h t  p l a i n s  of t h e  Cayley for -  
mation i n  t h e  w e s t  (probable Imbrium ejecta) 
and t h e  h i l l y  D e s ~ a r t e s  formation (poss ib ly  
n e c t a r i s  ejecta) i n  t h e  east. The inf luencing  
of  t h e  region by Imbrium e j e c t a  may be 
recognized from t h e  furrowed su r face  wi th  
l i n e a t i o n s  from northwest t o  sou theas t  
( e s p e c i a l l y  t o p  l e f t ) .  



disturbed by the alternating superimposition with ejection 
material: the smaller craters (D<10 km) show Imbrium crater 
frequencies, that is, are accumulated after superimposition 
with Imbrium ejection (Neukum, 1977a). The larger craters are 
very strongly eroded, partly filled up, and really difficult to 
determine quantitatively, so that pre-Imbriurn crater frequencies 
cannot be indicatedwith'certainty. The question of correlation 
of the Serenitatis age data with crater frequencies must there- 
fore be left open. >- -. . - 

In the assignment of ' highlandrock ages to crater frequencies, 
the procedure is such that both age and crater frequency of the 
landing areas themselves are involved. In some cases however, the 
genetic assignment must be taken into account, such as, for 
example, in the case of the crater frequencies which were /96 
measured on nectaris material lying far away (for example, on 
the basin edge). The assigned age is then the value which was 
obtained from the Apollo rock ages taking into account the 
genetic relationships (such as, for example, the age of the Nectaris 
Basin from Apollo-16 data). 

APOLLO APOLLO APOLLO 
14 16 . 17 

Figure 36, Average thickness of 
the ejeccion materials of lunar 
basins at the Apollo-14, 16 and 
17 landing sites (Figure: 
McGetchin et al., 1973). 

The crater frequency data 
for the craters North Ray (Apol- 
10-16 landing site) and Cone 
(Apollo-14 landing site) were 
determined on their ejecta 
cover (KSnig, 1977; Moore et 
al., 1980). &signed ages 
are the exposure ages of the 
ejection material with values 
of 50 and 24 million years 
(Drozd et al., 1974) . 

A comparison of the lunar 
crater frequencigs and assigned 
ages for mare and highland 
regions is given in Table 2. 
In addition, the production 
frequency of terrestrial phan- 
erozoic craters (North America 
and Northern Europe) converted 
for Junar impact conditions 
(see Chapter IX) and assigned 
age of the cratons are given 
(data Grieve and Dence, 1979; 
reinterpreted) ,. The crater 
frequencies ar-e' listed in values 
of cumulative frequencies for 
D=l km and D=10 km, which were 
obtaihed through the lunar 
standard distribution from the 
data of Figure 31. 
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40 Figure 37. Histogram of highly p r e c i s e  3 9 ~ r /  A r  
ages of Apollo-16 rock samples (Figure:  B a s a l t i c  
Vocanism Study Pro jec t ,  1981; o r i g i n a l  d a t a  of 
Maurer e t  a l . ,  1978) . 

The lunar  impact chronology-isobtained from t h e  c o r r e l a t i o n  /96 - 
of t h e  c r a t e r  f requencies  with t h e  radiometr ic  ages,  a s  shown i n  
Figure 38. The c o r r e l a t i o n  i s  b a s i c a l l y  i d e n t i c a l  with those- 
of Neukum (1977) and Neukum and Wise (1976). 

* d 
The mathematical expression of t h e  impact chronology curve is: 

N ( 1 )  i s  t h e  cumufative c r a t e r  frequency per  km2 a t  D = l  . . km; t i s  
t h e  age i n  u n i t s  of 10' years .  

'4. 

Through t h i s  r e l a t i o n s h i p  it i s  poss ib le  t o  determine absolu te  /9& - 
ages f o r  any su r faces  of t h e  whole of t h e  Moon by measurements of 
t h e  c r a t e r  frequency on image da ta .  The t i m e  r e s o l u t i o n  i s  good 
f o r  t h e  range 4 .5  - 10' yea r s  > t>3 .5  10' years .  For a t y p i c a l  
e r r o r  i n  N of l e s s  than 230% t h i s  means a t i m e  r e s o l u t i o n  of 
b e t t e r  than 30 m i l l i o n  years ,  no t  counting e r r o r s  i n  t h e  impact 
chronology determination. 

I n  t h e  range tC3.10' years ,  t h e  e r r o r  i n  t h e  t ime reso lu t ion  
i s  l i n e a r  i n  N. For ages 3' 10' yea r s  > t>l -10' .years,  t h e  

.curve i s  n o t  covered by measurement poin ts ,  but  i n t e r p o l a t e d  
between t h e  average va lues  around' t=3.2 - 10' yea r s  and t<l - 10' 
years .  

I n  Figure 38 t h e  dependence on t i s  only given f o r  D = l  km 
and D=10 km. The genera l  dependence wi th  regard t o  t h e  c r a t e r  
diameter i s  def ined  by t h e  lunar  production c r a t e r  frequency . 
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TABLE 2. CRATER FREQUENCY OF LUNAR STRUCTURES AND TERRESTRIAL 
PHANEROZOIC CRATERS AND ASSIGNED ABSOLUTE AGE 

.Lunar or terrestrial 
N(D=lO) (km-2) 9 structure N(D=~) (krn-2) .Age (10 a) 

2- -. . - 

Highland (Terrae) (3.6 - + 1.1) lo-' 9.2 4.35 - + 0.10 1 
Nectaris Basin (A 16) (1.2 - + 0.4) 10-I 3.1 4.10 - + 0.10 

Serentitatis Basin (A 17) - - 3.98 + 0.05 I - I 
Descartes Formation (A 16) (3.4 - + 0.7) 8.7 3.90 - + 0.10 1 
Imbrium. Basin (A 15) (3.5 - + 0.5) lo-* 8.9 3.91 - + 0.10 I 
Fra Mauro Formation (A 14) (3.7 - + 0.7) 9.4 3.91 - + 0.10 I 
Taurus Littrow Mare (A 17) (1.0 - + 0.3)-*10-~ 2.6 3.70 - + 0.10 I 
Mare Tranquillitatis ( A  11) (-9.0 - + 1.8) 2.3 3.72 + 0.10 1 - 

Mare Tranquillitatis (A 11) (6.4 - + 2.0) 

:dare Irnbrium (A 15) '(3.2 - + 1.1) - 8.2 3.28 - + 0.10 

Oceanus Procellarum (~.12) (3.6 - + 1.1) 9.2 10'~ 3.18 - + 0.10 I 
Mare Fecunditatis (Luna 16) (3.3 - + 1.0) 8.4 loe6 3.40 - + 0.04 

ri . . 
Mare Crisium (Luna 24) (3.0 - + 0.6) 7.6 3.30 - + 0.10 

Copernicus (A 12) (1.3 - + 0.3) 3.3 lo-6 0.85 + 0.2 - 

Tycho (A 17) (9.0 - + 1.8) 2.3 0.109 + 0.004 - 

North Ray (A 16) (4.4 - + 1.1) r 1. 1 0.0500 - + 0.0014 
I 

Cone ( A  14) (2.1 - + 0.5) 5.3 lo-% 0.0260 - + 0.0008 
, f 

~hanerozoic craters 
-(North America+Europe, . -  ,. - 
lunar equivalent) , (3.6 - .  + 1:l) lo4 9.2 lb-6 0.375 - + 0.075 



distribution, that is, the lunar standard distribution. Through 
this function equivalent frequencies can be indicated for any 
diameter. 

IV.2.2. Dependence on Time of The Impact Rate 

The cumulative impact rate 4 is.given by deduc4ng in time 
the impactchronology'relations~ip a~/at=@. The result. fdr D=l km 
is: 

where t is to be indicated in units of lo9 years. This function 
is shown in Figure 39 in units (km-210-8 years-'). Between 4.5 
and 3.5 10' years an exponential decrease of the impact rate 
is obtained ("Smooth Decay") with a time constant ~=1/X=1.44 lo8 
years for a half life T1j2=1.0 lo8 years. For t<3 10' years 
we obtain a constant value of the cumulative impact rate of 
@=8.38 - (krn-210-8 years-1) . The constancy of the rate 
during this period is confirmed very well by the me&surement points 
for t<l 10' years: In eqrlier ; publications (Hartmann, 1972; 
Neukum et al., 1975b; Neukwti and Konig, 1976; Shoemaker et al., /lo1 
1979) the data for t<l - 10' years seem to indicate a higher 
impact rate than on the average for the last 3 lo9 years. The 
new, more certain data show that the earlier interpretations are 
not supported. In particular, the terrestrial da$a (phanero- 
zoic craters) were earlier systematically too high to be adjusted 
entirely within the figure to the impact rate constant over the 
last 3 10' years. The terrestrial frequencies derived from 
the very carefully conducted investigations by Grieve and Dence 
(1979) are very consistent, however, withthe lunar data, after 
conversion to l&ar impact conditions. Only the Copernicus point 
(like before) is too high. The value for the cratee frequency 
was ascertained several time%, But it is quite possible that 
the interpretation of the Copernicus age from measurements of 
the Apollo-12 samples is wrong. 

For t=O (today) from Shoemaker et al. (1979) 
a value for the impact rate of the Apollo-Amor asteroids (com~are 
Meeus and Combes, 1974) converted to D=$ km and D=10 km is 
given. This value is too high by a factor 3 as compared with the 
relationship obtained from the lunar measurements. The determina- 
tion of the Apollo-Amor impact rate is a priori exposed to great 
uncertainties because of the imprecise knowledge of their frequencies 
and difficult diameter determination (conversion froh albedo 
values), Kresak (1980) gives, for example, impact rates which 
lie below the values of Shoemaker et al, (1979) by a factor 3, 
but are very consistent without data. Another problem is the 
conversion of asteroid diameter into crater diameters ("Scaling 
law") (compare Chapter IX). The deviation of the Shoemaker 
diameter could by explained already by systematic error of this 
type on the order of a factor 2 in the diameter ratio (compare 
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Figure 38 ,  Lunar Impact Chronology. 
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Figure 6 3 ) .  

I t  is very informat ive  t o  cons ider  on one hand, how many / l o 1  
c r a t e r s  of a c e r t a i n  s i z e  could have been expected during t h e  
las t  100 m i l l i o n  yea r s  on t h e  Moon o r  on t h e  Earth.  The lunar  / l o 2  
chronology and t h e  l u n a r  c r a t e r  s i z e  prbduction d i s t r i b u t i o n  
may be converted t o  t e r r e s t r i a l  impact condi t ions  according t o  
t h e  r e l a t i o n s h i p s  d iscussed  i n  Chapter I X .  From t h i s ,  w e  may 
d e r i v e  a func t iona l  depend,ence of t h e  c r a t e r  diameter on time, f o r  
c r a t e r s  which have been p>oduced on an average ( N ( D ) F ~ ) .  This  
func t iona l  dependence i s  shown i n  Figure  40. ~hu's, on t h e  average, 
a t  l e a s t  one crater must be expected on t h e  Ear th .wi th  a diameter 
of D>100 km per  100 m i l l i o n  years. The e f f e c t  of t h e  Ear th  and 
i t s  c l ima te ,  p r imar i ly  when such an impact had taken p lace  i n  t h e  
ocean (evaporat ion of g i a n t  amounts of water) could be very 
g r e a t .  It i s  t h e r e f o r e  q u i t e  p o s s i b l e  t h a t  such an impact could 
have been c a u s a l l y  respons ib le  f o r  t h e  c a t a s t r o p h i c  change i n  

* 



Lunar Cataclysm 

Earth-Crossing Asteroids 
(Shoemaker et al.19791 

I Wether1ll.1977) . . 

Age (10' years) 

Figure 39. Dependence on tYme of the lunar impact rate, 

climate in the biosphere, with the elimination of the entire 
species on the Cretacean-Tertiary boundary, as has been speculated 
upon by different authors (for example,,Alvarez et al., 1980). 

The appearance of very large impact structures with diameters 
of possibly several thousand kilometers (Figure 40) more than 
3.8 10' years ago may well have influence permenantly the young 
crust of the Earth, so that it could have become stable only 
later. This would probably be one of the reasons why unlike 
the Earth's Moon, no rock age of >3.8 - 10' years was observed. 



D ( N c u m  = 1 1 'F = 5*E+8 k m 2  

T i m e  i n  Aeons ! 

Figure 40. Cra te r  s i z e  and funct ion  of t h e  age f o r  t h e  en- 
t i r e  surfac: of t h e  Ear th  f o r  an impact t o  be expected once 
i n  t h e  average t i m e  and of t h e  magnitude - >D, ( N ( D ) = l )  . . . 
(1 Eon = l o 9  y e a r s ) .  

I* 

IV.2.3. Was There a "Terminal Cataclysm" of Meteori te  Bombardment 1102 
4 B i l l i o n  Years Aqo? 

A s  discussed before,  t h e  accumulation of highland rock ages 
a t  4 10' yea r s  l e d  t o  arguments by va r ious  au thors  t h a t  a t  
t h a t  t i m e  t h e  impact rate may have been much h igher  t h a t  before 
o r  af terwards,  t h a t  is,  a "cataclysm'.' o r  " t e rmina l  cataclysm" 
i f  t h e  lunar  me teor i t e  bombardment may have taken 'p lppe  (Tera e t  
a l . ,  1974). There a r e  many dynamic arguments (corftparewetherill 
1975; 1976) t o  t h e  e f f e c t  t h a t  t h e  product ion of such a f l u c t u a t i o n  
i n  t h e  impact r a t e ,  which must .have a l s o  taken  p lace  f o r  a l l  
t e r r e s t r i a l  p l ane t s ,  would only be p o s s i b l e  by means,of events  of 
very low probab i l i ty ,  such as, f o r  example, t h e  d e s t r u c t i o n  of a 
l a r g e  body wi th in  t h e  Roche l i m i t  of t h e  Ear th  wi th  production of 
many small  bodies of masses around 1 0 ~ ~ - - 1 0 ~ ~  9, which w e r e  then . 



redistributed in the internal Solar System and would produce the 
large basins. Populations of bodies in moderately eccentric orbit 
would have developed, however, in such a way as shown in Figure . 
39 ("Theoretical Decay"). Such a small decrease of the impact 
rate, although not necessarily as precise as the one shown, and 
based on certain initial values, is much more likely to be 
expected theoretically. The theoretical discussion of this 
topic is however very complex and is at present the: object of 
intensive research (compare ~e$herilk, 1981). -. 

Hereafter arguments will be 'put forward which are derived from 
the direct observations and seem to oppose, or at least are not in 
favor of the "terminal cataclysm". 

In Figure 39 a "hypothetical lunar cataclysm" is indicated 
(in dashed lines). This is the dependence on time of the impact 
rate, which would have been obtained,say,if the large basins of 
the front side of the Moon (Imbrium, Serenitatis, Crisium, Humorum 
and Nectaris) had been produced within the period of 3.8 to 
3.9 lo9 years ago, as is favored by some authors on the basis 
of their age measurements (for example, Jessberger, 1981). But 
this would immediately lead to difficulties with the stratigraphic 
data, since the predominant number of craters and large basins 
(D>20 km) are of pre-nectarfan 'age (Wilhelms, 1979; Nezlkum and 
Wilhelms, 1982), that is, the impact data must have been pre- 
viously higher,not lower. This situation may be seen in detail 
from the basin frequencies given in Table 3 and applies in very 
similar proportions to smallercrater? (compare zipre 26). 

Naturally it is..possible that in-the oldest crater populations /I05 
we are 1ookingback:only 4 to 4.1 10' years and the lunar high- 
land crust could not carry the impacts before that time. However, 
this is contradicted by the early differentiation of the lunar 
highland crust around 4.4 10' years (compare Basaltic Volcanism 
Study Project, 1981). . . 

r*i 

Another argument in favor of a smooth decrease comes from the 
crater population data themselves. The distributions show the 
same characteristics over all ages (compare Figure 26). There 
seems to be - one population of objects with constant size distri- 
bution, whose impact rate decreased in the approximately exponen- 
tial manner after the accretion of the Farth-Moon system, 

In Figure 41a the cumulative crater size distribution is 
shown, as measured in the oldest regions of the Moon. One 
characteristic of the distribution iS that for D,80 km, the 
distribution decreases relatively sharply, say accorfiing to 
NTD-2. 9 , but for D>200 km, there is a dependence according to 
N,D-l 5 . Figure 41b shows even more clearly this variation in 
the distribution law by representing the data in relative dis- 
tribution. Very similar characteristics are found in the oldest 
populations of the Moon and Mercury (compare Chapter V, VI). 
The diameter range D>200 km is a region of the large ring; 



basins, whose frequency decreases much less according to the diam- 
eter than that of the craters in the region D<200 km. (Here the 
innermost ring is chosen as the diameter of the basin. If its 
most prominant ring was chosen as the basin diameter, the dis- 
tributions would decrease even more smoothly, say according to 
N-D'~). Now it could be argued in the sense of the "cataclysm" 
hypothesis that the large basins were produced by a special 
population of objects, and these objects may be resp~nsibJe for 
the presumably increased appeafance of large basins 3.9 to 
4 billion years ago. But as we showed before, there is no 
obvious recognizable break in the size distribution of.large 

I- 
craters of basins and as a function of the impac rate of the 
corresponding size range. Nevertheless, it has not so far been 
explained why such a striking difference in the appearance of 
large impact structures on the Moon is observed over a period of 
a few hundred million years and ages >3.8 10' years. The 
appearance of largeijasiinson very old surfaces of the Moon and 
Mars and Mercuzy (and their nonexistence in regions of ages whicb 
are only a few hundred million years less) definesa relatively 
sharp time horizon ("marker horizon", Wetherill, 1981) . 

TABLE 3. LUNAR BRSIN-.FREQUENCIES FOR D>265 KM. 
(Neukum and Wilhelms, 1982) 

N W B ~  

Imbrium Basin 3 

Nectarian Basin 11 

 re-~gctarian Basin 30*) 

*)I2 basins a';re included, whose existence 
is not fully certain (very old, eroded struc- 
tures). 

We may show that the combination of the fast decrease of 
the impact rate along with a special chqracteristic of the 
size distribution of the ring basin causes this effect of "marker 
horizon". In Figure 42 for the Earth's Moon the crater size to 
be expected on the average one (for N(D)=l) is plotted as a 
function of the age. In oase a) the 'distribution characteristics 
shown in Figure 41 for small craters, N - D - ~ . '  , areusdd in the /lo9 
entire diameter range D>100 km. In case b) the actually 
observed distribution approximaeed by the lunar standard dis- 
tribution is used with the smooth size distribution of the large 
basins. Thue it is found (for the same dependence on time of 
the impact rate) that the particular distribution characteristics 
of the large craters and basins leads to the striking'difference 



Figure 41a. Cumulative size dis- 
tribution of crater populatipns. 
of the oldest parts in the lunai 
highland. For comparison dis- 
tributions N-D"~.' and N - D - ~ * ~  
are plotted; 

in the curves of large impack 
, 10-3 

N structures over only a hundred 
E to 200 million years of dif- - .  
5 
z LUNRR HIGHLANDS ference in age, This special 

1 0* j characteristic of size distri- 

- - 
the stratigraphic data however 
indicate a smooth-decrease and 
are against a "terminal cata- 
clysm" of the impact rate. The 
age data also do not compel us 
in any way to take an interpre- 
tation in favor of a "terminal 
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cataclysm", but are fully 
compatible with the uncertainties in the interpretation of measure- 
ments with a smooth decrease of the impact rate, as was obtained 
here. 

bution results therefore in an 
effect which produces so to 
say, a "overincre,ase" of the 

- deerease of the bGmbardment 
.- with a sudden appearance of 
the ring basin at a time (look- 
ing back into the past) and 
forwhich we have N(D=200 km)=l. 

With the above given argu- 
ments it cannot be proved 

IV.3. Examples of Relative and Absolute Datinq of Lunar Structures 

10-8 necessarily that a smooth de- 
10 la I 10 10 10 4 crease of the impack rate must 

Crater nj amster D(K-) have taken place. The studies 
of the craterpopulation and 

Through Crater Frequeqcy 

The lunar stratigraphic system refers to large impact struc- 
tures and their materials (compare Shoemaker and Hackman, 1962; 
Mutch, 1972). It is represented in a modexn form (Wilhelms, 1983) 
in Figure 43 combined with absolute age data of stratigraphic 
units through direct radiometric dating of Moon rock and through 
the determination of crater retention ages and application of Moon 
impact chxonology. The relative and absolute assignment of age /I11 
to lunar structures through crater frequency measurements is 
possible in general with $his now completelydefined system with 
regard to relative and absolute crater retention age4 

The determination of the relative age of very large lunar 
craters was carried out by Neukun and Konig (1976). Wilhelms (1979) 
and Neukum (1977b) measured crater frequencies on large basins for 
the stratigraphic assignment of the these structures. The appli- 
cation of lunar standard distribution and impact chronology gives 
the relative and absolute ages listed in Table 4. 

* 



From the radiometric age 
data of the Mare Basalt, the con- 
clusion may be drawn that the 

0 
C 

filling of the lunar maria with 
0 
3 

OLDEST / basaltic lava took place at the 
u 
0 

LUNAR HIGHLANDS I time of about 3.1 to 3.8 10' 

C r a t e r  Dt ameter  D(Km) 

Figure 41b. Relative size dis- 
tr-ibutionof the crater popula- 
tions of the oldest portions 
of the lunar highlands, In 
the region D<60 km the popu- 
lation is no longer entirely 
in the production state (part 
of the craters were eliminated 
by superimposition of other 
impacts), and this shows 
approximately th? same de- 
creasing distribution 
characteristics as*. the 
production size distribution: 
(Compare Figure 25) . 

years ago. Crater data showed 
that in all probability however, 
the 'volcanic activity of the 
-Moon lasted longer and began 
already earlier, particularly 
in the highland (compare 
Neukum, 1977b; Ryder and Spudis, 
1980; Basaltic Volcanism Study 
Project, 1981) . 

Boyce et al., (1974) drew 
from their data the conclusion 
that the youngest lava flows in 
the Mare Imbrium (compare Figure 

\ 12) are much younger than 
3 lo9 years, with the most 

- probable age around 2.5 10' 
years. Crater frequency data of 
Neukum and K6nig (1976) and 
the use the lunar impact chronol- 
ogy presented here give an age 
between 2.8 apd,3- 10' years. 
Younger regions have not been 
found so far. The basaltic 
volcanism of the Moon ended 
accordingly later, about 2.5 
billion years ago. After this 
period of endogenous ,' activity, 
the face of the ~ 6 o n  was altered 
only by the formation of several 
large radiation craters, such as, 
for example, Copernicus, Kepler, 
Aristarchus and Tycho. 



D ( Ncum = I 1 

Moon 

. Time i n  Aeons 

Figure 42. Crater size as ifunction of the age fpr the 
total surface of the Earth's Moon for an impact to be ex- 
pected on the average once in time of size 2D, ( N  ( D ) = l )  for 
different distribution functions: a) N*D-* L9  , b) lunar 
standard distribution. (1 eon = 10' years). 
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TABLE 4 .  EXAMPLES OF RELATIVE AND ABSOLUTE CRATER RETENTION IN 
AGE OF LUNAR GEOLOGICAL STRUCTURES 

Geological 
S t ruc ture  

Relative c r a t e r .  ., -. Absolute Crater  -- 
~et&nt ior ,  ~ g e  Retent io~:  A g e  

Highland (Terrae ) 

R i q   asi in 
A p l l o  
Birkhof f 
C r i s i u m  
Hert zsprung 
Humboldtianurn 
Humorurn 
Imbrium 
Keeler-Heaviside 
Korolev 
b r e n t z  
M i  l ne  
Mendeleev 
Mendel-Rydberq 
Moscoviense 
Nectaris 
Schroedi nger 
Smythii 
Orien t a l e  d 

keundlich-Sharonov 

Crater 
Langrenus 
lheophilus 
Aris tote les  
Aristarchus 
Kepler 
Del is le  
Eratosthenes 
Diophantus 
Lamber t  



V. PRODUCTION CRATER DISTRIBUTION AND IMPACT CHRONOLOGY 
OF . THE PLANET MARS 

The crater populations of Mars, just like the Earth's Moon, /I13 
allow the study of the geological development of the planet 
through the analysis of crater frequencies. The relative dating 
takes place through direct corriarison of crater frequencies, though 
it is notmeasure hint he same diameter range, through the crater 
size production distribution. The production distribution, as 
we now know, and against earlier assumptions, is not the same as 
that of the Earth's Moon. The characteristics of the distribution 
will be discussed in the next Chapter. 

Then models of the impact chronology of Mars will be presented 
and the possibilities of determining the absolute of the geologi- 
cal units and structures of Mars through crater frequencies is 
illustrated. 

V.1. Analysis of the Production Crater Size Distribution of Mars 
. - 

Just as in the case of the Earth's Moon there is nothing 
unanimous in the literature about crater size distribution. An 
exact knowledge of the distribution is here, however, more 
important, since Mars was geologically much more active than the 
Earth's Moon, and these activities have interaoted intensely with 
the crater population. By studying the corresponding effects on 
the distribution, it is possible to obtain partly very detailed 
information on the genesis of the geological structures and 
their development (Neukum and Wise, 1976; Neukum and Hiller, 1981). 

The production crater size distribution (standard distribu- 
tion) of Mars was determine4 in the region 1 km<D<20 krn by 
Neukum and Wise. Detailed analyses were conducted by Neukum et 
al. (1978) and Neukum and Hiller (1981). The resulting distri- /I14 
bution is shown in Figure 44. The distribution shows qualitatively 
a similar characteristic as the lunar distribution with clear 
increase for D51 km. In the literature many reference distribu- 
tions may be found of the type of simple power distribution N-Da 
(Figure 44), which are justified by a ltimited diameter range, 
but unfortunately are often applied outside their range of 
validity and thus lead to discrepancies in the interpretation of 
the measurement data. .' 

Neukum and Wise (1976) compared with each other the production 
crater size distribution of the-Moon and Mars, and drew the 
conclusion that a large number of effects, which are shown in 
a simplified manner in Figure 45, may cause the differences in the 
size distribution of the craters on Mars against tbseof the Moon. 
If we assume the same meteorite population as producing the 
craters for the Moon and Mars, then in the case of single power 

t 



distribution of the type ~~m~(y=const), then on both planets the 
same diameter distribution would be produced of the type N - D ~  
(a=const), even for different impact velocities, properties 
of the target etc. For distributions with size dependence y or a, 
however characteristic differences would arise in the distribution 
if we go from one planet to the other (Figure 45). Age differences, 
that is, differences in the time of exposure of target surfaces, 
result in similar proportions ~f the'.crater frequenky for each 
crater size (A log N=const in the right hand half of Figure 45). 
The same applies to differences in the capture cross section or 
in the impact rate of the body (for the same velocities). These 
effects do not influence the shape of distribution in the log-log 
diagram. In other words, the distributions can, in this case, 
be shifted vertically (in logN direction) and be brought to 
cover each half completely. 

Totally different conditions - /I16 
predominate in cases when dif- 
ferent average impact velocities 

-2 OISTRIBUTION 
- arise, or if different target 

HARTMANN. 1973 properties (for example, dif- 
ferent chemical Composition 
of the rocks, water content, 
etc. ) lead to the production 
of craters of different size 
for the same meteorite mass. 
In this case the distributions 
(Figure 45, l&ft half) in the 
loq N direction do not cover 
each other, but appear to be 
different with regard to 
flatness or steepness. But 

I . I  . I  . I  . I  . I they can be made to cover each 
J - 1 0 1 2 3  I other by shifting in the LogD 

LOG CRATER DIAMETER (KM) f' direction as compared with the 

I 
different rate of sizes (if 
these effects are not different 

Figure 44. Comparison of dif- for different crater sizes), 
ference reference distributions Neukum and Wise (1976) explain 
to describe the production the differences found by them 
crater size distribution of the between the lunar distribution 
crater population of Mars. and 'that of the Moon by a 
(Figure: Neukum and Hiller, plausible difference in the 
1981). corresponding average impact 

velocity, but have not excluded 
the possibility that targ'et effects" may also be involved. 
Actually in particular the water contents of the-~ars soil seems 
to have had an effect, as was stated by Boyce and Roddy (1978), 
Boyce (1979), Mouginis-Mark (1979) and Croft et al, (1979). The 
water content of the Mars soil seems to have also played a greater 
role in the formation of different crater morphology and is 
considered mainly responsible for the formation of the ejecta 
cpver surrounding the craters, totally different from- i 



A log D1 # A log O2 
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cn 0 - A log N,: A log N2 

Figure 45. Simplified representation of 
the effect of different impact conditions 
on the crater size distribution, whose 
distribution law deviates from a simple 
power law. 

* # 

that of the Moon (Figure 46) . /I16 

A later analysis of target dependence carried out by the 
author (Neukum,.1983) shows that unfortunately no uniform 
production crater size distribution exists for Mars, that actually 
different water content (or different effects of the composition 
of the Mars soil) have produced different distributions over 
different geological units of Mars. These effects obviously 
affect predominantly the region D>5 km (compare Carr, 1981). 
The resulting average production crater size distribution (standard 
distribution) of Mars is shown in Figure 47. The fluctuation 
width of the distribution for the pr~viously studied regions of /I19 
Mars leads to an uncertainty of about a'factor 2 in the cumulative 
crater frequency N in the indicated diameter range. The average 
standard distribution of Mars is compared in Figure 48 with 
the lunar standard distribution, Itsis found that the differences 
in the dependence of the distribution on the size-are such 
that in the comparison of crater frequencies of ~ a r s  with those 
of the Moon, the diameter range must be taken into account with- 
out fail. Otherwise considerasle errors would arise (factor 55); 
unfortunately this fact has not been taken into account enough 
so far in the literature. 



Figure 46. Comparison of typical morph 
of craters of the Earth's Moon (top) an 
(bottom) . 

ologies 
d Mars 
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Figure 47. The production size distribution 
(standard distribution) of Mars. 



The mathematical expression of the average standard dis- 
tribution of Mars in Figure 47 is a polynomial in logD of the 
form 

44 logN = a, + a, logD + a,  log^)' +.... a,, (logD) 

with 

a0 is variable and contains the dependece of the distribution on 
age. 

The polynomial is valid in the range 100 m<D<300 km, but not 
beyond..it. Polynomials of lower degree approximate the compli- 
cated size distribution only inadequately. The expression given 
here is consistent within 50% in N with the resblts of Neukum and 
Wise (1976) and Neukum and Hiller (198.1). 

V.2. Impact Chronology of Mars 
4 

The oldest crater populations of Mars and the Earth's 
Moon provide information on *he bombardment directly after the 
accretion phase and make it possible for us to learn something 
about the nature of the meteorite population and the variation 
in time of the earlier bombardments by comparing the frequencies 
of large craters and basins. 

In Figure 49 the distributions of fhe oldest crater and 
basin populations of thehighlandsof the Moon and Mars are com- 
pared with each other, The crater frequencies of the populations 
are similar to each other, but those of Mars are lower by a 
factor of 2 to 3, An analysis conducted in Chapter IX of the 

. fine structure of the Mars distribution shows that the 
characteristic variations for the Moon in the distribution index 
may also be found in the highland craterpopulationsof Mars, 
but not exactly at the same diameter. The diameter distribution 
of the highland craterpopulations'of the Moon and Mars are 
similar. The differences in crater size distribution (Figure 48) 
may be explained by differences in the impact conditions (such 



as, for example, impact velocity, 
properties of the target, surface 
gravitation) (compare also Chapter. 

I IX). The same population of 
crater producing objects may occur, 

These relationships were identi- 
.fied hy Neukum and Wise (.1976) and 
T~eukum and Hiller (1982) and can 
be defined more exactly by the 
result discussed here on the crater 
size distributions of the population 
of Mars and the Moon. An analysis 
of the crater frequencies of the 
Chryse Plain of Mars (vicinity of 
the landing site of Viking-1) in- 
dicates, that the impact rate must 

I 
have decreased even further for 

I values of N(D=l km)%1.5 

I i (km-2) (Neukum, 1983). 
1 

-7 - For the Moon we know (Chapter /I22 
. I that for values N (d=l km) 

-8 - <2 (km-2) the impact rate 
is constant. This situation 

-9 - fits into the picture obtained 
from the highland data, that 

-10 I 

-3 -2 -1 0' 1 2 3 the impact rateg& Mars for 
LOG CRATER DIAMETER O(krn1 D=l km was smaller by about a 

factor of 2 to 3 than for the 
Earth's Moon. 

Figure 48. Comparison of 
the average sta~dard dis- Soderblom (1977) drew the 
tribution of Mars with conclusion, on the basis of strati- 
the lunar standard dis- Y graphic and crater frequency 
tribution. analyses, that in the diameter 

range 4 km<D<10 km, the impact 
rate for Mars during the period after the 'Tohation of large basins 
should be higher by a factor 1.5 than for the Earth's Moon. Hart- 
mann (1977, 1978) and Hartmann et al, (Basaltic Volcanism Study 
Project, 1981) came to the conclusion, from the study of the 
impact rate of the present asteroid popblation, that in the same 
diameter range, the rate for Mars in more recent times is 
higher by a factor 2 than- for the Earth's Moon. 

The youngest basins of Mars show crater frequencies which 
at D=10 km are higher by a factpr 1.5 than thos& of the youngest 
basins of the Earth's Moon (Neukum, 1983; compare Table 6). If 
our conclusion; that the youngest large basins of the Moon and 
Mars were produced more or less at the same time (''marker hori- 
zon", compare Chapter IV.2) is correct, then the impact rate of 
Mars for D=10 km was higher by a factor 1.5 than that of the Moon; 
for D=l km, it was according to the functional dependence over . 



Figure 49. Comparison of . occured at a valueqhigher by a 

the oldest crater and basin '- factor 2, as shown in Figure 50 

populations of the Moon and (model 11). These model crater- 

Mars highlands. ing chronologies are represented 
for the range 4 km<D<10 km 
(N(D=4 km) -N (D=l,0 h F  in Figure 

51. Very satisfactory consistency is found with the interpreta- 
tions of other authors. The values estimated by Shoemaker (1977) 
from the present asteroid data should be considered as very un- 
suited and probably somewhat too high, just like the lunar data 
caused by systematic errors (compare Figure 4), but are very 
compatible in the indicated range of errors with the cratering 
chronology models obtained here. . . 

d* 

the standard distribution (Figure 
4 8 )  lower by a factor of 3 than. 

, 10-3 
4u that of the Moon; for D=4 km, 
E it was approximately equal to z 
z that of the Moon. 
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The analysis recently carried out by Hartmann et al. (Basaltic 
Volcanism Study Project, 1981) for D>4 km gives values which are 
closer to our data than previously (see Figure 51). Hartmann 
has thus come much closer to o u ~  data in recent years (compare 
Neukum and Hiller, 1981) but his values are still systematically 
higher. The problem in the comparison pf different models resides 
in the fact that different reference functions are for produc- 
tion crater size distributions of Mars, which makes a detailed 
comparison difficult. Moreover, differences occur -in the lunar 
initial data. . * 
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V.3. Chronology of the Geological Development of the Planet Mars 

These conclusions confirm 
the .picture obtained by-Neukum 

a- 
and Hiller (1981) on 'the depen- 
dence on time of the impact rate, 
which is shown in Figure 50. 

A brief summary will be given here about our knowledge of 
the chronology of the geological development of the planet Mars, 
as obtained primarily from our analyses of crater populations. 
Mqre detailed discussions may be found, for example, in the 

; la-= I According to these investigations, 
E the impact rate for the entire 
u time study for Mars was smaller 

1 for D=l km by a factor 3 than 
for the,Moon, which leads to an 
impact chronology ("cratering 

1 chronology") similar to that of 
10 a 10 18 18 I8 ' Figure 50 (model I) or the 

Creter DI ematar D C K ~ )  fluctuation of the rate in more 
recent times (t<3 - 10' years) 
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Figure 50. Model c r a t e r i n g  chronology 
of Mars a s  compared wi th  t h e  c r a t e r i n g  
chronology of t h e  Moon. 

A: Model I 
B: Model I1 (dashed l i n e )  as compared 

wi th  model I. 
(Figure: Neukum and H i l l e r ,  1981) . 



pub l i ca t ion  of Neukum and H i l l e r  (1981),  ~ a s a l t i c  Volcanism 
Study P r o j e c t  (1981) and Carr  (1982). 

When i n  t h e  yea r s  a f t e r  1971, t h e  Mariner-9 photographs of 
t h e  Mars su r face  were i n t e r p r e t e d ,  because of t h e  d i f f e r e n t  
photogeological i n t e r p r e t a t i o n s ,  t h e  s c i e n t i f i c  community 
a r r i v e d  a t  t h e  opinion t h a t  t h e  s u p e r f i c i a l  s t r u c t v r e s  of Mars 
must be p a r t l y  very young (fora;exampfe, Hartmann, 1973.b;.'Mutch 
e t  a l . ,  1976).  This  opinion w a s - - c r i t i c i z e d  i n  d e t a i l  by o t h e r s  
f o r  t h e  f i r s t  t i m e  on t h e  b a s i s  of our  ana lyses  of t h e  c r a t e r  
populat ion of Mars on t h e  b a s i s  of Mariner-9 photographic 
m a t e r i a l  (Neukum and Wise, 1976).  Meanwhile, a f t e r  high reso- 
l u t i o n  photographic m a t e r i a l  has become a v a i l a b l e  from t h e  Viking 
missions,  our  f ind ings  have been confirmed t o  a  g r e a t  e x t e n t  
( f o r  example, Carr ,  1982). 

Our d e t a i l e d  analyses  on t h e  b a s i s  of  Viking photographic 
m a t e r i a l  (Neukum and H i l l e r ,  1981) confirm our e a r l i e r  i n v e s t i -  
ga t ions ,  bu t  g ive  f o r  t h e  youngest s t r u c t u r e s  of Mars, i n  par- 
t i c u l a r ,  t h e  Thars i s  volcanoes (compare Figures  4 and 6a) a  
d i f f e r e n t i a t e d  p i c t u r e :  t h e  v a s t  geo log ica l  a c t i v i t i e s  of Mars 
such a s  ex t rus ion  of highland l a v a s  and formation o f  t h e  northern 
deep p l a i n s  ( P l a n i t i a e )  by volcanic  processes ,  t h e  eros ion  over  
l a r g e  a reas  by (probable)  melt ing of permafrost  and f l u v i a l  
processes  and t h e  buildup of volcanoes i n  t h e  highland and t h e  
volcanic  complex of t h e  Elysium region  i n  t h e  nor thern  deep 
p l a i n ,  a l l  t h e s e  a c t i v i t i e s  occurred a t  a  t i m e  when t h e  c r a t e r i n g  
rate was s t i l l  decreasing,  t h a t  is,  t h e  s t r u c t u r e s  show c r a t e r  
f requencies  with va lues  of N(d=l km) >I  10 '~  km'-2. On t h e  b a s i s  
of t h e  c r a t e r i n g  chronology model der ived  by us ,  t h i s  means an 
age of a t  least about 1.5 b i l l i o n  years .  Only t h e  f a s t e s t  
region,  t h e  l a r g e  youngest volcano complex with t h e  t h i c k  
s h i e l d  volcanoes, i n  p a r t i c u l a r ,  Olympus Mons, shows c l e a r l y  
geologica l  a c t i v i t y  even i n ~ e c e n t  t imes,  up t o  poss ib ly  about 
100 m i l l i o n  yea r s  ago. A l l  measurements, however, show c l e a r l y  
t h a t  t h e  bui ldup of t h e s e  s h i e l d  volcanoes a l s o  began very 
e a r l y  with r e l a t i v e  c r a t e r  r e t e n t i o n  ages  of N(1)<8 - * l ~ - ~ k m - ~  of 
abso lu te  ages of about 1.5 b i l l i o n  y e a r s  o r  more. Accordingly 
t h e s e  s t r u c t u r e s  show volcanic  a c t i v i t y  over  ex t rao rd ina ry  
l a r g e  per iods  (more than 1 b i l l i o n  y e a r s ) .  

f 
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Figure 51. A comparison ofqthe different crater ch3onologies 
proposed in the literature for the planet Mars. The crater £re- 
quencies are plotted here linearly against age, which renders 
particularly clearly the abrupt bend in the frequencies at tg3.5 
million years. The crater frequencies which are indicated here 
for the range 4 km<D<10 km (N (4) -N (10) ) , may be converted through 
the standard distrxbution of Mars (Figure 47) into values for 
other diameters. An approximation of the cratering chronology 
model by different authors is found over the last few years. 
A: Comparison with older data. B: Comparison with younger 
data. (Figure: Neukum and Hiller, 1981; modified). .' - i 



Figure 52 g ives  a summary of our  modern ideas  of t h e  geo- 
l o g i c a l  development of t h e  p l a n e t  Mars. The uncer t a in ty  i n  
t h e  models amounts s t i l l  t o  a f a c t o r  2 t o  3, a s  i s  apparent  
approximately i n  t h e  two models. The capac i ty  of determinat ion 
of age through c r a t e r  f requencies  r e s i d e s ,  however, i n  t h e  f a c t  
t h a t  a c l e a r  r e l a t i v e  determinat ion of age i s  poss ib le  f o r  l a r g e  
por t ions  of t h e  p lane t  by ob ta in ing  t h e  sequence of. ,events,  and 
moreover, a t  l e a s t  a rough absp lu te  d a t i n g  of t h e  siirfacg s t ruc-  
t u r e s  of Mars. 

The method g ives ,  i n  s p i t e  of t h e  u n c e r t a i n t i e s  I n  t h e  models, 
very good p o s s i b i l i t i e s  of abso lu te  determinat ion of age wi th  
e r r o r s  of 200 m i l l i o n  yea r s  f o r  an age of more than 3 10' yea r s  
(values of N (1) >2 - ) For ages <3 l o 9  years ,  t h e  
absolu te  determinat ion of t h e  age through c r a t e r  f requencies  i s  
p r e c i s e  so  f a r  only with a f a c t o r  2 t o  3 i n  N with regard t o  
t h e  chronology model, The b e t t e r  t h e  impact rate f o r  t h i s  
per iod ( f o r  example, from astronomic d a t a  of t h e  impact r a t e  of 
t h e  present  a s t e r o i d s )  can be determined, t h a t  is ,  t h e  more t h e  
bending po in t  between exponent ia l ly  decreas ing  impact r a t e  and 
cons tan t  impact r a t e ,  t h e  more accura te  t h e  method., Recent yea r s  
have showp t h a t  t h e  d a t a  a r e  becoming inc reas ing ly  b e t t e r  and 
it may be p o s s i b l e  t o  reduce t h e u n c e r t a i n t i e s  t o  l e s s  than 
f a c t o r  2. S tud ies  i n  t h i s  d i r e c t i o n  a r e  very important f o r  
planetology, s i n c e  it i s  known t h a t  we cannot expect  m a s s  
samples by "sample r e tu rn"  missions f o r  t h e  next  15 t o  20 years .  

* d 
Later  i n v e s t i g a t i o n s  on a s p e c i a l  type  of d i f f e r e n t i a t e d  

meteor i tes ,  t h e  so-cal led SNC meteorites,  showed * t h a t  t h e s e  may 
come possibly from Mars (compare, f o r  example, B a s a l t i c  Volcanism 
Study Pro jec t ,  1981). These me teor i t e s  have c r y s t a l l i z a t i o n  
ages of about 1.5 b i l l i o n  years ,  which would f i t  i n  w e l l  wi th 
o u r  p i c t u r e  of d r a t e r i n g  chronology, model 11. But a t  t h e  
p resen t  t i m e ,  t h e  i n t e r p r e t a t i o n  of t h e  sample a s  e3ect ion  
m a t e r i a l  of l a r g e  impacts on ' t h e  p l a n e t  Mars i s  ' s t i l l  specula- / I 2 8  
t i v e  (although dynamically poss ib le ,  perhaps (Nyquist, 1982)) and 
i n  ' p a r t i c u l a r  no compelling evidence was found up t o  now on 
t h e  geochemical a spec t ,  even though t h e  later  i so tope  measure- 
ments i n d i c a t e  compa t ib i l i ty  wi th  a Martian o r i g i n  (Burghele 
e t  al. ,  1983). 

f 
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VI. CHARACTERISTICS OF THE CRATER POPULATION ON THE 
PLANET MERCURY 

The surface of Mercury is remarakably similar to that of the /I30 
Moon's hiqhland. A detailed description of the superficial struc- 
tures may be _found in a :publication. of Strom (1979) . The 
characteristics of the oldest c-ter p0pulations of MXr$ wlll 
be discussed within the framework of this study, and .a compari- 
son will be carried out with the corresponding population of 
the Moon and Mars. 

Measurements of the crater with D>20 km and the large basins 
(D>200 km) in the regions most densely covered with craters on 
Mercury give accumulated crater frequency distribution in 
Figure 53a (Neukum, 1982). This distribution is compared in 
detail in its representation as relative frequency with that of 
the Earth's Moon (Figure 53b). A very similar characteristic 
of the distributions of both planets occurs with similar 
variations of the distribution index, particularly with a 
bend at DM00 km (Mercury) and D%60 km' (Moon). We will designate 
hereafter these diameters as inflection diameters Din£- (The 
average lunar production distrib~tion collected for the elimina- 
tion of smallcraters:(standard distribution) is used here; the 
actual lunar measurement data (compare Chapter IV.2.) give 
an inflection diameter at D=80 km, which,-however, arises 
through erosion effects (elimination of small craters by super- 
imposition) . 

The great similarity of the distributions of the Earth's 
Moon and Mercury suggests a corresponding similarity of the basic 
mass-velocity dis>ribution of the crater producing meteorites. 
(Compare Chapter IX). Actually the distributions coincide with 
the limits of the measurement_errors, if D (fiercury) =I; 6 D (Moon) 
is assumed for the same crater producing meteorite mass. (Here 
a possible deviation of the measured Mercury distribution from 
the production distribution for the smaller craters, as it is 
observed in the case of ~o~ulationsofthe Moon highlandg,was not 
taken into consideration). This consistency can be explained to 
a great extent by plausible differences in the impact velocities 
(comparechapter IX). The standakd distribution resulting 
thus from the standard distributions for the Moon is for the 
oldest crater populations of Mercury: 

logN = a, + a, logD + a2 ( logD I *  + . . . . . + a,, ( logD )" , 



with 

OLDEST 
MERCURIAN SURFACE 

The c o e f f i c i e n t  a. con ta ins  
t h e  dependence on a of t h e  
c r a t e r  frequency and i s  thus  
v a r i a b l e .  

The production d i s t r i b u -  
t i o n  i n  t h e  region D<20 km 

C r a t e r  D l  ameter  D<Km)-- 1 
may be determined only in- 

; adequately because of insfif- 
Figure 53a. Cumulative c r a t e r  f i c i e n t  photographic ma te r i a l .  
frequency of t h e  o l d e s t  crater Our measurements (Neukum, 

- p o p u l a t i o n s  of Mercury. 1975,  1983) suggest  t h a t  it 
i s  s i m i l a r  $9 t h a t  of t h e  

E a r t h ' s  Moon. This would f i t  i n  with t h e  above descr ibed  p i c t u r e ,  
t h a t  w e a r e d e a l i n g  with very s i m i l a r  m a s s  d i s t r i b u t i o n  of t h e  
Moon and Mercury c r a t e r  producing meteor i t e  populat ions,  and 
t h a t  very probably t h e  s tandard d i s t r i b u t i o n  i n d i c a t e d  above 
f o r  Mercury f ~ r ~ c r a t e r s w i t h  D>20 km a p p l i e s  a l s o f o r s m a l l e r c r a t e r s . ~  
up t o  s i z e s  of b r l  km.' . . 

w 



Figure  53b. R e l a t i v e  c r a t e r  frequency of 
t h e  o l d e s t  crater popu la t ions  of Mercury 
a s  compared w i t h  l u n a r  r e l a t i v e  s t anda rd  
d i s t r i b u t i o n  ( o l d e s t  popula t ion)  . 

, 10 , , , I,,,, 
0 
C 
0 
3 
u 
0 
C 

LL 1 0 0 F  - - - 
C - - - 
0 - - - 
*r - 
d 

- 
L - - 
U 

10-1 - 
- - - - - - - 

0 - - 
IY - - - - 

- - - !I  j 
I i  : 

- 
- - 
- - - 
- - 
- - 
- - - 

' I  - 
"""" I t l l ' l l l l  I I ~ L j l l ' l  I l I t -  

- 

10 a 10 ' 10 10 10 4 '  

C r a t e r  Dl ametar  D(Km) 

- - - - - - . OMERCURY - 
- - 

- - 

1 

I 
'1 
I- - .. 



V I I .  EMPIRICAL DEDUCTION OF THE CRATERING CHRONOLOGY 
OF MERCURY 

Since w e  have no radiometr ic  age d a t a ,  w e  can only at tempt  / I33  
t o  develop a model of t h e  c r a t e r i n g  chronology of Mercury by 
determining t h e  impact r a t e  a t  c e r t a i n  t i m e s  and asguming t h e  
same dependence on t ime of theGimpacI5 rates as i n  t H &  EaYth-Moon 
system. 

Hartmann e t  a l .  ( B a s a l t i c  Volcanism Study Pro jec t ,  1981) 
came t o  t h e  conclusion, on t h e  b a s i s  of cons idera t ion  of impact 
p r o b a b i l i t i e s  of t h e  p resen t  a s t e r o i d  and comet populat ions of 
Mercury, t h a t  t h e  r a t i o  of t h e  c r a t e r  product ion r a t e s  of Mercury 
t o  t h e  Moon i s  about 2 : l  f o r  c r a t e r s  wi th  D > 4  km. W e  w i l l  use ;. 
t h e  f a c t  of t h e  "marker horizon" and a s s u m e  t h a t  t h e  youngest 
bas ins  of t h e  Moon, Mars and Mercury occurred a t  approximately 
t h e  same t i m e  about 3.9 b i l l i o n  y e a r s  ago. The youngest Mercury 
bas in ,  which w e  know (about 60% of t h e  Mercury su r face  i s  no t  
known, s i n c e  it i s  no t  covered by photographic d a t a )  g ives  f o r  
D=4 km and D=10 km values  of N(4)=6.2 1 0 ' ~ k m - ~  and n (10)=  
7.1 10- ' km-~  (Figure 54) . .  The youngest Moon bas ins  Schradinger 
and Or ienta le ,  . give  approximately N ( 4 )  =3.4 1 0 - ~ k m - ~  
and N(10)=6.0 10-'krn-~ (compare Chapter IV.3). 

A s l i g h t l y  h igher  c r a t e r  product ion rate i n  t h i s  diameter 
range i s  found f o r  Mercury than t h e  Moon. This,i,a q u a l i t a t i v e l y  
c o n s i s t e n t  wi th  t h e  conclusions of Hartmann e t  a l , ,  ( B a s a l t i c  
Volcanism Study P r o j e c t ,  1981) f o r  t h e  r e c e n t  bombardment and 
supports the assumption of t h e  same t i m e  dependence of luna r  
and Mercury impact rates. The Mercury c r a t e r i n g  chronology 
model der ivesf r2m t h e  Moons c r a t e r i n g  chronology of Chapter I V  
through t h e  comparison f o r  t h e  va lues  of t h e  bas ins  "marker 
horizon" and t ak ing  i n t o  acc_ount t h e  product ion c r e t e r  s i z e  
d i s t r i b u t i o n  of Mercury (stan,dard d i s t r i b u t i o n )  as shown i n  
Figure 55. This  chronology i s  s u r e  only t o  a f a c t o r  of 2 t o  3  
i n  N ,  bu t  it al lows thus  a  good a b s o l u t e  determinat ion of t h e  
age with e r r o r s  of 100 t o  200 m i l l i o n  y e a r s  f o r  s t r u c t u r e s  o l d e r  
than  3.5 b i l l i o n  yea r s  (N (1)>1 - 1 0 - ~ k m - ~ ) .  

Table 5 con ta ins  r e l a t i v e  and absoaute  c r a t e r  r e t e n t i o n  
ages  r e s u l t i n g  from our  measurements. I t  was found t h a t  t h e  
o l d e s t  c r u s t  of Mercury i s  somewhat younger t h a t  t h e  o l d e s t  c r u s t  
of t h e  Moon. B a s a l t i c  volcanism w i t f r  f i l l i n g  of t h e  C a l o r i s  
Basin took p l a c e  imrnediate'ly a f t e r  t h e  formation o f  fhe  bas in  

' about 3.9 b i l l i o n  y e a r s  ago, q u i t e  s i m i l a r l y  a s  -in t h e  case of 
t h e  younger bas ins  of t h e  Earth.' 



Figure  54. C r a t e r  frequency 
of t h e  C a l o r i s  Basin of M e r L  
cury.  The cont inuous curve  
i s  t h e  s tandard  d i s t r i b u t i o n  
of Mercury c r a t e r s .  

Mercurian Cra te r~ng  Chronology 

Age (10' years) 

Figure  55. C r a t e r i n g  chronology model f o r  t h e  p l a n e t  Mercury. 
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TABLE 5: RELATIVE AND ABSOLUTE CRATER RETENTION AGE OF MERCURY'S 
GEOLOGICAL STRUCTURE (Data Neukum, 1983) 

Geological 
St ruc tu re  

I 1 3 6  
I 

Eelat ive.  C r a t e r  . Absolute c r a t e r -  
ke ten t ion  Age 'Retention Age 

\ H i g h l a n d  

Beethoven B a s i n  

Chekhov B a s i n  

Ca lo r i s  B a s i n  

Caloris-Mare ( I n t e r i o r )  

Dostoevski B a s i n  

Hay& B a s i n  

Pushkin B a s i n  

Raphael B a s i n  

T o l s t o i  B a s i n  



VIII. CHARACTERISTICS OF THE OLDEST CRATER POPULATIONS OF 
THE MOONS -OF JUPITER AND SATURN 

The photographic data transmitted by Voyager-1 and 2 /I37 
(compare Smith et al., 1979, 1981, 1982) allow us to conduct 
only a rough comparative study of the crater popula$ions of the 
moons of Jupiter and'saturn iniithe size range Dz4--lO.kni'(see 
Table 1) because of limited spatial resolution. -The crater popu- 
lations studied by different authors (Smith et al., 1979, 1981, 
1982; Strom et al., 1981; Neukurn, 1981; Strom and Woronow, 1982) 
show a size distribution deviating from those of the internal 
Solar System. Strom and Woropow (1982) differentiate in their 
analyses (Figure 56) different populations, which they believe 
they see partly only in the internal Solar System and partly only 
in the external Solar System. They dra* therefore the conclusion 
that there are different populations of crater producing objects 
in different parts of the Solar System. In this study their 
conclusions are not shared in all cases, and in the following 
Chapter we will discuss in greater detail the relationships 
between the populations in the internal Solar System and the satel- 
lites of Jupiter and Saturn, First of all, however, it is proper 
to provide some detailed considerations of the crater populations 
in the oldest regions of the Jupiter moons, Ganymede and Callisto 
and some satellites of Saturn. Here only measurement data which 
seem to be certain to some extent are used. (Many of the data 
published and interpreted in the literature up &%ti1 now were 
obtained from nonrectified photogfa@hic material). 

The Jupiter moons Ganymede and Callisto show very good crater 
populations, which probably arose mainly in the first couple of 
hundred million years after accretion of the moons and solidi- 
fication of thelr crusts (compare Smith et al., 1979). The 
crust of Callisto shows little endogenous activity'; so that 

/I39 the crater population was h2rdly disturbed. Ganymende's surface 
was renewed several times by tectonic processes with new formation 
of crust material, but large portions of the old crust have 
remained (Figure 57). 

In Figure 58 crater frequencies of the oldest populations-of 
Ganymede and Callisto are shown in compirison with the oldest 
lunar highland populations. Similarities of the distribution 
are identifiable, but the frequencies of Ganymede and Callisto 
are clearly below those of the Moon's highland and decrease some- 
what more sharply. An analysis of the distribution characteristics 
of the form of relative frequencies (Figure 59) shows that strik- 
ing similarities occur: the distribution for Ganymede shows a 
variation similar to the 1unar.distribution of the distribution 
index for the characteristic bending of the relative frequency 
at 40 km crater diameter (as compared with the crater diameter 
at 60 km for the Moon). The distribution of Callisto seemsto 
have a similar characteristic, but this cannot be stated with . 



Figure 56. Relative crater frequencies+of 
crater populations which were obtained on 
different planefs and moons of the Solar 
System by Strom and Woronow (1982). The 
populations occur according to these 
measurements: A: Mercury, Moon and Mars; 
B: Moon and Mars; C: Tethys, Diongpnd 
Rhea; D: Mimas, Enceladus, Tethys, Dione; 
E: Ganymede and Callisto, Our measure- 
ments confirm the findings for A and D l  
but not exactly for E (although similar). 
The findings for B (younger Eratosthenian- 
Copernican populations) arenot supported, 
but their variation is obtained according 
to measurements'%imilarly to A in the plotted 
size range. 



Figure 57. Region of old (darker) crust of Ganymede (Gali- 
leo Regio) with the oldest population of craters which have 
partly lost their shape by flowing of ice,"bfit are still iden- 
tifiable, large, round, brighter structures). 

certainty for smaller craters because of the limited spatial 
resolution of tlhe photographic material. A shifting of the 
lunar distribution in the ratio D (Moon) /D (Ganymede)-r1.5 repre- 
duced the distribution for aanymende. For Callisto such a 
satisfactory consistency cannot be found, but the measurements 
are of poorer quality because of insufficient photographic data. 

The distribution curve obtained with the tkansformation 
D(Moon) /D(Ganymede)=l. 5 is shown in Figure 60 using the data of 
Galileo Regio and the youngest basins of Ganymede (Gilgamesh). 
This youngest basin was defined similarfy to the considerations 
for the internal Solar System at around the "marker horizon" 
for the decrease of the early bombardment. Similar crater £re- 
quencies are obtained: N(10)=2.9 - '10'~km-~ for .the Gilgamesh 
basin of Ganymede as compared with N(10)=5.7 - 1~'5b-2 for the 
Orienta3 Basin of the Earth's Moon. The ratio of the frequency between 
Galileo Region as the oldest crust and Gilgamesh as the youngest /I41 
basin resembles very much the similar lunar ratio (compare Table 
6). An attempt could be made to obtain from it cratering chrono- 
logy similar to that of the Moon with similar half lives. Shoe- 
maker and Wolfe (1982) establish a cratering chronology similar 



to that of the Moon on the basis of short and long period comets 
and certain classes of asteroids in heliocentric orbits as 
crater producing bodies. But we consider these discussions to 
be still speculative, since in reality nothing is known about 
the nature of the crater producing bodies and their impact rates. 
It is quite possible that the crater producing objects are found 
in the planetocentric orbits around Jupiter, as was..discussed 
by Strom and Woronow (1982) and ~euktim (1982) (compake Cliapter 
IX) . 

I 1 , , , , , 1 1  I I I 1 , 1 1 1 , 1  , ,,,, The crater populations of the 
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quality of the data is, in our 
x I opinion, not yet good enough to 

make sure statements, like those 0 
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u = - - of Strom and Woronow (1982) in 
I& Figure 56. The distribution found 
L - - by these authors (D, Figure 56) 
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tic to the one found. by us for 

ci .the Jupiter moons Ganymede and 
U / Callisto, seems however to be 

la-? r i confirmed, as is apparent in 
Figure 61. The inflection diameter 

- of the distribution is from 10 to 
10-0 I l l l l l l  I I l t l t J  20 km (as cornpar& with the lunar 

18 a 10 1 10 2 10 3 l0 ' curve at D=60 km) . 
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Figure 58. Cumulative distri- 
butions of the gldest crater 
populations of Ganymede and 
Callisto as compared with 
the distribution of the 
lunar highlands. (Data 
Neukum, 1981 and Strom et al., 
1981). 
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Figure 59. Relative crater. . of structures on Ganymede 
frequencies of the oldest (oldest crust, Galileo Regio 
populations of Ganyrnede and and youngest basin, Gilgamesh). 
Callisto (from Figure 58). The corresponding continuous 

curves are the lunar standard 
distributim transformed with 
D (Moon) =l. 5 D (Ganymede) . 
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Figure 61. Relative distributions 
of the oldest crater populations of 
the Saturn moons Rhea and Tethys. 
(Data of Plescia and Boyce, 1982). 
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IX. COMPARISON OF THE EARLY METEORITE BOMBARDMENTS OF THE 
TERRESTRIAL PLANETS AND THE MOONS OF JUPITER AND SATURN 

IX.l. Comparison of the Distribution Characteristics /I43 

As was stated several times in the previous Chapters, strong 
similarities exist between the-crater population from.the time 
before the end of the early, heavy bombardments with the production 
of the large basins of the Moon, Mercury and Mars. Their size 
distributions show a characteristic variability of the distribu- 
tion index as is represented once again in the example of the 
relative distribution of the populations of the highland regions 
(Figure 62). 

From the form of the relative distribution it may be seen 
(compare Chapter III.3.4.), that the cumulative distribution index 
a varies in the,range D=50--100 krn from a%-1 through a=-2 to a%-3. 
The diameter at which the distribution reaches its peak (a=-2) 
and bends, will hereafter be designated as inflection diameter 
Din£ (Figure 62). Very similar characteristics of -the distribution 
may be observed in the oldest populations of the Jupiter moons 
Ganymede and Callisto and some-saturn moons, as discussed in the 
previous Chapter and shown in Figure 62,as an example of the popula- 
tion of Ganymede. The similarities of the crater size distribu- 
tions are interpreted by us as similarities of the distribution 
in the basic meteorite populations (Neukurn, 1981). According 
to this interpretation, meteorites of the same mass and density 
produce crater diameters of different. size a& the function of 
impact velocity, density and strength of the substrata, surface 
gravitation, etc., (compare following Chapter). The different 
inflection diam-eters Din£ of the distributions would correspond 
accordingly to approximately the same mass of the striking ob- 
jects. By comparing the fr,~quencies at the point 6£ inflection 
diameter, it should thus be possible to determine the impact /I45 
rates for masses of equal size, We give below first a comparison 
of the empirical data, which will be supplemented subsequently 
by a theoretical discussion of the relationships, 

The frequencies measured at the inflection point and other 
diameters of the older populations arergiven in Table 6. The 
measured frequencies for the youngest basins are D=l km and 
D=10 km, standardized to the lunar values given for a ratio of 
frequencies measured each time. Thg following may be derived .! from the data: - ; 

1. The frequencies of the'inflection point for the youngest 
basins, which determine the "marker horizon" atanage of about 
3.9 billion years, are identical within a factor 2 for the Earth's 

,Moon, Mercury, Mars and Ganymede. It follows therefore (assuming 
the above indicated assumption, that the inflection diameter 
indicates approximately the same meteorite mass) that the flow . 
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Figure 62. A comparison of the 
crater populations of the oldest 
regions of the Earth's Moon, Mars, 
Mercury and the Jupiter moon, 
Ganymede, in the form of their 
.relative frequency distribhiions. 
The distributions show very simi- 
lar characteristics with inflec-' 
tion of the variation in the diam- 
eter range 40 km<D<100 - - km 
(Din£ (Moon)=6O k.m) . 

of meteorites in this region 
was the same within the 
factor 2. 

2. The ratio of the 
frequencies of the oldest 
highland populations to 
the corresponding popula- 
tions of the youngest- 
basins (for any diameter, 
since the corresponding 
standard distributions are 
used) amountsto a factor 
7 to 14, that is, in the 
case of all the studied 
planets, the agesof the 
oldest highland regions are 
identical within about 100 
million years (assuming the 
same decrease of the impact 
rate). 

The situation regard- 
ing the great similarity 
of the bombardment dis- 
cussed previously indivi- 
dually for the terrestrial 
planets is *&early verified a 

by these numbers. There is 
a' remarkable similarity in 
the impact rates of the 
terrestrial planets, The 
differences in the inflection 
crater sizes and in the pro- 
duction distri6utions of 
the terrestrial planets may 
be explained by differences 
in the impact velocities 
and in the properties of /I45 
the target material. But 
it is not clear whether the 
intpact conditions allow a 
shift of the inflection 
diameter to smaller values. 

. This appears to be true 
possibly only for crater 
producing b6dies in planeto- 
centric orbits (Neukum, 
1982) . These relation- 
ships will be discussed 
below. 



TABLE 6 .  OBSERVED CRATER FREQUENCIES OF THE OLDEST CRATERS OF THE 
YOUNGEST BASINS AND-THE RATIO OF THESE FREQUENCIES - /I46 

I n  f 1 e ct ion R e  1 a t  i v e  Crater  Frequency 
Daimeter 3- am In£ l e c t ion  DiameTey - 

(Moon. = 1 1 
f o r  

Oldest Crater Youngest 
p o p u l a t i o n  Basins 
(High l a n d )  

Mercury l o o  
Moon 60 
Mars 50 
Ganymede 40 
C a l l i s t o  -3 0  
Rhea -1 5  

C u m u l a t i v e  c r a t e r  Ratio of the  c r a t e r  
frequency of the youngest frec@encies between 
basin with regard t o  oldest  highland and 
Earth 's  Moon youngest basins 

f o r  each individual 
planet. 

D=l km '". D=l Okm 

Mercury 3 - 1  1 . 2  
Moon 1  . O  1 . 0  
Mars 0 . 3  1.5 
Gan ym ede 0 . 2  0  - 5  



I X . 2 .  Relat ionshin Setween Cra te r  S i z e  and P r o j e c t i l e  Enerqy 
(Scal ing Laws) 

Between t h e  c r a t e r  diameter D and t h e  impact energy E t h e r e  
are complicated r e l a t i o n s h i p s ,  which s o  f a r  it has been impos- 
s i b l e  t o  grasp  f u l l y  e i t h e r  experimental ly  o r  t h e o r e t i c a l l y .  
The uncer ta in ty  of t h e  r e s u l t s  often,exceedslone o rde r  of magni- 
tude  (compare Figure 63) . Theairnost iinportant concrete. r e l a t i o n -  
sh ips  ( s c a l i n g  laws) between E'and D (where D v a r i e s  e.g. between 
1 and l o 8  cm) a r e  descr ibed below b r i e f l y .  

I n  a t o t a l l y  i n e l a s t i c  c o l l i s i o n  between two bodies of 
mass m ( p r o j e c t i l e )  and M ( t a r g e t )  wi th  t h e  impact v e l o c i t y  
V i ,  t h e  k i n e t i c  energy 

is  converted i n t o  o t h e r  energy forms ( K i t t e l  e t  a l . ,  1973).  

I f  m<<M, a s  i s  b a s i c a l l y  t h e  case  i n  c o l l i s i o n s  i n  t h e  So la r  
System ( f o r  example, meteori te-Earth)  , equat ion (1) ,may be 
w r i t t e n  a s  

t h a t  i s ,  p r a c t i c a l l y  t h e  e n t i r e  k i n e t i c  energy of t h e  impact i s  
converted. * + 

For c r a t e r s  i n  s i l i c a t e  t a r g e t  m a t e r i a l  ( rock)  according t o  1148 
Gault  e t  a l .  (1975) and C r o f t  (1977),  t h e  k i n e t i c  energy of t h e  
c o l l i s i o n  may be divided i n t o  f i v e  p a r t s  (CGS u n i t s ) :  

1) The part i s  converted d i r e c t l y  i n t o  hea t ,  where . . 

kl=const  and f ( V i )  i s  a funct ion  of t h e  impact v e l o c i t y  V i e  For 
Vi>15 km/s i n  t h e  rock, ~h%E/3. 

2 )  The crushing energy is: 

D des ignates  t h e  c r a t e r  diameter,  k2$lo9 and 3-a6%2,7. 
1 '  

3) Deformation energy 

4 )  Ejeckion energy 



where 1 0 - ' < k ~ < 1 0 ~  and ~ = G M / R ~  i s  t h e  su r face  g r a v i t a t i o n  (G i s  
t h e  g r a v i t a t i o n  cons tant ,  M i s  t h e  mass of t h e  t a r g e t ,  R i s  t h e  
t a r g e t  r ad ius )  . 

5) Seismic energy 

I n  genera l  Es i s  n e g l i g i b l e  a s  gompared with t h e  o ther . forms of 
energy. 

The energy conservat ion law f o r  t h e  c o l l i s i o n  i s  now 

The terms which conta in  t h e  k i n e t i c  energy E=m ~ 1 / 2  of t h e  
p r o j e c t i l e s  a r e  grouped on t h e  l e f t  hand s i d e ,  so  t h a t  

where 

W e  have k 2 > > k 3 > > k 4 ,  SO t h a t  f o r  c r a t e r s  smal ler  than 1 0  m, 
equation (9)  becomes approximately 

For l a r g e r  c r a t e r s  (21 km) t h e  t e r m  i n  D~ predominates, 
so  t h a t  

The middle term i n  equat ion (9)  may predominate f o r  ?iiameters 
between 10 m and 1 km. I n  t h r s  case w e  have 

'h  
D -  ( F ( E ) )  , ( 1 0  ~ _ c D <  1 km) (13) .  

Equations (11) t o  (13) i n d i c a t e  d i f f e r e n t  s c a l i n g  p o s s i b i l i t i e s  
of D a s  a funct ion  of t h e  k i n e t i c  impact energy, with exponents 
between 1 /3  and 1 / 4 .  # 

According t o  Melosh (1980) one of t h e  more r e a l i s t i c  c r a t e r  
s c a l i n g  laws i s  t h a t  of Gault  (1974). I t  i s  based on impact 
experimental  c r a t e r s  of nuclear  bomb explosions.  Wri t ten i n  

' i .CGS u n i t s ,  it i s  

\ 
pp and p t  i n d i c a t e  t h e  dens i ty  of t h e  p r o j e c t i l e  and t h e  t a r g e t ,  
r e spec t ive ly  and 8 i s  t h e  angle  between t h e  impact v e l o c i t y  and 
t h e  t a r g e t  su r face  (8=45O); gM/g i s  t h e  r a t i o  between t h e  su r face  

t 

120 



g r a v i t a t i o n  of t h e  Moon and t h e  corresponding t a r g e t  p l a n e t .  

The f a c t o r  (gJ4/g) i s  n o t  con ta ined  o r i g i n a l l y  i n  t h e  Gaul t  
formula. The exponent 3/16 w a s  formed as t h e  average  between 
1 / 4  and 1 /8 ,  because accord ing  t o  Chabai (1977) it i s  n o t  pos- 
s i b l e  i n  t h e  p r e s e n t  s t a g e  of t h e  r e s e a r c h  t o  d i f f e r e n t i a t e  
between t h e  two exponents; t h e s e  exponents may be  de r ived  from 
dimension c o n s i d e r a t i o n s  (compare Holsapple  and Schmidt, 1982) .  
The exper imental  v a l u e  1 /6  'Yound by Gaul t  and Wedekind 
(1977) i s  c l o s e  t o  3/16,  Even t h e  c r a t e r  which was l e f t  behind 

by t h e  Moon Probe Ranger-VIII on t h e  Moon i n d i c a t e s  a s c a l i n g  
exponent of t h e  g r a v i t a t i o n  between 1 / 4  and 3/16 ( ~ a l d w i n ,  1968).  

Other s c a l i n g  l a w s ,  which g i v e  t h e  c r a t e r  d iameter  D as a 
f u n c t i o n  of t h e  impact energy E are t h o s e  of  Dence e t  a l .  (1977) 

and 

li - .  - 
( g ~ / g )  i s  he re  t h e  r a t i o  between t h e  s u r f a c e  g r a v i t a t i o n  of  t h e  
E a r t h a n d t h a t  of t h e  t a r g e t .  Unfor tuna te ly  Dence e t - a l .  (1977) 
i n d i c a t e  no dependence on d e n s i t y ,  s o  t h a t  equa t ion  (15) i s  v a l i d  
mainly f o r  t h e  s u r f a c e  rocks  of bod ie s  s i m i l a r  t o  t h e  Ear th .  

The formula of Shoemaker (1979) is, excep t  f o r  a  d e v i a t i o n  
of 5%,  t h e  same a s  t h a t  of Dence e t  a l .  (1977):  

* ¶I 

f o r  

C r o f t  (1977) choses  t h e  l oga r i t hmic  form t o  r e p r e s e n t  t h e  ( E , D )  
dependence. 

. . 
D = 2.53  ( E / s ~ g ) ~ ~ ,  ( D < 1 0  .gi krn for  the Moon.) (17) 

l o g  D = ( log(2E/3.gcg)  - 1 9 . 0 8  + 21 .47  dm- 1.88 R 

/ ( 3 . 5 1  - 21.80  R'"'~) + 5 ,  ( D  7 1 0  krn for the Moon.), (18) 

t 

A l l  v a l u e s  are given i n  CGS u n i t s ,  excep t  f o r  t h e  t a r g e t  p l a n e t  
r a d i u s  R, which must be  given i n  km. The c u r v a t u r e  e f f e c t  o f  t h e  
p l a n e t  s u r f a c e ,  which i s  r ep re sen ted  by t h e  R terms, i s  i n  most 
cases n e g l i g i b l e ,  s o  t h a t  bquat ion (18) i s  conver ted  i n t o  

The t h r e e  crater s c a l i n g  l a w s  ( equa t ions  ( 1 4 ) ,  ( I S ) ,  ( 1 7 ) ,  (18) ) 
are shown g r a p h i c a l l y  i n  F igu re  63 f o r  t h e  Moon w i t h  a t a r g e t  
v e l o c i t y  V i = l O  k m / s  and pp=pt=3 gcm-' f o r  t h e  terrestrial  p l a n e t s  



(continuous lines), and pp=pt=l gcme3 for the ice covered satel- 
lites of the large planets .(~nterrupted lines). 

Numerical calculations by OtKeefe and Ahrens (1982) suggest 
that the collision of an ice ball of density 1 gcm-3 with an 
anorthositic target (pt=2.94 gcm-3) takes place ina similar manner 
as the collision between rocks. Unfortunately, so far there are 
only a few experiments on formation . between craters and ice, 
mostly for low energies (<lo1" erg) and low velocitie's (<6 krn/s) . 
The target bodies were partly cooled to temperatures up to 80K, 
to simulate the environmental conditions of the ice satellites 
of Jupiter and Saturn. An analysis of the experiments by Pohl 
(1982) gives us most important results: 1) the craters in ice 
are similar to the craters in sand and solid rock. 2) The 
dependence of the dimensions (for example, diamete D) on the 
energy of the projectile is likewise similar (D-E 173-4) /I52 
3) The diameter in ice is for the same energy (<lo ergs) on the 
projectile 3 to 4 times greater than in solid silicate rock. 

The interrupted lines in Figure 63 for p =pt=l g ~ m - ~  may 
theref ore be at least qualitatively correct. P~nfortunately the 
uncertainties are very great; the difference betwe6n the different 
(E,D) scaling laws is almost oane order of magnitude. 

It seems that the relationship of Croft (1977) tends to 
overestimate the crater diameter. According to the Croft depen- 
dence law, even bodies of lo2' g or about Moon masses should 
be sufficient to form the largest Moon basins o"b3erved (for 
example, Mare Imbrium); it seems improbable that the maximum 
distance between the Moon mass and the largest observed Moon 
meteorites is so large. Wetherill (1981) gives 1 0 ~ ~ - - 1 0 ~ ~  g for 
the Imbrium meteorites, while Safronov (1969) derives from the 
slopes of the planetary rotation axes mass values for the largest 
meteorites occurring of 10-~--10-~ of the mass of the target 
planet. I UO 

The dependence of (~/d) as a function of the projectile 
diameter d (m=r - d3/6) according to equation (16) is 
shown in Figure 64:' The impact velocities used in the calcula- 
tion Vi=14.1 km/s for the Moon and Viz17.8 km/s for the Earth 
corresponds to average impact velocitiqs of bodies which are in 
orbits similar to those of the Apollo and Amor asteroids, with 
eccentricities e=0.6 (Chapter IX.3). This relationship between 
the crater diameter D and projectile diameter d represents 
the basis of the conversion of asteroid diameters.observed in 
the telescope into crater diameters (compare Chapters IV and V). 



Log Impactor Mass m (g) 

Figure 6 3 .  C r a t e r  diameter D a s  a  func t ion  bf t h e  pro- 
j e c t i l e  mass m f o r  t h e  s c a l i n g  laws from equat ions ( 1 4 ) ,  
( I S ) ,  ( 1 7 ) ,  (18) f o r  t h e  dens i ty  3 g/cm3 (continuous 
l i n e s )  and dens i ty  1 g/cm3 (dashed l i n e ) ,  

Figure 64. Rat io (D/d) of c r a t e r  diameter t o  p r o j e c t i l e  
diameter a s  a funct ion  Of t h e  p r o j e c t i l e  diameter d f o r  
h e l i o c e n t r i c  p r o j e c t i l e  o r b i t s  of t h e  e c c e n t r i c i t y  e=0.6 
( V i =  impact v e l o c i t y )  . 
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IX.3. Characteristio:Velocities of the the Crater Producing 
Meteorite Popu1ation.s andTheir Average Lifetime 

We discuss below the observations made on crater populations 1154 
andthe general relationship of the theoretically possible mass and 
velocity distributions and survival times of meteorite populations 
with certain plausible orbit characteristics. In this connection, 
we will discuss individually <he question as to whether.-the 
oldest crater populations of the terrestrial planets a'nd the 
satellites of Jupiter and saturn were produced by meteorites 
in heliocentric or planetocentric orbits. 

By means of the scaling laws (equations (14), (15), (17), (18)) 
conclusions can be drawn regarding the-mass and velocity distri- 
bution.~£ the meteorite populations which caused the observed 
craters. Because the Croft law (equations (17), (18)) gives most 
probably much too large crater diameters D, and the formula of 
Dence et al. (1977) does not contain explicitly the density of 
target and projectile (equation (15)), there remains for the 
application to the terrestrial planets (density of surface rocks 
3 g~m'~) and Jupiter and Saturn satellites (density of surface 
materials 1--2 g~rn-~) only the Gault law (equation (14) ) . Naturally 
the results would not confirmmuch from each other even if other 
scaling laws were used, because the exponents of the energy E 
are similar (0.28 to 0.294) and relative crater frequencies and 
crater diameters are calculated. 

Besides the gravitation sphere (see furthe; %n, equation (22) ) 
of the planets and satellites, the lqrger meteorites decribe 
Kepler ellipses. The eccentricities are generally assumed to 
be equal to 0,6. This value corresponds approximately to that 
of the object similar to the Apollo asteroids and to the observed 
meteor and meteorite orbits (compare Opik, 1966). It lies between 
the value of the eccentricity of the Mars asteroids (e&0.38) and 
that of the long period coets (e%l) and should also be relevant 
for the last stages of the accretion of planets. 

The relative velocity U between the meteorite and a fictitious 
particle in the circularorbikaround the parent body is very 
important hereafter, because it can be expressed for the simplest 
case of the spherically symmetrical di~tribution of U by means 
of the eccentricity e (6pik, 1966) : 

- I 

For e50.6, the effect of the term 2u9/3v: ik less than lo%, 
so that hereafter the simple relationship 

is used. Vc= (GMoID/Rp, s) 'j2 indicates the Kepler circular orbit 



around t h e  parent  body. The rad ius  of t h e  g r a v i t a t i o n  sphere sp,s 
of a  p lane t  o r  a  s a t e l l i t e  of Mars Mp and Ms i s  equal t o  

Rp and R s  i s  t h e  d i s t a n c e  between Sun and p l a n e t  o r  p lane t  s a t e l -  
l i t e ,  r epec t ive ly ,  and Ma and Mp t h e  mass of t h e  parent  body, 
t h a t  is,  t h e  mass of t h e  Sun o r  t h e  m a s s  of t h e  p lane t ,  r e spec t ive ly -  -. 

3- 

Simple r e l a t i o n s h i p s  f o r  the-.average impact v e l o c i t y  may be 
given on t h e  b a s i s  of Laplace two-body approximation f o r  t h e  
following t h r e e  cases  (compare Shoemaker and Wolfe, 1982).  

1. C o l l i s i o n  between h e l i o c e n t r i c  me teor i t e s  and p lane t s .  

L e t  U be t h e  r e l a t i v e  v e l o c i t y  between t h e  me teor i t e  on /I56 
t h e  edge o? t h e  g r a v i t a t i o n  sphere of t h e  p l a n e t  and t h e  f i c t i t i o u s  
p a r t i c l e  i n  t h e  Kepler c i r c u l a r  o b i t .  L e t  Up be t h e  r e l a t i v e  
v e l o c i t y  of t h e  p l a n e t  with e c c e n t r i c i t y  ep wi th  regard t o  t h e  
same p a r t i c l e .  The r e l a t i v e  planet-meteorite v e l o c i t y  on t h e  
edge of t h e  g r a v i t a t i o n  s ~ h e r e  i s  then 

+- +- 
where 0 i s  t h e  angle  between t h e  vec to r s  Ue and Up. With an 
averaging, t h e  cos0 i a  e l iminated because of spherical symmetry, 
and equat ion (23) i s  converted i n t o  

where 

e and e represen t  t h e  e c c e n t r i c i t y  of h e l i o c e n t r i c  o r b i t  of 
meteoriee and p l a n e t ,  r e spec t ive ly .  With t h e  two-body approxi- 
mation t h e r e  fol lows then f o r  t h e  impact v e l o c i t y  a -  

where Rp i s  t h e  p l a n e t  rad ius .  

2. C o l l i s i o n  between h e l i o c e n t r i c  me teor i t e s  and s a t e l l i t e s  
of a  p lane t .  

9 

The v e l o c i t y  of t h e  meteor i te  a t  t h e  average d i s t ance  R s  
from t h e  satel l i te  o r b i t  i s  according t o  equat ion (25) 

The r e l a t i v e  v e l o c i t y  with regard t o  t h e  f i c t i t i o u s  c i r c u l a r  
o r b i t  p a r t i c l e  is  then s i m i l a r  t o  equat ion ( 2 3 ) ,  (24) 



and the average relative velocity regarding the satellite orbit 
with eccentricity es is 

where us= (3/5) tes~c. Finally we obtain the average impact 
velocity similar to equation (25) as: -. 

3. Collision between planetocentric meteorites and satel- /I57 - lites of a planet. 

The relative velocity between meteorites and satellites 
on the edge of the gravitation sphere of the satellite is 
similarly to equation (23) : 

where U,= (5/3)% and VF and e now represent the eccentricity of 
the meteorite orbit wlth r9gar.d to the satellite. The impact 
velocity sought is then similarly to equation (25), (29) 

Table 7 shows the impact velocities obtai~e$ for e=0.6, 
where the distance between the Moon and Earth was assumed to 
be equal to the two extreme values (Roche limit at 2.88 Earth 
radii and present distance). It is found that the (heliocentric) 
impact velocities on Mercury are larger, and on Mars are smaller 
than that on the Earth. This would mean according to equation 
(14) for the s h e  meteorite mass, and assumed identical target 
densities, correspondingly larger or smaller cratsr diameters, 
in qualitative agreement wi%h the empirical finding for the 
differences in inflection diameters of the distributions (Table 
6). But for the Jupiter and Saturn satellites the heliocentric 
impact velocities obtained would lead to shifts to much larger 
diameters, especially for the ice-covered surfaces of the 
sakellites (compare Figure 63 and equation (14)). The planeto- 
centric velocities are generally smaller by a factor 3--5 than 
the corresponding relevant heliocentric ones. In the case of 
the Jupiter and Saturn satellites, they would lead without 
taking into account the target density dependences, to a shift 
of the inflection diametek to smaller diameters for-the same 
mass distribution of the meteorite population. ~ut'the target 
density dependence may partly compensate for this effect. 

. By means of the Gault relationship (equation (14)) and the 
velocities given in Table 7, the diameter ratios between craters 
are formed on the different celestial bodies on one hand and 
Moon craters on the other (Table 8). For the same meteorite 



TABLE 7.  AVERAGE IMPACT VELOCITIES FOR HELIOCENTRIC AND PLANETO- 
CENTRIC METEORITE O W I T S  OF THE ECCENTRICITY e = 0 . 6  

Object 

T e r r e s t r i  a1  
Planet  .S 

Mer'o~ry 

Earth 

Noon Roche L i m i t  

Noon Present-Value 

J u p i t e r  Moons 

Amalthea 

I0 

C a l l i s t o  

* 
Sa tu rn  Mooas 

Mirnas 25 -2  

Tethys 20.1 

Dione 17 -9  

Hyperion 9 -86 2.35 

Japetus ' 7.25 1-63 ,. 

The average radius  f o r  Apalthea i-s 83 km, f o r  1980 S3 60 km and f o r  Hy- 
perion 148 km, according t o  Thomas and Veverka (1982), S m i t h  e t  a 1  (1982). - 



mass, crater diameters are obtained which generally at 
maximum are twice as large as those of the craters on the Moon, . 
except for the internal moons of Jupiter and Saturn, where the 
craters for heliocentric meterorite orbits should be 3 to 4 
times larger for the same meteorite mass. 

A comparison of the theoretical data with the empirical 
data is given in Table 9. Thg empir-ically obtaine8.inflection 
diameters (assuming an equal mags) would require for 'e=0.6 
velocities which would not be totally consistent for other 
theoretical values. In particular we obtain for Mercury (helio- 
centric) impact velocities which are higher by a factor 2 than 
the theoretical values. We cannot exclude the possibility 
that the empirically obtained value of the inflection diameter of 
D=100 km for Mercury is too high, since the distribution was not 
corrected by erosion effect of the destruction of small craters 
by impact superimposition. In the case of the Earth's Moon, this 
correction resulted in a corresponding variation of the inflec- 
tion diameter of 80 km to 60 km, A similar correction for 
Mercury would give satisfactory consistency with the theoretical 
values. 

In the case of ~upitee and Saturn satellites, the empirically 
obtained inflection diameter for the same mass (with regard to 
the inflection diameter of the Earth's Moon) gives through the 
scaling relationship velocities, which are lower than the 
theoretical planetocentric values, and are par$l.. below those 
required by the satellite'sown gravitation, determined minimum 
impact velocities. This would mean .that the inflection diameters 
obtainea for the satellites of large planets cannot be referred 
to the same masses as those of the terrestrial planets, that is, /I61 
the mass distribution laws of the populations of Jupiter and 
Saturn system tSould be different from that of the internal planets. 
Naturally the uncertainty of the dependence of the-.scaling of 
the density (equation (14)p. in particular for the existing ice 
targets, is so large that within these uncertainties the values ob- 
t a ined fo~as suming iden t i ca lmasses  for the inflection diameters 
both of the internal planets and for the values of Jupiter and 
Saturn satellites,would be compatible; that is, within the 
uncertainties of scaling, the characteristic shifts of the inflec- 
tion diameters both in the internal an@ in the external Solar 
System would be compatible with the assumption of the same mass 
distribution of the crater producing meteorites. This applies for 
the Jupiter and Saturn system naturally only for the case when 
the meteorites were in'paanetocentric orbits. For meteorites in 
heliocentric orbits, very high impact velocities ark obtained, 
which would lead in shift of the inflection diameter (refer to 
the Moon) to higher values. , 

Smith et al, (1979, 1981, 1982) and Shoemaker and Wolfe 
(1982) attempted to explain the bombardment of Jupiter and Saturn 
satellites by meteorites in heliocentric orbits. Through the 



TABLE 8. DIAMETER RATIO RELATIVE TO THE MOON D/DMoon FOR THE IM- 
PACT VELOCITIES FROM TABLE 7 

Object Moon i n  
Roche- L i m i t  

i -  

Moon j 
Present  Value -. . - 

Mer hury 
Earth 
Mars 
A m a l  t hea  
I0 
Ebropa 
Gan ymede 
C a l l i s t o  
1980 S3 
Mimas 
mce ladus  
Tkthys 
Dione 
Rhea 
Hyperion 
Jape tus  

Heliocent . Heliocent  . Planetocent. 

. 
high velocity and high capture cross sections, howcver, at least 
the internal satellites ofsaturn would have been destroyed 
several times by such a bombardment and once again undergone 
accretion, as discussed by Smith et al. (1982). An argument 
against bodies in the heliocentric orbit is, however, that crater 
densities of different magnitude of the Moon in different places 
of its surface would have to found, which is against the observa- 
tions. This will be discussed below. 

9 

The internal satellites of Saturn and Jupiter are in syn- 
chronous rotati~n~with r.egard to the parent body (Smith et al. 
1979; 1981; 1982): The dissipation.function of the tidal fric- 
tion for Saturn is Q%7 -'io4 (Goldreich and ~otei, 1966) and 
the maximum duration to produce synchronism, is %hen (Peale, 1977) 
lo7 years for Mimas, 6 -lo7 years for Tethys, 2.7 lo8 for 
Dione and 10' for Rhea, that is, during the entire bombardment, 
whose traces we see today, the satellites must have been mainly 
in synchronous rotation. ' 

In case of synchronous rotation, the apex point of the . 
-129 



TABLE 9. OBSERVED AND THEORETICAL INFLECTION DIAMETERS AS COMPARED 
WITH THE MOON, ASSUMING THAT THE DIFFERENCES IN THE INFLECTION DI- 
AMETERS CORRESPOND TO DIFFERENCES IN THE VELOCITIES (SAME METEORITE 
MASS) . FOR THE OBSERVED INFLECTION DIAMETER Dinf (OBSERVED) THE IM- 
PACT VELOCITSES Vi in£ DERIVED FROM THE SHIFT WITH REGARD TO THE MOON 
ARE INDICATED FOR BODIES WITH ECCENTRICITIES e=0.6 AND e=0.1. 
Vitmin CORRESPONDS TO THE MINIMUM IMPACT VELOCITY CAUSED BY THE 

PLANETARY BO~Y'S OWN GRAVITATION . 

Object Dinf (Observed) Vi , inf 

(km) (km/s 
Vi, min 
(km/s 

Mercury 100 
Moon 60 
Mars 5 0 

G.&yrne& 40 
C a l l i s t o  30 
Rhea 15 

Heliocentr ic  e d  -6 Planetocentr ic  e=0.6 I 

Planetocentr ic  
e=0,1 

movement of the satellite around the planet must remain approxi- /162 
mately constant with regard to the satellite surface. Because 
of the satellites' own movement around the planet, large differences 
must occur in the impact rate from heliocentric meteorites at the 
apex and antiapex point. Thus for long periods of eccentricity 
e%l, the ratio between the crater frequencies in the apex and anki- 
apex points on Mimas is 18.3, on Tethys 10.5, on Dione 8.2, and 
on Rhea 6.1 (Smith et al., 1981; Shoemaker and Wolfe, 1981). These 
greatdifferences in the crater densiti~s must not be considered, 
but comparable crater densities (Strom and Woronow, 1982). This 
represents an additional argument in favor of the bombardment of 
these satellites by planetocentric bodies; the latter have much 
lower relative velocities+with regard to the satellite than a 
heliocentric projectile (see Table 7), and therefore the difference 
in the apex-antiapex cratering .is not as striking as for heliocen- 
tric projectiles. 

One problem arising in the interpretation of the crater 
producing meteorites like those in the planetocentric orbit in 
the Jupiter and Saturn system is that of the lifetime of these 
bodies, that is, the question as to whether the observed 

- 130- 



cratering of the Moon is consistent with the plausible depen- 
dence on time of the impact rates. This relationship will be 
studied hereafter. The Saturn system is most suitable as the - .  
model case for the studies, since here there is a fairly great 
variation in the distances from the central planet and at the 
same time, crater frequency data. 

To obtain the dependence of time of the bombardment, first /I63 
the collision probability, thht is ehe average lifetime-of the 
meteorite until a collision with the corresponding planet or 
satellite had arrived, must be determined. 

According to Wetherill (1967), the average collision proba- 
bility between two heavenly bodies with approximately the same 
semi-axes and eccentricities el and e2 is: 

p ,  = 3 s: U/2 ? f 2 s i n  i . a3 (1-e' ) ( 1 -  ) cot d 

where i is the mutual orbit slope (sin i%i=U/(3%vc) and 
cot a=U a$/3%(~~(1-e~) ) % .  If as in our case, the target mass M 
is much la~ger than the projectile mass, we may write for the 
collision radius the simple relationship: 

sC = R(~+~GM/Ru' ) lft (3 4 

where R is the target radius and U the relative velocity towards 
infinity. Even for eccentricities of 0.6, thesed£fect of el, e2 
in equation (33) is only 20%. 

If the eccentricity terms are disregarded, equation (33) 
with the indicated relationships will be transformed into 

d Pc = 3 s: G M / ~  7r2aYu . . (35) 

The average lifetime af a meteorite is then 

The average lifetime of heliocentric meteorites with regard 
to the different planets and planetocentric meteorites with regard 
to the 'same satellites is given in Table 10. The short life- 
times of the planetocentric meteorites for the satellites is /I65 
particularly noteworthy. The possibility of ejection through 
the large planets was disregarded. 

The surfaces of the Jupiter and Saturn satellites show just 
like the Moon, the _Earth, Mercury and Mars, crater populations 
which seem to be of very different age (Smith et al. (1981), so 
that the accumulation of craters must'have occurred during 
geologically long intervals of time (at least a few hundred 
billion years). Because of the extremely short lifetime (pre- 
dominantly 510' year) of planetocentric particles, the observed 
patering cannot be explained without further assumptions by 



TABLE 10. AVERAGE LIFETIME OF HELIOCENTRIC METEORITES WITH 
REGARD TO THE PLANET AND OF PLANETOCENTRIC METEORITES WITH 

REGARD TO THE SATELLITES (e=0.6) 

Object Lifetime of Meteorites -. 
( years) 

- 

Plane t s  

Mercury 

Venus 

Earth 

Mars 

J u p i t e r  

Saturn 

Uranus 

S a t e l l i t e s  

W o n  at present 

Amalthea 

I0 

mropa  

Wymed 

C a l l i s t o  

1980 S3 

Mimas 

Fhceladus 

Tethys 

Dione 

Rhea 

Hyperion 

Jape tus  



planetocentric meteorites in the production phase of the regular 
satellite systems, because (i) the observed crater populations 
must have occurred during at least several hundred billion years- 
(Smith et al. 1982) and (ii) the regular satellite systems must 
have formed in many shorter periods of time, if only because of 
the relatively short lifetime of particles in the region around 
Jupiter (7 lo6 years) and Saturn (lo8 years). 

On the basis of the arguqent of' the short lif~time, there- 
fore the observed crater populations must have occurred only by 
the impact of meteorites (comets) in heliocentric orbits. This 
may have also been the case for the Galileo satellite's of 
Jupiter and the largest Saturn satellites (Rhea, .lapetus); these 
satellites are too large to be destroyed by comet cores striking 
against them, as was estimated bysmithet al., (1982) on the 
basis of the present impact frequencies by meteorites resembling 
comets. 

The smaller satellites of Jupiter and Saturn may have even 
been destroyed several times by large comet cores (for the 
Saturn system compare Smith et al., 1982). However, it would 
be possible for the observed crater populations of the smaller 
Saturn and Jupiter satellites -to have been produced predominantly 
by planetocentric particles, which were produced by destruction 
of the parent satellite through a large heliocentric comet. Such /I66 
a scenario would be supported by the observed crater frequencies 
on the Saturn satellite. It is apparent from Figure 65 that 
the theoretically derived crater frequencies fer* the Saturn 
satellites (from Table 7) would be much more consistent with 
the observed cumulative relative crater frequencies in the case 
of collisions with planetocentric meteorites rather than helio- 
centric meteorites (comets). 

In Figure -67, the theoretical crater frequency. standardized 
to values of Callisto is represented for the internal satellites 
of Jupiter. The observation data for 10 and Europa are not 
available because of the geological activity of these satellites. 
The calculated variation of the cumulative crater frequency on 
Amalthea is about 400 (Figure 67), according to whether the 
craters are produced by heliocentric particles of eccentricity 
e=0.6 or by planetocentric particles of eccentricity 0.01. 
Future more exact observations of the Crater frequency on Arnal- 
thea (size 270X165X150 km, Thomas and Veverka, 1982) might 
provide information as to whether the observed impacts on the 
Jupiter satellites have Qeen caused.by heliocentric or planeto- 
centric projectiles. ~ebause of their size the Galjleo satellites 
of Jupiter (10, Europa, Ganymede, Callisto) are -certainly 
protected to a great extent against destruction, so that at 
least the craters on the large Jupiter satellites must have 
been caused by heliocentric particles (comet nuclei). 

From the above, it is apparent that the oldest crater 
populations of the terrestrial planets were produced by bodies . 



i n  h e l i o c e n t r i c  o r b i t s  with t h e  same o r v e r y  s i m i l a r  m a s s  spectrum. 
I n  t h e  case  of J u p i t e r  s a t e l l i t e s ,  some of t h e  observat ions have 
t h e o r e t i c a l  arguments i n d i c a t i n g  c l e a r l y  t h a t  t h e  c r a t e r  pro- 
ducing meteor i tes  here  were those  with t h e  same o r  very s i m i l a r  
mass spectrum i n  p lane tocen t r i c  o r b i t ;  o t h e r  arguments again,  
e s p e c i a l l y  t h a t  of t h e  s h o r t  l i f e t i m e  of p lane tocen t r i c  popula- - / I67 
t i o n s ,  a r e ' i n  favor  of t h e  bombardment by populat ions i n  he l io-  
c e n t r i c  o r b i t s .  One s o l u t i o n  might b e  t h a t  t h e  b~pbardment  of 
t h e  J u p i t e r  and SaturnmoonstEjok p lace  i n  such a way t h a t  a 
primary population, whose own c a n t r i b u t i o n  i s  not  apparent 
because of too  low numbers, produced secondary meteor.ites by 
d e s t r u c t i o n  of smal ler  s a t e l l i t e s  of t h e  l a r g e  p lane t s ,  and t h i s  
has  given rise t o  t h e  impression of p lane tocen t r i c  bombardment. 
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Figure 65. f i e o r e t i c a l  cumulative 
c r a t e r  frequency N f o r  t h e  Saturn  
s a t e l l i t e s  from Table 7 f o r  he l io-  
c e n t r i c  p r o j e c t i l e s  of e c c e n t r i c i t y  
e=0.6 f o r  c ra terd iameterD=lO km 
(curve 1) and D=20 km (curve 2 ) .  
The symbol + corresponds t to  t h e  ob- 
served N f o r  D=10 km, @ corresponds 
t o  t h e  observed N f o r  D=20 km. 
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km, curve  2 f o r  e=0.1, D=10 km, cu rve  3 * 

f o r  e=0,6 D=20 I& and cu rve  4 f o r  e=0.01, 
D=20 km. 
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X. SUMMARY 

In this study for the first time a comprehensive description /I70 
has.been given of the method of dating by measurement of the 
impact crater frequencies. The method was developed in its 
modern form in the last 15 years, especially on the basis of 
the data from the Apollo Moon .Missians and the misSions-to the 
planet Mars (Mariner-9 and vi$ing). The improved technology and 
procedure of the relative and absolute dating was described in 
detail here. The method now makes it possible to obtain a good 
relative dating of the surface structures of the Earth's Moon, 
the planets Mercury and Mars and the moons of Jupiter and Saturn 
on the basis of photographic analyses. For the Earth's Moon, 
by correlation of the crater frequencies of the Apollo landing 
sites with the radiometric ages of the rock samples brought 
back, a cratering chronology (cumulative crater frequency as a 
function of age) was obtained for the period between oldest 
Moon crusts (4.3 to 4.4 billion years) and the present time. This 
empirical relationship makes it possible to achieve a good abso- 
lute dating of any areas of the Moon's surface by crater fre- 
quency analyses from photographic data with a time*resolution 
of typically 30 million yeSrs 'for ages >3.5 billion years (because 
of the exponential dependence of the frequencies of the age) and 
about 20 to 30% of the age for ages <3.5 billion years (because 
of the linear dependence of the frequencies on the age). 

An important element in the'method of datfn5 by crater 
frequency from photographic data is the recording of crater 
size distributions of the planetary crater population, in par- 
ticular, the undisturbed images of the mass and velocity dis- 
tributions of the meteorites, the production crater size distri- 
butions. By means of these distributions it is possible to 
compare crater frequencies from different diameter-regions with 
regard to a reference diameter. The detailed investigations 1171 
carried out here for the Earth's Moon, the terrestrial planets 
Mercury and Mars and the moons of the large planets Jupiter and 
Saturn showed that: 

a) the production crater size distributions cannot be approxi- 
mated by simple power laws of crater f~equencies as a function 
of the diameter over several orders of magnitude in D, but has 
a complicated structure: 

b) the distributions!do not show any apparent dependence on 
time over the studied diameter ranges 10 m<D<300,kmiand ages 
between more than 4 billion years and several hundred million 
years; 

c) for the individual planets different production crater 
size distributions exist, whose differences, however, can be 
explained mainly by different impact velocities and different 
 ropert ties of the target material; 



d)  t h e  c r a t e r  producing meteor i t e  populat ions were s i m i l a r  
i n  t h e i r  mass d i s t r i b u t i o n .  

I t  may be shown i n  p a r t i c u l a r  t h a t  f o r  t h e  populat ions of 
t h e  subkilometer c r a t e r s  of t h e  E a r t h ' s  Moon and t h e  p lane t s  
Mercury and Mars we a r e  dea l ing  b a s i c a l l y  no t  with secondary 
c r a t e r s ,  bu t  primary impact. 

A d e t a i l e d  a n a l y s i s  of t h e  c r a t e r  f requencies-of .  tHe o l d e r  
populat ions on t h e  highlands ( o l d e s t  c r u s t s )  o f ' t h e  p lane t s  shows 
t h a t  we a r e  dea l ing  w i t h d i s t r i b u t i o n s i n  t h e  production s t a t e  
and not  with those  i n  equi l ibr ium between c r a t e r  d e s t r u c t i o n  
and reproduction. 

From t h e  lunar  c r a t e r  chronology, it i s  poss ib le  t o  de te r -  
mine t h e  lunar  impact r a t e  a s  t h e  funct ion  of time. It i s  found 
t h a t  t h e  impact r a t e  i n  t h e  e a r l y  per iod between about 4.3 and 
3 b i l l i o n  years  ago decreased exponent ia l ly  wi th  a  ha l f  l i f e  of / I72  
about 100 m i l l i o n  yea r s  on t h e  average,  but  dur ing  t h e  per iod  
between 3 b i l l i o n  yea r s  ago and today, remained on t h e  average 
cons tant .  E a r l i e r  i n t e r p r e t a t i o n s ,  suggest ing t h a t  t h e  impact 
r a t e  during t h e  p a s t  about 600 m i l l i o n  yea r s  may - 
have been higher  than on t h e  average of t h e  l a s t  3  b i l l i o n  
years ,  a r e  not  supported. 

The radiometr ic  age da ta  of t h e  Moon rocks show an accumu- 
l a t i o n  about 4 b i l l i o n  years  ago. One i n t e r p r e t a t i o n  of t h i s  
accumulation w a s  t h a t  a t  t h a t  t i m e  t h e r e  must,have been a  
peak i n  t h e  impact r a t e  (" te rminal  cataclysm") with production of 
most r i n g  bas ins  of t h e  f r o n t  s i d e  05 t h e  Moon i n  t h e  age per iod  
between 3.8 and 3.6 b i l l i o n s  yea r s  (with corresponding impact 
metamorphoses of t h e  highland rocks a t  t h a t  t ime) .  The a n a l y s i s  
of t h e  f requemy s i z e  d i s t r i b u t i o n s  of l a r g e  c r a t e r s  and bas ins  
(D>20 km) and t h e  s t r a t i g r a p h i c  d a t a  however, a r e  $gainst  such 
a  " te rminal  cataclysm" a n d k n  favor  of a  smooth decrease  of 
t h e  impact r a t e .  The abrupt  end of t h e  production of t h e  l a r g e  
bas ins  (D>200 km), which marks a  type  of t i m e  horizon ("marker 
horizon") i s  produced by an exponent ial  decrease of t h e  impact 
r a t e  combined wi th  t h e  s p e c i a l  s i z e  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  
of t h e  r i n g  bas ins ,  which have a  much f l a t t e r  decrease  i n  t h e  
region D>200 k m  than  f o r  smaller  c r a t e r s .  . 

$ 

The d i s t r i b u t i o n  c h a r a c t e r i s t i c s  of t h e  r i n g  bas ins  on Mars 
and Mercury a r e  s i m i l a r  t o  t h a t  of t h e  Moon. The observat ions  
a r e  such t h a t  even on these  p l a n e t s  t h e  appearance of r i n g  
bas ins  marks a  t i m e  horikon. The c r a t e r  f requencies  of t h e  younger 
bas ins  determine t h e  r e l a t i v e  age of t h i s  "marker horizon".  B y  
means of t h e s e  d a t a  and using t'he c r a t e r  s i z e  d i s t r i b u t i o n s  
empi r i ca l ly  determined f o r  t h e  corresponding p l a n e t s  and assuming 
a dependence of t h e  impact r a t e  on t ime, which corresponds t o  t h e  
lunar  one, c r a t e r i n g  chronologies may be der ived  f o r  t h e  p l a n e t s  
Mercury and Mars. These c r a t e r i n g  chronologies  r ep resen t  t h e  
b a s i s  f o r  t h e  determinat ion of abso lu te  age ( c r a t e r  r e t e n t i o n  age ) .  
t 
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The application of the cratering chronology models on crater J173 
frequency measurements to different geological units and struc- 
tures of the planet Mars show that Mars has undergone a very 
active early phase of geological activity, which was strongly 
marked by impact processes, but also volcanic and erosive pro- 
cesses. The vast geological activities of Mars, such as 
extrusion of highland lavas and formation of the northern deep 
plains (Planitiae) by volcanic processes, the large area erosion 
by melting of permafrost and by fluvial processes afid.tKe buildup 
of voLcanoes in the highland and. in the northern deep plains, 
all these activities took place at a time when the impact rate 
was still decreasing, that is, a-t least 1 . 5  billion years ago. 
Only the Tharsis region, the youngest large volcano complex with 
the powerful shield volcanoes, especially Olyrnpus Mons, shows 
clear geological activity even recently until probably about 
1 0 0  million years ago. 

The application of the cratering chronology derived from 
Mercury shows that Mercury has a very old surface and all the 
previouslystudied units have ages of more than 3.85 billion years. 

The advantage of determination of age through-crater frequency 
is that a clear relative determination of the age is possible for 
the Moon, Mars and Mercury, and for the moons of the large planets, 
with application over the whole planet and the determination of 
the sequence of events. Moreover, through the empirically obtained 
relationships between radiometric ages and crater frequency 
absolute ages of geological units can be determiped for the whole 
of the Earth's Moon with relatively high precision. For planets 
Mercury and Mars only a rough absolute determination of age 
(over the entire planet) is possible with uncertainties, which 
amount to 200 to 300  million years for ages >3.5 billion years; 
for younger ages the uncertainty is included in the cratering 
chronology modgl, and is of the order of a factor 2 to 3. This 
uncertainty can be possibly,*greatly reduced by betcer determination 
of the recent meteorite bombardments of Mars and Mercury through 
astronomical observations of the frequencies of the Apollo-Amor 1 1 7 4  
asteroids and short period comets and calculation of their impact 
rates, This seems to be an important object of research for the 
future, especially because probably the dating through crater: 
frequencies in the next 1 5  to 20 years will be the only possibility 
of quantitative determination in time @f the evolution of planets; 
since they cannot count in the immediate future on obtaining 
rock samples for radiometric dating. 

The crater populatiohs of the jupiter and Saturn system show 
certain similarities in their crater size distribution with those 
of the internal Solar System. In particular, the populations in 
the oldest regions show characteristic features in their distri- 
butions in the region 50  to 1 0 0  km crater diameter, It seems 
possible that all the crater size distributions, even those of 
the moons of the large planets, are based on the same mass dis- 
tribution of the meteorite populations, and the observed differences 
t 
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are caused by differences in the impact velocities, target prop- 
erties, surface gravitation etc. This explanation is however 
only possible for the Jupiter and Saturn systems, if we were 
dealing not with impact bodies in heliocentric, but in planeto- 
centric orbits. Naturally, it seems difficult on the basis of 
the low survival times for such bodies to be expected theoretically, 
to obtain correctly the bombardment of Jupiter and Saturn satel- 
lites over several hundred mi$lions of years, as is-apparent from 
the observations. A solution might be that the bombardment of 
the Jupiter and Saturn moons occurred in such a way that a 
secondary planetocentric population of objects occurred through 
the destruction of smaller internal moons by a primary long- 
lived heliocentric population. 
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