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http:APPEND.IX

INVESTIGATIONS OF PRIMARY AND SDCONDARY IMPACT STRUCTURES

ON THE MOON AND LABGRATORY EXPERIMENTS TO STUDY
THE EJECTA OF SECONDARY PARTICLES

Beate Kdnig
/1#

I.  INTRODUGTION

For billions of years, the surfaces of the planets and
Thelr moons have been exposed to constant bombardment by meteorites,
comets and interplanetary dust. If their impact velecities are
great enough, these bedies 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 argqgﬁf—— even
Gilvert 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, 1mpact craters
doewn to the um range were finally discovered and examlned 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., 197U; Jessberger, et al., 19T7L;
Kirsten and Horn, 1974; Tera, et al., 1974).

By cennecting such radiometric dating with crater frequency
digtribution we are now in the pesiticn tco determine the absolute

# Numbers§ in mabgin indicidte pagination in ériginal foreign text.



age of lunar reglons (Baldwin, 1971; Block, et al.., 1972;

Hartmann, 1972; Soderblom and Lebofsky, 1@13; Neukum, et al.,
1975a). It is not only possible to establish an absolute chroenology
for the develepment 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 investigatioens of luEEEﬁ
crater populatiQns 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 diffiecult to distinguish from primary impact
craters if they cannot be recognized on the basis of morphelogilc
criteria (elliptical shape, appearance in clusters) (Oberbeck
and Morrison, 1973). Many publfiCations 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 hecause they contribute to a better
understanding of the crater formation process together with
the study of artifiecidlly produced impact and explosion craters /2__
(Sheemaker, 1960; Gault and Heitowit, 1963; Gault, et al., 1963;
Carlson and Roberts, 1963; Carlson and Jones, 1975; Schneider,
1975; Moore, 19%76).

The size distributien funectioen of primary impact craters
in the diameter range (0.3 km S.D % 20 xm) 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 particular their size distribution and influence on



primary crater poﬁﬁlaﬁiéns; was connected with this. To examine
crater ejecta and their dynamics, secendary particles were pro-
duced in laboratory experiments by impacts of mm-sized projectiles.
Their size, mass and’ angular distribution was determined. Similar
experiments were céndﬁcfedvgy“éault, et al.,’(1963). Gault and
ﬁ@ﬁtowit (1963) and Schneider (1975). Using these phenomenclogi-
cal studies we attempt to determine how much the ejecta processes
show characteristic unifermities in the formation of very different
sized craters.
b

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

DTAMETER RANGE FROM 20 M to 20 KM

Young lunar areas of ages < 3 x 189 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 tThese young regions, the size
distribution of primary impact craters on the Moon (for a diameter

range 0.3 km = D 5 20 km see, for example, Neukum, et al., 1975b)

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

2 0.8 xm and.determined more precisely than before (see Neukum
and Konig, 1976).- In erder to prevent falsification of the dis-
tribution by secondary crater coentamination, diligent selection of

the test areas is necessary.

IL. 1 Measurement methods and evaluation procedures

a) Photographic material

Photographs from the Lunar Orbiter 4 and 5 as well ag those
ofVApollo mapping and panorama cameras which were ebtained from
.the Goddard Space Flight Center (Greenbelt, USA) were used for the

3



measurements.. Their selection was performed with the aid of 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), er 17-U0 m (wide angle objective; average resolution);
for the Apollo mapping phetographs, about .27 m (Doyle, 1972) and
for the Apello panorama photographs about 2 m (Doyle, 1972).

1 . 1
¥

Transparent positives were prepared from the photographs. 1In
The case of Lunar Orbiter photographs, we are Iaealing with a seven—fold

enlargement. The Apollo photos were contact copies taken from
The negative film rolls which were enlarged only in individual
cases up o 2.5 Ttimes.

b) Measurement principle and equipﬁent

The photegraphs selected for the measurements were first
studied with a magnifying glass er a reflecting stereoscope.
Finally, the measurement surfaces were established and the measure-
ment area was delineated with polygon lines.

Two pileces of equipment were used for the measurement, an
(x,y)-coordinate measuring device (for greatly enlarged photo-
graphs) and a stereo-comparater (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 monoscepic measurements, the crater diameter was usually'
measured in the East~West direction from its inner to its outer /4
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.
@E§}measurement error caused by the stadia line thickness is thus
E§5% of the crater diameter.

)}
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- The crater diameters could be determined directly 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 fterrain, angle of the Sun, or-other reasons
(e.g., nen-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-eircle was formed
in the course of .the evaluation by using these measurement peints
and an average crater diameter was calculated. The measurement
precision was 5 um on the measurement photographs; most were
usually greater than 200 uym. Thé inaccuracy in the determination

of crater diameter Wasfzﬂ or kél%%d

¢} 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 photeographs.: At greater inclined angles — in the case
of panoramic photegraphs (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 Apollc 15, 16 and 17 "Index of Mapping Camera and Panorama
Camera Photographs'"; moreover the lecal relief of the 1uﬁar
surface was censidered (altitude correction), for which the height
profiles determined by laser measurements were included. For the
lunar orbiter photegraphs which did have photographlc errors
and for the panorama photographs, additioenal lunar fopographic
and photomaps were used for calibration of the photograph scale;

these are cited in the literature section.



The surface area of the measurement reglen 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 panerama photoegraphs were only evaluated in the middle
of the picture. The fellowing corrections served for picture
correttion of tpe crater diameter; D (corrected)r= D (measured) /
cos &, where 4. 1s the angle off the vertical of ‘the camera axis.
In The calculation of the measurement surface, the picture
distortions were considered accordingly.

The measured crater diameters were arranged according to [5

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 1limit. The
statistic evror 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 se that the evaluatien of
the rather extensive measurements (with a few exceptions) could

occur by the computer of the institute.

I, 2.. Areas examlned

a) Sefection

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



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

— The areas to be examined should be free of secondary
craters if possible, i.e., larger [craters 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 crafter populations sheuld be located 1in the examined
diameter range (i.e., every impact should net 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 N~ D ™2 (Trask, 1966; Gault, 1970; Neukum and
Dietzel, 1971).

—~ They may not be located in wvolcanic regions to avoid mix-
ing of endogenic craters (K8nig, 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 sultable surfaces very
much; there are almost no larger areas where no secondary craters
are contained in the crater dlameter range under consideration
(see Section IV 3). As a consequence of the high erater densi- /6
ties, olderigreas (til§j3.5 X 109 years) are excluded in advance;
on the one hand because they have a high percentage o¢f secondary

craters in proportion to the primary crater density, and because



their crater Eopuia iohsiin the interesting regions D<300 m

does not exhibit a production but rather a saturation distribution
{(see Neukum, et al., 1975b). TFor areas having lower crafter
densities — -younger feormations — 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, 19733 Section 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: restfictions to the
smaller crater sizés resulted for example, from the texture of

the measurement surface or the quality of the phetographic

material, whereas statistics sets a 1limit fo the use of larger
crater ‘diameters.

b) Measurement regions and results

The regions and the measured crater size distributlens used
for the determinations are discussed bhelow.

* One of the twe Mare areas investigated lies in the Mare
Imbrium in the West of the Delisle B rise (Figure la). It is
shielded against ejecta by the craters Delisle and Diophantus.
Other dispersion Tields of younger craters are so far away that
contamination of the measured craters by secondary craters is
considered minimal. | A smaller flooeding zone appears to cross
the entireﬂsurféee but causes only a slight modification of the
crater size distribution (Figure 2). The measurement therefore
occurred in twe 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 1b) lies at the Western edge
of the Serenitatis basin to the southeast of the Sulpicius Gallus



crater. Tt is shielded against ejecta from a westerly direction
by the edée ofrthe basin. Possible sources of secondary craters
which could influence the measurements are the craters Sulpicius
Gallus, Menelaus and Bessel. For the fellowing reasons these
craters probably do not contribute significantly to the secondary
craters on the‘measurement range:

— The Apollo photographic material has shown that the dis- /T

persion field of Sulpicius Gallus is floodéd (KSpig and Neukum,
1977). Therefore, this crater is older than theimeasurement
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 lies’at 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 séc@ndary craters Chaving diameters of about 1 km)
ean be neglected.

The validity of the assumptions is cenfirmed by the conslistency
shown by the distribution determined for diameter ranges from
0.4 - 0.9 km compared to other craters.

!

The structures belonging teo young craters are partieularly
sultable fer studying the size distribution of impact craters
since the crater populations superimposed eon them are less
exposed than older structures to the highly exogenic procésses
because of the low age of the target. For young regions like
North Ray, Tycho and Aristarchus, the petential contamination
of their superimpesed impact craters by secondary craters is
minimal (Hartmann, 1968), because there are no other larger young
craters. in thedr vdeinity whese secondary -craters could falsify the

9
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Figure 1. Measurement region on the Mare plane.

a) In the West: The Delisle b) Seutheast of the Sulpicius
crater in the Mare Imbrium Gallus crater in the Mare
(A515-2333) Serenitatis (AS17-807).

distribution. The measurements at North Ray, Tycho and
Ardstarchus provide a series of size distributions which exfend
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 ' Apotto 17 landing site,
crater diameters in the range of 25 m = D £ 110 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. Thé measured dis-
tribution is not coempletely undisturbed in the D <50 meter range
(erosion, intermingling of secondary craters), however, it does
make possible the adaptation of North Ray data for 20 m £ D £ 40 m.

Another region which was used for expanding the distributlon
curve lies-on the continuous ejecta cover of the Theophilus crater.
Here we referred back to keasurements which had already been pub-—-
llshed (Neukum-and K8nig, 1976)..  In thisrespect the geod :: ~ .., -

'10
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correlation of empirieal distriﬁutions in the inner and on the
continuous ejecta blanket of thé crater was shown; consequently
no significant contaminatio§=by:dispersien fields of other

v, | large.craters occurred. The data extend over the dlameter
range of 0.7 km £.D £ 2 km and donnect with the Serenitatis
-measurenents -of Neukum, et al. (ﬁ975b). A series-of—crater— -
2y 8ize distributions were taken fﬂom Neukum, et al. (1975b). The
1 | measurements were peerQged in t%e inner ring of the Mendeleev
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ﬁ*@aphcgﬁhex,iﬂnﬂr as will be described below — the .crater.size.. -
- i .
 ldistribution is constant in time for the considered diameter

]

,istandardize the crater frequen01es of dlffeﬁaﬁﬂyfaged regions to

1

| T ——— - —= . I il = —— e oo

) f
Lcraterhmonuthefinner ring region of the orignetal-~basin-—-and-at ——

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

were not used in this study. ?
j

A1l measured distributions are summarized in Table 2 and the
. form the basis of the expanded size distribution curves.

v it e S e e

4 -
The results obtained show that the crater size disgtribution

i
%
can be determined for the variou; regions only in a limited diame?er

]
!
|
l
|
I
i ¢) Standardization of measured distributions
1
|
{
|
‘range. Therefore, it is necessary to determine the total distri-;
i
}

/9

bution by suitable standardizatién or correlation of -the individual

‘distributions.

. Thgmigtggral crater size distribution can be described by \
Nuat ) f [-guw,t)ﬂ(u ap' dd ; !
;

5 whereE% is the size and time depgﬁ:

;dence of the size dlstrlbutlon, f(t) is the general time dependen

]of the impact rate, N is the integral crater frequency for a

¢
|
i E
‘diameter D and ti is the time of crater accumulation (see also |

‘Neukum, et al., 1975b). If the crater size distribution is inde-
apendent of tlme, the simplified éxpression

m ) RN
IN(D’ti) = J g(D") dD' F(t,),

i , t"ﬁu N ‘__DFW L s
'F(t } = f f(t) dr ) i

N
lwherey = %1 _ results for the time integral of the flux.

For two crater populations, Nl and Ng, having ages ti and tz“we

-

have (D, €J/N(D,t,) = P(t)/F(t) =c . This consgtant is not

‘dependent ‘on crater size but only on age. Therefore, one can

|
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T  The standardlzatlon of crater size distribution 1s done

. R s n Em_ e o e Dzee W TTTT TS D AT e S Teemas 35 T — = = -

a jstepw1se from regions of larger crater diamefer to smaller J
4 {diameters. Here the Mare Serenitatis (Light Interior) population:
ﬁl‘serves as an initial distribution. The already standardized

[ .

|
{
-, distribution of Mendeleev, Orlentale, the Montes Appenninus and |
J{the Apollo 15 landing site were taken frem Neukum, et al. (1975b)t
;COrrelation of the distributions was performed in the region with?
'the best statistics and best overlapping. The Theophilus and thei
new Serenltatls measurements improved the Statlstlcs and’ plottlng
*of the curVe in the region between 0.4 km and 2 kn1 which was !

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

i

ldata. The Imbrium distribution tould be easily adapted to this, ,

likewise for the connecting Arisﬁarchus measurements which extended
Eup to 90 m. The Tycho measurements between 60 m and 350 m and %
}the data obtained in the Taurus iittrow valley between- 25 m and f
;100 m were standardized. - Subseqﬁent correlation of the North
fRay data (20 m - 20 m) cccurred W1thout any difficulties.

|

|

k
1 In Figure 3 we see the empirical curves standardized on !

]
-the Mare Servenitatis crater frequency. The investigated crater

.populations fall within the statistics of a general size distribu%
tion.

'
f
i

d),? Numerical approximation of distribution ;

| | !
|

!

; The known 1ntegra1 size distributien of the crater makes it

wp0531ble to compare the measurements with each other over dlfferent
:dlameter ranges. Here it is useful teo relate comparisons to the i
!same reference value. In the course of this work we selected

|ID.= 1 ¥m as a reference value. In order to obtain sufficiently
i 4

-ty

.precise results for this procedure, a numerical expression was
I

1prepared for the distribution curve. It was adapfed te a Tth

R N e === T . e

5
!,»
[
1 i
H
b

’
i

’ldegree polynomlal by the standardlzed integral frequencies whlch E ;

is shown in Figure 3. I has the general form
i p

L. ‘ 13-
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‘1‘logN=a +oa, log D + a

Its coefficiénts gres )

¥
2.479 l |
3.852 {
|
i

pop
e
;

0.741 -

= 0.926
0.254 )
- 0.349 ]
= 0.036 |
|
I
!
H

s

moow
{
|

A e W N e
ﬂlﬂ

[\l

1
= 0.046

f

1)

l
|

f The formula provides the integral crater frequencies per l
,km°, if one gives the diameter D in lkm. %
| | i
'—— The coeffiecients are valid..for.the range 20 m £ D £ 20 km. ...
ibut not for ranges greater than this. The determined silze dis- '
tribution curves represent the general distribution of luﬁar
‘impact craters on regions with ages between 50 million years
%and mere than 4 x 109 years. On the average the quality eof the
“approximation in the diameter range 20 m £ D <£ 20 km is about i
§60% (standard deviatien). The size distribution curve between
0.8 km £ D £ 3 km is the best; it has an uncertainty of <25%.. |
‘Because of the necessary successive standardization process for !
smaller crater diameters, the position of frequercies for D < 100im
relative te D = 1 km is only determined to within *50%. The com-—.
parisoen of diameter-ranggs of crater frequencies of smaller i
craters determined in similar diameter ranges results in smaller
» | errors. ) .
s X
7 =~ ~The d¥stributien functlion agrees with the percentage:func%io?;
;
}

[

+{cited by Neukum, et al., (19T5b)tin the diameter range D> 300 m
110 within 20%. f

i [
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Figure 3. Integral size distributions of all crater populations
investigated, standardized on the frequency of the Mare Serenitatis.
‘The eurve passing through the data represents a polyronial approxi-
mation.
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§
e In_order.to get a general mathematlcal expression. . for the . /12

" Tintegral distribution curve for a certain region, a term must be
added to the polynomial fermula which con31ders the age t of thei

+ region. hogN'Ta * 3, log D+ .0 +a, (log D) ++ log Fwt Where ﬁ%%;?}i

Z;flsthe time 1ntegral of the meteorite flux te which the area has been]
_exposed since its creation. For, K the numerical approximation of
‘the Serenitatis distribution, F(t,) was arbitrarily set lequal to

L L.

A 1
¢ i L

e) Discussien

1
1
i
i
i
|
|
i
l
i

The crater diameter distriblutions in the range 0.8<D = 10 km
which were measured for 3-4 billion year old regleons agree with
:each other (Neukum, et al., 1975b). This work showed that the :
;distributions in the range 20 m = D=2 kxmon (071-3) billion |

P S P

lyear 0ld regions . likewise agree w1th each other and that the

S =i [EEwy

]total data can be combined to a total distribution. Even the
facts that this is easily pesszble i.e., that by successive o i
JStandardlzatlons of individual distributions to each other, a
| smooth, functional curvel results and they indicate that the
gcrater size distribution was not suﬁjected to any significant |
:variations. The above also governs the size and velecity distri-
Ebutions ef the crater-producing bodies. ,
; i
: No informatien has yet been ebtained for the size distribu- '
!tlon of craters#D'<300 m on old regioens (t > 3.5, bllllon years),
'31nce in these cases saturatien effects (1 e., the ‘destructien of|
,iorlglnal craters by subseguent “onesg) do not permit any meaningfuli
[measurement: In the region ef lerge craters, the statisties

i represent the limiting factor. This is Egﬁecially true for .
'y R

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

PRI e sames i = S —

wt

l
!
1
!reglons therefore, temporal varlatlens in the crater size dlStPlL
i

! o !1
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!

{ © 7 The size distribution curveé, of thE 1luna¥ impact ¢ratérs -~ 7

reflects the mass/ve1001ty distribution of the 1mpact1ng bodies.
‘1t is therefore pOSSlble to draw, conclusions about The origin of !
the impacting bodles from a comparlson of size distributions of
!the impact cratery WER Tt HOSE 0T pfesent"ester01d“groups as well
as from considerations of the flux of the impact bodies (Neukum,
%et al., 1975a; Wetherill, 1976). The resulting ceonclusions make

fit possible to provide a flux curve of these particles in

Iconnectlon Wlth the 1nvest1gat1@n5 of the flux of interplanetary

’bodles in recent times (see Section III 3b). v

i
i |
E The distribution curve is derived from measurements on
:homogeneous areas.and represents|the standard size distribution |
"of non-disturbed crater populations. Therefore, the deviation of,
la major distribution frem the standard means that the region
~concerned has experienced a disturbing process, like, for example
;ejecta coverings, floods, erosioﬁs, ete., in favorable cases the
original age of the surface and~the time of its modification fant -
;be obtained in addition to the general distribution curve (see

i
fNeukum2 et [a1-J] 1975a). {
|

The gselection of regions occurs from the point of view that
'the craber population must be as free as possible from secondary
icr'aters. Nevertheless, a conftamination can have ocecurred due to
1statistically distributed secondary craters which are not dis-
‘tlngulshable from primary craters. But since secondary'crater
isources are almost completely lacking for the youngest regions
E1nvest;.gated (Nerth Ray, Tycho, Aristarchus) and theecorreSponding
-measurement distributions agree with the age of the older objects!

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

!
!
dlstrlbutlons are aetually free from secondary effects. The f.

‘ 'dlstrlbutlon functions can be represented as NNDd“” , Where

_I
u!the exponent 18  a function of the crater diameter DI, Thisg 7> o

’iexpression differs from the special relatioens used in the older

literature _where o _1is assumed_to*be 2. constantwishgemakeﬂw,497Qﬁ

1. !
17

—



.

‘Baldw1n, 1971 Hartmann and Wood 1971) Formulas _having con-_

L=t R

stant ~exponents are therefore not valid over the entire diameter
:range and their  use can lead to errors of up to a facter of 10
[(Neukum, et al., 1975b). This fact is illustrated in ]?‘:’Lg;u.-r.e‘o b,

- -

1t Tt CRATER DIAMETER (km)

]
|
: 1 ‘OLE LR L T N R L) A B 0/ B r1u§-_= 5
t r I
! Cf 5
! 103; STANDARD CRAJER <+
1 SIZE-FREQUENCY E
i i DISTRIBUTION 3 N
; 1 2- CURVE T !
i0°F ERE
| - 3
o o
| E .
-
i T a0l 3
¢ 1 6 o ]
= - .
: = ]
( o 0% 3
[ & F \ N-D29 3
H Ifl 3 Shoemaker 1
‘ = 1" et al, 1970 1
! 5 WE E
t w E :
' 2 r h
ro= o e
PR I .
i 3 6% 3
; .3k \ 3
i . g C N-a@—-——‘\ ]
f w Hartmann
; | ; 10 and Weod, 1971 3
: P Z 3
¢ & 4
S
‘ P 2.
' 106° N*DM 3
. Baldwin, 1975 3
| |
: : 10° 3
| ‘
| g 16 3
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i i ] ¢
3
10, 2 )
i £ 9 10 W 1 10°
1

‘Flgure L. Cemparisen of the derilved crater size distribution
»functlon with distributions citédin the literature. They have
lbeen suitably standardized and entered in the regions of their
clted. validity... ] R L .

|
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1 EIII.“_DATING_OF YOUNGER IMPACT STRUCTURES @N THE MOONumn*_;Mm~"~‘

. t '
e

R | The size distributions determined in the preceding chapter ? /14
Ailmake it possible to prepare a relat{ve chronology of recent 1arge

EENE U

5i1mpact eraters (see Neukum and Kbnig, 1976). This is of particular
\ interest since it is possible inimany cases to meve from a ‘

i

Trelative to an absolute determination of age by using additional

Qdata about the radiometric age of younger impact craters. On thei
.basis of this 1nformat10n conclusions can be dqawn about the flux

i of impacting bodles and its chronology 3
1 |
X | |
E

 LIT.1 Impact craters '

i

1
f

: In the following, investigations are discussed which were
‘performed on the structures of the craters Copernicus, Kepler, :
1Aristarchus and Tycho. In order,to restrict the discussions of

the measurements to the various type terrains, first using

 Aristarchus as an example, we briefly discuss the general structure
. /15
i !

! Figure 5 shows a photo mosaic of the Aristarchus crater

,of one such crater.

'( = 40 km) and its surroundlngs The interior walls of the
}crater have step-like terraces and in 4its middle there rises a
§centra1 mountain characteristic for craters having diameters of
ithe size of about 15 km. The crater base itself is flat and
lcovered with a layer of broken rocks (particles %hich fell back |
‘into the crater). ©On the basis eof detailed investigations (Guest)
i1973) it follows that this region was created almest simultaneousiy

fwith the other crater structures. The outside crater wall is

;somewhat. covered with flow structures consisting of rubble.

|
: | 5
. i The zene of continuous ejecta cover connects with this region. This
rzone .exbends from the crater edgé out to a distance of about 1 !
]crater radius. This is a layer of fragmented material. It was i
1

formed primarily by egecta and by The addition of local material
1

e b b+ e gnan an} o aem ST LSE T = SN g gy R —— -

i . !
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Figure 5. Aristarchus crater and surrounding 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
1llustrated.

(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 are situated
radially te the Aristarchus crater which were caused by the

impact of ejecdted materials (e.g., Guest, 1975).. These craters
often show typical.ﬁzébaped 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
{1973)+ In adddition to thesé chains there are individual clusters
of secondary craters. They were creabted by the impact of groups

of ejected material.
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I The 1nvest1gat10ns deserlbed below were performed on these . “f

+different type terrains of the craters Copernicus, Kepler, Aris- .

:'tarchus and Tycho. Additional mgasurements were performed on g

[

B
o
I

‘ﬁhe ejJecta covers of North Ray. - As far as possible, measurements!

g |

*were performed on Sublelded surfaces as long as the statistics
]
!made this seem useful, and if possible measurements were per-

|
I
Eformed on different regions on ome and the same type of terrain
iin order to exclude local effects which would jeoepardize the

jmeasurements,. llke?for example, erosion or contamlnatlon from
;secondary craters. i

a) Copernicus

- R = e

] I

% One eof the best-known craters on the front side eof the Moon
is Copernicus.(D = 92 km), whose bright ray system can be

;ea81ly seen with a telescope. Tﬁe'test regions lay in the
§1n51de of the crater (Figure 6) along the continuous ejJecta cover

e —— e

i(Flgure 7) and en the dlscontlﬁu@us ejecta blanket (Figure 8) .
iThe base of the crater and the continueus ejecta cover are
‘standard regions, se to speak, for the dating of large craters
‘by means of frequenciés«of the eraters superimposed on them.
.The measurements along the discontinuous ejecta cover were per-
%formed in order te check the possibility eof dating this type of
iterrain.

!

4
1

|
|
i The crater+base of Copernicus has a cearse texture. However:
,there are a suffieient number of smalier craters for measurementsf
ito be perfermed -in this region with sufficient statidties. The ;
5area of the dentral mountains was net inecluded in the measurement '
lsurface and a cluster of secondary craters in tThe Northeast of

i
‘the crater base was excluded from the measurements. The size [‘
i

" 'distribution of the measured crater is shown in Figure Q.

e L —— — - -
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Figure 6. Measurement surface Figure 7. Meastrement regioﬁ
(without the area of the cen- on the contlinuous ejecta cover
tral mountain) in the interior of the Copernlcus crater.

of the Cepernicus 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 ejecta
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 obtalned
with the data frem the crater interior.

By using two consistent empirical curves, it was possible
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-Coperni-—
~can terrain by ejecta must be considered. This region contains

~'a number of secondary crater groups in addition to secondary

i 22
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;|crater chamns (see Chapter IV) In order to be able Lo performm

PRy DI SN

"

2 gmeasurements of the primary post—Copernlcan crater frequencies on:

this »region, a thorough view of. the fTerrain under question is ;
necessary. it was determined here that the craters had been i
;eroded more he351iy¥6n‘EBE“EEEES&EIEE&EEMEEéE%ngbver than on |

;the continuous ejecta blanket in the crater interior. This is i
fprobably based on loose target material. In order to make quanti% /17
- tative measurements and to avoid possible secondary craters of :
' Copernicus, the,investigations were limited to c¢rater diameters

> 450 m. The results agree with the data which ;ere ebtained
from other regions (see Figure 9). By using great care, the dis-

reontinuous ejecta cover can be aﬁplled to the dating of a crater.

{
l
i
i

e

[
H
i
'

; . The crater size distributions measured on the different re-
,[gions of the Copernicus crater are shown in Figure 9. The genera
}distribution curve was drawn through -it, under censideration of
'the rellability of the data. *

R e p—

1
i
{
|
i
1
5

/18

: For D = 1 km there results an-integral crater frequency
0f (1.020.3) x 107 Jkm™? !

In Flgure 10 the empirical data of Hartmann (1968) and of !
Greeley and Gault (1971) are entered for ‘comparisen to the distri-=
,butlon curves ebtained from our own empirical data. The data agree
!well in the region of greater crater diameters, only a measurement

iby Hartmann, which probably included secondary or-pre-Copernican
gcraters, deviates from this.

———

!

O e~
H

The integral distributiens determined by Greeley and Gault f
- ismaller crater diameters fellow ﬁhe sloepe =2, deviating from the

general curve. These crater populatioens already appear to be at
:ggquilibrinmm_b,, . i ST

v

A S ke o W, Bkl =
4
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iFigure 9. Crater size dlstrlbutlons measured on the structures
‘of Copernlcus. The general size distribution curve is drawn
through the measured points.

i
% A telescopically observed ray of bright ejecta material from,

the Copernicus crater extends as far as the Apollo 12 landing |
}51te. Shoemaker.,, et al., (1970) interprets the brlght fine- '

4gralned material found under the ‘surface as ray materlal. Sample$
ltaken there were examined by various metheds (U-Th-Pb, 39Ar/ Ar,i
’K/Ar) (8ilver, 1971; Eberhardt, et al., 1973; Alexander, et al., |
f1976) and a great heating millions of years age (850 + 100) was i
'determined. pnthe‘basis of this dating. Copernicus was assigned

a radiometric age of 850 £100 millien years.
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i 'The datlng method used in thls work has not been prev1ously |
|applled to the Kepler impact crater (D = 32 km) which exhibits a
lstrlklng ray’ system. Until now it has been 1nvest1gated only by

nmorphologlc stratographlc methods (see Sectlon 3a) and classed
‘as a recent crater. Kepler was dated because the age of the pri-
}mary crater should be known for the study of the state of erosion

‘or of the morpholegy of secondary crater structures (see Chapter
LIV, . ,

R A,
! i [
!

‘ The pictures available foer 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 pessible, loecally-caused deviations in the

[barely discernable and thus the diameter could not be determined

e )

1
I
, . L . |
ymeasured crater frequencies.. The superimposed craters were ’
1
f

. lprecisely. Consequently, there resulted a data dispersien in

;the four regiens which, hewever, was small enough so that three

e

}craters in the Northeast were excluded. These were already noted!
durlng the measurements as net definitely belonging te the craterl

‘population examined (pre-Kepler or secondary). The summarized !
imeasurements are entered in'Figure 12 and produce an integral
' crater frequency of (7.5+2.5) x 10"1l xm~°. Thus Kepler is clearly

older than Aristarchus. Its secondary craters appear fresher |

than those of Copernlcus (see Chapter IV) and thus one could con-.

i
Eclude with relatlve certainty that Kepler and Cepernlcus are of

a similar age.

¢) Aristarchus

|
In the interior of the Aristarchus crater (P = 40 km)

[P

T £ ww oty € S - = G A o M s wimr mm TR S

imeasurements were taken using average and high-resolution photo— ;
graphs (Figures-5 and 13). Since the crater floor is very uneven,

i
“oniy“craterShhaving“diametersmylﬂﬂmmfﬁouidfbewquantitativeiy'"
l.. I
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Comparisen of results of this work (solid line) Wlth results of
?ther> authors, - + :

; j
recognized and measured. Consequently the resulting statistiecs

ere not very satisfactory.

A much greater number of craters of diameters of between
mm.andASOOmmeere measured on dlfferent regions ~of the continuous
Jecta cover (Figures 5 and 14 g b) Within the statistical un- |

ertalntles the data obtalned 1n the crater interlors and on the
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o This can be seen in Figure 15,

The general crater size

'gdisyribution curve was érawn ﬁhrough the measured crater size
distributions and there resulted for D = 1 kilometer an integral

o -2

frequency of (1.20.2) x 107 km °.

Figure 13. Measurement area in the -interior of the
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=" 1n Figure 16 the data of Hartmann (1968) and Greeley and —
EGault (1971) are entered for comparison. The results of Greeley 723
:and Gault agree with those of this work in the region of small
Verater diameter. For larger diameters, the crater frequencies :
are superelavated; pessibly these authors also measured pre-
Aristarchus or secendary craters. The points measured by Hart- :
mann for larger crater diameters bend down at smaller diameters.

. This bending down of crater size distribution is probably attri- -
rbutable to the-?act that small craters can no loqger be quantita-:

tively recognizéd because of roughness of the crater base.

d) 'Tycho

Fl r
1 The crater Tycho (D = 85 km) is younger than Aristarchus as P

morphologic investigations, radar studies and thermal anomalies - .
' show..(e.gw-Hartman, 1968; Pettengill and Thompson, -1:9685-Allen,

|1971) There are only a few larger craters in the interior. Slnce
lthe bottom is very uneven, the measurements there (Flgure 17) Werev

e = e R Teoe i s Ta oL mEmEIT DI =

{imited E6 a few craters (see Figure 20).
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; A series of measurements was performed on the conbinuous

U S T —— D kel 7 e ey AEmL AT

ejecta eover. On the one hand,'a suffieient number of craters
had to be measured, yet on the o@her hand, the regions had to be

as homogeneous as possible. Therefore, measurements could not |
be performed on the flow structures which originated from rubble i/ 24
i
|
|

streams (Strom and Fielder, 1968). The test regions selected
according to these-criteria are shown in Figures 17, 18a and b.

In order to determine crater f{reguencies as precisely as possiblel,

numerous shaded zenes distinguished by a coarse relief from the |
 overall surface were used. 5 v |
]

| :
An additional measurement was performed (Figure 19) on the

4 W ——— o ——— —

. @iscontinuous ejecta cover whichi (in spite of a large statisticai
§err®r) nevertheless agreed with the crater size distribution de-
 termined for the continuous ejec%a cover, 'just as does the data
afrom the crater interior. This ﬁs shown in Figure 20. There,

| the distribution measured on the structures of Tycho can be seen ;

1
F

gwhere D=1 kllometer, an integral crater frequency of
' (6.0+£1.7) x 10 ~2 km™2 results. Overall the crater size distri- |

,butlon could be measured over the diameter range of more tThan

, one order of maghitude. |

f In Figure 21 the empirical data of Strom and Fielder (1968) !
and Hartmann (1968) are entered. For comparison, the distributioh
Icurve which was derived from the empirieal distributions determinéd
§1n this work (see Figure 20) is entered. Although the data of '
‘Strom and Flelder shows good correlatioen with ou% own measurements,

ithe megsurements of Hartmann deviate; this author probably also

is
i
| measured pre~Tycho or secondary craters. |
i
i
B

e) North-Ray

1
'
|
1
1
i

{7 UNOYth Ray (D %900 m), which is shown in Figure 22, is a more
recent ~crater which is in the vgelnlty of the Apollo 16 landing i
83t e —Tte-was--thus ~dated-—very -précisely-—and—provides—important — -
{ data for the determination of the chronclogy of the Ilux of
34



,1mpact bodles 1n 1 recent times.  investigations of rock samples

‘taken from there showed radiation ages of % 49 million years

: (Marti, et al., 1973; Drozd, et al., 1974). Superimposed craters'

'were measured on the ejecta cover of North Ray. In Figure 23,
|the empirical data and, £or~ comparlsen, the data of Boyce (1976)
iare entered on crater size dlstrlbutlons determined from rectifie

panorama photographs. A correlation within the limits of error

Iresults. For D = 1'km the integral erater frequency is (3.9%1.0)

'x 10 7km” 2.

-

t
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ALEL 2 Structures produced by éjecta - I w_}

4

It is interesting to assignlthe secondary structures rormed :

Iby ejecta to the corresponding primary craﬁéféb This is The case
{for example, forcbhem&ighthmantiénandvthe—cent@&&_cluster regions
. i

in the Taurus Littrow valley. Their relationship with Tycho is

;discussed in Sectioen b.

|
1

: A criteria which permits. the assignment of secondary crater

4
}groups to theirtiprimary -crater is the finding that the often

|
Iprimary craters (Oberbeck and Morrison, 1973). If the clusters
i

,are a great distance away, identification of the primary cerater
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gis often not possible. Then, morphological and erosion criteria

‘can be considered (seerfor example, Arvidsen, et al., 1976). Beléw

lwe Will illustrate a method whicb permits reliable assignment to !
rprimary craters when used toegether with ether criteria. 1In this,,
Lwe-zbegin from the fact that thegﬁegions of an impact crater and:z{
,its secondary structures have been exposed equally long %o the :
ibombardment of meteorites and th?s the same number of craters é
'per suriace unit have originated since their formatien (statisti—i
cally).
i |
! 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 [
}of The impact é%ater. Thereupon, dating of a secondary structure:
fby the frequency method provides'an age for the primary crater :
iitself. :

|

F
i
H
t
i

a) Secondary crater cluster of Cepernicus i
B j

+

- = =First we- shall test whether}the method can be?utikized-for

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

cluster was selected which lies in the vicinity of Coperniecus CD

-39
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,andhwhlchuwas_deflnltely formed by ejecta from Copernicus.. . . ..

B 4
t

; 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 (Pigures 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. ;

i e T L ETiAe A mar e L e R e w e

.'Otherwise, we have a result of too few crater frequencies. t
‘Therefore, it 1§ advantageous to use only the largest craters g
ifcr dating since these have been less influenced by erosion effects.
%Flgure 9 shows that within the range of validity, the dlstrlbutlon
fon the cluster terrain agrees with that obtained for structures of

1

:COpernlcus. - i
l ) |
‘ b) Central cluster and light mantle region for the Apollo 1%
landing site. 3 o

! !
k

In the v101nlty of the Apollo 17 landing site there are

B — i

{structures — the’ 1ight mantle and the central cluster region
E(see Figure 25)‘:icwhose origin is attributed to the secoendary
ilmpact of Tycho ejecta (Heward, 1973; Muehlberger, et al., 1973;
Lucchltta 1975; Wolfie, et al., 1975; Arvidson, et al., 1976).

Investigations previously performed were based primarily on |

. e

tthe study of V-formations, the comparisen with known secondary
;structures of Tyeho, and morpholegle criteria. . ;
; - |
! The assignment of these regicns to the crater Tycho was |
; checked 1in this woerk by using the crater frequency dating method !
i'(see also Section a). Craters superimposed on the light mantle
and the central cluster region were measured. It turned out '
ust as for the cluster region of Copernicus, that the erosion S

i
!
}g o Tae dhe #y ) Ry sk w —AP

gof this target material is greater than on other regiens {see
L

ucchitta and Sanchez, 1975). O? the basis of the hlgh quallty

—r— —_—— B 7= 7E = N L B SRR SR e == e e

Layg
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:photographic material and the y@ung test surface sufflclently

reliable measurements were performed which yielded identical
{crater frequencies for both regioens, Light Mantle and Central
{Cluster. 1In tThe comparlsen of these data with Tycho values, The

S em s mim o emrn o _ mvew—er e—warm— — e = oA e nm——— T A

emplrlcal results of the two reglons were summarizéd. The resultﬁ

i
lih Figure 26 together with the data from Tycho. Where D<50 m, i
‘'variations appear in the crater frequency distributioen. These !
arepttrybutable to the fact that on the one hand, not all small
icraters in the measurement region were detected (er051on) and on

}
the other hand, for craters of ‘diameter D < 30 m, contamination by

tsecondary craters seems to play a role (see Figure 35). -As
iFigure 26 "shows, the measured diétributions of regions in the
1Taurus Littrow valley agree with the o%éflapping_diameter
‘range of Tyche. Under consideraﬁion eof the experimental tTest

~
(WV)
[en)

results discussed in Section a, we can proceed from the Tact

'that the Light Mantle regien and. the Central Cluster regioen very

— e

.probably occurred due to TychoEeJecta Neukum and Kon;g.(l976)

larrived at a similar result on the basis of previous investigatie%s

'Detailed examinations of the radiation [age| of Apolle 17 ;
samples (Arvidson, et al., 1976) produced a wvalue of 96 i
3years for the Light Mantle and the Central Cluster region. This !
ean therefore be ceonsidered the absolute age of the Tyche crater.l
!In addition, ene can determine the absolute age of Tycho by §
lanother methoed. Here we begin from the relative integral crater
'frequen01es of Tycho and Nerth Rdy, thelr radiemeiric dating, f
Eand the flux-of impact bedies. Under the assumptlon of constant
sflow (see Section ITI. 3b) there results a value of about 75

imilllen.years for its age. Since the determination of crater

‘5this result is compatible with the radiometric age.

—= el At G e me T RS osom == a7 i T2 =y MRS meam cmet L o= T —a

|
|
i
1
ffrequency and even-the flux of mete@rites are full of uncertaintie
f
¥
i

b1~

iing testvdlstrlbutlene of the Apollo 17 measurements is illustrated

~
N
O

g
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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 region (left) and in thé Central Cluster region (right) are
included (P-17-2309)..
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a) Morphologic — stratographic classifications

1
— Mmm_mmr mmmammwrr T o BrETEE TR T e ——m—_——— et

The 1nvest1gatlons di:scussed in Section 1 produced the

M bbb i e L

'following age sequence for the impact craters (from oldest to

'

|
jyoungest). Copernicus, Kepler, Aristarchus, Tycho and Nerth Ray.l
:Except for Nerth Ray, these impact structures have been dated :
irelatively on the basis of m@rph?logic-stratographic criteria E
@(H&ckman, 1962; Pohn and Offield, 1970; Wilhelms and McCauley, I
'1971) The resulting cla331flcat10ns agree with the results of |
'this work. ' i j
é The dating of large impact structures by means of the fre-

. { . . s
quency of craters superimpesed on them can, 'in principle, be

Iused for every larger crater pr®v1ded it is ‘not too heavily eroded
,or covered by .secendary craters.’ With this method a series of
'addltlonal poest-Mare impact craters were examined and their mor- ‘
‘'phologic-stratographic classifications were checked. Previous ;
;results of these studies have been published somewhat (Neukum ;
§and Konig, 1976) and are here summarized briefly: for recent !
structures, as those investigated here, consistent results were
iobtained. Older craters, however, are frequently classified as ;
!heing too yoeung because the morphologic modification of a crater
’depends not only on its age, but also on its size: eroesion
ieffects change %he appearance of a small crater much more than :

4that of a large crater. Therefore, the merphologic 013881f10at10n

were made to include this effect (0ffield and Pohn, 1970),
tapparently the size-dependence -of the classification — particu-

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

! :

;jQrmqnlycinsufﬂiciently. | e e e s
}
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Tends To classify larger cratersias mére recent. Although attempts
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}urwmmb)m~0hrenology of the flux of impact bodies e

f

; The time course of tThe fluxfof impact boedles near the Earth
more than three billion years ago is dlstlngulshed by an expo-

T

172 = 140 millien years (Neukum, et al., 1975a).
!Beglnnlng from the crater frequencies determined in this werk, the

R

«nential decrease of T

!chronology of the flux — particularly during the past (1-3) x
i]9 years — can be determined) more precisely than before i
(Neukum and Kon%g,=1976). Results from the crater size dlstrlbutlons
on the Canadian shield® and the Apollo 12 and Apollo 15 landing i
sites®%* were also used for this.i

b i N i am

The integral frequencies (for D = 1 km) of these objects com7
. pared to the cdrresponding radiometric age of the target surfaces?
_are shown in Figure 27. Beginning from the data which were ob- ;
tained for North Ray and whoese 3851gnment to a radiometric f
gggvls relatively rellable, 1n§§gral crater freguencies were cal—f
,culated under the assumption tﬁéﬁmfhe fiux in the last 3 x 109 years
Fhad decreased exponentially. - Here different half-life periods
?Tl/z were considered (T1/2 = ~»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 Ilow
iwhere T1/2 = (100-200) millien years during the last Ay 800 milﬂfaa
, years, which was considered pessible by Neukum and Kénig (1976) can

be excluded. - -t :

' |
If ene includes the data of the Canadian shield and that
of the Copernicus-Crater, then a:time variation of the meteorite !

.
* If we assume[;1= 15 kxm/s for. data reduced to lunar condi- L

tions (see NeUkum, et al., 1975a). l
\~#% .- -Data -baken- from Neukum, et al., (1975a). === = -~ — =~ = -

|
i

i
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4fluxmdur1nguthe last 1 x 109 years is indicated. _.So-fon- example
va flux during the last 1 x 109 years with a half-life time of | '

Tt

gabout (0.5 - 1.0) x 109 years whlch has decreased exponentially,
éis compatible with the data. Even _complicated models of flux !
%chronology are possible (see Baldw1n, 1971; Neukum, et al., !
51975a, Neukum and Xénig, 1976)}. ' Thus, for example the flux could%

‘have fallen off exponentially about 1 X 109 vyears age and then

1ncreased follewed by a renewed decrease: A minimum Impact rate
ioccu.rrlng betWeenﬂsl and 3 x 109 years ago could. explain why no
gcorrespondlng radlometrlc sample ages were found except for indi-!
' vidual exceptions.

1 1
§

f The data for Copernicus and' the Canadian shigld however
:shouid be coensidered less reliable: neither the geecentric
fvelocities used to convert the Canadian crater to "lunar condi-
;tlons“ of 1mpact bedy are assured ner is the relationship i
fgﬁ§ween the Apoelle <12 ‘samples Wthh were used for the dating of g
:Copernlcus and the crater itself certain. Thus for absolute
;dating, younger lunar "lmpact structures Ffor which no radio=mebric]
‘dating is available, can proceed from the assumption of a con- |

“stant .flux. Under this conditioﬁ, there results for Aristarchus '

~
18]

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

fyears. Accordingly, for Copernicus one would obtain an age of

. |
;(1010 ~ 1630) millien years. If the assignment of the age of . i
i Gopernicus resulting from radiometric measurements of Apello 12 !
}samples is eormget (i.e., if the flux was not constant) then !

*the age of the younger crater Kepler would be llmlted to the

irange of (625-950) million years. }

i
1

§ The relative and absolute ages of the craters examined are
.éshown in Table 1. :
! ' :
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Figure 27. Lunar integral crater frequencies (for D = 1 km) as a:
function of the target age. The data from the Canadian plate were
converted to lunar conditions. :

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

t

I
1
f Integral ! Age6
. crater fre- (10° years)
= uenec I T
! % (kmgz) (a) (b) \
| | |
- - T A —m ——— - e —— e ‘t
Copernicus (1.0 % o.3) P 850 = Yoo (x¥) 1220 = 31o :
! Kepler (7.5 T 2.5) - 107% 790 T 160 %40 T 3o
Aristarchus (1.2 * 0.2) + 107¢ 150 £ 25 150 £ 25
Tycho - (6.0 1.7 - 107> 96 ¥+ 5 (r) 75 T 20
-5

North Ray (3.9 T 1.0) - 0 48,9 1.7 () —

|

;(a) Dating on the basis of the flux 'sequence considers the

! assignment of the radiometric crater age (r) o
i

!

!
tb) .Ages calculated under the assumptlon of a constant flux; |
’ there the radiometric age of North Ray was used as a cali-

bratlen p01nt
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.- _Beginning from 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 Hggﬁés of diameters of lqnanuﬁdﬁlo3m in
the Earth-Moen viéinity dufihg recent fimes. The data for
particles having diameters in the um- to the cm-range were obtained
from investigations on lunar microcraters (Fechtig, et al., 1974)
and meteor observations (Hawkins and Upten, 1958; Lundblad,

1967). For the.range of % <4« 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): i:iag'klf'ozz, where k = 1/3.06, the para-
meter "a" is a funection of the lmpact velocity and p is the
density of the projectile material. The inaccuracies in the
guantities 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
fédiometric crater ages ti of North Ray and Tycho; the crater
production rate ¢ was determined:

¢ () =¥ () /t;. [Twol large crater dlameters were extrapo-
lated over the distribution curve. For the reduction of data of
terrestrial craters (Canadian shield) the crater and target
ageg were considered (Neﬁkum, et al., 1975a). The conversion
of crater data occurs for projectile velocities V _ = (10-20) km/s.
In addition, an astereild infilux 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 Meon and Earth wére considered in the determination of
influx values.

In Figure 28 the integral influx values per m2106 years avre
plotted against the corresponding particle diameters. The low
data range of the influx curve is distinguished by dotted lines.

48
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ithe distribution function of crater diameter — which _ show a_

?nearly constant slope. .This indicates that the impact boedles
ibelong to populations which eriginated by the mest different means;
Efragments of collisions of asterolds Wlth other aster01ds or Wlthl
Eother heavenly‘gggzgg_¢g;t of origin on a cometb. The asteroid f
‘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 ggsearchers (see Wetherill; 1976). .Therefore, the

asteroid influx point 1s uncertain.
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'Flgure 28. 1Integral flux of 1nterplanetary blodd! dies in an Earth-
|Moon system as a function of the*partlcle size. The crater
[diamefers. were converted. 1ntquroj_ctllemdlametera‘"_
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{IVTmuSECONDARLNCRATERS ON THE MO@N N

t
With the formatien of impact craters, we always have the

lcraters or so-called secondary craters. On the Moon, their impact
!Ve1001t1es are less than the flight velecity of 2.4 xm/s. Large,
!fresh, impact structures are surrounded by pronounced systeus

tof bright rays which are arranged either radiaiiy or tangentially

|

¢

{

|
ito the edge of the initial crater and -are conneqped genetically !
!

r

w1th the secondary craters (Oberbeck, 1871).. Within the rays there

gare a series of .crater chains which are produced by the 1mpact
of ejects (see Sh@emaker, 1960). One such chaln te the southeast

i

of the Aristarchus crater is shown in Figure 29 (at different !
;scales). As can be seen in Figure 29b, ‘the secondary craters
care distingulshed from the primary craters because of “thelr
émorphology, by a somewhat elliptical shape, lower crater depths,
:E:Epaped.strﬁetures and by the;r‘appearance in groups (Oberbeck
;and Morrisen, 1873): These structures are eroded with S
(increasing age and losexthelir relief in the course of time. -
;Besides these secondary craters arranged in chains, there are
| disperse 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 (Sheemaker,
1965).. Consequently, the impact velocities of ejectasuparticles

|which have produced a secondary’ crater cluster have not been veryg
;different. The}impact angles were probably vePX%ﬁteep since
: these craters are reund. It is generally difficult to assign
jthese structures te a primary cratert

IV. 1 Size distribution

..Ihe secondary craters of younger impact structures are

-

especially suitable for investigation since they are relatlvely -

e ————— ot —

little ereded. Below, measuremepts are discussed which were

‘periormed on the c¢rater chaing of AFIStATchHus. —Kepler dmad ——
b ' ™~ '
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Figure 29 a and b.
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(b)
Ejecta region of the Aristarchus crater.

Part of the bright ray system. Photo mosaic from LO IV
150H3 and 151HI.

Bectidn of" a ray, which shows a part of the secondary crater
chain. (AS 17-2930).
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TCopernlcus. In order to keep saturation effects from falsify-
}ing the crater size distribution (i.e., mutual blanketing or
craters impacting the same spobt) .only those chains gnd cluster
structures were investigated which exhibited a relatively low
crater density. The investigations were performed in the
diameter range of 250 m = D £ 3500 m.

e ———

a) Empirieal principle and evaluation .

e

To measure the secondary craters, the same photographic
material was used as already introduced in Chapter II la.

b

i The distance of the secoendary crater from the primary crater

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

KKepler) and between 140 and 480 kxm (Copernicus). The secendary

crater chain in Figure 29 was divided for the measurement into_

§ectlons, each of a primary. crater 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

?ithin the measurement surface delineated by ~the lines were
included in the investigations. '

A , W
1 ' €

?n the one hand, because the secondary structures, particularly

.
Copernicus® and on clusters in the vicinity of Aristarchus—and--—-

Dt e e m

!
i

]
i

|

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

those in the chains, are often not circular but elliptical; on the'
cher hand, these craters often have an incomplete edge due to the! -

i
#

i Merrison (1973) in the 1dent1flcat10n of apprepriate primary
1. craters.

e Y [ SR LI
~ = = === == 2

5o

#. -Partial -use-was made of the investigations of Oberbeck™and ™

'
.o
a W

/38



aE - O
A SRR TR — B - — - < -~ B
A <3 | o M.
_ &) ! o~ 1w P
" < | o ) - O 80 o o
, oy H oo o Lo IR o 0. 0 O
_ =4 =) - @ QO = H Q
. o2 Pomg ST Oy B OO O DR
¢ ~ + O a B p» s ow
N% E S & g Y ~D g 8 a o
8 © b & O U M e
tH A c o = © O P R EER T I TR o B PR
R o g ® & © £ T Lo T 42
! = O Q N 0 H @ o M W o E
i 0 o) & © aQ w 3 0o 2 P o 0
_ . 4 o o o o e B B -
i TR T Ty bt £ wid BN %860 o0
LN - S SR o o 42 el
o A Y R ERI e B B o~ ] o
: : g 7 1p© W = O o -4 & © A4 T wm ow®m
: 3 ® & 9 0 @ o
43 ) o o} o o EH o £ T o
A N R I = S O IS I L o & 0 ®
P a E a) o = — B &5 5
=31 T b O o w @ - Hd 3w
b o a0 = o O ® OKowm .
i L0 . — Moo e~ 0 0 @ 3
Py 3] w U L g g @ O o7 IR B ¢) B
Cnets [ o 0 o0 > N I QI () T I o PR~ B
RS 5] Lo oW 8w o o
¥ — ol ) o 3 v © O ®
Ll & Y 2 4 A B @ & B oW i
e 0 4 0 d (] S oA @ O 0
= v @ < o~ G B B & - W
- ] =2 g o © L owm
e i} U o ¢ % ® =T o o
oY yoP g O H SS9 o g & S
ol @ = S LoD O O
,2 3 > wn o on a o U T oW
T Q o © H B L v o P d T g
Lepe 528 Ss T EaaET
£ e
LSO @ ®m . w w n & T O w
RSP N TR S 0N oW = b0 Al
e 4~ Q4 =3 0 a & o 9 85 o )
M= G LB & ®m O @ wm L w P
o, B0 O @ 4 wno . T oo Y + @ d
R R £ 0 o S oM @ b ow =
e ;A m oo, O @ L oa o L LS
R ) g © 0n 0 > O 4
I O o H g 2] g - od Ty e M
S - @ N 0 © 2 — 0 & 0 3 O &
a0 o © O — m Lo g o E ©
[ 2 T W g @« = @ 0 ¢ T
— - g 3 o is] w oYy W~ oA g 8 m g
0 O O o v © 8% o« E O
! L O M P H s & T a
o 3 g o g d H S by~ O P o How
Mmoo ¢ v + o B & O A 3 e~ B w
ol s - O ~ - @ O P o & @
LS o0 O § O 0 B T & m oo > o O
oo N R g d A4 &5 L T S
=@ (7 SN T () QA Q 2 T P 0 42
B0 Qs Q Mo O Q¢ w mo o4 a)
O S od OO v oA v o4 & O &
o w o O T m n © A T -+~ O

’
i
)
i
f
!

L]
3

- Kot

53



. _ e - e R -

I1aw 1n”bhe¢gange of small diameter of the form N~D % (@ =2.530. 3}

. —

+

1and in the range of larger craters a8 percentage laW”N~D 3(3 4+1l

From the similarities of the size distribution in secondary
crater chalns and clusters, one can conclude that the ejecta i

P 4 T e T TSI e e Tt aAR e M SR T W X

1produci‘ng them originate in the primary crater formation by the

ésame process. The transition between the flat and the steep : i
‘branch of the distributlien curve appears constant as shown in '
Figure 31. In this transition zone, we can define at about a :
‘breakoff point DA‘ the data of the crater of dlameters D < DA 11e
ion the flat branch of the dlstrlbutlon curve, the value where
A

fgﬁyy crater distribution and thet current largest crater diameter
8

D
| ‘max

of these gquantities is shown in Figure 32 where the D

;D> DA lie on the steep branch. ,Between the point D, of a secon-|
l

of a crater group there exists an equatien. The correlation:
A is plottedn

:agalnst the appropriate D nax| = values. From this one can see that

|at about 0.7 times the greatest craters Dmax’ the distribution :

curves of the secondary craters bend into the flat branch.

- b i
[ - v

—-— .__\ -

If one compares the size of a secoqdary crater in the *
' Copernicus and Aristarchus ~chain- (Figure 32), then one sees
§that the larter crater Copernicus in general also produced ‘
.flarger secondary craters. This correlation between primary crater
i size and average secondary crater diameter was ebserved even in :
}the investigations of chain craters of other primary crater
ldlstrlbutlon fields. However, ne correlation of the average

’standard crater151ze could be ascertalned in the,chains with the
I

- 1
It is probable that for the average diameter of a

t
idlstance from the primary crater.
!
5secondary crater in clusters, analegous equations exist as for

the chain craters. However, these structures were formed by |
fegecta which 1tself was created 1n ‘a similar manner. But 51nce '

“h e e GO e W= g Tia s et e ——

;the assignment of clusters to prlmary craters is often not §

‘unequlvecal, the relations in this case cannot be checked.
1 '
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TV -2 ~Discussion Toe e

It was prviously assumed that the integral size distribution
‘of secondary craters. follow a.percentage law of constant exponents
-3.5 (Soderblom, et al., 1974) te -4 (Shoemaker, 1965). The
flattening off of the distribution curve at smaller crater diameters
was previously not observed. In the investigation of secondary /B
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 signifieant influence of this

process on the measured size distributions, however, is not

pessible.

- If erosion effects were significant, the .size distribution.
of equally o¢ld secondary crater greups which lie along the same tar-
_get material would have to bend off at the same diameters DA' But
'this was not observed en the secondary crater chains found on
Mare material, e.g., for exampl;aJ on Copernicus (see Figure

. 32).

; - Although the crater densities in the examined secondary

[!qrater¥gr?up§ ;nAﬁhe rangg of D<‘DA 1ie negr the frequency values,

156



'the populatlons are in equlllbrlum in the creatlon d structlon_
‘eycle, however, in this range the exponents of the measured sisze
distributions (about -2.5) are different from those of the

equilibrium distribution (Exponent -2).

S —— L TR AT U N T e T— - 4

The results ef this work show that the size distribution of
The secondary craters can be described by a power law having
diameter dependent exponents. The previeusly assumed pewer law
+ for a constant exponent between -3.5 and -4 does,not hold fer
1the range of small crater diameter.

|
!
|
|
!
!
;

i

l -

1 As alréady diseussed, the velocity differences between the
fejécﬁa particles which have formed a cluster or a certain sectilon:
of a secondary crater chain could not have been very large. ;
!Accordlng to the generally recognlzed scallng, the ratio of i
!projectlle diameter to the correspondlng crater diameters is i
‘nearly censtant at the same projectlle velocities (see for example
sHartmann, 1965}, This means that the measured secondary erater

;51ze distribution directly reflects the size distributions of
, the ejecta.

IV, 3 Compariseon with the primary crater size distribution

. The average impact ve1001ty of meteorites on the surface . i
1of the Moon is about 15 km/s [(0 plk 1962). The velocities |
of The ejecta partlcles forming secondary craters is always
less than the Moon impact ve1001ty by 2.4 km/s. iTherefore, a
]meteorlte preduces on its 1mpact‘on the|Moon's surface, a f ;
}minimum crater 3 times larger than one preduced by an ejecta |
{
!

'particle of the same mass. In erder to be able to directly
compare the crater size distributions of meteorites and ejecta,
a ve1001ty correctlon must he made. This is descrlbed as follows.

4= T v a3 T e == - - —— e

i

g
+
!

[
éﬁeruiESmferma%ien?~%here”iSmaneeQuation"Dh*EE“whichmwasmdeter=="
fmined on the basis of explosion experiments (e.g., Baldwin, 1963).
57
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iF nm_dmgzegrlte 1mpact1ng at ve1@c1ty v of mass m, therefore wéfj
;h ave D~ (1/2 mv2)k For k, a value between 1/3 and 1/3.4 is

iused (Shoemaker, ‘et al., 1962; Baldwin, 1963; Hartmann, 1965): |
]Thus there resultehigeveii@eter relatlenshlg;i:nfliPz of the crater

iwhlch was produced by the same projectiles at different impact
?ve1001t1es v, and v, to vy - (v /v )2k. Since in this chapter

I

iexamlned secendary craters were produced at a minimum-veloclty of:
iabeut 350 m/s on the basis of ballistic calculations (Overbeck i
.jand Morrison, 1973) there results for the dlameter ratio D

. (secondary)/D- (prlmary) ¥ 0.08. A more precise determlnatlon

Fof Y is difficult 51nce'neither'%he impact velocities of ejecta ,

'nor those of meteorites on the Moon are known precisely.

1
i

, For direct comparison of the size distribution of ejecta

"and meteorites, the standard distribution function (see
fChapter II) is shown in Figure 33, shifted by a facter of y = O.li
to smaller diameters. For this=diameter ratie there results the

Ibest possible agreement between twe distributions: it turns out
1that the size distribution of a secondary craters agrees well
‘with these of meteerites for diameters D 2 DA' For diameters
§D«<DA, .
bthat of the primary impact bodies. This relatienship is inter-

the eJecta size distribution function deviates from

| preted as a deficit occurrence: 1if — as is suggested by pre-
fvious considerations — the size distribution of ejecta of the

t . . . . . . .
meteorites is very similar, then necessarily the size distri-

bution of ejectg at the greater diameters reacheg a 1limit due
”F

to the finite primary crater size.

As was alse determined in eur investigations, a cerrelation !
exists between the primary crater diameter and the diameters of
its secondary craters (see, fer example, Shoemaker, 1965). It

|
!
|
|
|

;generally makes ne difference which process causes the primary

— ae & —f e amr_= e e e e e

.crater (exp10310n, impact), so that one finds emplrlcally that in

the m-km: diameter range, the greatest secondary crater is about
ten bimes—smalier—than—that-of~the primary-crater (seeTable 2).

f
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Figure 33. Secondary crater sizé distribution of a cluster on

,the continuous ejecta cdwver of Copernicus. "A normal distribution:

.function and a legarithmic line of the slope of -4 is drawn
through the data. The standard distribution function was
ishi‘fted by a factor of 10.

ETABLE 2. RATIO OF THE LARTEST SECONDARY .CRATER DIAMETER Dg TO
THE PRIMARY CRATER DIAMETER Dp FOR LUNAR IMPAGT AND TERRESTRIAL
EXPLOSION CRATERS (DATA FROM SHOEMAKER, 1965); ROBERTS, 1964).

0

Crater Crater type | Dy, DE/Dp
Foooter Explesion : 104 m 0.12
Sedan Explosion I 366 .m 0.08
Copernicus Impact ’ 92 km 0.09
Fangrenusﬂwnh=~»{mpact ) - - 132 km I ¢ VA 4 L S

T

TR IE IR EYOR s S
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‘The relation between the diameter D, (where the distribution'/43

(dev1ates) and the diameter D2 (of the largest crater of the
secondary crater group under con31deratlen) illustrates the
fdeflclt occurrence “(Figure-32): The—size—distribution of ejecta i
;deviates from the mermal distribution because the size of i

secondary particles produced cannet be selected due to thes
lprimary Impact, i.e., a deficit of large ejecta particles must

1

locecur,

i A
: v v
‘ :

It 1is conceded that at least some of the meteerites which
reach the Earth-Mooen system are cellision fragments of larger
:bodies (see, for example, Wetherill, 1976). Therefore, it is notz
‘amazing that similarities exist between the size distribution of '
'ejecta particles and of meteorite bodies, however, beth types of §
bodles are ereated Dy cellision processes. According to Dohnanylf
(1969) one expeets a power law-having the exponent -2.4 for the .
.1nt¢gral diameter distributionof particles which were formed I:)yf-J
icollisions., The avérage secondary crater distributions have a
,8imilar exponent 'except for the deficit part. Since a normal
distribution curve is composed of regions having different
iexponents, very probably the correlation of the ejecta distribu-
‘tlon and the size distribution of the primary projectlles is =

given only for the size range examined.

IV. U4 The influence of secondary craters on primary crater

distributions -

It is not always possible to perferm investigations on

e Sy R S

;reglons whieh meet all the criteria for selection described in

;Secthn IT a, particularly the condition of minimum secondary
lcrater mixing. Therefore, it is of interest to knew in what “
[crater”sizE“raﬁges a significant contaminatien by secondary — ~ - Z
craters should be expected, i.e ., up to what crater diameter -
}a?@:mggﬁgﬁgmggzgmgimgr;gézxrgngtér_diﬁﬁﬁibutign%meaniggigl;whiph

iWill lead to reliable results.
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The knowlgdge of the ejecta size distribution and | thus of

-»‘-—h-\"—u—- — LR

the size dlstrlbutlen of the secondary craters makes it p0551ble

'.

‘to estimate the influence of Antermingled secondary craters on
1pr1mary crater pepulations. 1In Figure 34 the noh M1fted prlmary

e e e = — e B T

%crater size dlstrlbutlon function-is approximated to the emplrlcal
'data (dashed line). Tbe secendary crater distributlon seems tq

‘follow in the region of larger diameters, the primary
i

‘erater distribution and at smaller diameters to bend off flat. T@e
iagreement @ccur§ because the deficit branch of the measured 1
qsecondary crater size distributien falls within the range of

:the normal distribution function examined in this work. This i
‘normal distribution function can,be approximated by a power
;functien having the exponent -4. -The coincidence can be attri-
;buted to the diameter range aleone where the measurements used

.here were performed. As was discussed in the previoeus sectlon

Tth:Ls coincidence does not occur 1n the other diameter ranges.

ﬁTherefore in general there should result a noticeable contamlna—‘
'ted size distributien. Its precise course cannot Be predicted !
fsince it 1s dependent on the quantities of surface density and

number of secondary crabter groups contained.

In order to study this more pr601se1y, different aged old :

| regions were selectedﬂ013035tl£ 3.5)- 10f years. Secondary

craters were knowingly ineluded in the measurement (Figure 35,

o e v me—

i
gclosed symbels) and feor comparison we tried te eliminate all
]
j secondary craters according to the criteria intreduced in

;Section IT 2 (Figure 35, open syﬁbols).m Nearly all secondary

craters (with the exceception of several characteristic V-

. the lava filling of Tsiolkevsky.: For Copernicus, the secondary

i
! .
fstructures) were ineluded in the measurement (Neukum, 1976) of
I

i

, crater cluster in the northeast of the crater base (see

i

: Section III la), which was eliminated for the dating precess,

i m,fﬁﬂg__ e e Rrke ey — e e L

i
I
l
was 1ncluded in the measurement; the same occurred for the |

|
icontinuous ejecta cover of Aristérchus in the northwest of the

A T e e e A o LR b mrmr miimy i rwl  r e mremmm Tmam e 3t T o R  E e —

1
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|cra§er"__0n the other reglons (Oceanus Procellaru ¢£Arlstarchus)
'no unequivocal clusters were discovered, only variations in +

{ crater densities were noted which could be caused statistically.
gHere too, the already mentioned §1lmln§?10n cr}§er}a of Ober-
beck and Morrlgg;h?1§§§5m%e;eﬂoare§ui1§#a;plled. In all cases

! the measured distributions bent off from the primary crater dis- i
ftrlbutlon at a diameter D which is greater as fthe area under :
;con51deratlon is more heav1ly cratered, i.e., the older it is.
l.This is illustrated en the example of the Oceanu@ Procellarum ‘
iand the Tsielkovsky empirical curve. (Figure 36). For D:>D the
'measured crater size distribution- follows the standard curve, for
’D'<D there results superelevated measured cerater frequencles.

;In Flgure 35 the integral crater frequencies N (for D = 1 km) of i
1the regions investigated are plotted against the diameter DS ;
;The correlation between the age of the target and DS gan he seen:f
1in older regioens the contamination begins with larger craters 5
%instead of on recent ones. Moreover D depends on how careful :
:the elimination of the dlscernaoie secondary craters is performed
:TO the right in Figure 35 the drawn line can generally be used
Eas a dating line if an eliminatien of secondary craters is per-
i formed. For D~<De however, one should generally count on '
quantltatlve 1nclu51on of secondary craters which can no longer
1be identified as such in this large region. One measurement per—:
fformed on these diameter values (D-<D ) would lead — in i
*accordance with the degree of contamlnatlon — to a very great age
JIn the case_ofophe measured distributioens entere%fln Figure 35,
}there would be a superelavation of up to a facter of about 2. X

.Under consideratien of this state of affairs, a maximum age can

'be estimated if appropriate caution is exercised. If, for example
fa region which is older than|%1 10% years yn x 1.10° mnz, for ;

}D = 1 km) can be dated with hlgh prec181on, then it is meaningful:
tto measure only craters of dlameters D> 400 m provided we are

et T omaorm T} E= . Do

1

!not dealing with particularly favorably arranged surfaces. For !

i

1younger objects, abeut the age of Tycho, the minimum diameter ;

"D"‘fif‘“i!'E).‘Z'S‘O“”m“’fé'l‘l"dﬁ’ewfrom“ﬁ'i‘gur‘e 35, T T T T T
i
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Figures 36 a,b. Measured crater size distributions which are
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D-<D

a-) Oceanus Procellarum b) Tsielkovsky

1

The measurements performed on secondary crater groups
(chains and clusters) permitted the estimation of the maximum
sSuperelevation of frequeneies of primary craters due to inclusion. iﬂ_
of secondary craters for regions of ages < 3.5 X 109 years in

the range of boo:m§_qu<4 km'. 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 t€o the number ‘
of surfaces covered by secendary crater greups which they contain
(could contain). If primary and secondary craters are evaluated
together on such regiens, the resulting frequency lies less

than a factor of 10 abeove the determination madeion the basis of
primary craters alene. @lder 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 Stralght
lines enveloping the crater group (see Figure 30).

.
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crataxﬂdlameters (Shoemaker, 1965) On the basis of_the un-

corrected starting distrilbution of secondary craters., the super-
relevations determined in the Mare regions of more than ‘one order
‘of magnitude are- certalnly too high. Gault (1970) arrived at i

,s8imilar conclu31ons, however his were based on other considerations.

'V. EXPERIMENTALLY PRODUCED SECONDARY TMPACTS /48

1
1
.

V. 1 Experimental description and evaluation processes
¥ R ¥ =

In this chapter, impact experiments and investigations of
the ejection of Secondary‘particies are described. The results —
particularly the size distribution of ejecta — are compared with;
the correspending data of other authors and agreement and i
differences are 1llustrated which exists Eigfthe ejection phenomenon
of large lunar craters. ) -

a) Apparatus used T

The impact experiments te 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 /=5 km/s;.. A description ofi
the operatien of the small gas cannon is found, for example, in |
Sehneider (1972). Impact experiments with projeétiles of known :
mass and velocipy were perfarmed_on the 2MV van %g Graafi-
raccelerator in Heidelbergrand 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, l969l
Neukuwm, 1969). There (elecggicaily conducting) particles of

masses between 10_9 and 10 g were accelerated to velocities

bgﬁweenkl_@gq‘gp km/s by electrostatlc means. A ra§ﬁe@3§lectron r
.micrdscope (stereoscan) was used to search, measure and photd-

. graph impact structures produced by the accelerator. Its reso- ’
Tution was at “about 50 0“’.?{?"'“It"“’i‘sf':f)6ﬁ§“f“éd“"5'3?”"§“2O“"kﬁr”“a"é"é‘é]fé’r“a;ﬁ‘ion N
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voltage; By uéing éwgi(Li)iééﬁiconauctof detéﬁ%ofi(ﬁq§§;ution
limit: 160 eV) connected to the stereoscan, 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
1

Tmpact experiments were performed using the light gas
cannon; these are described below. A steel ball of mass 1.4 x
1072 g was fired at a velocity of 4.1 km/s at a fine grain
basalt target. During tThe penetratien process, the target
chamber was evacuated to a pressure of 1.5 X ].O_Ll 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.

i

c) Calibrﬁtion experiments

The target material, lead, was selected because 1t 1is 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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Figure 37. Schematic assembly of the experiment using the light
gas cannon.

particles, particularly in the calibratien experiments on the
dust accelerator. . The targét surfaces were selected of a size
such that the secondary particle-density could be determined with
sufficiently accurate~statistics. WNon-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 te calibrate the dust accelerator. The supple-
mental impact experiments on tThe light/gas cannen 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(II) or formed craters (IIT). Several examples
for this are shown in Figure 38 a-h. In Table 3 the results of
The calibratieon experiments are summarized. The D/d relationships
shown there were calculatéd from the known average projectile
masses and the defermined diameters of the impact strucbures.
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TABLE 3. RESULTS OF THE CALIBRATION EXPERIMENTS ON THE DUST |

S e g T e s taim -

Talr ST o=

ACCELERATOR AND ON THE LIGHT GAS CANNON®

1Projectile ¢ Projectile

v Velocity " Morphology +Dfd®x
m/s ._composition® . . . . . Etype._.. . ...
- R T T - 1
j (a} 200 m/s Glass, Al‘ Reflected I 0.4-0.7
e P
{b) 300 m/s Glass ] Reflected I 0.4-0.7
i
. {c) 300 m/s Al Embedded 11 1.0
|
(d) 500 m/s 1 Glass } Embedded I3 ~ 1.0
. {e) 500 m/s - Al 1Embedded I 1.0
o
{£) 1400 m/s Al Produces craters IT-IIZL 2.8-3.C E
o ' E
g} 1400 m/s Glass Produces craters IIY 2.8-3.0 ;
Etm 2000 n/s Al Produces craters TTI 1.9=3.7
i .
}{i) 1400 m/s I Glass, Al l Produces craters Iix 3.0
l(5) 2000 m/s Al . "|Produces craters 11T 3.6

¥ (i), (j) Data frem the mm projectiles
£% D = diameter of impact structure; d = projectile diameter.
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As we see from Table 3, below a velocity of 200 m/s only
projectile reflections are observed. Deformatioens (I) in the
target shown in Figures 38a and b occur in this. The dlameter of
these structures should decrease with decreasing velocities. There-
fore, in the following we begin from a ratio:(D/d), = 0.4
for conversioens into projectile diameters. For impact velecities
LJ2 km/s, craters occurred in which the projectile material
covered the crater (Figure 39 g and b, Type III in Table 2).
To convert the projectlle diameters we set (D/d)III 3.7. PFor
the embedded progectlles we assumed that (D/d)II = 1. /53

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 resoelution. In Figures 39 a-h, typical

., Impact structures were shown which were produced by ejecta.
These are deformations (Type T, Figure 39a and b) if the ejecta
were reflected at the target. Figures 3% c-h show embedded
ejected particles (Type II), whereas Figure 39 h 1ls cencerned

~with primary preojectile material. Craters produced by ejecta
(Type IIL) are found in Figure 39b, g and h.

The diameter of the impact structures was mgasured 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 ﬁunched cards and evaluated with:a modified
version of the pregram for lunar craters (see Section IT lc). The
diameters of the impact structures were converted inte particle
diameters by the appropriate D/d-ratio. The integral frequencies

of particle diameters were pletted for the different tﬁpes.
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V. 2 Size distribution of secendary particles

By using the measurement principles described in the pre-
vicus section, ib .was possible to. determine the.size 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 distributiens are shown in Figureﬁﬂﬂ a-e for
the different ejected angles. From this results that the size
distribution for the particles of different speed is nearly the

8 , Where N is the integral frequency,

same: w(a,v) ~ £(v)d"
d is thénﬁéf%igié diameter and f(v) is a velocity function which
describes the variation of absolute frequencies. An angle and
particle size dependence 8 = B{a,d) exists, however, this is
very wWeak: between a = 21° and 66°, B varies on the average

between -2 and -3.

Y. 3 Angular- and veloeclty-dependence of ejected mass

The relative constance of size distribution makes possible .
a comparison. of abselute frequencies for different ejection
angles and speeds. As a reference value we use the particle
diameter d = 100 um. For the total frequency of all recorded /BT
particles there resulted an increase with increasing ejection angle
as shown in Figure U41. The same is also true for the particles
sorted according to ejection veleocities. Whereas the fast crater
. producing ejecta always represents less than 1% of the total
number of particles, the percentage of the particiles embedded in -
the target and reflecting from the target shifts in wvarious
angle ranges relative to each other. Ag capfbe seen }p Eigure 41,
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.The percentage of the particles with v = 200 m/s is aboeut (except

i

e s e o ey

the quantlty of “the Type I and IT particles for « a=_23° are com—

.parable, fOP(I_ 549 the ejecta of Type II are even more frequent ?
than the reflected .particles by-a factor of 3. For thé other j
ejection angles, the reflected partlcles were recorded 2-I times

more frequent than the embedded partlcles There results, then,
that the ejJeclfa generally are th:own out at low veloc1t1es where

for a factor of 4) equal to eJecta particles of average velocity
(200 m/s £ v £ 2000 m/s).
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Figure 40 a-e. Measured integrai frequency distribution of the

R

ejecta diameter for ejection angles between 21° and 66° and 7.7
different velocity interwvals. For the case where particles were
measured which could not be definitely classified, the points
were given a léngthened (dashed line) error zone. Thelr
elimination would lead to lower frequency values.
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Particles from all three veloecity ranges under consideration
were recorded for each of the angle regions examined. The velocity
steps, however, are vVery ¢darse. Therefore, only & qualitative
sta?ement 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. More than 50% of thelparticles regis-
tered at o <«25'and 50°%0%)58° 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.

™~
W
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V. 4 Discussion

The experimental results obtained in the framework of this
work agree quilte well with the results of similar simulation
g€Xperiments. CGault, et al., (I963) and Gault and Heitowit
(1963) perfermed impact experiments using Basalt as the target
material and the ejection was examined by time loep 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 veleocitles less than 500 m/s and a>45°, From the mass
distribution of ejected particles determined by Gault, et al.,
there results.an ejecta size distribution function of the form
. N aP ,-Where B ¥ - 2,47, This exponent agrees with the data
of this work. - :

The exponent in the distribution funection 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
occurring on Basalt..cratering may produce sufficient. numbenrs of
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Targe ejecta particles so that the deficeit branch of the ejecta
gize distribution only eccurs at  diameters which are larger Than
the primary projectile diameter.-

Other similarities insthe ejection process which are found
over orders of magnitude in the crater dimension exist in the
average similarity of ejection velocities. TFor impéct 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 eut 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. alse 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 nature, there is a series of dynamic processes /59

which depend greatly on target material, crater dimensions, crater

'shape,- ete. Using the examples of the angle dependency of the
ejectlion of different type craters, we discuss this phenomenon
below.

Schneider €1975) 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 2 3 km/s) for the
rejection angle © %25° and another maximum o v 60°. This second
maximum was also found by Eichhorn (1974) using 1fight flash
.investigations (using primary targets made of metal). The
deviations may be explained by the different {(primary) target
‘materials or may be caused by the different particle ﬁetection
-methods. -
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The ejection in sand occurs primarily between 30° and /0° (see
Chae, 1974; Stoffler, et al., 1975); this is different than for
a so0lid target where the main mass of ejecta is threown out at
steeper angles. ?hquggﬁg%gipg ejection structures exhibit com-
parable uniformities with thoéé @f-larger impacts: inverse
‘stratography, radial intensity decreases (Stoffler, et al., 1975).

Particularly large explosion craters, like, for example,
Sedan. and Teap0$,Ess.,'sh@w marked similarities,with lunar impact
craters. Their ejectien structures somewhat follow the=zrsame uni-
formities and can therefore be included in the investigations
of this project. Hoewever, in this we must nete that the
eJection phenemena depend en 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 Ries crater — shoeuld be preferred.- With these
craters, the lateral transport pf ejecta seems to dominate at
smaller ejection angles o (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 ef the ejection
studies show that The mechanismg occurring in the formatioen of
craters by ne means proceed similarly for all structures. There
are parameters which are apparently of a general nature (e.g. the
size distribution funetion and the velocity of ejecta and
ejection in clusters), as well as theose 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 760
lunar orbiter, Apelle Metric and panerama phetographs. 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 wvelocity distribution of the
impacting bodies in the last 3 X 109

A numerical“appfoximation in the form of a Tth dégree polynomial

years has been constant.
was obtalned for the distribution.

For the north Ray crater which was dated with relative
precision (49 millien years) an integral crater frequency of
(3.9 £ 1.0) x 10 °km ° 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 Tychd — pro-
duced crater frequencies which agree with the values obtained for
Tycho. By using radiation age determinations oi appropriate
Apollo 17 samples an absolute dating of Tyche can be performed.
The comparisen of crater frequencies and abselute 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 vears. ,The methods of relative dating by using crater
statisticg on tEe craters Copernilcus, Aristarchus and Tycho,
were applied te different target surfaces and noen-contradictory
results were obtained. The net resulting integral crater~fre-
quencies for D =1 km are (1.0 = 0.3) x 1073 xm~2 (Copernicus),
(7.5 = 2.5) x 10”42 (Kepler), (1.2 + 0.2) x 1074 xm™2 (Aristar—
chus) and (6.0 + 1.7) x 1072 xm? (Tycho). The age sequence
agrees with the morphologic~stratographic classifications of .
these craters. Using fhe radiometric age of North Ray, Tycho
and: Cepernicus; bthere-resulbts abselube ages Ffor the craters
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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
Copernicis "have shéﬁﬁTEEé%Athéwsize 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 ﬁopulations of primary craters waé examined and
a correlation was obtalned between relative age and the beglinning

of quantitative contamination by secondary craters.

Impact experiments performed on a light gas cannon and on
a 2 My-van de Graaff dust accelerator showed that éver 99% of
the ejecta produced in a Basalt crater has velocitles less than
2 km/s in an angle range of 21° < g < 66° and that the ejected
mass increased with increasing:anglé. The size distribution of
the ejected particles generally follows a percentage law having
constant exponent in the angle and velocity range gXamined
(v <200/m/s3 200 £ v £ 2000 m/s; v >2000 m/s).. The results
obtained were compared with those of other simulation experiments.
It turns out that the mass and frequency distributien of ejecta
as a function of the ejection angle appear greatly dependent on
target material and crater size, whereas the size distribution
function and th§ average velocity of ejecta vary only a little
with the crater size.
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VELL. APPENDIX

The tables of measurement data are arranged according to the

goaiiof the investigation. They are always assembled according to

the same scheme. This is explained below:
Scheme of the Table

T
B o e N ST
J ...................... a llllllllllllllllllll

Explanation:¥

-3
B
. 5'

i

S

d
¢!
9
&

Measurement region (particle type examined)

Terrain type (enlargement used)

Picture number (n)*%* (target number)

Total number of measured craters {(impact structures)
Surface [km2] ([cm%](

Diameter [km] [(Tmm])|

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

2 D / surface.

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

%%

The designations in parenthesis are for the experimental data.

Beoth picture numbers are cited for stereoscopic measurements.
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