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INVESTIGATIONS OF PRIMARY AND SDCONDARY IMPACT STRUCTURES
 

ON THE MOON AND LABORATORY EXPERIMENTS TO STUDY
 

THE EJECTA OF SECONDARY PARTICLES
 

Beate K8nig
 
/*
 

I. INTRODUCTION
 

For billions of years, the surfaces of the planets and
 

their moons have been exposed to constant bombardment by meteorites,
 

comets and interplanetary dust. If their impact velocities are
 

great enough, these bodies produce characteristic impact craters
 

whose size distributions represent a measure of the size and
 

velocity distributions of the impacting particles, especially for
 

heavenly bodies without any significant atmosphere.
 

The craters on the Moon have been investigated very
 

intensively in the last ten years. It is no longer argued - even
 

Gilbert guessed this in 1893 - that most lunar craters are impact
 

structures (Opic, 1936; Baldwin, 1949 and 1963; Urey, 1952;
 

Kuiper, 1954). The Ranger, Surveyor, Luna and Lunar Orbiter
 

Missions made possible the examination of impact structures up
 

to the meter range. Due to the Apollo missions, impact craters
 

down to the pam 'rangewere finally discovered and examined and
 

absolute dating was begun on a large number of rock samples (see
 

for example Turner, 1971; Eberhardt, et al., 1973; Stettler,
 

et al., 1973; Albee, et al., 1974; Jessberger, et al., 1974;
 

Kirsten and Horn, 1974; Tera, et al., 1974).
 

By cohnecting such radiometric dating with crater frequency
 

distribution we are now in the position to determine the absolute
 

"* Numbers - fi margin-ndcte pagination in original fbreign text. 
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age.of Jlunar regions (Baldwin, 1971; Block, et al.,, 19.-2;
 

Hartmann, 1972-; Soderblom and Lebofsky, 19(7j32_ Neukum, et al.,
 

1975a). It is not only possible to establish an absolute chronology
 

for the development of the lunar surface, but one can make state

ments about the time course of the flux of meteorites in space
 

near the Earth.
 

With increasing precision of investigations of lu-ar
 

crater populations and formations, the influence on impact craters
 

of the structure produced by ejecta, in particular of secondary
 

craters, has been recognized (Shoemaker, 1965; Lucchitta, 1975;
 

Neukum, et al., 1975b; Oberback, et al., 1975). Secondary
 

craters are very difficult to distinguish from primary impact
 

craters if they cannot be recognized on the basis of morphologic
 

criteria (elliptical shape, appearance in clusters) (Oberbeck
 

and Morrison, 1973). Many publF bions begin from the crater
 

size distributions which contain a generally unknown percentage of
 

secondary craters. The study of size distribution of secondary
 

craters thus makes possible a quantitative estimation of the
 

contamination of the size distribution of primary craters by
 

secondary craters. Besides these important problems for the
 

preparation of a lunar flux chronology, investigations of secon

dary craters are of interest because they contribute to a better
 

understanding of the crater formation process together with
 
/2
the study,of artificially produced impact and explosion craters 


(Shoemaker, 1960; Gault and Heitowit, 1963; Gault., et al., 1963;
 

Carlson and Roberts, 1963; Carls6n and Jones, 1975; Schneider,
 

1975; Moore, 1976).
 

The size distribution function of primary impact craters
 

in the diameter range (0.3 kmt D 20 km) is well known (see
-, 

Neukum, et al.,_ 1975b). In this work, the distribution curves
 

will be determined in the small diameter range in order to be
 

able to date young lunar structures. The study of secondary
 

craters, in'particuiar their size distribution and influence on
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primary crater populati6ns; was connected with this... To examine
 

crater ejecta and their dynamics, secondary-particles were pro

duced in laboratory experiments by -impacts of mm-sized projectiles.
 

Their size, mass and'angular distribution was determined. Similar
 

experiments were conducted by Gault, et al., (1963). Gault and
 

-.
JHetowit (1963) and Schneider (1975). Using these phenomenologi

cal studies we attempt to determine how much the ejecta processes
 

show characteristic uniformities in the formation of very different
 

sized craters.
 

II. 	 THE SIZE DISTRIBUTION OF LUNAR PRIMARY IMPACT CRATERS IN THE / 3
 

DIAMETER RANGE FROM 20 M to 20 KM
 

Young lunar areas of ages 3 x 109 years (ejecta may cover
 

larger more recent impact craters) have only a limited surface area
 

and the number of superimposed craters on these areas (with
 

diameters in the kilometer range) is small. Craters in the
 

diameter range of 100 meters and less are statistically significant.
 

Therefore.- for an examination of these young regions, the size
 

distribution of primary impact craters on the Moon (for a diameter
 

range 0.3 km D 20 km see, for example, Neukum, et al., 1975b)
 

must 	be expanded to smaller diameters in the range of 0.3 km : D
 

0.8 km and.sdetermined more precisely than before (see Neukum
 

and K~nig; 1976).- In order to prevent falsification of the dis

tribution by secondary crater contamination, diligent selection of
 

the test areas is necessary.
 

I. 1 Measurement methods and evaluation procedures
 

a) Photographic material
 

Photographs from the Lunar Orbiter 4 and 5 as well as those
 

of Apollo mapping and panorama cameras which were obtained from
 

the Goddard Space Flight Center (Greenbelt, USA) were used for the
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measurement.s... Their selection was performed with the.aid cxf the
 

Guide to Lunar Orbiter Photographs (Hansen, 1970) and the Apollo
 

15, 16 and 17 Lunar Photography Index Maps. The resolution of
 

the photographs-used was 2-60 m for the Lunar Orbiter photographs
 

depending on the altitude of the satellite (teleobjective; high
 

resolution), or 17-40 m (wide angle objective; average resolution);
 

for the Apollo mapping photographs, about.27 m (Doyle, 1972) and
 

for the Apollo panorama photographs about 2 m (Doyle, 1972).
 

Transparent positives were prepared from the photographs. In
 

the case of Lunar Orbiter photographs, we are Fealing with a seven-foldl 
enlargement. The Apollo photos were contact copies taken from
 

the negative film rolls which were enlarged only in individual
 

cases up to 2.5 times.
 

b) Measurement principle and equipment
 

The photographs selected for the measurements were first
 

studied with a magnifying glass or a reflecting stereoscope.
 

Finally, the measurement surfaces were established and the measure

ment area was delineated with polygon lines.
 

Two pieces of equipment were used for the measurement, an
 

(xy)-coordinate measuring device (for greatly enlarged photo

graphs) and a stereo-comparator (type PSK2 of Zeiss Company), which
 

was of-primary use. In both cases, the data were automatically
 

entered on punched cards on performance of the measurement. In
 

the monoscopic measurements, the crater diameter was usually
 

measured in the East-West direction from its inner to its outer 


shadow range. This occurred with the (x,y) unit by applying an
 

%0.1 mm thick stadia line. Only craters were evaluated whose
 

diameters appeared greater than 2 mm on the measurement photographs.
 

The_ measurement error caused by the stadia line thickness is thus
 

f"5% of the crater diameter.
 

/4 
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The, c-vater diameters could be determined direc-tly when using
 

steroscopic photograph'pairs, whereby the test mark was set
 

at the highest points of the crater edge. If measurement was
 

impeded by difficult terrain, angle of the Sun, or-other reasons
 

(e.g., non-circular craters) or if monoscopic pictures were
 

used, then the four points were measured along the crater cir

cumference (usually East-West, North-South)., A-circle was formed
 

in the course of.the evaluation by using these measurement points
 

and an average orater diameter was cAlculated. The measurement
 

precision was 5 Um on the measurement photographs; most were
 

usually greater than 200m. The inaccuracy in the determination
 

of crater diameter was51 orF<5
 

c) Data reduction
 

The photographic direction for most pictures used deviated 

by less than 8.6 degrees from the vertical-direction. Since the 

dispersion error in the length determination is much-less than the 

empirical error, these photographs can be considered to be 

vertical photographs., At greater inclined angles - in the case 

of panoramic photographs (angle of inclination; 12.5 degrees) 

a correction of distortion was performed. 

The scales of the measurement photographs were calculated
 

from the known data of the-camera photographs and'the focal lengths
 

of the camera lenses- as well as from the NASA-NSSDC catalog and
 

the Apollo 15, 16 and 17 "Index of Mapping Camera and Panorama
 

Camera Photographs"; moreover the local relief of the lunar
 

surface was considered (altitude correction), for which the height
 

profiles determined by laser measurements were included. For the
 

lunar orbiter photographs which did have photographic errors
 

and for the panorama photographs, additional lunar topographic
 

and photomaps were used for calibration of the photograph scale;
 

these are cited in the literature section.
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The ,s.ur.face area of the measurement region limited by the
 

polygon was calculated manually in the evaluation by-an (x,y)-unit.
 

When using the stereocomparator, the calibration points were
 

measured directly and the surface area was calculated automati

cally.
 

The panorama photographs were only evaluated in the middle 

of the picture. The following corrections served for picture 

correttion of the crater diameter; D (corrected) = D (measured) / 

cos -, where .: is the angle off the vertical of the camera axis. 

In the calculation of the measurement surface, the picture 

distortions were considered accoidingly. 

The measured crater diameters were arranged according to 


their size in 108 intervals between 1 m and 100 km. The intervals
 

had about the same logarithmic width. Differential frequencies
 

were determined for the intervals and integral crater frequencies
 

were calculated from this, i.e., the number of craters having
 

diameters greater than or equal to the lower interval limit. The
 

statistic error was used for-citing deviations, i.e, the square
 

root of the integral frequency. These values were standardized
 

to the surface area, expressed and-plotted.
 

Computer programs were prepared so that the evaluation of
 

the rather extensive measurements (with a few exceptions) could
 

occur by the computer of the institute.
 

II. 2.. Areas examined
 

a) Section
 

To determine the size distribution of the primary craters,
 

measurements had to be performed on areas which had undisturbed
 

primary crater populations. For their selection we used different
 

/5 

6 



criteria (see Neukum, et al., 1975b; Neukum and Horn, 1976;
 

Neukum and Konig, 1976).
 

- The areas to be examined should be free of secondary
 

craters if possible, i.e., larger tcaters must not be located in
 
-the vicinity of the stray fields. 
 The best areas are those located
 

on the lee side of larger rises, i.e., generally screened from
 

ejecta.
 

- The craters should not be flooded with lava.
 

- They should be flat since erosion is particularly-heavy on
 

greatly inclined slopes.
 

- Their crater populations should be located in the examined
 

diameter range (i.e., every impact should not lead to the des

truction of already present craters). Otherwise the crater popu

lation is near equilibrium where the size distribution is
 

generally independent of the size distribution of primary craters
 

and follows the law ND "2 (Trask, 1966; Gault, 1970; Neukum and
 

Dietzel, 1971).
 

- They may not be located in volcanic regions to avoid mix

ing of endogenic craters (K~nig, 1974).
 

It proved to be extremely difficult to find regions which
 

met all these criteria. The condition of minimal secondary•
 

crater mixing restricted the selection of suitable surfaces very
 

much; there are almost no larger areas where no secondary craters
 

are contained in the crater diameter range under consideration
 

(see Section IV 3). As a consequence of the high crater densi- /6
 

ties, older areas (ti -! 3.5 x b09 years) are excluded in advance;
 
on the one hand because they have a high percentage of secondary
 

craters in proportion to the primary crater density, and because
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their crater populations in the interesting regions D < 300 m
 

does not exhibit a production but rather a saturation distribution
 

(see Neukum, et al., 1975b). For areas having lower crater
 

densities -- younger formations - the criteria are easier to
 

meet. Here one can eliminate secondary craters provided they
 

show those characteristics, i.e., formed in clusters or in
 

V-shapes or in elipses (Oberbeck and Morrison, 1973; S6ction IV 2).
 

Unfortunately, the surface area of the suitable young regions
 

is small. -Therefore, the size distribution of the crater can only
 

be determined in a limited diameter range: restrictions to the
 

smaller crater sizes resulted for example, from the texture of
 

the measurement surface or the quality of the photographic
 

material, whereas statistics sets a limit to the use of larger
 

crater diameters.
 

b) Measurement regions and results
 

The regions and the measured crater size distributions used
 

for the determinations are discussed below.
 

One of the two Mare areas investigated lies in the Mare
 

Imbriu n in the West of the Delisle f rise (Figure la). It is
 

shielded against ejecta by thd craters Delisle and Diophantus.
 

Other dispersion fields of younger craters are so far away that
 

contamination of the measured craters by secondary craters is
 

considered minimal. A smaller flooding zone appears to cross
 

the entire 'surface but causes only a slight modification of the
 

crater size distribution (Figure 2). The measurement therefore
 

occurred in two steps: only the larter craters were measured
 

over the entire region and the smaller craters were measured on
 

a homogeneous subregion
 

The second Mare region (Figure lb) lies at the Western edge
 

of the Serenitatis basin to the southeast of the Sulpicius Gallus
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crater. It is shielded against ejecta from a westerly direction
 

by the edge of the basin. Possible sources of secondary craters
 

which could influence the measurements are the craters Sulpicius
 

Gallus, Menelaus and Bessel. For the following reasons these
 

craters probably do not--hontribute significantly to the secondary
 

craters on the measurement range:
 

- The Apollo photographic material has shown that the dis- /7
 

persion field of Sulpicius Gallus is flooded (K~nig and Neukum,
 

1977). Therefore, this crater is older than the measurement
 

region which lies nearby.
 

- As one can see from the ray system of the young
 

Copernicus-like crater Menelaus (Carr,-1966), the measurement
 

area does not lie in a main direction of ejecta.
 

- The Bessel crater lie~7at a distance of 12 crater-radii
 

from the measurement area. As detailed investigations by Neukum,
 

et al., (1975b) show, at a distance of about 7 crater radii, the
 

contribution of secondary craters (,having diameters of about 1 km)
 

can be neglected.
 

The validity of the assumptions is confirmed by the consistency
 

shown by the distribution determined for diameter ranges from
 

0.4 - 0.9 km compared to other craters. 

The structures belonging to young craters are particularly 

suitable for studying the size distribution of impact craters 

since the crater populations superimposed on them are less 

exposed than older structures to the highly exogeric processes 

because of the low age of the target. For young regions like 

North Ray, Tycho and Aristarchus, the potential contamination 

of their superimposed impact craters by secondary craters is 

minimal (Hartmann, 1968), because there are no other larger young 

cra-ters. in thedr uelndi -whose secondary crat-ers could falsify the 

9 



?bRIGINAL PAGE ISO P-OORqurfy 

'V ." 
-. , 

'_ 
;,1 

0vs 

Xe 	 q 

Figure 1. Measurement region on the Mare plane.
 

a) 	In the West: The Delisle b) Southeast of the Sulpicius
 
crater in the Mare Imbrium Gallus crater in the Mare
 
(AS15-2333) Serenitatis (AS17-807).
 

distribution. The measurements at North Ray, Tycho and
 

4AVristarchus provide a series of size distributions which extend
 

over a relatively large diameter range. These measurements will
 

be discussed in connection with the dating of these craters in
 

Chapter 3. 


In the Taurus Littrow valley at the.lApotto 17 landing site,
 

crater diameters in the range of 25"in - D 4 ll0 m were measured
 

on the younger structures of the light mantle and the central
 

cluster region. The relationship of these regions with the
 

Tycho crater-is'discussed in Section III 2b. The measured dis

tribution is not completely undisturbed in the D < 50 meter range
 

(erosion, intermingling of secondary craters), however, it does
 

make possible the adaptation of North Ray data fot 20 m -<D < 40 m.
 

Another region which was used for expanding the distribution
 

curve- lies-on the continuous ejecta cover of the Theophilus crater..
 

Here we referred back to keasurements which had already been pub

'lished (Neukum-and Kanig,, 1976).- In thisr-espect the gqO.: ,
 

1I0
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Thisawork 
o North Ray (cont e; blanket) 

1 # Tycho (cont cj blanket) 
10 	 a Light Mantle and Central 

Cluster 'region (A I7LS) 

a eAristarchus (cont ej blanket)

5 a]More Serenitatis (Sulpicius
 

Gallus region)0
10 Mre region west of Delisle 

.-2 aTheophitus (cont ej blanket) /8 

A -.I w 10 	 JI-

It-

I10
 

i-
0-

C -

Neukum etol(t975)" I 

A5/. em 35LS 

xAjMe.Ssere nitat.s (light interior) 
- Mare Orientae (inter-ring aea'Monles Apenninus (total) 

MMendeleev (floor) 

1 10 10- 10 

CRATER DIAMETER (kin) 

Figure 2. Integral size distributions which were used to rede
termine the crater size distribution function.
 

correlation-of empirical distributions in the inner and on the
 

continuous ejecta blanket of the -craterwas show0n; consequently,
 

no significant contamination'by dispersion fields of other
 

. large, craters occurred. The data extend over the =-meter 5 
4j range of 0.7 km <,D < 2 km and cionnect with the Serenitatis 4 

.... 

!-measurements.e--f-Neukum, et al. (11975b). A series--of-crater----- 3 
I 

size distributions were taken from Neukum, et al. (1975b). These 2
 
1 measurements were performed in the inner ring of the Mendeleev Il
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L-razter--on-t-he-inner ring region of the orignetal-basin-and---a.t---; /9 

!the Apollo 15 landing site. The data of Greeley and Gault (1970)
 

5 'were not used in this study.
 

All measured distributions are suimarized in Table 2 and they
 

:form the basis of the expanded size distribution curves.
 

c) Standardization of measured distributions
 

The results obtained show that the crater size distribution
 
Ican be determined for the various regions only in a limited diameter
 

;range. Therefore, it is necessary to determine the total distri- i
 

bution by suitable standardization or correlation .of-the individual
 

distributions.
 

Theinegralcrater size distribution can be described by
 

N(D, t. g(D ,t) f() dD' dl 
o here I is the size and time depen-;
 

dence of the size distribution, f(t) is the general time dependende
 

lof the impact -rate, N is the integral crater frequency for a
 
:diameter D and ti is the time of crater accumulation (see also
 

Neukum, et al., 1975b). If the crater size distribution is inde

pendent of time, the simplified expression
 

N(D,t.) = g(D') dD' F(t.}, 

I D __ 

'F(t) = f (t) dr 

Iwbere>j -ti... results for the time integral of the flux. 

,For two crater populations, N1 and N2, having ages t1j and t2-we 
1have: Ytrt,£/NcD~t 2 ) = rt)/Fct ) = . This constant is not 

r, dependent on crater size but oniy on age. Therefore, one can 

p,standardize the crater frequencies of differen-tly aged regions to K 
each ootherif-r--- as will be described below - the-crater- s-i-ze...--. 

I:distribution is constant in time for the considered diameter 

1 range. 
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The standardization of crater size distribution is done 

1 stepwise from regions of larger crater diameter to smaller 

diameters. Here the Mare Serenitatis (Light Interior) population: 

4 serves as an initial distribution. The already standardized 

distribution of-Mendef o76rie ntale, the Montes Appenninus and 

the Apollo 15 landing site were taken from Neukum,'et al. (1975b)' 

Correlation of the distributions was performed in the region withl 

the best statistics and best overlapping. The Theophilus and the 

new Serenitatis,measurements improved the statistics and plotting 

of the curve'in -the region between 0.4 km and 2 km which was 

covered only by the Apollo 15 landing site and the old Serenitatis /IC 

data. The Imbrium distribution could be easily adapted to this, 

likewise for the connecting Aristarchus measurements which extended 

jup to 90 m. The Tycho measurements between 60 m and 350 m and 
1the data obtained in the Taurus Littrow valley between- 25 m and 

100 m were standardized.- Subseqient correlation of the North 

tRay data (20 m - 40 m) occurred without any difficulties. 

t In Figure 3 we see the empirical curves standardized on
 

:the Mare Serenitatis crater frequency. The investigated crater
 

.populations fall within the statistics of a general size distribu
 

tion.
 

* d)-,9 Numerical approximation of distribution
 

The known integral size distribution of the crater makes it
 

]possible to compare the measurements with each other over different
 

;diameter ranges. Here it is useful to relate comparisons to the
 

Isame reference value. In the course of this workwe selected
 

ID.= 1 km as a reference value. In order to obtain sufficiently
 

.precise results for this procedure, a numerical expression was
 

,prepared for the distribution curve. It was adapted to a 7th
 
degree polynomial by the standardized integral frequencies which
 

fis shown in Figure 3. It has the general form
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Tg~aN ~lglog D ++ a2 (log D) 7~lo a + a - 2-~I + ... + a (lo0 a )7 

Its coefficftW-FK :
 

act - 2.4T1-9 
al - - 3.852[ 

= 0.741a 2 

= 0.926 
a = - 0.2541 

4 j
a 5 

a 3 

= - 0.3491 

0.036a 6 

= 0.046a7 

The formula provides the integral crater frequencies per
 

!km2 , if one gives the diameter D -inkm.
 

< <
The coefficients are valid.for.the range 20 m D - 20 km _... 

ibut not for ranges greater than this. The determined-size dis-

Itribution curves represent the general distribution of lunar 

impact craters on regions with ages -between 50 million years 
and more than 4 x l0 years. On-the average the quality of the 

approximation in the diameter range 20 m < D < 20 km fs about 

160% (standard deviation). The size distribution curve between 

j0.8 km < D 3km is the best; it has an uncertainty of <25%. 

Because of the necessary successive standardization process for 

smaller crater diameters, the position of frequencies for D < 100;M 

relative to D = 1 km is only determined to within ±50%. The com-, 
Iparison of diameter-ranges of crater frequencies of smaller 
Icraters determined in similar diameter ranges results in smaller 

derrors. 

---..
The-'d-i-stri-butien function agrees with the percentage-func-tion;
 

Jcited by Neukum, et al., (1975b)Yin the diameter range D>300 m
 

,Ito within 20%.
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Figure 3. Integral size distributions of all crater populations
 
investigated, standardized on the frequency of the Mare Serenitatis.
 
The curve pas'sitg through the data represents a poIyniffiail apprcki
mation.
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In._ondermto get a general mathematical expressionfomthe-- /12
 

'integral distribution curve for a certain region, a term must be
 

added to the polynomial formula which considers the age t. of thel
 
-region. logN a7 + a1 log D + . + a7 (log O log F 

___, __ _ + a 0 _ ___ a U ___ __D___ ere[i-s tbeime integral-of the meteorite flux to which the area has beenj 

iexposed since its creation. For.the numerical approximation of
 

the Serenitatis distribution, F(t.) was arbitrarily set equal to
 
,1. 

e) Discussion
 

The crater diameter distributions in the range 0.8 <D 110 km
 

'which were measured for 3-4 billion year old regions agree with
 

each other (Neukum, et al., 1975b). This work showed that the
 

:distributions in the range 20 m D : 2 km on (,@l-3) billion
 

;year old regions.likewise agree with each other and that the
 

ltotal data can be combined to a total distribution. Even the
 

2facts that this is easily possible, i.e.,ythat by successive
 

Jstandardizations of individual distributions to each other, a
 

ismooth, functional cur results and they indicate that the
 

;crater size distribution was not subjected to any significant
 

variations. The above also governs the size and velocity distri

butions of the crater-producing bodies.
 

No information has yet been obtained for the size distribu-


Ition of craterslD<300 m on old regions (ti >3.5,billion years),
 

since in these cases saturation effects (i.e., the destruction of
 

,!original craters by subsequent ones) do not permit any meaningful
 

imeasurement. In the region of large craters, the statistics
 

represent the limiting factor. This is especially true for
 

young regions (i.e., regions of low crater density). In these
 

regions, therefore, temporal variations in the crater size distrir
 

'bution -cannot be excluded as a possibility.
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:reflects the mass/velocity distribution of the impacting bodies.
 

:It is therefore possible to draw conclusions about the origin of
 

the impacting bodies from a comparison of size distributions of
 

the impact cratert thseofrsentast'ed&groups as well
 

jas from considerations of the flux of the impact bodies (Neukum,
 
!et al., 1975a; Wetherill, 1976). The resulting conclusions make
 

fit possible to .provide a flux curve of these particles in
 

•connection with the investigations of the flux of interplanetary
 

'bodies in recent times (see Section III 3b).
 

The distribution curve is derived from measurements on
 

:homogeneous areas-and represents1 the standard size distribution
 

'of non-disturbed crater populations. Therefore, the deviation of, /13
 

ia major distribution from the standard means that the region
 

concerned has experienced a disturbing process, like, for examplel
 

;ejecta coverings, floods, erosions, etc.,-in favorable cases the
 

y-Orkginal age of the surface and"-thetime of its modification cani-I
 

.be obtained in addition to the general distribution curve (see
 

Neukum, et a 1975a).
 

The selection of regions occurs from the point of view that
 

the crater population must be as free as possible from secondary
 

craters. Nevertheless, a contamination can have occurred due to
 

statistically distributed secondary craters which are not dis

tinguishable from primary craters. But since secondary-crater
 

sources are almost, completely lacking for the youngest regions
 

investigated (North Ray, Tycho, Aristarchus) and the"-corresponding
 

measurement distributions agree with the age of the older objectsl
 

(.see Section II 2b), one can conclude that the measured size
 

Idistributions are actually free from secondary effects. The
 

distribution functions can be represented asN-D0 (D) , where
 

~
 -
'-!hei i 1 bi6f-ff1Wa function of the crater diamete-FlT Th-i - " 

expression differs from the special relations used in the older 

S.liter.turewh.ene-x-is.-as.siimeidttn-W-e. -a,-cns-tanLQ(ao-Emak1%tL-92J2-Q-; 
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.i)Baldwin,__9_71;__fHartmann and Wood, 1971). Formulashing con-... 

stant -.exponents are therefore not valid over the entire diameter 

J 'range and their use can lead to errors of up to a factor of 10 

J(Neukum, et al., 1975b). This fact is illustrated in Figure' 4. 
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,,Figure4. Comparison of the derived crater size distribution 
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LIll..I.DATIN._0 YOUNGER IMPACT STRUCTURES @N THE MOON-

The size distributions determined in the preceding chapter /14
 

jj!make it possible to prepare a reiative chronology of recent large'
 
iimpact-craters (see Neukum and KOnig, 1976). This is of particular
 

!interest since it is possible in many cases to move from a
 

relative to an absolute determination of age by using additional
 

;data about the radiometric age of younger impact craters. On thel
 

:basis of this information, conclusions can be drawn about the fluxi
 

!of impacting bodies and its chronology.
 

III.1 Impact craters
 

In the following, investigations are discussed which were
 

performed on the structures of the craters Copernicus, Kepler,
 

Aristarchus and Tycho. In orderto restrict the discussions of
 

the measurements to the various type terrains, first using
 
Aristarchus as an- example, we briefly discuss the general structure
 

of one such crater. /15
 

Figure 5 shows a photo mosaic of the Aristarchus crater
 

(D = 40 km) and its surroundings: The interior walls of the
 

crater have step-like terraces and in its middle there rises a
 

central mountain characteristic for craters having diameters of
 

the size of about 15 km. The crater base itself is flat and
 
Icovered with a Layer of broken rocks (particles which fell back 

!into the crater). On the basis of detailed investigations (Guest; 

;1973) it follows that this region was created almost simultaneously 
twith the other crater structures. The outside crater wall is
 

somewhat covered with flow structures consisting of rubble.
 

- The zone of continuous ejecta cover connects with this region. This 

zoneextends from the crater edge out to a distance of about 1 

crater radius. This is a layer of fragmented material. It was 

formed primarily by ejecta and by-the addition of local material 
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Figure 5. Aristarhus crater and surrouinding area (Mosaic

from the LO V 198 M and 202 ,M-photographs). The test regions 
on
 
the continuous ejecta cover and in the crater interior are
illustrated.
 

(-Oberbeck, et al., 1975). The discontinuous ejecta region
 

connects to this zone; the ejecta cover is thin or no longer
 
cohesive here and individual secondary craters can be distinguished.
 

Chains of eliptically-shaped secondary craters a,e situated
 
radially to the Aristarchus crater which were caused by the
 
impact of eJedted materials (e.g., Guest, 1975).. These craters
 
often show typical -sjhaped structures whose peaks point to the
 

primary crater 
(see also Figure 29b).- The original mechanism of
 

these structures was studied-in detail by Oberbeck and Morrison
 
-(.19-73)-w Inadd-ition to these chains there are individual clusters
 

of secondary craters. They were created by the impact of groups
 

of ejected material,
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i The investigations described below were performed en these
 

'different type terrains of the craters Copernicus, Kepler, Aris
:tarchus and Tycho. Additional measurements were performed on
 

q 	1the ejecta covers of North Ray.':As far as possible, measurements!
 

iwere performed on subdivided surfaces as long as the statistics
 

Imade this seem useful, and if possible measurements were per-


Iformed on different regions on one and the same type of terrain
I 
!in order to exclude local effects which would jeopardize the
 

measurements, like)for example, erosion or contamination from
 

Isecondary craters.
 

a) Copernicus
 

One of the best-known craters on the front side of the Moon
 

is Copernicus.(D = 92 km), whose bright ray system can be 

!easily seen with a telescope. The test regions lay in the 

tinside of the crater (Figure 6) along the continuous ejecta cover 

e(Figure 7) and on the discontinuous ejecta blanket-(Figure 8)
 

The base of the crater and the continuous ejecta cover are
 

standard regions, so to speak, for the dating of large craters
 

by means of frequenci~sof the craters superimposed en them.
 

,The measurements along the discontinuous ejecta cover were per

iformed in order to check the possibility of dating this type of
 

terrain.
 

The craterlibase of Copernicus has a coarse texture. However!
 

there are a sufficient number of smaller craters for measurements!
 

to be performedin this regionwith sufficient statiftics. The
 

Iarea of the dentral mountains was not included in the measurement
 

Isurface and a cluster of secondary craters in the Northeast of
 

'the crater base was excluded from the measurements. The size
 

distribution of the measured crater is shown in Figure 9.
 

A21
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Figure 6. Measurement surface Figure 7. Measuirement region
 
(without the area of the cen- on the continuous ejecta cover
 
tral mountain) in the interior of' the Copernicus crater.
 
of the Copernicus crater.
 

Measurements on the continuous ejecta cover in the W est of'
 

the crater were problematic since secondary crater contamination
 

occurs there. This is attributable to the younger craters 

Kepler and Aristarchus, but also possibly' to the Copernicus ejectsa 

itself, Therefore, as a test area we selected a surface in the 

East of Copernicus which is screened by the crater wall against
 

flying ejecta at low angles from a westerly direction. As
 

Figure 9 shows,,a'good correlation of test results was obtained
 
with the data from the crater interior.
 

By using two consistent empirical curves, it was posfsile
 

to stress the investigation of the discontinuous ejecta cover.
 

Since the size of the ejecta cover decreases with increasing dis

,tance -from .the crater, a complete covering of the- pre-Copern

can terrain by ejecta must be considered. This region contains
 

'a number of secondary crater groups in addition to secondary
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crater chains (see Chapter IV). In order to be able to perform_ 

i measurements of the primary post-Copernican crater frequencies on 

Sthis ?region, a thorough view of the terrain under question is 

4 1 necessary. It was determined here that the craters had been 

eroded more heavi'&szon the discohtinuous ejecta cover than on 

ithe continuous ejecta blanket in the crater interior. This is I 
!probably based on loose target material. In order to make quanti /17
 

tative measurements and to avoid possible secondary craters of
 

Copernicus, tbeiinvestigations were limited to crater diameters
 

> 450 m. The results agree with the data which were obtained
 

from other regions (see Figure 91). By using great care, the dis-,
 

;continuous ejecta cover can be applied to the dating of a crater.
 

The crater size distributions measured on the different re

- gions of the Copernicus crater are shown in'Figure 9. The general
 
,
jdistribution curve was drawnthrough-it under consideration of
 

the reliability of the data.
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For D = 1 km there results an-integral crater frequency
 

of (1.0±0.3) x'10-3km- 2 .
 

In Figure 10 the empirical data of Hartmann (1968)'and of
 

KGreeley and Gault (1971) are entered for:cemparison to the distrie
 

bution curves obtained from our own empirical data. The data agree
 

,well in the region of greater crater diameters, only a measurement
 

!by Hartmann, which probably included secondary orjpre-Copernican
 

Icraters, deviates from this.
 

The integral distribieions determined by Greeley and Gault for
 

,,smaller crater diameters follow the slope -2,. deviating from the i <
 

-,Igeneral curve. These crater populations already'appear to be at
 

S2eq m .. 3ilibri 
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LFgure 9.. Crater size distributions measured on the structures 
of Copernicus. The general size distribution curve is drawn 
through the measured points. 

A telescopically'observed ray of bright ejecta material from:
 

the Copernicus crater extends as far as the Apollo 12 landing
 
,site. Shoemaker,, et al., (1970) interprets the bright, fine-

Igrained material found under the surface as 
ray material. Samples
 
Itaken there were examined by Various methods (U-Th-Pb, 39Ar/4OAr,
 
iK/Ar) (Silver, 1971; Eberhardt, et al., 1973; Alexander, et al., 

11976) and a great heating millions of years ago (850 ± 100) was 
'determined. nthe basis of this dating. Copernicus'was assigned 

!a radiometri age of 85o ±100 million years. 
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The dating method used in this work has not been previously
 

applied to the Kepler impact crater (D = 32 km) which exhibits a
 

striking ra71%stem. Until now it has been investigated only by
 

imorphologic-stratographic methods (see Section 3a) and classed
 

!as a recent crater. Kepler was dated because the age of the pri-i
 

inary crater should be known for the study of the state of erosion
 
:or of the morphology of secondary crater structures (see Chapter
 

IV).
 

The pictures available for the measurement (Figure 11) were
 

of only average quality so that the investigations proved to be
 

difficult. The only region measured was the ejecta cover, /19
 

which was measured at four individual surfaces in order to be
 

able to determine possible, locally-caused deviations in the
 

measured crater frequencies. -The superimposed craters were
 

!barely discernable and thus the diameter could not be determined
 

1precisely. Consequently, there {esulted a data dispersion in
 

the four regions which, however, was small enough so that three
 

craters in the Northeast were excluded. These were already noted'
 

-during 
 the measurements as not definitely belonging to the crater
 

'population examined (pre-Kepler or secondary). The summarized
 

measurements are entered in-Figure 12 and produce an integral
 

crater frequency of (7.5 2-5) x 10- km- . Thus Kepler is clearly
 

older than Aristarchus. Its secondary craters appear fresher
 

than those of Copernicus (see Chapter IV) and thus one could con

clude with relative certainty that Kepler and Copernicus are of
 

a similar age.
 

c) Aristarchus
 

In the interior of the Aristarchus crater (D = 40 km)
 

measurements were taken using average and high-resolution photo

graphs (Figures-5 and 13). Since the crater floor is very uneven
 
-
-omIy-craters-kavig--dtaete r s > l4"0- i'o ldt--e'-quant'it at'tvety 
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Figure 10. Measurements on structures of the Copernicus crater.
 
Comparison of results of this work (solid line) with results of
 
other- authors. -r 

recognized and measured. Consequently the resulting statistics
 

are not very satisfactory.
 

A much greater number of craters of diameters of between
 

4.0.-m. and,.500-m-were measured on different regions -of- the-ceontinuous
 

ejecta cover (Figures 5 and 14 a,b). 
 Within the statistical ujn.ertainties the data obtained in the crater interiors and on the
 

I
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eJecta cyer agrees well with that obtained from Qtbercr.at.er.s.. 

This can be seen in Figure 15. The general crater size 

,distribution curve was drawn through the measured crater size 

distributions and there resulted for D = 1 kilometer an integral
-4 -2frequency of (1.2±b.2) x 10- km

III 

x I 

a'i$4kfrt?4kQA;?.. ~ OF POOR QUALITY 

. , . r . - . 

- V{]~ 

Figure 13. Measurement area in the interior of the Aristarchus
 
crater (photomosaie from LO V -198H2 and 199 H2).
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cover of the Aristarohus crater., 

=
 ...In Figure 16 the data of Hartmann (1968) and Greeley and 


Gault (1971) are entered for comparison. The results of Greeley /23
 
craiters n th inero. ine
 

and Gault agree with those of this work in the region of small
 iWFi6 


crater diameter. For larger diameters, the crater frequencies
 

are superelavated; possibly these authors also measured pre-


The points measured by Hart-
Aristarehus or secondary craters. 


mann for larger crater diameters bend down at smaller diameters.
 

,This bending down of crater size distribution is probably attri

,

butable to the-factthat small craters can no longer 

be quantita-


tively recognized because of roughness of the eriter base.
 

d) Tycho
 

= 85 km) 'isyounger than Aristarchus as
The crater Tycho (D 


morphologic investigations, radar studies and thermal anomalies
 

Hartman, 1968 ; Pettengill and Thompson,--l-968---.!-en,
i.sho-w,.(.e. g....-.


11971). There are only a few largercrtsinheneio.Sc:
 

limited to a-few craters seFiure 20). 
1
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Figure 15. Crater size distributions measured in the interior
 
and on the continuous ejecta cover of the Aristarhus crater.
 
The general crater size distribution curve is drawn through the
 

measurement data.
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A series of measurements was performed on the continuous 

ejecta cover. On the one hand, !asufficient number of craters 

had to be measured, yet on the oither hand, the regions had to be 

as homogeneous as possible. Therefore, measurements could not 

be performed on the flow structures which originated from rubble / 24 

streams (Strom and Fielder, 19681). The test regions selected 

according to these-criteria are shown in Figures 17, 18a and b. 

In order to determine crater frequencies as precisely as possiblel, 

numerous shaded zones'distinguished by a coarse relief from the 

overall surface were used. 

An additional measurement was performed (Figure 19) on the
 

discontinuous ejecta cover which (in spite of a large statistical
 

:error) nevertheless agreed with the crater size distribution de

termined for the continuous ejecta cover, just as does the data
 

from the crater interior. This Is shown in Figure 20. There,
 

Ithe distribution measured on thestructures of Tycho can be seen
 
-hre D = 1 kilometer, an integral§'crater frequency of
 

(6,0 ±1.7) x l0- 5 km- 2 results. Overall the crater size distri

bution could be measured over the diameter range of more than
 

one order of magfnitude.
 

In Figure 21 the empirical data of Strom and Fielder (1968)
 

and Hartmann (1968) are entered. For comparison, the distributioi
 

curve which was derived from the empirical distributions determined
 

in this work (see Figure 20) is entered. Although the data of
 

Strom and Fielder shows good correlation with our own measurementS,
 

the measurements of Hartmann deviate; this author probably also
 

measured pre-Tycho or secondary graters.
 

e) North-Ray
 

I.Nrth Ray(D%900 m), which' is shown in Figure 22, is a more 

recent -crater which is in the vicinity of the Apollo 16 landing
 

-s-i-te-.-I-t-was-thus--da-ted--very-prec-i-se-ly-and-pev-i-des--mport-ant 

tAata for the determination of the chronology of the flux of
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Simpact bodies in recent times. *-Investigations of rock samples $
 

'taken from there showed radiatioh ages of R; 49 million years
 

I(Marti, et al., 2973; Drezd, et al., 1974). Superimposed craters
 

E were measured on the ejecta cover of North Ray. 


Itbe empirical d(fftaril--Td, bT-aKron, the -T-Boyce(1976)
 
are entered on crater size distributions determined from rectified
 

panorama photographs. A correlation within the limits of error
 

Iresults. For D = lkm the integral crater frequency-is (-3.9±1.0)
 
x 10- 5 kn - 2 .
 

1 In Figure 23,
 

/25
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IC-r--- S.t.ruetures produced by 6jecta /27
 

It is interesting to assign the secondary structures formed
 

,by ejecta to the corresponding primary cra[ . This is the case
 

1for example, for-t-he--i-ght--mant-ie--and--the-cen-t-ral-c-luster regions
 

fin the Taurus tittrow valley. Tneir relationship with Tycho is
 

'discussed in Section b.
 

A criteria which permits,the assignment of secondary crater
 

groups to theiriprimary-crater is the finding thkt the often
 

typical V-shaped structures for secondary craters poin --to tb
 
1primary craters (Oberbeck and Morrison, 1973). If the clusters
 

are a great distance away, identification of the primary cratef.
 

is often not possible. Tben,'morphological and erosion criteria
 

!can be considered (see-for example, Arvidson, et al., 1976). Below
 

we will illustrate a method which permits reliable assignment to
 

primary craters when used together with other criteria. In this,'
 
we-begin from the fact that the-regions of an impact crater and_
 

its secondary structures have been exposed equally long to the
 

bombardment of meteorites and thus the same number of craters
 
per surface unit have originated since their formation (statisti

cally). /28
 

The frequencies standardized for the surface of the primary
 

craters with superimposed secondary structures should therefore
 

Iapproximately agree with the crater densities in the regions
 
iof the impact crater. Thereupon, dating of a sexondary structurei
 

by the frequency method provides an age for the primary crater
 

itself.
 

a) Secondary crater cluster of Copernicus'
 

First'we-shall test whetherthe method can be-ut-il-ized-for
 

practical dating of secondary structures.* For this, a crater
 

cluster was selected which lies in the vicinity of Copernicus CD
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and-.whicho.was.definitely formed by ejecta from Cop.enicus.... 

Using pictures of average and high resolution, measurements
 

were performed on a series of surfaces which lay on the ejecta
 

plane produced by-these secondary craters (Figures 24 a, b). The!
 

craters on this type of terrain proved to be very heavily eroded
 

and 	thus their measurements had to be performed with great care.
 

Otherwise, we have a result of too few crater frequencies.
 

;Therefore, it is advantageous to use only the largest craters
 

Ifor dating since these have been less influenced by erosion effects.
 

jFigure 9 shows that within the range of validity, the distribution
 

Ion the cluster terrain agrees with that obtained for structures of
 

'Copernicus.
 

b) 	Central cluster and light mantle region for the Apollo 17
 

landing site. 
 -

In the vicinity of the Apollo 1T landing site there are
 

structures - the light mantle and the central cluster region
 

l(see Figure 25) wiwhose origin is attributed to the secondary
 

iimpact of Tycho ejecta (Howard, 1973; Muehlberger, et al., 1973;
 
'Lucchitta, 1975; WolEe, et al., 
1975; Arvidson, et al., 1976)..
 

Investigations previously performed were based primarily on
 

!the study of V-formations, the comparison with known secondary
 

!structures of 'Tycho, and morphologic criteria. x
 

The assignment of these regions to the crater Tycho was
 

;checked in this work by wsing the crater frequency dating method
 

!(.see also Section a). Craters superimposed on the light mantle
 

and 	the central cluster region were measured. It turned out,
 

just as for the cluster region of Copernicus, that the erosion:
 

lof 	this target material is greater than on other regions (see
 

Lucchitta and Sanchez, 1975). On the basis of the high quality
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;photogrAphicmaterial and the young test surface, sufficiently 
 -

reliable measurements were performed which yielded identical
 

1crater frequencies for both regions, Light Mantle and Central
 

jCluster. In the comparison of these data with Tycho values, the
 

)empirical results of the two regions were summariz~d. The result

ing test distributions of the Apollo 17 measurements is illustrat~d
 

iih Figure 26 together with the data from Tycho. Where D< 50 m,
 

!variations appear in the crater frequency distribution. These
 

arejaffrjutable ,to the fact that on the one hand, not all small
 

icraters in the measurement region were detected (erosion) and on
 

!the other hand, for craters of'diameter D < 30 m, contamination by
 

'secondary craters seems to play a role (see Figure 35). -As
 

!Figure 26'shows, the measured didtributions of regions in the
 

,Taurus Littrow valley agree with the overlappingdiameter .i /29
 

;range of Tycho. Under consideration of the experimental test
 

iresults discussed in Section a, we /
1; can proceed from the fact 
 /30 

'that the Light Mantle region and the Central Cluster region very
 

probably occurred due to Tycho ejecta. Neukum and K~nig 41976)
 

!arrived at a similar result on the basis of previous investigations7 3
 
'Detailed examinations of the radiation age of Apollo 17
 

samples (Arvidson, et al., 1976) produced a value of 96 ±5 million
 

;years for the Light Mantle and the Central Cluster region. This
 

,can therefore be considered the absolute age of the Tycho crater.
 

!In addition, one can determine the absolute age of Tycho by
 

lanother method. Here we begin from the relative integral crater
 

frequencies of Tycho and North Ray, their radiometric dating,
 

and the flux-of impact bodies. Under the assumption of constant
 

flow (see Section III. 3b) there results a value of about 75
 

Imillion-years for its age. Since the determination of crater
 

,frequency and even-the flux bf meteorites are full of uncertaintids,
 

'tthis result is compatible with the radiometric age.
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Figure 25. Surroundings of the Apollo 17 landing site in the
 

Taurus Littrew valley. The measurement surfaces in the Light
 
Mantle regin (left) and in the Central Cluster region (right) are
 
included (P-17-2309)..
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S-rT-I---3--D-rS GUoSS ION 

a) Morphologic - stratographic classifications
 

The investigations discussed in Section 1 produced the
 
ifollowing age sequence for the impact craters 
(from oldest to
 

,youngest): Copernicus, Kepler, Aristarchus, Tycho and North Ray.
 

Except for North Ray, these impact structures have been dated
 

relatively on the basis of merphologic-stratographic criteria
 

I(Hackman, 1962; Pohn and Offield, 1970;- Wilhelms and McCauley,
 

'1971). The resulting classifications agree with the results of
 
;this work.
 

The dating of large impact structures by means of the fre

quency of craters superimposed on them can, in principle, be
 

used for every larger crater prov'ided it is'not too heavily eroded
 

;or covered by~secondary craters._ With this method a series of
 

additional post-Mare impact craters were examined and their mor-
I
 
Iphologic-stratographic classifications were checked. 
 Previous
 

iresults of these studies have been published somewhat (Neukum
 
and K~nig, 1976) and are here summarized briefly: for recent
 

:structures, as those investigated here, consistent results were
 

jiobtained. Older craters, however, are frequently classified as
 
jheing too young because the morphologic modification of a crater
 
,depends not only on its age, but also on its size: erosion
 

ieffects change the appearance of a small crater much more than
 

,that of a large crater. Therefore, the morphologic classificatio
 

tends to classify larger craters ias more recent. Although attempts 

were made to include this effect"(Offield and Pohn, 1970), 

!apparently the size-dependence -of the classification - particu

larly in the range of crater diameter D > 8 km - was accounted 

of qnlyjins.ufficiently. /3 
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b-)----hbno-ogy of the flux of impact bodies
 

The time course of the flux!of impact bodies near the Earth
 

more than three billion years ago is distinguished by an expo

.nential decrease of T 140 million years (Neukum, et al.,1975a).
 
!Beginning from the crater frequencies determined in this work, thb
 

'chronology of the flux - particularly during the past (1-3) x
 

09 years - can be determined.4 more precisely than before
 
(Neukum and Konig, .1976). Results from the cratler size distributions
 

iI II 
on the Canadian shield* and the Apollo 12 and Apollo 15 landing I
I i 
1sites*x were also used for this.1
 

The integral frequencies (fbr D = 1 km) of these objects com

:pared to the corresponding radiometric age of the target surfaces, 

are shown in Figure 27. Beginning from the data which were ob

tained for North Ray and whose assignment to a radiometric 

age is relatively reliable, integral crater frequencies were cal-. 

culated under the assumption that the flux in the last 3 x 10 years 

had decreased exponentially-. -Here different half-life periods 

T/2 were considered (T/2 = -corresponds to constant flux). As 

'we can see from Figure 27, a constant flux during the last 3 x 10? 

years reproduces the data obtained for North Ray, Tycho and the 

Apollo 12 and 15 landing sites quite well. -A decreasing flow 

!where T (100-200) million years during the last 800 mi4on 
1 1/2 



,years, which was considered possible'by Neukum and Konig (1976) can
 

,be excluded.
 I I 

If one includes the data of'the Canadian shield and that
 
iof the Copernicus-Crater, then a,time variation of the meteorite
 

If we assume v-c= 15 km/s for data reduced to lunar condi
tions (see Neuum, et al., 1975a).
 
Da-ta -taken-from Neukum, et al., (1975a). . .....
-
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-flux-dur-ing-the last 1 x 109 years is indicated. -So-for-example.,
 

!a flux during the last l x 10 years with a half-life time of,
 
9
!about (0.5 - 1.0) x 10 years which has decreased exponentially,
 

is compatible with the data. Even complicated models of flux
 

(chronology are possible (see Baldwin, 1971; Neukum, et al.,
 
11975a; Neukum and K~nig, 1976). :Thus,yfor example the flux could!
 

have fallen off exponentially about I x 109 years ago and then
 

increased, followed by a renewed decrease; A minimum impact rate
 

occurring betwe.enl and 3 x 109 years ago coul&,explain why no
 

!corresponding radiometric sample ages were found except for indi

-vidual exceptions.
 

The data for Copernicus andithe Canadian shind however
 

should be considered less reliable: neither the geocentric
 

velocities used to convert the Canadian crater to "lunar condi

tions" of impact body are assured, nor is the relationship
 

{between the Apollo 12'samples which were used for the dating of i /33
 

,Copernicus and the crater itself certain. Thus for absolute
 

dating, younger lunar impact structures for which no radio=metric;
 

dating is available, can proceed from the assumption of a bon

stant .flux. Under this condition, there results for Aristarchus
 

an age of (125-175) million years and for Kepler (625-1250) million
 

;years. Accordingly, for Copernicus one would obtain an age of
 

(1010 - 1630) million years. If the assignment of the age of 


Copernicus resulting from radiometric measurements of Apollo 12
 

samples is eorrpct (i.e., if the'flux was not constant) then
 

:the age of the younger crater Kepler would be limited to the
 

!range of (625-950) million years.
 

The relative and absolute ages of the craters examined are
 

ishown in Table 1,
 

/34 
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iFigure 27. Lunar integral crater frequencies (for D = 1 km) as a: 
!function of the target age. The data from the Canadian plate were 
iconverted to lunar conditions. 

-TABLE 1. RELATIVE AND ABSOLUTE AGE OF THE CRATERS EXAMINED.
 

Integral Age
 
crater fre- (106 years)
 
quency
 
N (Rm-2) (a) (b)
 

-
Copernicus (1.o t o.3) - 850 oo (r) 132o Z 31o 

4
Kepler 	 (7.5 ± 2.5) - "79o S 16o 94o I 31o
 

- 4
Aristarchus (1.2 ± o.2) 1o 15o 25 	 15o ± 25
 

- 5
Tycho 	 - (6.o ± 1.7) 1o 96 ± 5 (r) 75 20
 

- 5
North 	Ray (3.9 1.o) 1o 48.9± 1.7 (r)
 

(a) 	Dating on the basis of the flux sequence considers the
 
assignment of the radiometric crater age (r)
 

j(b) 	 Ages calculated under the assumption of a constant flux;
 
there the radiometric age of North Ray was used as a cali

.... _avien point. 
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Beginningfrom the known lunar impact rate for the last 109 

years and the time constants of the crater size distribution, it 

is possible to determine the integral size distribution or the 

influx of interplanetary 1gojes of diameters of 10 4m ' d;103m in 

the Earth-Moon vicinity during recent times. The data for 

particles having diameters in the wm- to the cm-range were obtained 

from investigations on lunar microcraters (Fechtig, et al., 1974) 

and meteor observations (Hawkins and Upton, 1958; Lundblad, 

1967). For the-range of o.'5inda 600 m, the size distribution 

of lunar craters was used. 'The determination of projectile 

diameter d from the crater diameter D is performed by relations 

of Hartmann (1965): d = a -k , , where k = 1/3.06, the para

meter "a" is a function of the impact velocity and p is the
 

density of the projectile material. The inaccuracies in the
 

quantities k and "a" are considered in the citations of error.
 

The corresponding particle influx rates were determined under the
 

assumption of constant flux, from the crater frequencies N and the
 

radiometric crater ages t. of North Ray and Tycho; the crater
 

production rate was determined:
 

, (D) = N (D, t) /ti . JTwol large crater diameters were extrapo

lated over the distribution curve. For the reduction of data of 

terrestial craters (Canadian shield) the crater and target
 

ages were considered (Neukum, et al., 1975a). The conversion
 

of crater data occurs for projectile velocities V = (10-20) km/s,.
 

In addition, an asteroid influx point calculated by Shoemaker
 

and Helin .1976) for the Earth was used. The different gravi

tational field capture cross sections due to different gravity
 

on the Moon and Earth were considered in the determination of
 

influx values.
 

In Figure 28 the integral influx values per m2106 years are
 

plotted against the corresponding particle diameters. The low 

data range of the influx curve is distinguished by dotted lines. 

The d'istribation curve Of'particle -izes exhibfts regiOnS - like 
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Ithe distribution function of crater diameter - which show a 

!nearly constant slope. This indicates that the impact bodies
 

belong to populations which originated by the most different means;
 

ifragments of collisions of asteroids with other asteroids or withi
 

other heavenly bodies, or of origin on a comet. The asteroid
 

'point is somewhat high with respect to the lunar crater data.
 

'Note here that the diameter determinations used by Shoemaker and
 

'Helin are an average of about 50% higher than the values deter

:mined by other researchers (see Wetherill; 1976)_. Therefore, the
-r _r 
lasteroid influx point is uncertain.
 

- I I * II I ' I 

RECENT FLUX OF INTERPLANETARY BODIES
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!Figure 28,, Integral flux of interplanetary bFdxes in an Earth-
IMoon system as a function of the particle size. The crater 
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V_ 4
 

http:j.e.c.ti


/36 4TI-V-..SECONDARL CRATERS ON THE MOON 


With the formation of impact craters, we always have the
 

jejection ofWteria1 called ejecta. This ejecta again produces I
 

icraters or so-called secondary craters. On the Moon, their impact
 

velocities are less than the flight velocity of 2.4. km/s. Largey,
 

fresh, impact structures are surrounded by pronounced systems
 

of .bright rays which are arranged either radially or tangentially;
 

Ito the edge of the initial crater and-are connected genetically

I T_ 

with the secondary craters (Oberbeck, 1871).. Within the rays there
 

tare a series of.crater -chains which are produced by the impact
 

-of ejects (see Shoemaker' 1960). One such chain to the southeast
 

,of the Aristarchus crater is shown in Figure 29 (at different
 

;scales). As can be seen in Figure 29b, the secondary craters 

are distinguished from the primary craters because of-their 

'morphology, by a somewhat elliptical shape, lower crater depths, 

'V-shaped.structures and by their appearance in groups (Oberbeck 

and Morrison, 1973); These structures are eroded with 

increasing age and losel-their relief in the course of time. -

Besides these secondary craters arranged in chains, there are 

Idisperse groups of round secondary craters (see Shoemaker, 1965),!
 

which are called clusters. They originate due to a form of
 

ejecta particles with very'similar flight paths (Shoemaker,
 

1965). Consequently, the impact velocities of eje6ta°particles
 

which have produced a secondary crater cluster have not been very
 

)different. Thel-impact angles were probably very 1steep since
 

these craters are round. It is generally difficult to assign
 

these structures to a primary crater&
 

IV. 1 Size distriliution /37
 

The secondary craters of younger impact structures are
 

especially suitablefor investigation since they are relatively 2>
 

little eroded. Below, measurements -are discussed which were
 

performed theb- rehi aisarn=AgTt-WhfJXhe dt-
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(b)Figure 29 a and b. 
Ejecta region of the Aristarchus crater.
 

(a) 	Part of the bright ray system. Photo mosaic from LO IV
 
150H3 and 151H1.
 

(V) 	-Sect-fon of'a ray, whichb 
shows a part of the secondary -crater
chain. (AS 17-2930).
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2Qpentcusand.on clusters in-the vicinity of Arls-ta-rchus-an- -


Copernicus. In order to keep saturation effects from falsify

ing the crater size distribution (i.e., mutual blanketing or
 

,craters impacting the same spot) only those chains and cluster
 

:structures were investigated whidh exhibited a relatively low
 

crater density. The investigations were performed in the 

;diameter range 'of 250 m . D 35Q0 m. 

a) Empirical principle and evaluation 4-


To measure the secondary-craters, the same photographic
 

material was used as already introduced in Chapter II la.
 

The distance of the secondary crater from the primary crater
 

center was between 60 and 280 km i(Aristarchus), at about 600 km
 

i(Kepler) and between 140 and 480 km (Copernicus). The secondary
 

'crater chain in Figure 29 was divided for the measurement into /38
 
sections, each of a primary. crate 
radius length in order to be
 

able to determine any variations -with distance from the center of
 

ristarchus. Only the unequivocally identifiable craters connected
 

with V-structures were included in the chain.
 

* Figure 30 shows four of the examined clusters. All craters
 

within the measurement surface delineated by -the lines were
 

included in the investigations.
 

Four points on the crater edge were measured. This was done,!
 

on the one hand, because the secohdary structures, particularly
 

those in the chains, are often not circular but elliptical; on thel
 

other hand, these craters often have an incomplete edge due to the!
 

it--Par-tia1---use-was made of the investigations of @bcrbUk'-afd

i Morrison (1973) in the identification of appropriate primary v craters. 
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Figure 30. Investigated cluster of secondary craters on
 
Copernicus (tO V 157M).
 

s-ubsequent impacts of nearby meteorites. The average diameteric

of the secondary craters was determined by drawing a calculated
 

circle through the four measured crater edge points after the
 

,determination processes. The final evaluation was performed as in
 

Section II lb and c.
 

b) Results
 

Figures 31a and b show the integral size distribution of
 
Fsecondary 
 crate's in a section of a chain (in ll-12 crater radii
 

,distance) of Aristarchus (see Figure 29) and in a cluster, which
 

!,is distinguished by an arrow in Figure 30. The shape of the
 

'distribution curves suggests a classification into two diameter
 

intervals in 'whichthe data can be approximated by straight log

,,logdiagrams. It was found that the measured size distributions
 

Kof-.the..secondary craters in clusters and chains f-ol-ow a percentage
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iaitin_.thb_&range of small diameter of the form )N-mD-( =2.5±0.3)!
 

jand in the range of larger craters a percentage lawJND- (63 4+11
 

iFrom the similarities of the size distribution in secondary
 

crater chains and clusters, one can conclude that the ejecta
 

producing them originate in the primary crater formation by the /40
 

!same process. The transition between the flat and the steep
 

!branch of the distribution curve appears constant as shown in
 

Figure 31. In this transition zone, we can define at about a
 

breakoff point D : the data of the crater of diameters D < DA lie'
 

on the flat branch of the distribution curve, the value where
 

D> DA lie on the steep branch.'Between the point D of a secon-!
A I A 
dary crater distribution and theycurrent largest crater diameter
 
s of a crater group there exists an equation. The correlation,
-max 

of these quantities is shown in Figure 32 where the DA is plotted!
 

against the appropriate DS values. From this one can see that
 
max
 

curves of the secondary craters bend'into the flat branch.
 

If one compares the size of a secondary crater in the
 

Copernicus and Aristarchus -chaini(Figure 32), then one sees
 

that the larter crater Copernicus in general also produced
 

.larger secondary craters. This correlation between primary crater
 

size and average secondary crater diameter was observed even in
 

!the investigations of chain'craters of other primary crater
 

!distribution fields. However, no correlation of the average
 

!standard crater size could be ascertained in the,chains'with the
 

distance from the primary crater.
 

It is probable that for the average diameter of a
 

secondary crater in clusters, analogous equations exist as for
 

,the chain craters. However, these structures were formed by
 

ejecta -which itself was created in-a similar,manner. But since
 

the assignment of clusters to primary craters is often not
 

unequivocal, the relations in this case cannot be checked.
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--V-hs-2---Dts-cussion
 

It was prviously assumed that the integral size distribution
 

of secondary cr~agrs £qllapent age awof constant exponents
 

-3.5 (Soderblom, et al., 1974) to -4 (Shoemaker, 1965). The
 

flattening off of the distribution curve at smaller crater diameters
 

was previously not observed. In the investigation of secondary /41
 

craters which were formed by ejecta of the Sedan explosion
 

crater, Shoemaker noted (1965) a bending in the -size distribution
 

but did not attribute this to an effect which was caused by the
 

evaluation: the smaller secondary craters lay closely packed above
 

the resolution limit of the photographs used and could therefore
 

not be completely registered.
 

For the size distributions measured in this work the bending
 

occurs in.diameter ranges where quantitative measurements were
 

made.
 

The destruction of smaller craters either by erosion or by
 

subsequent formation of-larger craters at a higher surface density
 

of impact also causes a flattening off of the crater size distri

bution at smaller diameters. A significant influence of this
 

process on the measured size distributions, however, is not
 

possible.
 

- If erostbn effects were significant, the -size distribution.
 

of equally old secondary crater groups which lie along the same tar

get material would have to bend off at the same diameters DA. But
 

this was not observed on the secondary crater chains found on
 

Mare material, e.g., for example, on Copernicus (see Figure
 

32).
 

Although the crater densities in the examined secondary
 

crater groups in the range of D<.DA lie near the frequency values,
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the populations are in equilibrium in the creation-destruction
 

cycle, however, in this range the exponents of the measured size
 
distributions (about -2.5) are different from those of the
 
equilibrium distribution (Exponent -2).
 

The results of this work show that the size distribution of
 
!the secondary craters can be described'by a power law having
 
diameter dependent exponents. The previously assumed power law
 
for a constant exponent between -3.5 and -4 does not hold for
 

the range of small crater diameter.
 

As already discussed, the velocity differences between the
 
ejecta particles which have formed a cluster or a certain section,
 
of a secondary crater chain could not have been very large.
 
According to the generally recognized scaling, the ratio of
 
projectile diameter to the corresponding crater diameters is
 
nearly constant at the same projectile velocities 
(see for example,
 
tHartmann, 1965). This means that the measured secondary crater
 
size distribution directly reflects the size distributions of
 

the ejecta.
 

IV. 3 Comparison with the primary crater size distribution
 

The average impact velocity of meteorites on the surface
 

of the Moon is about 15 km/s ik, 1962). The velocities
 

of the ejecta particles forming secondary craters is always
 
less than the Moon impact velocity by 2.4 km/s. Therefore, a /42
 
meteorite produces on its impact 
on the Moon's surface, a
 
)minimum crater 3 times larger than one produced by an ejecta
 
:particle of the same mass. 
 In order to be able to directly
 

'compare the crater size distributions of meteorites and ejecta,
 
a velocity correction must be made. This is described as follows.
 

Between the diameter D of aicrater and the energy E necessary

I k Ifer--i-t-s--f-erma-t-on-h-t-bere - s--aneuat-ion--D--EIwhkch-was--detoer" 

lmined on the basis of explosion experiments (e.g., Baldwin, 196 3).
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.Fo.ameteorit impacting at velocity v of mass m. therefore, we
 
1~ 2 k

'have D%(1/2 mv2) k . For k, a value between 1/3 and 1/3.4 is 

used (Shoemaker,-et al., 1962; B&ldwin, 1963; Hartmann, 1965); 

jThus there results the -diameter relationship y= D/D- of the crater 

which was produced by the same projectiles at different impact 
I/V2k 

Since in this chapter
,velocities v1 and v2 to y - (v1/V2 Y 


examined secondary craters were produced at a minimum-velocity of
 

jabout 350 m/s on the basis of ballistic calculations (Overbeck
 

.and Morrison, 1973) there results for the diameter ratio D
 

(secondary)tDj(primary)' 0.08. 'A more precise determination
 

of y is difficult since neither the impact velocities of ejecta
 

nor those of meteorites on the Moon are known precisely.
 

For direct comparison of the size distribution of ejecta
 

and meteorites, the standard distribution function (see
 

Chapter II) is shown in Figure 33,-shifted by a factor of y.= 0.1'
 

jto smaller diameters. For this'diameter ratio there results the
 

'best possible agreement between two distributions: it turns out
 

that the size distribution of a secondary craters agrees well
 

with those of'meteorites for diameters D DA. For diameters
 
'DA'


DA<D the ejecta size distribution function deviates from
 

that of the primary impact bodies. This relationship is inter

preted as a-deficit occurrence: if - as is suggested by pre

vious considerations - the size distribution of ejecta of the
 

meteorites is very similar, then necessarily the size distri

bution of ejecta at -the greater diameters reaches a limit due
 

to the finite primary crater size.
 

As was also determined in our investigations, a correlation
 

exists between-the primary crater diameter and the diameters of
 

its secondary craters (see, for example, Shoemaker, 1965). It
 

generally makes no difference which process causes the primary
 

.crater (explosion-, impact), so that one finds empirically that in! 

the m-km:diameter range, the greatest secondary crater is about 
-ten-times-smat17er-thantb-tht=-o.theprimary-crat-er-.fsee-'Tab--e -.2,)
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;Figure 33. Secondarycrater size distribution of a cluster on
 
,the continuous ejecta &bvgr of Copernicus. A normal distribution
 
:function and a logarithmic line of the slope of -4 is drawn
 
through the data. The standard distribution function was
 
shifted by a factor of 10.
 

TABLE 2. RATIO OF THE LARTEST SECONDARYCRATER DIAMETER DE TO
 

THE PRIMARY CRATER DIAMETER D FOR LUNAR IMPACT AND TERRESTRIAL
 
p


EXPLOSION CRATERS (DATA FROM SHOEMAKER, 1965); -ROBERTS, 1964)-.
 
J , . -, 

1Crater Crater type Dp DE/Dp 

IScooter Explosion 104 m 0.12 

Sedan Explosion 366 m 0.08 

Copernicus Impact 92 km 0.09 

Lang-renus. - -Impact - 132 km 0"5 
59 
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-The relation between the diameter DA (where the distribution'/43
 

deviates) and the diameter D2 (of the largest crater of the
 
max
 

secondary crater group under consideration) illustrates the
 
deficit occurrenc--Figure-32)-z- The--sze-dstr±bution of ejecta
 

deviates from the-normal distribution because the size of
 

secondary particles produced cannot be selected due to theo
 

primary impact, i.e., a deficit of large ejecta particles must
 

'occur.
 

It is conceded that at least some of the meteorites-which
 

reach the Earth-Moon system are collision fragments of larger
 

bodies (see, for example, Wetherill, 1976). Therefore, it is not
 

;amazing that similarities exist between the size distribution of
 

-ejecta particles andof meteorite bodies, however, both types of
 

bodies are creatediby collision processes. According to Dohnanyij
 

S(1969)- one expects a power lawhaving the exponent -2.4 for the
 

-infegraldiameter distribution-of- particles which were formed by

icollisions.. The average secondary crater distributions have a
 

similar exponent 'except for the deficit part. Since a normal
 
distribution curve is composed of regions having different
 

;exponents, very probably the correlation of the ejecta distribu

ttion and the size distribution of the primary projectiles is
 

given only for the size range examined.
 

IV. 	 4 The influence of secondary craters on primary crater
 

distributions
 

It is not always possible to perform investigations on
 
,regions which meet all the criteria for selection described in
 

Section II a, particularly the condition of minimum secondary
 

lcrater mixing. Therefore, it is of interest to know in what
 

-crater"s'iz'2ranges a significant contamination by-s-d
obdAry
 

craters should be expected, i.e., up to what crater diameter
 

are measurements of primary crater distribution meaningful'which
 

will lead to reliable results.
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tI -,Thekno-wldge of the ejecta size distribution and thus of
 

the size distribution of the secondary craters makes it possible
 

:to estimate the influence of -intermingledsecondary craters on
 
-iprimarycrater populations. In Figure 34 the nog-hifted primary
 

icrater size distribution function is approximated to the empirical
 
data (dashed'line). The secondary crater distribution seems to
 

,follow in t-he region of larger diameters, the primary
 

crater distribution and at smaller diameters to bend off flat. The
 

lagreement occurs because the deficit branch of the measured
 

secendary crater size distribution falls within the range of
 
the normal distribution function examined in this work. This
 

normal distribution function can be approximated by a power
 

function having the exponent -4. -The coincidence can be attri

;buted to the diameter range alone where the measurements used
 

.,here were performed. As was discussed in the previous section,
 

ithis coincidence does not occur in the other diameter ranges.
 

Therefore, in general there should result a noticeable contamina
ited size distribution. Its precise course cannot l~e predicted
 

since it is dependent on the quantities of surface density and
 

Fnumbier of secondary crater groups contained.
 

In order to study this more precisely, different aged old
 
-
regions were selected((oS £i 3.5).o; years. Secondary
 

Icraters were knowingly included in the measurement (Figure 35,
 

Iclosed symbols) and for comparison we tried to eliminate all
 
secondary craters according to the criteria introduced in
 
'Section II 2 (Figure 35, open symbols).-. Nearly all secondary
 

craters (with the exception of several characteristic V

structures) were included in the measurement (Neukum, 1976) of
 

'the lava filling of Tsiolkovsky.< For Copernicus, the secondary
 

crater cluster in the northeast of the crater base (see
 

Section III la), which was eliminated for the dating process,
 

was included in the measurement' the same occurred for the
 

continuous ejecta cover of Aristarchus in the northwest of the
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cat.__Qnth.e other regions (Oceanus Procellarum,Ais arcbus)..
 

no unequivocal clusters were discovered, only variations in /46
 

icrater densities were noted whichrcould be caused statistically.
 

Here, too, the already mentioned elimination criteria of Ober

beck and Morrison (1973) were carefully applied. In all cases
 

the measured distributions bent off from the primary crater dis

;tribution at a diameter D which is greater as the area under
 

'considerationwis more heavily'cratered, i.e., the older it is.
 

-.
This is illustrated on the example of the Oceanus Procellarum
 

land the Tsiolkovsky empirical curve (Figure 36). For D >D the
 

measured crater size distribution-follows the standard curve, for'
 

'D<D there results superelevated measured crater frequencies.
 

In Figure 35 the integral crater'frequencies N (for D = 1 km) of
 

the regions investigated are plotted against the diameter Ds.
 

The correlation between the age of the target and D can be seen:i
 

in older regions the contamination begins with larger craters
 

instead of on recent ones. Moreover D5 depends on how careful
 

the elimination of the discernable secondary craters is performed'
 

;To the right in Figure 35 the drawn line can generally be used 

!as a dating line if an elimination of secondary craters is per

iformed. For D< D-, however, one should generally count on 

'quantitative inclusion of secondary craters which can no longer 

ibe identified as such in this large region. One measurement per-, 

Xformed on these diameter values (D <D) would lead - in 

4accordance with the degree of contamination - to a very great age. 

1In the case of _the measured distributions entered in Figure 35, 

jthere would be a superelavation 6f up to a factor of about 2. 

,Under consideration of this state of affairs, a maximum age can 

;be estimated if appropriate caution is exercised. If, for example,
 

.a region which is older thanl 1.199 years N - 1-10-3k- for
 
UD= I km) can be dated with high precision, then it is meaningful;
 

ito measure only craters of diameters D > 400 m provided we-are
 

Lot dealing with particularly favorably arranged surfaces. For
 

iyounger objects, about the age of Tycho, the minimum diameter i
 
62t4650felowsfromFigUre35.
 

62
 



= ,=-1 i111iI k 1 111l 1 1 -o 1 1 I 

' Figure 34.. Measured secon-
Z COPERNICUS ', dary crater FIze 6istrib-u-I 

sdc tion of a cluster on the 

W 1o0 clusterA continuous ejecta blanket 
W of Copernicus. The primary 

crater size distribution
 
4w function is drawn through
 

p-< the data.
 

> d 

O . standard craterid size-frequency curve 

V- 157 M 

010= I0 10' 

CRATER DIAMETER (kin)
4-

Contaminiation by secondaries7 Figure 35. Influence of 

Et secondary craters on 
' primary crater populations' 

Oceanus i0 the beginning of quantita-
SI6 generaly tive contamination by 

.0" secondary craters shifts to 
serious "-the larger diameters as the
 

n* age of the test region in-.
 
creases.
 

C) Aristairchus-I

161,S 3 . . .... IL . .. .ILL_. . . . 

- ° 
ci 10.t 3J 10 10 1o 10-2 16 do1 

Critical Diameter Ds(km) 

63 



c cau 	 4- siolkovsky -
dark interiorProcellarum 	 d, 

FC. I,-3 Noukum 1978 

-

(a) (l 

-2 I1 0 -D 

-2 g Cr1e Dimee 1k Log Crater Diameter (kcm) 

(a) 	 (b) 

Figures 36 ab. Measured crater size distributions which are
 
superrelevated due to secondary crater contamination for diameters
 
D. 	D
 

a) Oceanus Procellarum 	 b) Tsielkovsky
 

The measurements performed on secondary crater groups 

(chains and clusters) permitted the estimation of the maximum 

superelevation of frequencies of primary craters due to inclusion, /47 
of secondary craters for regions of ages < 3.5 x 109 years in 

the range of 300 0D 4 5. The absolute frequencies* in the 

secondary crater groups lie about an order of magnitude above 

the primary ones which determine the age of the region. The 

generally investigated surfaces are large compared to the number 

of surfaces covered by secondary crater groups which they contain 

(could contain). If primary and secondary craters are evaluated
 

together on such regions. the resulting frequency lies less
 

than a factor o± 10 above the determination made-ton the basis of
 

primary craters alone. Older calculations of the contamination
 

of primary crater populations by:secondary craters deviates
 

from these estimations, They proceed from too steep a secondary
 

crater distribution curve which was extrapolated to smaller
 

• 	The datum level is the region surrounded by the straight
 
lines enveloping the crater group (see Figure 30).
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.crateaiametqrs (Shoemaker, 1965). On the basis of the un

corrected starting distribution bf secondary craters., the super
relevations determined in the Mare regions of more than one order
 

of magnitude are certainly too high. Gault (1970) arrived at
 

,similar conclusions, however, his were based on other considerations.
 

V. EXPERIMENTALLY PRODUCED SECONDARY IMPACTS 


V. 1 Experimantal descriptioh and evaluation processes
 

In this chapter, impact experiments and investigations of
 

the ejection of secondary-particles are described. The results 

particularly the size distribution of ejecta - are compared with 

the corresponding data of other authors and agreement and 

differences are illustrated which exists fr/the ejection phenomenon 

of large lunar craters.
 

a) Apparatus used
 

The impact experiments to produce secondary particles were
 

performed with the small gas cannon of the Ernst-Mach-Institute
 

in Freiburg. There, projectiles of up to 2.5 mm diameter can
 

'be accelerated to velocities of up to /7_krn/s . A description of. 

the operation of the small gas cannon is found, for example, in 

Schneider (1972). Impact experiments with projectiles of known 

,mass and velocity were performed on the 2MV van de Graaff
.accelerator in Heidelberg,-and using the small gas cannon to
 

calibrate the secondary impact structures. The dust accelerator
 

is described in detail in a series of papers (e.g., Rudolph, 1969
 

Neukum, 1969). There (electrically conducting) particles of
 

9
masses between 10- and 10- 15 g were accelerated to velocities
 
between 1 and 60 km/s by electrostatic means. A raster electron
 

microscope (stereoscan) was usedeto search, measure andphotb

graph impact structures produced by the accelerator. Its reso-

Iutiton'wat" 0t 

0 
IV &rE@at ion
-ab U1b s 'p6We§id-hy-a-20V='KF 
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voltage. By using a Si(Li) semiconductor detector (resolution
 

limit: 160 eV) connected to the stereescan, the energy spectrum
 

of the characteristic X-ray excitement of the primary electron
 

beam on the target was recorded in the range of 1-10 keV; thus
 

the chemical composition of the target structures was qualitatively
 

determined in the micro-region. The spectra were plotted by the
 

recording equipment.
 

b) Experiments

I 

Impact experiments were performed using the light gas
 

cannon; these are described below. A steel ball of mass 1.4 x
 

10- 2 g was fired at a velocity of 4.1 km/s at a fine grain
 

basalt target. During the penetration process, the target
 

chamber was evacuated to a pressure of 1.5 x 10- 4 torr in order
 

to keep the interaction effects of small ejecta with residual gas
 

molecules negligible.
 

In order to record ejected particles, 5 lead targets were
 

arranged in a holder at a distance of 15 cm from the intended
 

impact point. The construction is shown schematically in Figure
 

37. From this we see that the ejecta struck-the target almost
 

perpendicularly. Since the point of impact could not exactly be /49
 

localized in advance, the actual ejection and impact angles of
 

the secondary particles were postcalculated.
 

c) Calibration experiments
 

The target material, lead, was selected because it is a
 

suitable detector for particles having velocities less than
 

200 m/s. In order to keep a sufficiently smooth surface for
 

scanning, the lead-was milled. Then the targets were loaded with
 

gold. This simplified the location of smaller, faster-moving
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projectile secondary targs 

impact point I 

primary Frget15cm-

Figure 37. Schematic assembly of the'experiment using the light
 
gas cannon.
 

particles, particularly in the calibration experiments on the
 

dust accelerator.- The target surfaces were selected of a size
 

such that the secondary particle-density could be determined with
 

sufficiently accurateistatistics. Non-rolled lead targets were
 

used for calibration of the light gas cannon.
 

Aluminum and gold-loaded glass balls of diameters between
 

0.5 and 20 Um were fired at lead targets at velocities between
 

200 m/s and 3 km/s to calibrate the dust accelerator. The supple

mental impact experiments on the light/gas cannon were performed
 

at velocities between 800 m/s and 2.5 km/s. Here, aluminum
 

projectiles of 2.5 mm and glass projectiles of 2 mm diameter were
 

used. There resulted impact structures whose morphology changed
 

with increasing speed: the projectiles were reflected (I),
 
remained embedded(TI) or formed craters (III). Several examples
 

for this are shown in Figure 38 a-h. In Table 3 the results of
 

the calibration experiments are summarized. The D/d relationships
 

shown there were calculated from the known average projectile
 

masses and the determined diameters of the impact structures.
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S 	.1 ft
 

a: 	o = 420; B = 7000; b < = O°; = 2800;
 

v = 200 m/s; Glass Al - Pb. v = 300 m/s; Glass-* Pb.
 

v = 300 m/s; Al -)Pb. 	 v = 500 m/s; Glas--Ph.
 

'
 Figure 38 a.-h: Morphology of the impact structures for different
 
projectile veloacities v C a = angle of inclination ,during,phot.o
graph of the target from-the hlortzbntal, 8 magnification.
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Figure 38 (continued).
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TABLE 3. RESULTS OF THE CALIBRATION EXPERIMENTS ON THE DjQaw 
ACCELERATOR AND ON THE LIGHT GAS CANNON' 

Velocity ,Projectile i Projectile Morphology %D/d** 
m/s _ =compsitionf__ type.. -

(a) 200 m/s RGass,Aleflected I 0.4-0.7 

(b) 300 rn/s Gls ef lected I0.4-0.7, 

(C) 300 m/s Al Embedded II 1.0 

(d) 500 m/s Glass Embedded II .0, 

(e) 500 m/s Al Embedded II 1.0 
0

(f)1400 m/s Al Produces craters I-11 2.8-3.G 

(q)1400 m/s L IIassProduces craters I1 2.8-3.0 

(h)2000 m/s Al Produces craters II 1.9-3.7 

Ci) 1400 m/s Glass, Al Produces craters III 3.0 

I(j) 2000 m/s Al Produces craters 3.6 

* Ci), (j) Data from the m projectiles
 
** D = diameter of impact structure; d = projectile diameter.
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As we see from Table 3, below a velocity of 200 i/s only 

projectile reflections are observed. Deformations (I) in the 

target shown in Figures 38a and b occur in this. The diameter of 

these structures should decrease with decreasing velocities. There

fore, in the following we-begin froma ratiol(D/W) o.4 

for conversions into projectile diameters. For impact velocities 

2 km/s, craters occurred in which the projectile material 

covered the crater (Figure 39 g and h. Type ITI in Table 2). 

To convert the projectile diameters we set (D/d)i 1 = 3.7. For 

the embedded projectiles we assumed that (D/d)ll = 1. 

d) Measurement principles and data reduction
 

The lead targets exposed in the light gas cannon were com

pletely scanned by,the stereoscan at 100 times resolution. About
 

5% of the surface was also scanned at various points on the target
 

at 2000 times resolution. In two cases 4% of the surface was also
 

scanned at 500 times resolution. In Figures 39 a-h, typical
 

impact structures were shown-which were produced by ejecta.
 

These are deformations (Type I, Figure 39a and b) if the ejecta
 

were reflected at the target. Figures 39 c-h show embedded
 

ejected particles (Type II), whereas Figure 39 b is concerned
 

with primary projectile material,. Craters produced by ejecta
 

(Type III) are found in Figure 39b, g and h.
 

The diameter of the impact structures was measured directly
 

at the display screen of the equipment, sometimes the different
 

diameters were determined for non-round structures. Here we
 

always recorded which type (I, II or III) was present. The
 

data were stored on punched cards and evaluated withj a modified
 

version of the program for lunar craters (see Section II 1c). The
 

diameters of the impact structures were converted into particle
 

diameters by the appropriate D/d-ratio. The integral frequencies
 

of particle diameters were plotted for the different types.
 

/53 
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V. 2- Skze distribution of secondary particles
 

By using the measurement principles described in the pre

vious section, it...was. p.ossible to. determine the-.s-i-ze distribution
 

of the ejected particles for different velocity intervals from
 

the secondary impact structures. One difficulty in this was
 

that the density of the impact structures on the target showed
 

local variations. Therefore, even at greater magnifications, large
 

surfaces had to;-be examined. Otherwise there would result
 

statistically induced variations.
 

The measured size distributions are shown in Figure F4o] a-e for
 

the different ejected angles. From this results that the size
 

distribution for the particles of different speed is nearly the
 
-
same: (Cd,v) x f(v)d , where N is the integral frequency, 

d is the particle diameter and f(v) is a velocity function which 

describes the variation of absolute frequencies. An angle and 

particle size dependence 1 = ?s ,d) exists, however, this is 

very weak: between a = 210 and 660, varies on the average 

between -2 and -3.
 

V. 3 Angular- and velocity-dependence of ejected mass
 

The relative constance of size distribution makes possible
 

a comparison,of absolute frequencies for different ejection
 

angles and speeds. As a reference value we use the particle
 

diameter d = 160 gm. For the total frequency of all recorded /57
 

particles there resulted an increase with increasing ejection angle
 

as shown in Figure 41. The same is also true for the particles
 

sorted according to ejection velocities. Whereas the fast crater
 

producing ejecta always represents less than 1% of the total
 

number of particles, the percentage of the particles embedded- in
 

the target and reflecting from the target shifts in various
 

angle ranges relative to each other. As can be seen in Figure 41,
 

72
 



'theqgnutit-y of the Type I and II particles for a= 231 are com

,parable, for a= 540 the ejecta of Type II are even more frequent
 

than the reflected.particles by-& factor of 3. For thb other
 

-iejection angles, the reflected particles were recorded 2-4 times
 

:more frequent than the embedded particles. There results, then,
 

that the ejecta generally are thrown out at low velocities where 

;the percentage of the particles with v 5 200 m/s is about (except! 

ifor a factor of 4) equal to ejecta particles of average velocity 

,(200 m/s v 200.0 m/s). 

I 3
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-.
 

-.. ' K y -, 
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Figures 39.a-h; Impact structures produced by eecta on.the
 

secondary target (a = angle of inclination, on photograph, 
of
 

target from the horizontal, 0 = tbe enlargement).

.the 
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Figure 39 a-h (Continued):
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Particles from all three velocity ranges under consideration
 

were recorded for each of the angle regions examined. The velocity
 

steps, however, are very--afse. Therefore, only a qualitative
 

statement can be made about the variations of ejection velocities
 

of the ejecta as a function of the ejection angle. From
 

Figure 41 we see that more than 99% of the ejecta is ejected at
 

velocities below 2000 m/s. Mere than 50% of the particles regis

tered at a<<25'and 500R&a158 0 had velocities between 200 m/s and
 

2000 m/s. The majority of particles in the other angle ranges
 

examined were slower than 200 m/s. /58
 

V. 4 Discussion
 

The experimental results obtained in the framework of this
 

work agree quite well with the results of similar simulation
 

experiments. Gault, et al., (T9631'and Gault and Heitowit
 

(1963) performed impact experiments using Basalt as the target
 

material and the ejection was examined by time loop photo

graphy at high film rates. It turned out that the ejected mass
 
increased with increasing angles and that the ejecta was usually
 

emitted at velocities less than 500 m/s and a>45 0 . From the mass
 

distribution of ejected particles determined by Gault, et al., 

there results .an ejecta size distribution function of the form 

N'v d0 .where - 2,41. This exponent agrees with the data 

of this work.
 

The exponent in the distribution function is similar to
 

that of the lunar ejecta in the (100 m - 1 km) range. This
 

indicates similar (fragmentation) mechanisms in the origination
 

of ejecta from cm-km craters. The steep deficit branch appearing
 

for lunar secondary crater distributions was not observed in the
 
distributions of experimentally-produced ejecta. The Spallation
 

o.ccnnring-on.Basalt.tcratening,may produce su-fficient numbers -of
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targe-ej-ecta particles so that the deficit branch of the ejecta
 

size distribution only-occurs at'diameters which are larger than
 

the primary projectile diameter.'
 

Other similarities intthe ejection process which are found
 

over orders of magnitude in the crater dimension exist in the
 

average similarity of ejection velocities. For impact experi

ments on Basalt as well as for large lunar impacts, the main mass
 

of ejecta is thrown out at velocities below 500 'm/s. As is shown
 

by the appearance of lunar secondary'craters in clusters, many
 

-ejecta particles 'are apparently thrown out in groups (Shoemaker,
 

1960). This phenomenon was also observed in the experimental
 

ejection studies: on the average the targets exhibit a homogeneous
 

density of secondary impact structures. In this respect, we
 

probably- also see the appearance of preferred directions in
 

the ejection which can occur due to weak zones in the target
 

.(Shoemaker, 1960).
 

Whereas the previously discussed ejection phenomena appear
 

.to be of a general natire, there is a series of dynamic processes /59
 

whicb depend greatly on target material, crater dimensions, crater
 

shape. etc. Using the examples of the angle dependency of the
 

ejection of different type craters, we discuss this phenomenon
 

below.
 

Schneider 41975) obtained results which deviate from those of
 

this work in an impact experiment on a glass target. He obtained
 

a maximum density of secondary particles (where v ; 3 km/s) for the
 

ejection angle U J25 ° and another maximum c% 60 ° . This second
 

maximum was also found by Eichhorn (1974) using ltt flash
 

,investigations (using primary targets made of metal). The
 

de-v.iations may be explained by the different (primary) target
 

materials or may be caused by the different particle detection
 

,methods.
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The.ejction in sand occurs primarily between 30 and 500 (see
 

Chao, 1974; Stoffler, et al., 1975); this is different than for
 

a solid target where the main mass of ejecta is thrown out at
 

steeper angles. The resulting ejection structures exhibit com

parable uniformities with those of larger impacts: inverse
 

stratography, radial intensity decreases (Stoffler, et al., 1975).
 

Particularly large explosion craters, like, for example,
 

Sedan and Teapot. Ess.,- show marked similarities with lunar impact
 

craters. Their ejection structures somewhat follow thetsame uni

formities and can therefore be included in the investigations
 

of this project. However, in this we must note that the
 

ejection phenomena depend on the depth of the detonating charge
 

(Carlson and Jones, 1975). For the study of angle dependence of
 
the ejection, therefore, younger terrestrial impact craters 

for example, the fies crater - should be preferred.- With these
 

craters, the lateral transport of ejecta seems to dominate at
 

smaller ejection angles a (Chao, 1974). Shemaker (1960), also
 

arrived at a similar result due to ballistics calculations which
 

he performed on ejecta of the lunar crater Copernicus.
 

The preceding summary of several results of the ejection
 

studies show that the mechanisms occurring in the formation of
 

craters by no means proceed similarly for all structures. There
 

are parameters which are apparently of a general nature (e.g. the
 

size distribution function and the velocity of ejecta and
 

ejection in clusters), as well as those which depend greatly
 

on the projectile and target parameters (angle distribution of
 

ejected mass).
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VI. SUMMARY
 

Young lunar impact structures were investigated by using /60
 

lunar orbiter, Apollo Metric and panorama photographs. Measure

ments on particularly homogeneous areas low in secondary craters
 

made possible an expansion of primary crater distribution to small
 

diameters. This is now sure for a range between 20 m - D 20 km
 

and this indicates that the size and velocity distribution of the
 
impacting bodies in the last 3 x 109 years has been constant.
 

A numerical>approximation in the form of a 7th degree polynomial
 

was obtained for the distribution.
 

For the north Ray crater which was dated with relative
 

precision (49 million years) an integral crater frequency of
 

(3.9 ± 1.0) x 10- 5km -2 was determined for D = 1 km.
 

Investigations of the central cluster and of the light
 

Mantle region in the Taurus Littrow valley - whose origination is
 

attributed to impacts of ejecta from the crater Tycho - pro

duced crater frequencies which agree with the values obtained for
 

Tycho. By using radiation age determinations of appropriate
 

Apollo 17 samples an absolute dating of Tycho can be performed.
 

The comparison of crater frequencies and absolute ages of the
 

areas investigated indicate that the flux of impacting bodies
 

in.the Earth-Moon system has been nearly constant in the last
 

3 x 109 years. The methods of relative dating by using crater
 

statistics on the craters Copernicus, Aristarchus and Tycho,
 

were applied to different target surfaces and non-contradictory
 

results were obtained. The net resulting integral crater.zfre

quencies for D = 1 km are (1.0 ± 0.3) x 10- 3 km- 2 (Copernicus),
-4i -24 2 

(.7.5 ± 2.5) x 10- km (Kepler), (1.2 ±'0.2) x 10- 4 km-2 (Aristar

chus) and (6.0 ± 1.7) x 10- 5 km- 2 (Tycho). The age sequence 

agrees with the morphologic-stratographic classifications of 

these craters. Using the radiometric age of North Ray, Tycho 

and- Cepern-i-cus 5 -tbereresu-l-ts- abselut-e- ages- -for.the- crat-ers
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Aristarcus and Kepler of (150 ± 125) million years and (790 ± 160)
 

million years, respectively.
 

Measurements on secondary craters of Aristarchus and
 

Copernic~a 'have shown that the size distribution of the ejecta
 

produced - except for an explanable deficit percentage of
 

larger particles - agrees with the size distribution of bodies
 

producing primary craters. These measurements began from
 

calculated average impact velocities. The influence of secondary
 

craters on the populations of primary craters was examined and
 

a correlation was obtained between relative age and the beginning
 

of quantitative contamination by secondary craters.
 

Impact experiments performed on a light gas cannon and on
 

a 2 MV-van de Graaff dust accelerator showed that 6ver 99% of
 

the ejecta produced in a Basalt crater has velocities less than
 

2 km/s in an angle range of ,21 < a < 660 and that the ejected /61
 

mass increased with increasing angle. The size distribution of
 

the ejected particles generally follows a percentage law having
 

constant exponent in the angle and velocity range Examined
 

(v <200sm/s; 200 v 4 2000 m/s; v>2000 m/s).6 The results
 

obtained were compared with those of other simulation experiments.
 

It turns out that the mass and frequency distribution of ejecta
 

as a function of the ejection angle 'appear greatly dependent on
 

target material and crater size, whereas the size distribution
 

function and the average velocity of ejecta vary only a little
 

with the crater size.
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VIII. APPENDIX
 

The tables of measurement data are arranged according to the
 

g of the investigation. They are always assembled according to
 

the same scheme. This is explained below:
 

Scheme of the Table
 

1.................. .- .a.............
 
L ................................
 

Explanation:*
 

M Measurement region (particle type examined)
 
IS Terrain type (enlargement used)
 

- Picture number (n)** (target number) 

CTotal number of measured craters (impact structures)
 
E 2Surface [km ] 2([cmE]( 
I Diameter [km] (Emm])I 

fl N(D) = number of craters (impact structures) of diameters 

D / surface. 

AN = error in N, which results from the statistic variation 

* The designations in parenthesis are for the experimental data. 

•* Both picture numbers are cited for stereoscopic measurements. 
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;Determination of size distribution of secondary-craters
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